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ABSTRACT

Both the positive and negative phases of the North Atlantic Oscillation (NAO1 and NAO2, respectively)

and atmospheric blocking in the Euro-Atlantic sector reflect synoptic variability over the region and thus are

intrinsically linked. This study examines their relationship from a decadal change perspective. Since the

winter-mean NAO index is defined as a time average of instantaneous NAO indices over the whole winter, it

is unclear how the activity of European blocking (EB) events can be related to the variation of the positive

mean NAO index. Here, this question is examined by dividing the winter period 1978–2011 into two decadal

epochs: 1978–94 (P1) with an increasing and high NAO index and 1995–2011 (P2) with a decreasing and low

NAO index. Using atmospheric reanalysis data, it is shown that there are more intense and persistent EB

events in eastern Europe during P1 than during P2, while the opposite is true for western Europe.

It is further shown that there are more NAO1 (NAO2) events during P1 (P2). The EB events associated

with NAO1 events extend more eastward and are associated with stronger Atlantic mean zonal wind and

weaker western Atlantic storm track during P1 than during P2, but EB events associated with NAO2 events

increase in western Europe under opposite Atlantic conditions during P2. Thus, the increase in the number of

individual NAO1 (NAO2) events results in more EB events in eastern (western) Europe during P1 (P2). The

EB change is also associated with the increased frequency of NAO2 to NAO1 (NAO1 to NAO2) transition

events.

1. Introduction

In recent years, extreme cold events in winter have

occurred frequently in Europe (Zhang et al. 2012). They

caused persistent cold outbreaks and anomalous snow-

falls in the Euro-Atlantic and its adjacent regions

(Sillmann and Croci-Maspoli 2009; Sillmann et al. 2011).

The extreme cold European winters were found to be

related to not only the negative phase of the North At-

lantic Oscillation (NAO) (Yiou and Nogaj 2004; Scaife

et al. 2008; Cattiaux et al. 2010; Seager et al. 2010;

Sillmann et al. 2011), but also to atmospheric blocking in

the Euro-Atlantic sector (Tyrlis and Hoskins 2008a,b;

Buehler et al. 2011; Sillmann et al. 2011). By definition,

the NAO index and atmospheric blocking in the Euro-

Atlantic sector are related, and they both reflect changes

in atmospheric pressure fields associated with synoptic

variability in the region. Thus, it is no surprise that there is

an anticorrelation between theNAOand blocking events

over the Atlantic region (Shabbar et al. 2001; Scherrer

et al. 2006), as well as a positive correlation between the
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NAO and blocking events over Europe (Croci-Maspoli

et al. 2007a). In particular, during winters with a positive

NAO phase (NAO1), significantly intensified (reduced)

blocking frequency is found in Europe (the North At-

lantic), and vice versa for the negative NAO phase

(NAO2) (Luo et al. 2007a; Woollings et al. 2008). The

longitudinal position of Euro-Atlantic blocking events in

winter is important for whether the winter cold events

over the European continent are severe, as suggested by

Sillmann et al. (2011). Thus, investigating the dynamical

cause of the variability of blocking events in the Euro-

Atlantic sector can improve our understanding of the

genesis of recent winter extreme cold events over Europe.

Many studies have examined the relationship between

the phase of NAO events and blocking events over

Greenland, the North Atlantic, and Europe (Shabbar

et al. 2001; Croci-Maspoli et al. 2007a; Woollings et al.

2008; Davini et al. 2012a). Some studies also suggested

that NAO2 events arise mostly from the retrogression

(i.e., westward migration) of European blocking (EB)

events through the amplification of blocking ridges over

northern Europe under the synoptic eddy forcing in the

Atlantic storm track (Feldstein 2003; Woollings and

Hoskins 2008; Sung et al. 2011).

It is well known that the winter-mean NAO index,

defined as a time average of all daily indices in winter,

including those of NAO1, NAO2, and regime transition

events in winter, exhibits clear interdecadal variability

from a dominant negative-phase epoch (1950–77) to a

dominant positive-phase epoch (1978–2011) (Hurrell

1995; https://climatedataguide.ucar.edu/climate-data/

hurrell-north-atlantic-oscillation-nao-index-pc-based).

The decadal relationship between the winter-mean NAO

index and the Euro-Atlantic blocking frequency from the

1960s to the 1990s has been investigated by many re-

searchers (Shabbar et al. 2001; Croci-Maspoli et al. 2007a;

Davini et al. 2012a). For example, Shabbar et al. (2001)

examined the correlation between the Euro-Atlantic

blocking and the decadal variation of the winter-mean

NAO index from 1960–70 (dominant negative phase) to

1980–90 (dominant positive phase). They found that the

blocking frequency is enhanced (reduced) in the Euro-

pean continent during 1980–90 (1960–70), and the At-

lantic blocking is more persistent during the negative

phase of NAO. An EOF analysis by Croci-Maspoli et al.

(2007a) shows that long-lasting blocking events in the

Atlantic basin are associated with the development of

negative-phase NAOevents.Woollings et al. (2008) noted

that negative (positive)-phase NAO events correspond to

the presence of blocked (unblocked) flows or the presence

(absence) of cyclonic wave breaking events over theNorth

Atlantic. More recently, Davini et al. (2012a) found that

the eastward shift of the NAO pattern during the 1980s

and 1990s is associated with an absence of the Greenland

blocking.

The decadal variation of the Euro-Atlantic blocking

from a dominant negative winter-mean NAO index

during 1960–70 to a dominant positive winter-mean

NAO index during 1980–90 can be seen from Fig. 1

based on the blocking index of Davini et al. (2012a), as

described below. It is clear that the EB events are more

frequent as the winter-mean NAO index is in a domi-

nant positive phase during 1980–90, when the blocking is

more intense but less persistent over Greenland and the

FIG. 1. The P22P1 difference of the blocking (a) frequency (%),

(b) intensity, and (c) duration between two epochs: P1 (1960–70)

and P2 (1980–90), based on the blocking index of Davini et al.

(2012b). The gray denotes the regions above the 95% confidence

level for a two-sided Student’s t test.
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North Atlantic. In contrast, the EB events are less fre-

quent during 1960–70.

Although some of these interdecadal changes have

been noted by Shabbar et al. (2001), Croci-Maspoli et al.

(2007a), and Davini et al. (2012a), it is unclear whether

the change of the winter-mean NAO index with domi-

nant NAO1 events in the recent three decades (1978–

2011) can lead to (or is associated with) a marked decadal

change in EB events. This question arises because the

winter-mean NAO index exhibits an upward trend from

1978–94 and a weak downward trend after 1994 (Cohen

and Barlow 2005). In this paper, we attempt to address

two outstanding questions: 1) Can the EB events, in their

frequency, position, intensity, and duration, exhibit a sig-

nificant decadal variation as the positive winter-mean

NAO index undergoes a change around 1994? 2) What

factors determine the decadal variation of the winter EB

events if there is such a change?

In our previous studies (Luo et al. 2011, 2012a,b), we

examined under what conditions the NAO regime

transition events occur and how the regime transition

leads to the variation of the winter-mean NAO index

and found that the frequency change in NAO regime

transition events is important for the interannual vari-

ability of the winter-mean NAO index. However, these

studies did not answer the questions proposed above.

The aim of the present paper is to reveal the relationship

between EB events (i.e., intensity, duration, and position)

and the long-term variations of the winter-mean NAO

index during 1978–2011 and the different roles of in-

dividual NAO and regime transition events associated

withAtlantic background conditions in the EB variability.

In this study, we present new findings that more intense

and persistent blocking events tend to occur in eastern

(western) Europe during 1978–94 (1995–2011), associated

with the intensification (weakening) of the Atlantic mean

zonal wind and or the weaker (stronger) Atlantic storm

track as the positive winter-mean NAO index exhibits an

increasing (a decreasing) trend. The causality or the dy-

namics of the decadal variations of the EB events is in-

vestigated in Luo et al. (2015, hereafter Part II).

To address the above questions, we divide 1978–2011

into two decadal epochs: an increasing and high (1978–

94; P1) and a decreasing and low (1995–2011; P2) NAO

index period. By examining the difference of the Euro-

Atlantic blocking events between P1 and P2 using a bi-

dimensional blocking index, we can quantify the decadal

changes in the EB events. Furthermore, we investigate

which types of the NAO events contribute more (or are

more closely related) to the variation of the EB events

from P1 to P2 by calculating the frequencies of in-

dividual NAO events and regime transition events

during P1 and P2, as well as the associated blocking

frequency difference. The different Atlantic back-

ground conditions, which affect the decadal variations of

the EB events from P1 to P2, are also examined using

the difference of the winter-mean zonal wind and eddy

kinetic energy (EKE) between P1 and P2 (with the

NAO events excluded). The results can improve our

understanding of the decadal shifts in EB events.

