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ABSTRACT

In Part I of this study, it is revealed that decadal variations of European blocking, in its intensity, duration,
and position, during 1978Ð2011 are modulated by decadal changes in the frequency of North Atlantic
Oscillation (NAO) events associated with background Atlantic conditions. In Part II, reanalysis data are
analyzed to Þrst show that a T-bone-type structure of the climatological-mean blocking frequency in the
Euro-Atlantic sector roughly results from a combination of the blocking frequency distributions along the
southeastÐnorthwest (SEÐNW) direction associated with negative-phase NAO (NAO2 ) events and along
the southwestÐnortheast (SWÐNE) direction associated with positive-phase NAO (NAO1 ) events.

A nonlinear multiscale interaction (NMI) model is then used to examine the physical processes behind the
blocking frequency distributions. This model shows that the combination of eastward- and westward-
displaced blocking frequency patterns along the SWÐNE and SEÐNW directions associated with NAO1 and
NAO 2 events leads to a T-bone-type frequency distribution, as seen in reanalysis data. Moreover, it is found
that the westward migration of intense, long-lived blocking anomalies over Europe following NAO 1 events is
favored (suppressed) when the Atlantic mean zonal wind is relatively weak (strong). This result is held for the
strong (weak) western Atlantic storm track. This helps explain the Þndings in Part I. In particular, long-lived
blocking events with double peaks can form over Europe because of reintensiÞcation during the NAO1 decay
phase, when the mean zonal wind weakens. But the double-peak structure disappears and becomes a strong
single-peak structure as the mean zonal wind strengthens.

1. Introduction

In Luo et al. (2015, hereafter Part I) , we have examined
the relationship between the European blocking (EB)
activity and the Atlantic background conditions using re-
analysis data. We demonstrated that the EB events are
intense and long lived and tend to occur in eastern Europe

(EE) during 1978Ð94 (P1), but in western Europe (WE)
during 1995Ð2011 (P2). The decadal changes in the EB
events from P1 to P2 are found to be closely related to the
decadal changes in the number of the North Atlantic Os-
cillation (NAO) positive (NAO 1 )- and negative (NAO 2 )-
phase events, with more NAO1 (NAO 2 ) events during P1
(P2) associated with stronger (weaker) Atlantic mean
zonal wind and weaker (stronger) western Atlantic storm
track during P1 (P2), as seen in reanalysis data. Because
the EB events associated with NAO1 (NAO 2 ) events
extend more eastward (westward), the decadal changes in
the number of NAO 1 and NAO 2 events from P1 to P2
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result in more EB events in eastern (western) Europe
during P1 (P2). However, the physical mechanism of the
decadal change in the EB events associated with NAO
events from P1 to P2 is not fully understood from a theo-
retical perspective.

Although previous studies have demonstrated that
NAO 1 events favor the occurrence of EB events (Shabbar
et al. 2001; Scherrer et al. 2006; Croci-Maspoli et al. 2007),
there does not exist a one-to-one correspondence between
NAO 1 and EB events (Luo et al. 2007a). Some in-
vestigations have also revealedthat the climatological
blocking frequency pattern in the Euro-Atlantic sector
exhibits a T-bone-type structure (Scherrer et al. 2006;
Davini et al. 2012a,b; Part I). However, it is unclear why
the blocking frequency pattern possesses such a T-bone-
type structure. In this paper, we Þrst further examine this
structure using reanalysis data and then apply a theoretical
model to study the physical processes behind this structure
in EB frequency. Then the cause of the decadal variations
of EB events is explored using this theoretical model.