This paper is organized as follows. Section 2 describes

data and the detection method for blocking events. In

section 3, we present results on the location, intensity,

and duration of the EB events during epoch P1 and P2.

We examine the different contributions of different types

of NAO events to the decadal variations of EB events in

section 4. The relationship between the two NAO phases

and the EB events are investigated in section 5. In

section 6, we examined the relationship between the

blocking position of the EB events and the Atlantic

mean zonal wind and western Atlantic storm-track

strengths. Conclusions and discussions are summa-

rized in section 7. In Part II, the dynamical mechanism

through which the Atlantic conditions affect the EB

activity will be investigated using a nonlinear multi-

scale interaction model.

2. Data and detection method for blocking events

a. Data

We used the 2.58 daily data of primarily 500-hPa geo-

potential height from the National Centers for Environ-

mental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis (Kalnay et al. 1996)

from 1978–2011, during which most of the winters have

positive mean NAO index values. Moreover, the ERA-

Interim data from 1979 to 2011 were also used to evaluate

the sensitivity of our results to different datasets. The

winter is defined here as November–March (NDJFM). In

the following calculations, 1978/79–2011/12 is referred to as

1978–2011. When the period 1978/79–2011/12 is split into

two epochs: 1978/79–94/95 and 1995/96–2011/12, the two

epochs are defined as 1978–94 and 1995–2011, respectively.

The other splitting of a period has the same definition.

The daily (monthly) NAO index, defined as the time

series of the leading rotated empirical orthogonal func-

tion (REOF1) of daily (monthly) geopotential height

fields at 500hPa in the Northern Hemisphere (NH), was

obtained from the NOAA Climate Prediction Center

(CPC) (ftp://ftp.cpc.ncep.noaa.gov/cwlinks/). The winter-

mean NAO index used here is slightly different from

Hurrell’s NAO index (Hurrell 1995). We used a time

mean of dailyNAO indices during a 5-month period from

November to March, instead of the 4-month time-mean

winter NAO index from December to March (DJFM) in

the Hurrell’s NAO index. Our calculation indicated that
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the difference of the results between the two NAO in-

dices is very small (not shown). Here, we only show the

winter (NDJFM)-meanNAO index (Fig. 2). In summary,

we used the daily NAO index to define the individual

NAO and transition events (as defined below) and their

occurrence frequency during each winter and also aver-

aged the daily NAO index to derive the winter-mean

NAO index and the composite daily NAO index aver-

aged over different types of the NAO events.

In previous studies (Lejenäs and Økland 1983; Tibaldi
and Molteni 1990; Pelly and Hoskins 2003; Diao et al.

2006; Scherrer et al. 2006; Barriopedro et al. 2006, 2010;

Croci-Maspoli et al. 2007b; Davini et al. 2012a,b), many

one-dimensional (1D) and two-dimensional (2D) block-

ing indices have been used to quantify the NH blocking

activity. Croci-Maspoli et al. (2007b) and Barriopedro

et al. (2010) constructed 2D blocking indices based upon

the vertically averaged potential vorticity (VAPV) and

geopotential height anomalies, respectively. For the

VAPV index of Croci-Maspoli et al. (2007b), in the Euro-

Atlantic sector the maximum winter blocking frequency

is over the Atlantic basin, rather than over the European

continent (their Fig. 2a). However, as shown by the

blocking indices of Tibaldi andMolteni (1990),Diao et al.

(2006), and Davini et al. (2012b), the maximum fre-

quency of Euro-Atlantic blocking events is over the Eu-

ropean continent, rather than the Atlantic basin. The

analysis from the blocking index of Barriopedro et al.

(2010) further shows that the maximum frequency of

winter blocking is located over the European continent,

rather than over the Atlantic basin (their Fig. 4a), con-

sistent with the results of Diao et al. (2006, their 6a), al-

though the index definitions are slightly different. In

essence, the 2D blocking index of Barriopedro et al.

(2010) is similar to that ofDiao et al. (2006), who used the

total height field in contrast to the anomaly height field

used by Barriopedro et al. (2010). This is because the

difference of the result between these two indices based

on the anomaly and absolute fields is small because the

blocking flow is usually weak in a climatological field.

This difference can also be seen from the comparison

between the results of Diao et al. (2006, their Figs. 6a and

11a) and Barriopedro et al. (2010, their Figs. 4a and 8a).

Thus, it is reasonable to use the 2D index of Diao et al.

(2006) to diagnose the blocking activity in the Euro-

Atlantic sector. On the other hand, because the 2D index

of Davini et al. (2012b) can differentiate high- and mid-

latitude (Greenland and European Continent) blockings,

here we use the two 2D blocking indices of Diao et al.

(2006) and Davini et al. (2012b) to depict the blocking

activity inwinter in theEuro-Atlantic sector during 1978–

2011 and compare the results. The first index we use is the

2D blocking index by Davini et al. (2012b) (DCGN

index), which is defined based on the strength of the

meridional gradient of the 500-hPa geopotential height.

The second one is the 2D blocking index proposed by

Diao et al. (2006) (DLL index), which is defined based on

the difference of the 500-hPa geopotential height at

a given latitude and the reference latitude to its southern

side. In the DLL index, the reference latitude is selected

as the latitude position of the minimum value of the

composite height of the blocking events (Diao et al. 2006).

For the DCGN index, low-latitude blocking events in

the Atlantic basin are significantly overestimated, be-

cause the long-lasting high pressure systems over the

eastern Atlantic, often defined as strong persistent ridge

events (SPREs) by Santos et al. (2009), are included in

this index. In addition, the DCGN index seems to

overestimate the frequency of high-latitude blocking

events in the Pacific basin compared to other previous

indices (Tibaldi and Molteni 1990). For the DLL index,

high-latitude blocking events over Greenland are un-

derestimated, while the overestimation of low-latitude

blocking events is avoided. To examine whether our

results are sensitive to the choice of the blocking index,

we use both the DCGN and DLL indices, with the

DCGN index used in most of the results presented here.

In this study, the lag-and-lead relationship between

individual NAO and blocking events are also examined

using their daily indices over the life cycle of an NAO

event, with the time axis being the number of days be-

fore (negative lag) and after (positive lag) the day when

the NAO event peaks.

b. DCGN index

The DCGN index is a 2D extension of the blocking

index proposed by Tibaldi andMolteni (1990). The basic

idea of this index is similar to that of the 2D blocking

FIG. 2. Time series (solid line) of the normalized winter-mean

NAO index obtained by averaging the monthly NAO index at

500 hPa [obtained from the CPC (http://www.cpc.noaa.gov/)] for

NDJFM from 1970 to 2011. The red lines denote the linear upward

and downward trends during P1 (1978–94) and P2 (1995–2011).

The green lines denote the case of P1 (1978–90) and P2 (1991–

2011). The blue lines represent the case of P1 (1985–94) and P2

(1995–2004). The dashed line is a five-point moving average.
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index of Scherrer et al. (2006). The DCGN index is de-

fined as the meridional gradients of daily 500-hPa geo-

potential height at each longitude:

GHGS(l,f)5
Z(l,f)2Z(l,fS)

f2fS

, (1a)

GHGN(l,f)5
Z(l,fN)2Z(l,f)

fN 2f
, (1b)

where l (f) is the longitude (latitude) at a given grid

point, fN 5f1 158, fS 5f2 158; l (f) ranges in lon-

gitudes from 08 to 3608 (latitudes 308–758N); andZ(l, f)

is the daily 500-hPa geopotential height at the grid point

(l, f). Note that GHGN and GHGS represent the me-

ridional gradients of geopotential height at the northern

and southern sides of a given grid point (l, f), respectively.

An instantaneous blocking (IB) is identified if the con-

straint condition in (1c) is satisfied:

GHGS(l,f). 0,

GHGN(l,f),210m per 18 of latitude, (1c)

GHGS2(l,f)

5
Z(l,fS)2Z(l,fS2158)

158
, 25m per 18 of latitude.

(1d)

In this paper, because our focus is placed on relatively

high-latitude blocking events, low-latitude blocking

events and subtropical ridges in theEuro-Atlantic sector

are excluded by adding the constraint in (1d) to the

blocking index defined in (1a) and (1b).

Here, a large-scale blocking event is defined at grid

point (l, f) if the instantaneous blocking event is oc-

curring within a box of 108 longitude by 58 latitude around
that grid point for at least 5 days (Davini et al. 2012b).

Such criteria ensure that the detected episodes have both

significant meridional and zonal extensions and are quasi

stationary and persist for sufficient time to be considered

as real blocking events. For this case, the ending of

a blocking event at a given grid point is implicated if (1c)

is not satisfied during the blocking decay. Thus, the du-

ration of a blocking event for each grid point can be es-

timated by calculating the time interval between the

beginning and ending of the required constraint of (1c).

The climatological spatial distribution of the blocking

duration is obtained by performing the composite aver-

age of the blocking duration fields for all blocking events.

Correspondingly, the blocking frequency at a given

grid point is defined as the percentage of the persistence

days of an IB event divided by the total number of days

for the winter. Then, we average the winter blocking

frequency from 1978 to 2011 to obtain the climatological

blocking frequency distribution.

The blocking intensity is definedas follows (Wiedenmann

et al. 2002; Davini et al. 2012a,b):

BI(l,f)5 100

�
Z(l,f)

RC(l,f)
2 1:0

�
, (2a)

where

RC(l,f)5
[ZU 1Z(l,f)]/21 [ZD 1Z(l,f)]/2

2
, (2b)

ZU and ZD are the minimum of the Z(l, f) field within

608 upstream and downstream at the same latitude f of

the chosen grid point, respectively (Wiedenmann et al.

2002), and RC is a reference geopotential height for the

blocking event. Here, a stronger blocking event is de-

tected ifBI has a higher value. Thus, the nondimensional

strength of a blocking event can be estimated by calcu-

lating the value of BI .

The climatological distribution of the blocking in-

tensity (BI) is calculated as follows: We first calculate

the BI of a blocking event at each grid point for each

time step and then make a time average over the entire

duration of a blocking event at each grid point to obtain

the time-mean BI distribution of a blocking event; sec-

ond, we average the BI over all winter blocking events

for all years to obtain the climatological maps of the BI.

c. DLL index

As described in Diao et al. (2006), the daily DLL

blocking index is defined as

BIj(l,u, t)5
(
Z(l,urj, t)2Z(l,u, t), if Z(l,u, t).Z(l,urj, t) and u.urj

0, otherwise,
(3a)

BI(l,u, t)5 min
j51,2,3

[BIj(l,u, t)] , (3b)
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where t denotes the time (days) and Z(l, u, t) is the

daily 500-hPa geopotential height for the gridpoint (l, u)
that satisfies 3608$ l$ 0 and 908N$u$urj, where urj

can be three chosen reference latitudes at a given longi-

tude. The details of the urj choices can be found in Diao

et al. (2006).

An instantaneous blocking event can be detected by

tracking the area with negative BI(l, u, t) values from

(3) because the blocking flow is reflected by the area with

negative BI(l, u, t) values. To a large extent, the block-

ing region contains many isolated negative BI(l, u, t)
areas because the blocking region is often comprised of

several isolated anticyclones and cyclones (Berggren

et al. 1949). In this case, the amplitude of the negative

BI(l, u, t) for each isolated area within the blocking re-

gion is defined as

M0
i(t)5 max

l,u2V
i

jBI(l,u, t)j, i5 1, 2, . . . , n , (4)

where Vi is the area of each isolated area, and n is the

number of the isolated negative BI(l, u, t) area.
The instantaneous amplitudeM0(t) of a blocking event

on each day is defined as the strongest one of M0
i(t):

M0(t)5max[M0
i(t)], i5 1, 2, . . . , n . (5)

The day when there is the negative BI(l, u, t) area

and when M0(t)$ 50 [M0(t)# 50] gpm is satisfied si-

multaneously is defined as the onset (termination) day

of a blocking event. Correspondingly, the number of

days of a persistent negative BI(l, u, t) process be-

tween the onset and termination of an event is defined

as the duration of the blocking. If the duration is equal

to 5 days or longer, then this event is considered

a blocking event. Different from the definition of Diao

et al. (2006), here the intensity of a blocking event is

defined as a time average of M0(t) from the onset of

a blocking event to its termination, which is also dif-

ferent from the definition of the blocking intensity in

the DCGN index.

d. Division of the 1978–2011 period in winter

To examine how the variation of the positive winter-

mean NAO index in the recent three decades affects the

long-term variation of EB events, it is reasonable to split

the period from 1978 to 2011 into two epochs, because

of the positive winter-mean NAO index undergoing

a substantial decadal change around the 1990s. In ad-

dition, to further test the sensitivity of our results to the

two different epochs of 1978–2011, we consider three

cases. The first case is to split 1978–2011 into 1978–94

(P1) and 1995–2011 (P2), because the trend reversal of

the winter-mean NAO index is after 1994. The second

case is to divide 1978–2011 into 1978–90 (P1) and 1991–

2011 (P2) based on the studies of Cohen and Barlow

(2005) and Luo et al. (2012a,b). The third case is to as-

sume that P1 (P2) corresponds to 1985–94 (1995–2004),

because the NAO index was very positive in 1985–94. In

this paper, the variation of EB orNAO events from P1 to

P2 is simply referred to as a ‘‘decadal’’ shift or variation.

Such a decadal variation definition is different from the

previous definitions of the decadal variations of block-

ing events investigated by Chen and Yoon (2002) and

Croci-Maspoli et al. (2007b) and NAO events studied by

Shabbar et al. (2001) andWang andMagnusdottir (2012)

from 1958–77 to 1978–97.

3. Recent decadal shifts in European blocking

a. Decadal shifts of blocking location, intensity, and
duration over Europe

Here, we first use the DCGN index to calculate the IB

frequency to reflect the geographical distribution of EB

events, because the spatial distribution of the IB fre-

quency is almost identical to that of the blocking event

frequency (Davini et al. 2012a,b). Thenwe show the long-

term climatology of the blocking frequency (Fig. 3) over

the Euro-Atlantic sector based on two types of reanalysis

data and compare their difference to strengthen our

conclusion. The P22 P1 difference fields of the blocking

intensity and duration are shown in Fig. 4. It is seen

(Figs. 3a–c) that for the NCEP–NCAR reanalysis data,

the IB frequency has two distinct maxima over Green-

land and Europe for P1 (1978–94) and P2 (1995–2011),

but the center of action in Europe is shifted south-

westward from P1 to P2. This shift is likely related to

the southwestward shift of the Atlantic jet stream due

to the increased frequency of NAO2 events during P2

(Woollings et al. 2010a). It is also obvious that the

blocking frequency over Greenland is increased from

P1 to P2. Because the Greenland blocking events are

strongly anticorrelated with theNAO index (Woollings

et al. 2008), the enhanced Greenland blocking during

P2 is tightly related to the increased frequency of

NAO2 events (i.e., weaker Icelandic lows) during P2

(Davini et al. 2012a).

The EB events show an enhanced frequency in east-

ern Europe during P1 as well, as in western Europe

during P2. Their frequency difference between P2 and

P1 is statistically significant at the 95% confidence level

for a two-sided Student’s t test (Livezey and Chen 1983).

The Student’s t test is applicable to even non-Gaussian

variables for relatively large samples (.30; Von Storch

and Zwiers 2001). Thus, this raises an important result:

the blocking frequency is enhanced in eastern Europe
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(EE, 208–708E) during P1 and in western Europe (WE,

208W–208E) during P2. A region with small negative

values of the P2 2 P1 blocking frequency difference in

the southern side ofWE reflects the contributions from

the positive height anomalies associated with NAO1

events that are stronger during P1 than during P2

(Fig. 2).

It is obvious that more intense EB events tend to oc-

cur in EE during P1 and in WE during P2 (Figs. 4a,c).

Moreover, the mean blocking duration is longer in EE

during P1 and in WE during P2 than in the other period

(Figs. 4b,d). Thus, there is an enhanced frequency of

more intense and persistent blocking events in EE

during P1 and in WE during P2, although there is an

evident difference of the epoch difference (P2 2 P1)

fields for the blocking intensity and duration between

the two reanalysis datasets. The results suggest that

there are decadal variations of EB events in location,

intensity, and duration associated with the decadal

change in the winter-mean NAO index seen in Fig. 2.

Specifically, when the winter-mean NAO index in-

creases to a high level in P1, the frequency of more

intense and persistent EB events exhibits an eastward

shift compared with that in P2, when the NAO index is

at lower levels.

b. A comparison with the results from ERA-Interim

It is also clear from Figs. 3 and 4 that the results from

ERA-Interim are broadly consistent with those from the

NCEP–NCAR reanalysis. Thus, our results are insensitive

to different reanalysis data, although the reanalyses used

similar observations that may contain common errors

[e.g., a spurious cooling center over central Asia in both

ERA-40 and NCEP–NCAR reanalysis data (Dai et al.