At present, there is a lack of a theory or model that
can describe the whole life cycle (onset, intensiÞcation,
maintenance, and decay) of a blocking ßow in terms of
its duration, intensity, and location, although previous
blocking theories can explain the maintenance of
a blocking ßow (McWilliams 1980; Shutts 1983; Haines
and Marshall 1987; Yamazaki and Itoh 2013), with the
possible exception of the nonlinear multiscale in-
teraction (NMI) model of Luo (2000, 2005a,b,c), Luo
and Chen (2006), andLuo et al. (2014). Besides the NMI
model, other theoretical models can only capture
a steady state of a dipole blocking ßow, because the eddy
vorticity ßux divergence term is assumed to counteract
the dissipation (Haines and Marshall 1987). Obviously,
these models are unable to describe the evolution of
a blocking ßow from onset to decay. The dissipation is
too strong to maintain a blocking ßow even if the
blocking is forced by the synoptic-scale eddies (Maeda
et al. 2000). To distinguish from the NMI model, these
models are referred to as the steady-state models herein.
Thus, the steady-state models cannot be used to in-
vestigate how the life characteristics (intensity, duration,
and position) of a blocking ßow depend on atmospheric
conditions. In particular, they cannot describe the mu-
tual relationship between the phase of NAO and the
variability of EB events, even though both the NAO and
blocking events have the same time scales of 10Ð20 days
(Feldstein 2003; Benedict et al. 2004) and appear to re-
ßect different aspects of the related synoptic activities
over the Euro-Atlantic sector.

Stochastic models have been used to depict the mean
NAO patterns ( Vallis et al. 2004), but these models can
hardly describe the complicated nonlinear multiscale

interaction process of NAO events. In particular, these
NAO models are unable to simulate the evolution of
individual NAO events for their duration, intensity, and
location, as well as their relationship with European
blocking events. In the past decade, the NMI model,
originally developed by Luo (2000, 2005a)and further
improved by Luo and Chen (2006)andLuo et al. (2007b,
2014) as a mathematical description of the nonlinear
interaction among the mean ßow and planetary- and
synoptic-scale waves during a blocking life cycle, has
been extended to investigate the dynamics of NAO
events on time scales of 10Ð20 days driven by synoptic-
scale eddies (Luo et al. 2007a,b, 2008a,b, 2011; Luo and
Cha 2012). Comparative studies of this theoretical
model with observations have shown that the NMI
model can capture the essential characteristics of
blocking and NAO events. For example, the NMI model
results show that the eddy-driven NAO events exhibit
time scales of 10Ð20 days, and the positive (negative)
phase of NAO corresponds to the enhanced blocking
frequency over the European continent (North Atlan-
tic) ( Luo et al. 2007a). These results are consistent with
the observational Þndings ofShabbar et al. (2001)and
Scherrer et al. (2006). Further, results from an extended
NAO model that includes the effect of landÐsea con-
Þguration show that the northÐsouth shift of the Atlantic
jet during the NAO life cycle is caused by the interaction
between the NAO and stationary wave anomalies and is
dependent on the phase of the NAO event (Luo et al.
2007b). This explains why the observed Atlantic jet
undergoes a northward (southward) shift during the
NAO 1 (NAO 2 ) life cycle. Interestingly, the latitudinal
position of the preexisting Atlantic jet tends to de-
termine the phase of subsequent NAO events (Luo et al.
2008b). Luo et al. (2011) further extended the NMI
model to include the effect of the downstream de-
velopment of synoptic-scale eddies (Chang1993) and
demonstrated that the decline of the positive NAO in-
dex during 1991Ð2009 is closely associated with the
marked intensiÞcation of the Atlantic storm track. Re-
cently, Luo et al. (2012a,b) found that the strengths of
the Atlantic mean zonal wind and storm track are two
precursor conditions for whether the NAO event is an
individual (in situ, deÞned as an event that is not fol-
lowed by an opposite event) event or regime transition
event, thus explaining why NAO1 (NAO 2 ) events are
dominant during 1978Ð2010 (1950Ð77).

The key merit of the NMI model is its ability to unify
both blocking and NAO events and to describe how the
onset, intensiÞcation, maintenance, and decay, as well as
the duration, intensity, and position of an NAO event or
a blocking ßow vary with atmospheric conditions, such
as the strength of mean zonal wind, initial conditions,
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synoptic eddies, and so on (Luo 2005a; Luo and Cha
2012; Luo et al. 2014). Using this model, NAO 2 (NAO 1 )
events can be identiÞed as corresponding to the presence
(absence) of cyclonic wave breaking over the North At-
lantic (Luo et al. 2008a), in agreement with the observa-
tional results of Woollings et al. (2008).Thus, the NMI
model is a useful tool for examining how the duration,
intensity and position of EB events associated with NAO
events depend on the Atlantic background conditions.
Unlike in previous studies, in this paper this NMI model is
used to reveal the mutual relationship between the NAO
events and the frequency distribution of Euro-Atlantic
blocking events and to provide an explanation for why
intense and long-lived EB events tend to occur in EE
(WE) during P1 (P2), as found in Part I of this study.