FIG. 3. Horizontal distributions of thewinter-mean blocking frequency (%) during the periods (a),(d) P1 (1978–94)

and (b),(e) P2 (1995–2011) and (c),(f) the P2 2 P1 difference based on the blocking index of Davini et al. (2012b)

calculated using the (left) NCEP–NCARreanalysis and (right) ERA-Interim data. The blocking frequency is defined

as the number of days with blocking expressed as a percentage of total number of days for the winter (November–

March). The dark (positive) and light (negative) shadings denote the regions above the 95% confidence level for

a two-sided Student’s t test.
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2013)]. Although Davini et al. (2012b) had recently made

a comparison of the climatological blocking frequency,

intensity, and duration between the two reanalysis

datasets, for our study here, such a data comparison is

still needed to validate our results. In the following

discussions, our focus is placed on the results from the

NCEP–NCAR reanalysis data.

c. Impact of different epochs on results

To examine if the above results are very sensitive to

different epochs for 1978–2011, we repeated all the

calculations for two more cases of different epochs:

(i) P1 (1978–90) and P2 (1991–2011) and (ii) P1 (1985–

94) and P2 (1995–2004) using the same blocking index

and reanalysis data. Figure 5 shows the P2 2 P1 dif-

ference of the blocking frequency, intensity and du-

ration for these two cases. More intense and persistent

EB events are still seen in EE during P1 (1978–90)

than during P2 (1991–2011). However, we further see

a slightly increased frequency of more intense and per-

sistent blocking events over Greenland during P1

(Figs. 5a–c). A possible cause is that NAO1 events are

fewer during 1978–90 than during 1978–94 (Tables 1 and

2). Such a phenomenon is almost invisible if we use P1

(1985–94) and P2 (1995–2004). This is because epoch

1985–94 hasmore frequentNAO1 events (Table 3), thus

leading to the absence of blocking over Greenland

(Woollings et al. 2008; Davini et al. 2012a). We can see

from Figs. 5d–f that there are more frequent, intense,

and persistent EB events in EE and in the southern side

(lower latitudes) of WE during P1 (1985–94) than

during P2 (1995–2004). For P1 (1985–94), a marked

increase in the EB frequency over the southern side of

WE is more likely to be due to higher NAO1 event

frequency, as noted below. A comparison among

Figs. 3–5 also shows that during P2 (1995–2004) the

enhanced blocking frequency is shifted westward

compared with P1 (1978–94) and located over Green-

land, the North Atlantic, and northwestern Europe

(Figs. 5d–f) because of an increased frequency of

NAO2 events during 1995–2004 (Table 3). Thus, the

EB events can exhibit a significant westward displace-

ment as the winter-mean NAO index decreases to

a neutral value. As shown below, the westward shift of

the blocking frequency is related to the weakening of

the Atlantic mean zonal wind associated with the de-

creased NAO index.

d. A comparison with the DCGN index

To test the sensitivity of our results to different

choices of the blocking index, we performed the same

calculation as in Figs. 3 and 4 using the DLL index. The

differences of the blocking frequency, intensity, and

duration between P1 (1978–94) and P2 (1995–2011)

shows an enhanced frequency of more intense and per-

sistent EB events in EE during P1 and in WE during P2

FIG. 4. Epoch (P2 2 P1) difference of winter-mean blocking (a),(c) intensity and (b),(d) duration based on the

blocking index of Davini et al. (2012b) for P1 (1978–94) and P2 (1995–2011), using the (a),(b) NCEP–NCAR re-

analysis and (c),(d) ERA-Interim data. The dark (positive) and light (negative) shadings denote the regions above

the 95% confidence level for a two-sided Student’s t test.
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(Fig. 6). This supports our findings from the DCGN in-

dex that our main results are insensitive to the choice of

the blocking index, although the DLL index cannot

sufficiently identify blocking events overGreenland.We

notice that Barnes et al. (2012) made a comparison

among different indices and found that the duration of

blocking events is almost independent of the blocking

detection index.

FIG. 5. Epoch (P2 2 P1) difference of winter-mean blocking (a),(d) frequency (%); (b),(e) intensity; and (c),(f)

duration based on the blocking index of Davini et al. (2012b) for two other definitions of the P1 and P2: (left) P1

(1978–90) and P2 (1991–2011) and (right) P1 (1985–94) and P2 (1995–2004). The dark (positive) and light (negative)

shadings denote the region above the 95% confidence level for a two-sided Student’s t test.

TABLE 1. Number of individual NAO events and NAO transi-

tion events in winter during P1 and P2 for case 1: P1 is 1978/79–94/

95 and P2 is 1995/96–2011/12.

Epoch

P1 5 17 yr P2 5 17 yr

Number of individual

NAO1 events

40 (2.35 yr21) 27 (1.59 yr21)

Number of individual

NAO2 events

15 (0.88 yr21) 27 (1.59 yr21)

Number of NAO2 to NAO1

transition events

11 (0.65 yr21) 6 (0.35 yr21)

Number of NAO1 to NAO2

transition events

10 (0.59 yr21) 11 (0.65 yr21)

TABLE 2. As in Table 1, but for case 2: P1 is 1978/79–90/91 and P2 is

1991/92–2011/12.

Epoch

P1 5 13 yr P2 5 21 yr

Number of individual

NAO1 events

26 (2.00 yr21) 41 (1.95 yr21)

Number of individual

NAO2 events

15 (1.15 yr21) 27 (1.29 yr21)

Number of NAO2 to NAO1

transition events

10 (0.77 yr21) 7 (0.33 yr21)

Number of NAO1 to NAO2

transition events

7 (0.54 yr21) 14 (0.67 yr21)
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4. Decadal relationship between NAO events and
European blocking

a. Composite daily NAO indices

Since NAO1 (NAO2) events correspond to the en-

hanced (reduced) frequency of EB events, it is ex-

pected that the decadal variations of the EB events in

their location, intensity, and duration probably result

from changes in the statistics of the EB events associ-

ated with individual NAO1, NAO2, and transition

events from P1 to P2. To examine the decadal re-

lationship between NAO and EB events, we first

identify daily NAO1 and NAO2 events during P1 and

P2 and perform the composite of their daily indices.

Then, based on the composite daily NAO index, we

examine the contribution (or association) of different

NAO events to the decadal variation of EB events from

P1 to P2.

Because the variation of the winter-mean NAO index

from P1 to P2 reflects a time-mean change of daily

NAO1, NAO2, and regime transition events in winter

from P1 to P2, these events during P1 and P2 should be

examined for any changes in their frequency from P1 to

P2. An NAO1 (NAO2) event is defined if the daily

NAO index has 1 1:0 (21:0) standard deviation that

persists for at least 3 consecutive days. Here, the NAO

events are divided into individual (in situ) NAO events

andNAO transition events, as done inLuo et al. (2012a,b).

Individual NAO events are defined to be events that

are not preceded by opposite events, whereas the NAO

transition events are defined to include both NAO2 and

NAO1 events, in which each event must satisfy the NAO

definition. For an NAO1 to NAO2 (NAO2 to NAO1)

transition, an NAO1 (NAO2) event must be followed

by an NAO2 (NAO1) event. Thus, the regime transi-

tion events can be calculated by looking at whether the

regime transition condition is satisfied. The detailed

definition of NAO transition events can be found in

Luo et al. (2012a).

In previous studies of Luo et al. (2011, 2012a,b), the

role of daily NAO transition events in the increasing/

decreasing trends of the winter-mean NAO index has

been examined. In the present paper, we will focus on

examining the relationship between the decadal varia-

tions of EB events and the increasing (decreasing)

trends of the winter-mean NAO index during P1 (P2).

This study is different from our previous investigations.

It is revealed from this study which types of NAO events

and background conditions dominate the decadal vari-

ations of EB events from P1 to P2.

The event numbers of individual NAO events and

transition events are shown in Tables 1–3 for the

TABLE 3. As in Table 1, but for case 3: P1 is 1985/86–94/95 and P2 is

1995/96–2004/05.

Epoch

P1 5 10 yr P2 5 10 yr

Number of individual NAO1

events

27 (2.70 yr21) 15 (1.50 yr21)

Number of individual NAO2

events

5 (0.50 yr21) 11 (1.10 yr21)

Number of NAO2 to NAO1

transition events

5 (0.50 yr21) 6 (0.60 yr21)

Number of NAO1 to NAO2

transition events

6 (0.60 yr21) 8 (0.80 yr21)

FIG. 6. Epoch (P2 2 P1) difference of winter-mean blocking

(a) frequency, (b) intensity, and (c) duration between P1 (1978–94)

and P2 (1995–2011) based on the blocking index of Diao et al.

(2006). The dark (positive) and light (negative) shading denotes

the regions above the 95% confidence level for a two-sided Stu-

dent’s t test.
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different epochs P1 and P2. There are 40 and 27 in-

dividual NAO1, 15 and 27 individual NAO2 events, 11

and 6 NAO2 to NAO1 transition events, and 10 and 11

NAO1 to NAO2 transition events during P1 (1978–94)

and P2 (1995–2011), respectively. This hints that the

frequency of individual NAO1 and NAO2 events ex-

hibits a clear decadal variation from P1 to P2 because

of a large difference of their annual-mean frequency

between P1 and P2 (Table 1). On the other hand, be-

cause the number of NAO2 to NAO1 transition

events is almost identical to that of the opposite tran-

sition events during P1, individual NAO1 events seem

to play a major role in the spatial distribution of EB

events compared to individual NAO2 events during

P1. However, during P2, NAO1 to NAO2 transition

events play an important role in the time-mean dis-

tribution of EB events because the frequency of

NAO1 to NAO2 transition (individual NAO2) events

is much higher than (the same as) that of opposite

transition (individual NAO1) events (Table 1).

When 1978–2011 is split into two epochs P1 (1978–90)

and P2 (1991–2011), individual NAO1 events are seen

to be more frequent than individual NAO2 events for

each epoch from their annual-mean values (Table 2).

For this case, there are 7 and 14 NAO1 to NAO2 tran-

sition events and 10 and 7 NAO2 to NAO1 transition

events during P1 and P2. During P2, the frequency of

NAO1 to NAO2 transition events is still much higher

than that of NAO2 to NAO1 transition events (Table 2).

This change in the frequency of NAO transition events

from P1 to P2 compensates the frequency change of

individual NAO1 events and results in similar P2 2 P1

difference patterns, shown in Figs. 5a–c. For two epochs

P1 (1985–94) and P2 (1995–2004), the compensation ef-

fect of NAO transition events almost vanishes, because

the frequency of NAO1 to NAO2 transition events is

nearly identical to that of opposite transition events

during each epoch (Table 3). In the following discussion,

we will focus on examining the case for two epochs: P1

(1978–94) and P2 (1995–2011).

To calculate the IB frequency distribution associated

with different types of NAO events, we perform a com-

posite of daily NAO indices for P1 (1978–94) and P2

(1995–2011) in terms of the numbers of individual NAO

events and transition events in Table 1 and show the

results in Fig. 7. The statistical significance of the dif-

ference of the composite daily NAO index between P1

and P2 is also tested using the Monte Carlo method,

which is used to test the null hypothesis by generating

1000 random sample points. In this figure, the composite

of the daily NAO indices for individual NAO events for

each phase is performed, with the peak (largest ampli-

tude) of each event being selected as the lag 0 day. For

regime transition events, the composite of their daily

NAO indices is made using the peak of NAO1 (NAO2)

for NAO1 to NAO2 (NAO2 to NAO1) transition

events as lag 0 day. It is seen that for individual NAO

events, the composite NAO1 index is higher during P1

than during P2 during the mature stage, while the

composite NAO2 index is lower during P2 than during

P1. For the transition regimes, the composite NAO in-

dex is generally lower (higher) during P2 (P1) than

FIG. 7. Time series of the composite daily NAO index of individual (in situ) NAO events and transition events for

the periods of P1 (solid) and P2 (dashed). The shading denotes the 90% confidence limit based on a Monte Carlo

simulation. The line segments outside the shading area are statistically significant. The solid horizontal line denotes

the zero value of the NAO index, and the dashed horizontal line represents one standard deviation value.
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during P1 (P2) as the NAO1 (NAO2) event transitions

into a NAO2 (NAO1) event.

Figure 7 shows that the difference in the composite

daily NAO indices for individual NAO1 and NAO1 to

NAO2 transition events between P1 and P2 is statisti-

cally insignificant. However, this does not imply that

there is no change in the statistics of the EB events be-

tween P1 and P2. This is because themarked variation of

the winter-mean NAO index from P1 to P2 mainly re-

flects the frequency change of individual NAO and

transition events between P1 and P2 (Tables 1–3) rather

than the difference in the composite daily NAO index

between P1 and P2 (Fig. 7). Therefore, the P2 2 P1

difference of the composite daily NAO index cannot

reflect the frequency changes of the NAO events and,

thus, the decadal variation of the EB events from P1 to

P2 associated with NAO events. The main reason is that

the EB events occur primarily downstream of the NAO

region and that they are related to not only the phase of

NAO (Luo et al. 2007a), but also its background con-

ditions (Luo and Cha 2012). Thus, it is natural that

changes in the winter-mean NAO index that are asso-

ciated with the EB activity change from P1 to P2 (Fig. 2)

are related to not only the changes in the frequencies of

daily NAOand regime transition events between P1 and

P2 (Tables 1–3), but also the decadal changes of the

background conditions from P1 to P2. Conversely,

changes in the composite daily NAO index from P1 to

P2 may not be important for the decadal variability of

EB events.

However, it is convenient for us to calculate the

composite IB frequency distributions associated with

daily NAO events during P1 and P2 according to the

time evolution of the composite daily NAO indices, as

shown in Fig. 7. As the time scales of individual NAO

events are about 10–20 days (Feldstein 2003) and EB

events can occur during days after anNAO1 event peaks,

we computed the composite IB frequency averaged from

lag210 to lag115 days (lag 0 refers to the day when the

NAO event peaks) for individual NAO events during P1

and P2 (see Fig. 8). For the transition events, our com-

posite is performed only in the time interval between the

days 5 before and after the strongest stage of the NAO1

and NAO2 event associated with the NAO1 to NAO2

and NAO2 to NAO1 transitions (see Fig. 9).

b. EB frequencies during two phases of individual
NAO events

Figure 8 shows the composite IB frequency in the

Euro-Atlantic sector during the whole life cycles of in-

dividual NAO1 andNAO2 events during P1 and P2 and

its epoch difference. It is seen that during the total

process of NAO1 events, the blocking events are mainly

distributed along the southwest–northeast (SW–NE)

direction over Europe, with a few blocking events over

Greenland (Figs. 8a,b). The region with high blocking

frequency is notably shifted northeastward during P1

compared to P2, similar to Figs. 3a–d, which were not

stratified by the type of NAO events indicated in Tables

1–3 and Fig. 7. The highest blocking frequency during P1

is located over the southwestern side of WE (Fig. 8a).

Associated with NAO2 events, the IB frequency in the

Euro-Atlantic sector exhibits a southeast–northwest

(SE–NW) distribution during P1 and P2 (Figs. 8d,e), and

the P2 2 P1 difference (Fig. 8f) shows that the blocking

frequency is generally higher fromGreenland to Europe

during P2 than P1. This may be related to the reduced

mean westerly winds over the region from the North

Atlantic to Europe during P2, as shown below.

The blocking frequency patterns associated with

individual NAO1 and NAO2 events shown in Fig. 8

are consistent with previous findings. For example,

Croci-Maspoli et al. (2007a) linked the blocking oc-

currence over Greenland to the negative phase of the

NAO. Woollings et al. (2008) suggested that NAO2

(NAO1) may correspond to blocked (unblocked) days

over Greenland and the North Atlantic.

For the two phases of individual NAO events, the

enhanced-blocking-frequency regions also have en-

hanced blocking intensity (not shown). Thus, the spatial

patterns for the blocking frequency and intensity during

P1 and P2 match each other. A comparison between

Figs. 3 and 8 suggests that the enhanced blocking fre-

quency over EE during P1 (Fig. 3a) results mainly from

the blocking frequency associated with NAO1 events,

which are more frequent than NAO2 events during P1

(Table 1). On the other hand, the individual NAO1 and

NAO2 events are fairly balanced during P2, as noted

below, which would result in a blocking frequency pat-

tern shifted more westward compared to P1, as shown in

Fig. 3. Of course, during P2, the westward shift of EB

events associated with NAO1 events can increase the

frequency of EB events in WE (Figs. 8a–c).

c. Geographical distribution of the EB frequency for
regime transition events

The physical process for the NAO regime transition

has been identified by previous investigators (Luo et al.

2011, 2012b; Michel and Rivière 2011; Michel et al.

2012). It has been revealed that the NAO1 to NAO2 or

zonal regime to Greenland anticyclone transitions are

accomplished via the preferential transition paths from

the zonal regime to Scandinavian blocking (or high-

latitude EB) and from Scandinavian blocking to Green-

land anticyclone (Michel and Rivière 2011). Thus, it is
natural that the variation of EB events is linked to the
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change in regime transition events. Here, wewill focus on

examining the relationship between the EB activity and

NAO transition events on decadal time scales instead of

examining the basic physics of the regime transitions

(Luo et al. 2012b).