This paper is organized as follows. Insection 2, we
present the climatological frequency distribution of
blocking events in the Euro-Atlantic sector based on
a two-dimensional blocking index developed byDavini
et al. (2012a,b). The results show that the climatological
blocking frequency distribution is likely to be a combi-
nation of the different blocking frequency distributions
associated with NAO1 and NAO 2 events. Section 3
brießy describes the NMI model. In section 4, we use the
NMI model to explain why the climatological blocking
frequency distribution is mainly composed of NAO 1 - and
NAO 2 -related blocking frequency distributions. This
validates the ability of the NMI model in capturing the
blocking activity. The impact of the Atlantic background
conditions, such as the mean zonal wind and storm-track
strengths on the EB activity is examined in section 5.
Conclusions and discussions are summarized insection 6.

2. Blocking frequency pattern and its link with
zonal winds

a. Climatology of blocking frequency

To understand the ability of the NMI model used
below, it is useful to Þrst examine whether the NMI
model can explain the observed climatological blocking
frequency distributions in the Euro-Atlantic sector. We
Þrst present the spatial distribution of the climatological
blocking frequency derived from reanalysis data before
introducing the NMI model.

The NCEPÐNCAR reanalysis data and two-dimensional
blocking index (Davini et al. 2012a,b) used here are the
same as inPart I . Because the life cycles of NAO1 and
NAO 2 events are of 10Ð20-day time scales (Feldstein
2003; Benedict et al. 2004; Luo et al. 2007a), the com-
posite of the blocking frequency associated with the
phase of NAO is done during the period from lag 2 10
to lag 1 10 days, where lag 0 denotes the day with the
strongest NAO anomaly at a given vertical level. The

deÞnition of an NAO event has been given in Part I .
Figures 1a and 1bshow the climatological (1978Ð2011)
mean maps of the winter blocking frequency with and
without NAO events, while the composite 500-hPa
blocking frequency distributions associated with NAO1

and NAO 2 events are shown inFigs. 1c and 1dwhen
low-latitude blocking events excluded [subtropical high
ridges are often identiÞed as low-latitude blocking
events only if the constraint condition in the blocking
index of Davini et al. (2012a,b) is not used]. The time
sequences of winter-mean NAO and EB indices during
1978Ð2011 are shown inFig. 1e. It is seen in Fig. 1a that
the mean blocking frequency exhibits a T-bone-type
structure, with a center of high blocking frequency over
the North Sea region and a secondary center over south-
ern Greenland. However, this structure undergoes a
signiÞcant change from P1 to P2, as found inPart I . It
also looks similar to that noted by Scherrer et al.
(2006), who used an absolute geopotential height index.
Figure 1b shows that there are few blocking events in
the Euro-Atlantic sector if no NAO events take place,
which implies that most of the blocking events in this
region are associated with NAO. This reßects a signiÞ-
cant contribution of NAO events to the T-bone-type
distribution of the climatological blocking frequency.
We can further see that the composite blocking fre-
quency is distributed along the southwestÐnortheast
(SWÐNE) direction associated with the NAO1 events
(Fig. 1c), but along the southeastÐnorthwest (SEÐNW)
direction associated with the NAO 2 events (Fig. 1d).
Thus, it is suggested that the climatological blocking
frequency distribution as seen in Fig. 1a is a superim-
position of the different blocking frequency patterns
associated with NAO1 and NAO 2 events. The winter
EB index exhibits a positive correlation of 0.71 with
the winter-mean NAO index during 1978Ð2011, and
the correlation strength changes from 0.92 during P1 to
0.74 during P2 (Fig. 1e). The relatively low correla-
tion during P2 may be associated with the westward
migration of EB events associated with NAO events
because of weaker mean zonal wind and stronger
western Atlantic storm track (the strong storm track
in the western Atlantic basin) during P2, as found in
Part I . Thus, the decadal variation of winter EB events
from P1 to P2 is closely related to the decadal change
in the winter NAO events. However, there does not
exist a one-to-one relationship between NAO and EB
events; that is, some EB events are not associated with
NAO, and vice versa, although the blocking frequency
not associated with NAO is low ( Fig. 1b). As revealed
in Luo et al. (2012b, their Fig. 1), the composite NAO 1

(NAO 2 ) anomaly dipole pattern undergoes a marked
eastward (westward) shift as the zonal wind over the
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midlatitude Atlantic strengthens (weakens) during its
life cycle. As a result, the spatial pattern of the blocking
frequency is inevitably inßuenced by the different phase
and position of the NAO events.