Figure 9 shows the spatial distributions of the com-

posite IB frequency for 17 NAO2 to NAO1 and 21

NAO1 to NAO2 transition events during 1978–2011.

This figure reflects the contribution of the regime change

of the NAO event to the EB activity, although the fre-

quencies of NAO2 to NAO1 and NAO1 to NAO2

transition events are much lower than those of in-

dividual NAO events during 1978–2011. It is interesting

to note that the blocking frequency is distributed along

the SE–NW direction and is higher over Greenland and

northern Europe before the transition of NAO2 events

toward NAO1 events (Fig. 9a). However, after the

transition, the blocking frequency becomes distributed

along the SW–NE direction and shifts northeastward to

produce an enhanced blocking frequency in EE and

southern Europe (Fig. 9b). This can be clearly seen from

the blocking frequency difference between NAO1 and

NAO2 events (Fig. 9c). The NAO1 to NAO2 transition

events can increase the frequency of blocking events in

Greenland andWE (Figs. 9d–f). We also investigated the

impact of the sampling number ofNAOregime transition

events on the composite results and found that the anal-

ysis results presented here are insensitive to the sample

number of NAO regime transition events (not shown).

The contribution of NAO transition events to the EB

activity is negligible during P1 (1978–94), because the

frequency of NAO2 to NAO1 transition events is al-

most identical to that of opposite regime transition

events. On the other hand, since the frequency of NAO1

to NAO2 transition events is much higher than that of

NAO2 to NAO1 events during P2, NAO1 to NAO2

transition events during P2 enhance the frequency of EB

events in WE (Fig. 9f). It is also seen that the spatial

FIG. 8. Geographical distributions of the composite winter instantaneous blocking frequency (%) associated

with the individual (a)–(c) NAO1 and (d)–(f) NAO2 events based on the blocking index of Davini et al. (2012b) for

(a),(d) P1 (1978–94); (b),(e) P2 (1995–2011); and (c),(f) their difference (P2 2 P1). The frequency is expressed as

a percentage of the total number of days in the winter (November–March). The shadings denote the regions above

the 95% confidence level based on a two-sided Student’s t test.

1164 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 72



pattern of the blocking frequency during P1 (P2), as

shown in Figs. 3a–c is actually equivalent to a superim-

position of the blocking frequency distributions associated

with individual NAO1 (Figs. 8a,b), NAO2 (Figs. 8d,e),

and regime transition (Fig. 9) events during P1 (P2).

A comparison between Figs. 3, 8, and 9 indicates that

the eastward shift of EB events associated with in-

dividual NAO1 events contributes to the enhanced

blocking frequency in EE during P1, whereas the en-

hanced EB events associated with individual NAO1,

NAO2 events and NAO1 to NAO2 transition events

play comparable roles in the enhanced blocking fre-

quency in WE during P2. By contrast, the increased

frequency of NAO1 (NAO2) events during P1 (P2) is

more important for the EB frequency distribution, al-

though the frequency change of NAO transition events

has a large effect during P2. As noted below, the sig-

nificant change in the European blocking activity is

closely related to the variation of the Atlantic back-

ground conditions from P1 to P2.

In summary, the increased frequencies of individual

NAO2 events and NAO1 to NAO2 transition events

during P2 result in an enhanced EB frequency in WE,

while the NAO2 to NAO1 and NAO1 to NAO2 tran-

sition events are fairly balanced during P1, thus making

little contribution to the mean EB activity.

5. Temporal relationship between EB events and
the phase of NAO

It would be interesting to examine the correlation be-

tween the IB frequency index and the daily NAO index in

order to understand the relationship between EB events

and the phase of the NAO event, although blocking

events over northern Europe were found to precede the

NAO2 or Greenland blocking events (Feldstein 2003;

Woollings and Hoskins 2008; Sung et al. 2011). Here, we

will focus on the case of individual NAO events, because

a regime transition event is simply considered as a super-

position of both individual NAO2 and NAO1 events.

FIG. 9. Geographical distributions of the composite winter instantaneous blocking frequency (%) during the (a),(e)

NAO2 and (b),(d) NAO1 phases and (c),(f) their difference associated with (a)–(c) NAO2 to NAO1 and (d)–(f)

NAO1 to NAO2 transition events in winter during 1978–2011.
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The time series of the composite daily IB frequency

and NAO indices in four regions: northwestern (508–
758N, 208W–208E), northeastern (508–758N, 208–708E),
southwestern (308–508N, 208W–208E), and southeastern

(308–508N, 208–708E) Europe are shown in Fig. 10 for

the NAO2 events and in Fig. 11 for the NAO1 events.

The north–south partition of the European continent is

based on the fact that the zero line between anticyclonic

and cyclonic anomalies for the two NAO phases is lo-

cated near 508N (Luo et al. 2012b, their Fig. 1). It is seen

from Fig. 10 that during the period from lag 210 to

lag 110 days, the composite daily blocking frequency

index exhibits negative correlations with the daily NAO2

index, with a correlation coefficient r of 20.89 at a 1-day

lead (by blocking) over northwesternEurope and20.72 at

a 4-day lead over northeastern Europe (Figs. 10a,b). Over

southwestern Europe or the eastern Atlantic, the com-

posite daily IB frequency index shows a positive correla-

tion of 0.72 with the daily NAO2 index at a 1-day lead

(Fig. 10c). However, over southeastern Europe, the

correlation is significant at a 3-day lead only during the

period from lag 25 to lag 15 days (Fig. 10d). These

FIG. 10. Temporal evolution of the composite daily NAO (dashed line) and IB frequency indices (solid line) during

the life cycle of individual NAO2 events in four regions: (a) northwestern, (b) northeastern, (c) southwestern, and

(d) southwestern Europe. The x-axis is the lag (days) with lag 0 corresponding to the day when the NAOevent peaks.

For example, lag 210 (lag 110) corresponds to 10 days before (after) the day when the NAO event peaks.

FIG. 11. As in Fig. 10, but for individual NAO1 events.
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results are consistent with previous findings (Feldstein

2003; Woollings et al. 2008; Sung et al. 2011) that NAO2

events result from the retrogression (i.e., westward migra-

tion) of amplifying blocks initiated over northern Europe.

We can further see from Fig. 11 that during the period

from lag 210 to lag 110 days, the composite daily

blocking frequency index is correlated with the com-

posite daily NAO1 index with r5 0.77 at a 1-day lag (by

blocking) over southwestern Europe, 0.89 at a 3-day lag

over southeastern Europe, 20.61 at a 2-day lag over

northwestern Europe, and 0.42 at 2-day lead over

northeastern Europe. Also, the increased EB frequency

over northeastern Europe from lag 23 to lag 11 day is

related to the marked northeastward extension of the

amplified anticyclonic anomaly, as seen in Fig. 1a of Luo

et al. (2012b). Interestingly, the blocking frequency over

northwestern and northeastern Europe (Figs. 11a,b) is

notably enhanced after a long decay of theNAO1 event.

Because the time that the blocking frequency reaches

a maximum is shorter for southern Europe than for

northern Europe, we conclude that the enhanced EB

frequency over southern Europe is more likely to be

a direct result of the eastward shift of the amplified an-

ticyclonic anomaly of the composite NAO1 anomaly

(Fig. 1a of Luo et al. 2012b). However, the reintensified

EB frequency over northern Europe after a long decay

of the NAO1 event is probably due to energy dispersion

of Rossby waves. Even so, the result here suggests that

NAO1 events precede EB events. In other words, EB

events may result from individual NAO1 events. Al-

though individual NAO2 events correspond to an en-

hanced frequency of EB events inWE, the results shown

in Figs. 8a–c indicate that the change in the time-mean

EB events associated with individual NAO1 events from

P2 to P1 seems to play a dominant role in the decadal

eastward shifts of EB events. As revealed below, the

lead–lag relationship between the phase of NAO and EB

events is closely related to the westward (eastward) dis-

placement of the NAO2 (NAO1) dipole anomaly.

The above relationship between the NAO and EB

events can also be explained in terms of the westward

(eastward) shift of the composite daily NAO2 (NAO1)

dipole anomaly, as shown in Fig. 1 of Luo et al. (2012b).

For the negative phase (Luo et al. 2012b, their Fig. 1b)

a weak dipole with an anticyclonic anomaly to the north

of a cyclonic anomaly is located over northern Europe

during the beginning stage (from lag26 to lag24 days).

The dipole anomaly retrogrades as it intensifies and then

leads to the establishment of an NAO2 anomaly. Sung

et al. (2011) also found that NAO2 events originate

from the westward drifting of amplifying blocking ridges

over northern Europe. This implies that the existence of

blocking events over northern Europe is a precondition

for the development of individual NAO2 events

(Feldstein 2003; Woollings et al. 2008; Sung et al. 2011).

Thus, it is argued that the EB event precedes the in-

dividual NAO2 event. For the positive phase, at the

beginning stage (from lag 28 to lag 26 days) of an

NAO1 anomaly, a weak dipole with a large-scale cy-

clonic anomaly to the north of an anticyclonic anomaly

is located over Greenland (Luo et al. 2012b, their

Fig. 1a). An individual NAO1 event can form because of

the amplification of the dipole anomalies, which expand

eastward. The northeastward expansion of the in-

tensified anticyclonic anomaly over the southern side of

the North Atlantic basin can lead to an enhanced anticy-

clonic anomaly over southern and northeastern Europe.

Thismay be a reasonwhy theEBevents over southwestern

and southeastern Europe have the stronger IB frequency

after the daily NAO1 index reaches a maximum at lag

0 days (Figs. 11c,d). However, after a long decay of the

individual NAO1 event, the anticyclonic anomaly over

northern Europe is reintensified (Luo et al. 2012b, their

Fig. 1a) so that there is a reenhanced EB frequency over

northwestern and northeastern Europe after the NAO1

decay (Figs. 10a–b). Thus, individual NAO1 events pre-

cede EB events. Roughly speaking, EB events can be

considered as a forcing of NAO2 events, whereas the

NAO1 events can be understood as a forcing of EB events.

The composite wind fields (not shown) further

revealed that the strengthening (weakening) of the zonal

wind at middle to high latitudes over the Atlantic basin is

concomitant with the establishment of the NAO1

(NAO2) dipole anomaly (Luo et al. 2007b). As a result,

the westward (eastward) displacement of individual

NAO2 (NAO1) dipole anomalies is a self-maintaining

phenomenon as a response to the reduced (enhanced)

mean zonal wind in the mid- to high-latitude region.

Woollings et al. (2008) identified a daily blocking event

over Greenland or the North Atlantic as a daily NAO2

event. Here, we define a daily anticyclonic anomaly over

the European continent as a daily EB event. If an anti-

cyclonic anomaly is located in high (low) latitudes over

Europe or the Atlantic basin, the daily anticyclonic

anomaly is referred to as a daily EB event over northern

(southern) Europe or a daily NAO2 (NAO1) event.

Because the anticyclonic anomaly of the individual

NAO1 (NAO2) pattern is located in lower (higher) lat-

itudes, the eastward (westward) shift of the NAO1

(NAO2) pattern can increase (decrease) the frequency

of EB events over southern (northern) Europe.

Therefore, the zonal movement of the NAO1 (NAO2)

anomaly provides a partial explanation for why an

NAO1 (NAO2) event leads (lags) the EB event over

southern (northern) Europe, as shown in Fig. 11

(Fig. 10). However, the frequency variation of EB
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events over northeastern Europe cannot be entirely

explained in terms of the eastward (westward) expan-

sion of the anticyclonic anomalies of the NAO1

(NAO2) pattern, because it is difficult for the anticy-

clonic anomaly of the NAO pattern to reach north-

eastern Europe unless a local amplification of blocking

ridges takes place over northeastern Europe. Further

theoretical investigation on this problem will be pre-

sented in Part II using a nonlinear multiscale in-

teraction (NMI) model developed by Luo et al. (2007b)

and Luo and Cha (2012).

6. Atlantic conditions affecting decadal shifts of
European blocking events

In recent years, the occurrence of NAO events has

been identified to be related to the synoptic Rossby

wave breaking (RWB) in the Atlantic storm-track re-

gion (Benedict et al. 2004; Franzke et al. 2004; Rivière
and Orlanski 2007; Strong and Magnusdottir 2008;

Woollings et al. 2008).While the phase of NAOevents is

dominated by the form of RWB (Benedict et al. 2004;

Franzke et al. 2004; Rivière and Orlanski 2007), it was
also found to be related to the speed, position, and the

north–south shift of the Atlantic jet stream (Woollings

et al. 2010a,b; Woollings and Blackburn 2012; Davini

et al. 2012a). Luo et al. (2008) found in a theoretical

model that the latitudinal position of the jet core of the

Atlantic jet stream prior to the NAO onset determines

the phase of the subsequent NAO event. When the jet

core shifts northward (southward), the eddy-driven

NAO1 (NAO2) anomaly intensifies (Luo et al. 2008,

their Figs. 6b and 8b). Our calculations revealed (not

shown) that there exist an increasing (decreasing)

northward position of the Atlantic jet core during P1

(P2), which is likely an important cause for an intensified

(weakened) NAO1 anomaly and its increased (de-

creased) frequency during P1 (P2), leading to the in-

creasing (decreasing) trend of the winter-mean NAO

index during these periods. Although Luo and Cha

(2012) examined the decadal phase relationship be-

tween decadal variations in the Atlantic jet and NAO,

the fine relationship of the increasing (decreasing) trend

of the winter-mean NAO index with the decadal posi-

tion of the Atlantic jet core is still unclear. This deserves

a separate study.

Häkkinen et al. (2011) found that the variability of

Euro-Atlantic blocking over years to several decades is

correlated with the Atlantic Ocean surface temperature

and with significant changes in Atlantic Ocean circula-

tion. Thus, it is possible that decadal variability of at-

mospheric blocking events in the Euro-Atlantic sector is

related to decadal variations of the mean westerly wind

and storm track over theAtlantic basin due to the effects

of recent changes in ocean surface temperature and

Atlantic Ocean circulation. In the present paper, we

propose a new view: that the decadal variation of EB

events results from the decadal NAOvariability because

of the decadal jet and Atlantic storm-track variabilities.

Since there is a strong coupling between the NAO

event, the Atlantic storm track, and the North Atlantic

jet stream (Lau 1988), clearly identifying their causal

relationship is difficult. However, if we can remove the

effect of NAO events on the atmospheric basic state

during P1 and P2, the variations of the remaining mean

wind and storm track from P1 to P2 may reflect the

variability and change of atmospheric basic state asso-

ciated with (but without the effect through NAO) At-

lantic Ocean surface temperature, sea ice conditions,

and greenhouse gas concentrations, rather than because

of a frequency change in NAO events from P1 to P2.

Such a basic state may be considered as the background

state of the NAO event, although the westerly wind and

storm-track changes associated with the NAO event

could be the dominant signals during its evolution. Such

background conditions are referred to as ‘‘Atlantic

conditions’’ herein.

Here, we define the storm track using the 2.5–7-day

EKE at 300 hPa obtained using the second-order But-

terworth bandpass filter (Hamming 1989). The P2 2 P1

difference of the winter-mean zonal wind and EKE

between P1 and P2 is shown for the cases of NAOevents

excluded (Figs. 12a,c) and included (Figs. 12b,d). In this

figure, the calculation of the time-mean zonal wind and

EKE is made only within the time range outside the

period when individual NAO and regime transition

events take place so that the impact of NAO events can

be approximately excluded. It is clear that the P2 2 P1

difference of the winter-mean zonal wind exhibits pos-

itive values at high and subtropical latitudes and nega-

tive values at midlatitudes over the North Atlantic,

which crudely reflects a decadal change in the mean

zonal wind from P1 to P2. Overall, the winter-mean

zonal wind averaged over the Atlantic basin is stronger

during P1 than during P2 (Fig. 12a). In particular, the

enhanced mean zonal wind extends northeastward into

northern Europe during P1. The enhancement of the

zonal wind during P1 becomes more evident if the zonal

winds associated with individual NAO events are in-

cluded in the calculation (Fig. 12b). This is because the

frequency of individual NAO1 events is higher than (the

same as) that of individual NAO2 events during P1 (P2)

so that the enhanced mean zonal wind is more evident

during P1 than during P2 because of the enhancement of

the zonal wind at middle to high latitudes during the

NAO1 episodes. However, the time-mean effect of
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regime transition events does not induce such an obvi-

ous variation because of the near offset between the

NAO1 and NAO2 events within the NAO transition

events (not shown).

Furthermore, we can see in Fig. 12c that over the

western North Atlantic basin and its upstream side, the

P22 P1 difference of the EKE exhibits a large positive-

value region. This reflects a significant decadal change of

the Atlantic storm-track strength, which suggests that

the western Atlantic storm track is stronger during P2

than during P1. This feature can also be seen when zonal

winds associated with individual NAO events are in-

cluded (Fig. 12d). Thus, the change in the western At-

lantic storm-track strength from P1 to P2 is likely to be

another important factor affecting the decadal change of

the EB events from P1 to P2. As noted by Luo et al.