While the distribution shape of the blocking fre-
quency associated with NAO is determined mainly by
the NAO phase, the westward or eastward displacement
of the NAO pattern during its life cycle seems to affect the
overall position of the blocking frequency distribution.
Some studies have indicated that the eastward (westward)
displacement of the NAO pattern is closely related to the
enhanced (reduced) zonal wind strength over the mid- to
high-latitude Atlantic ( Luo and Gong 2006; Luo et al.
2007b; Davini et al. 2012b). Below, we demonstrate that
the eastward (westward) shift of the NAO 1 (NAO 2 ) pat-
tern likely results from the self-maintained strengthening

(weakening) of the midlatitude zonal wind over the
Atlantic, and this helps explain the observed distribu-
tion of the blocking frequency.

b. Zonal wind anomalies associated with NAO1 and
NAO 2 events

Here we deÞne the daily zonal wind anomaly as a de-
viation from the winter-mean zonal wind during the life
cycle of an NAO event over the North Atlantic. Figures 2
and 3 show the composite of the daily zonal wind
anomalies for the two phases of NAO events during the
time period from lag 2 4 to lag1 6 days. It is seen that for
the negative phase the composite zonal wind anomalies
exhibit an alternative structure in the meridional di-
rection, with negative anomalies from 408to 658N and
positive anomalies to the south and north of it. Such

FIG . 1. (a) The 1978Ð2011 mean winter (NDJFM) frequency (%) of blocking events over the Euro-Atlantic sector;
(b) the winter-mean blocking frequency not associated with NAO events; and the composites of the blocking fre-
quency from lag2 10 to lag1 10 days during the life cycle of (c) NAO 1 and (d) NAO 2 events. Units are blocked days
as a percentage of the total number of days in NDJFM. (e) Also shown are the time sequences of the winter-mean
NAO index (dashed) and EB index (solid) averaged over Europe (308Ð758N, 208WÐ708E). The blocking frequencies
were based on the DCGN index of Davini et al. (2012a,b) calculated using daily 500-hPa height Þelds from the
NCEPÐNCAR reanalysis.
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a spatial structure is most evident at lag 0 days, when the
negative anomalies reach 18 m s2 1 (Fig. 2). However, for
the positive phase the zonal wind anomalies show an
opposite structure, with positive anomalies around 408Ð
658N and negative anomalies to the south and north of
this band (Fig. 3). Thus, the weakening (strengthening)
of zonal winds over the mid- to high-latitude Atlantic
during the negative (positive) phase of NAO is an im-
portant factor for the westward (eastward) movement of
the NAO 2 (NAO 1 ) pattern ( Luo et al. 2012b).

The zonal movement of NAO patterns can also be
understood in terms of the wave breaking concept
(Thorncroft et al. 1993). As revealed by Woollings et al.
2008 and Sung et al. (2011), the NAO 2 pattern arises
from the retrogression (i.e., westward migration) of the
European blocking because of the cyclonic wave

breaking (CWB) as the Atlantic jet stream over the
middle to high latitudes weakens owing to its southward
shift (Franzke et al. 2004). Thus, a westward displace-
ment of the NAO 2 pattern follows the weakening of
zonal winds over the mid- to high-latitude Atlantic. In
contrast, the anticyclonic wave breaking (AWB) due to
the northward shift and strengthening of the Atlantic jet
over the middle to high latitudes can excite NAO 1

events (Benedict et al. 2004) and allow their eastward
displacement during its life cycle.

3. A weakly nonlinear multiscale interaction model
of NAO events

In this section, a simpliÞed NMI model of NAO
events developed byLuo et al. (2007a,b) and Luo and

FIG . 2. Composite maps of zonal wind anomalies (m s2 1) at 500 hPa during the life cycle (from lag 2 10 to lag1 10 days) of the NAO2

events. The dark (light) gray shading denotes the region with positive (negative) values above the 95% conÞdence level based on a two-
sided StudentÕst test. The lag time is relative to the peak day of the NAO event.
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