(2012b), the reduced Atlantic mean zonal wind (en-

hanced western Atlantic storm track) strength favors

the frequent occurrence of NAO1 to NAO2 transition

events. Even so, weaker Atlantic mean zonal wind and

stronger western Atlantic storm-track strengths ob-

served during P2 are conducive to the enhanced

blocking frequency in WE, because the local increase

in EB events associated with individual NAO2 events

can occur during P2 (Figs. 8d–f). Of course, such an

enhanced blocking frequency in WE is also tied to the

westward migration of EB events associated with in-

dividual NAO1 and NAO1 to NAO2 transition events

during P2 (Figs. 9d–f).

To further understand the impact of the Atlantic

background conditions on the zonal position of EB

events, we define the zonal wind and EKE averaged

from lag 220 to lag 210 days and over the region 408–
708N, 708W–08 (408–708N, 758–308W) for all individual

NAO1 events as the Atlantic mean zonal wind (western

Atlantic storm track) strength prior to theNAOonset or

approximately define them as the Atlantic conditions

without NAO events included. The mean zonal wind

(western Atlantic storm track) strength is represented

by its anomaly or deviation from its mean value for all

NAO1 events. Furthermore, the longitude, where the

maximum blocking intensity of an EB event is located,

is defined as the blocking position during its life cycle.

Here, we consider the case of individual NAO1 events

because their frequency is higher than that of in-

dividual NAO2 events during 1978–2011. On the other

hand, the result of individual NAO2 events is easily

obtained, because individual NAO2 events correspond

to blocking events.

Figures 13a and 13b show the longitude of the blocking

position during NAO1 episodes versus the normalized

Atlantic mean zonal wind and western Atlantic storm-

track strengths prior to the NAO onset. It is seen that the

EB events tend to occur in eastern (western) Europe as

the Atlantic mean zonal wind strength prior to the NAO

onset is enhanced (reduced) (Fig. 13a), hence implying

that the stronger (weaker) the mean westerly wind or jet

strength, themore EB events in EE (WE). Figure 13b also

FIG. 12. Epoch (P2 2 P1) difference of the winter-mean (a),(b) zonal wind and (c),(d) EKE in the Euro-Atlantic

sector between P1 (1978–94) and P2 (1995–2011). Zonal wind–associated NAO events have been removed in (a) and

(c) and retained in (b) and (d). The square denotes the Atlantic basin. The shadings denote the regions above the

95% confidence level based on a two-sided Student’s t test.
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shows that the center of the EB events associated with

individual NAO1 events shifts westward (eastward) as

the western Atlantic storm track becomes stronger

(weaker) prior to the NAO onset. If the averaging

period is changed to the case from lag 210 to lag 110

days, the results are similar (Figs. 13c,d). Further, the

intensity and duration of EB events are found to ex-

hibit similar variations with Atlantic zonal winds and

storm-track strength (not shown). Thus, the decadal

changes in NAO1 (Table 1) and EB events (Figs. 3 and

4) from P1 to P2 are likely linked to the decadal

changes in the strengths of the mean zonal wind in the

North Atlantic and western Atlantic storm track, as

shown in Fig. 13.

7. Conclusions and discussion

In this paper, we have examined the recent decadal

variations of European blocking (EB) events in relation

to a change in the winter-mean NAO index from an

increasing and high [P1 (1978–94)] to a decreasing and

low [P2 (1995–2011)] NAO index period during 1978–

2011. To examine the sensitivity of the results to the

definition of the subperiods P1 and P2, we also split the

period 1978–2011 into two other different epochs: P1

(1978–90) and P2 (1991–2011) and P1 (1985–94) and P2

(1995–2004). It is shown that the results are similar for

the three cases. Moreover, our results are found to be

insensitive to the choice of the two-dimensional block-

ing index and reanalysis data.

It is found that there are more intense and persistent

EB events in eastern Europe (EE) during P1 than during

P2, while the EB events are concentrated more in

western Europe (WE) during P2 than during P1. The

cause of this decadal shift in the EB event was in-

vestigated by examining the EB frequency patterns as-

sociated with different types of NAO events and the

associated Atlantic background conditions. It is

revealed that the decadal change in the EB events from

P1 to P2 is closely related to the changes in the different

types of the individual NAO events under different

Atlantic background conditions, which include the

strength of the mean zonal wind and western Atlantic

storm track. Specifically, there aremore NAO1 (NAO2)

events during P1 (P2) associated with stronger (weaker)

Atlantic mean zonal wind and weaker (stronger) western

Atlantic storm track observed during P1 (P2). Because

theEBevents associatedwithNAO1 events extendmore

eastward in the presence of stronger mean zonal wind

during P1 than during P2 (Figs. 13a,b), the decadal

changes in the number of NAO1 events from P1 to P2

lead to a westward displacement of the EB events, thus

resulting in more EB frequencies in EE during P1.

However, a local increase in the frequency of EB events

associated with individual NAO2 events related to both

weakmean zonal wind and strongwesternAtlantic storm

track and a westward migration of EB events associated

with individual NAO1 and NAO1 to NAO2 transition

events can lead to an enhanced blocking frequency inWE

during P2.Moreover, whether the enhanced frequency of

FIG. 13. Longitude of the blocking position associated with individual NAO1 events versus normalizedmean zonal

wind and EKE strength averaged (a),(b) from lag220 to lag 210 days prior to the NAO onset and (c),(d) from lag

210 to lag110 days during the NAO1 episodes. The blocking position with the mean (a),(c) zonal wind and (b),(d)

EKE strengths. The thick line denotes a nine-point smoothing curve.
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EB events occurs in eastern (western) Europe is found to

be associated with the frequency of NAO2 to NAO1

(NAO1 to NAO2) transition events. However, when the

frequency of NAO2 to NAO1 transition events is almost

identical to that of NAO1 to NAO2 transition events

during P1 (Tables 1 and 2), two opposite phases within

each transition event would almost offset any impacts and

result in a small net effect by these NAO transition

events, creating a small decadal variation (Fig. 9). Al-

though the decadal variation of EB events associated

with individualNAOevents fromP1 toP2 ismost evident

(Fig. 8), the NAO1 to NAO2 transition–induced decadal

change can also be seen during P2, because P2 includes

moreNAO1 toNAO2 transition events (Tables 1 and 2).

Moreover, our study also reveals that the existence of

blocking events over northern Europe is a precondition

for the development of individual NAO2 events, while

the existence of NAO1 events is a favorable condition

for the enhanced frequency of EB events over Europe,

especially over southern Europe.

Different from our previous findings (Luo et al. (2011;

2012a,b), in this paper we present new results that the

decadal shift of EB events is caused by or associated

with the frequency change in individual NAO1, NAO2,

and regime transition events. The frequency change of

the NAO events contributes to the decadal variation of

the winter-mean NAO index from P1 to P2 through the

change of Atlantic background conditions (i.e., winter-

mean zonal wind and storm-track strengths in the At-

lantic basin) fromP1 to P2. In particular, the distribution

of EB events during P2 is also significantly affected by

the increased NAO1 to NAO2 transition events.

On the other hand, although we have examined the

relationship between NAO and EB events during P1 to

P2, the impact of the east Atlantic (EA) pattern on the

EB event is not explored. However, as noted by many

investigators, the combination of NAO and EA patterns

can explain changes in the jet speed, while the NAO

pattern can represent jet shifts (Woollings et al. 2010a,b;

Hurrell and Deser 2009; Woollings and Blackburn 2012).

Since the variability of the Atlantic jet can modulate the

blocking activity in the Euro-Atlantic sector (De Vries

et al. 2013), it is argued that changes in the EA pattern

can affect the Euro-Atlantic blocking activity in intensity,

duration, and location through altering the Atlantic jet.

Even so, our results are tenable because the EApattern is

a secondary empirical orthogonal function (EOF) mode.

Nevertheless, the role of EA patterns in the variation of

EB events should be examined in future studies.

At present, although the eddy straining mechanism

(Shutts 1983) and selective absorption mechanism

(Yamazaki and Itoh 2013) models have been proposed

to explain how synoptic eddies excite and maintain

a blocking flow, it may be difficult to use these mecha-

nisms to identify the dynamical relationship between the

NAO and EB events because NAO events are not in-

volved in these models. In Part II, we will apply a sim-

plified nonlinear multiscale interaction model of NAO

events developed by Luo et al. (2007) and Luo and Cha

(2012) to examine the dynamical mechanism through

which the Atlantic conditions affect EB events associ-

ated with individual NAO and transition events.
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