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The North Atlantic Oscillation (NAO) exhibited a marked eastward shift in the mid-1970s. Observations show that the extreme 
weather events in Europe have emerged frequently in the past decades. In this paper, based upon the daily NAO index, we 
have calculated the frequency of in-situ NAO events in winter during 1950－2011 by defining the Eastern-type NAO (ENAO) 
and Western-type NAO (WNAO) events according to its position at the east (west) of 10°W. Then, the composites of the 
blocking frequency, temperature and precipitation anomalies for different types of NAO events are performed. Results show 
that the frequency of Euro-Atlantic blocking events is distributed along the northwest-southeast (southwest-northeast) direction 
for the negative (positive) phase. Two blocking action centers in Greenland and European continent are observed during the 
negative phase while one blocking action center over south Europe is seen for the positive phase. The action center of blocking 
events tends to shift eastward as the NAO is shifted toward the European continent. Moreover, the eastern-type negative phase 
(ENAO) events are followed by a sharp decline of surface air temperature over Europe (especially in central, east, and south 
Europe), which have a wider and stronger impact on the weather over European continent than the western-type negative phase 
(WNAO) events do. A double- branched structure of positive precipitation anomalies is seen for the negative phase event, be-
sides strong positive precipitation anomalies over south Europe for ENAO event. The eastern-type and western-type positive 
phase (ENAO+ and WNAO+) can lead to warming over Europe. A single-branched positive precipitation anomaly dominant in 
central and north Europe is seen for positive phase events. 
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The North Atlantic Oscillation (NAO), one of the most 
prominent low-frequency variability in the Northern Hemi-
sphere, has become an interesting research topic because of 
its important impact on the decadal variability and global 
warming in recent several decades. Walker first proposed 
the definition of NAO at the beginning of the twentieth 

century (Walker, 1924; Walker and Bliss, 1932). The tem-
poral and spatial variations of NAO can modulate weather 
and climate not only in Euro-Atlantic but also in its adjacent 
regions and even over the whole Northern Hemisphere 
(Hurrell, 1995). It has been revealed that cooling over Eu-
rope is observed for the negative phase of NAO (NAO), 
but warming for the positive phase of NAO (NAO+) cycle 
(Hurrell, 1996). 
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Many investigations indicate that the abnormal circula-
tion of NAO may motivate extreme weather in Europe and 
surrounding areas. The NAO is usually associated with 
extreme cold and blizzard events in Europe. Sillmann and 
Croci-Maspoli (2009) found that the cold events in Europe 
are associated with not only the phases of NAO but also the 
Europe blocking activity. Wang et al. (2010) indicated that 
the extreme cold winter in 2009/2010 was related to the 
extreme abnormal NAO circulation, which transported the 
cold air from Arctic to southern area. Li et al. (2011) exam-
ined the extreme weather in the Northern Hemisphere in 
2009/2010 winter and suggested that the abnormal temper-
ature and precipitation were closely related to the notable 
negative Arctic Oscillation (AO) phase. 

Many studies suggested that the global drought and flood 
in China are associated with not only NAO, AO, North Pa-
cific Oscillation (NPO), and blocking but also Antarctic 
Oscillation (AAO), Southern Hemisphere Annular Mode 
(SAM), and Atlantic Multidecadal Oscillation (AMO) (Li 
and Li, 1999; Fan and Wang, 2006; Ma and Fu, 2007; Wang 
et al., 2007; Li and Bates, 2007; Sun et al., 2008; Zhou et al., 
2008, 2013; Li et al., 2009; Wei and Zhang, 2009; Wu et al., 
2009; Xu et al., 2012; He et al, 2013). Fu and Zeng (2005) 
showed that the NAO index of the past 530 years has a good 
delay correlation with several drought indices in Eastern 
China. Wu et al. (1999, 2005) noted that the NAO and AO 
may adjust the weather in China during winter time by af-
fecting the Arctic Sea ice and winter monsoon. Recently, it 
was noted that the extreme cold event in China was closely 
related to the synoptic transient eddy activity in the Ural 
Mountain, which can be influenced by NAO, blocking, and 
mid-high latitude jet (Chen et al., 2012). 

Many studies indicated that the Euro-Atlantic blocking 
can be influenced by the phases of NAO (Shabbar et al., 
2001; Scherrer et al., 2006; Croci-Maspoli and Schwierz, 
2007). Using a weakly non-linear theoretical model, Luo et 
al. (2007c) found that the enhanced zonal wind in the Atlan-
tic will excite a strong downstream dispersion of the Rossby 
wave during the life cycle of NAO, which resulted in the 
enhanced occurrence frequency of Europe blocking. Fur-
thermore, a marked eastward shift of the NAO since the 
1970s is observed by observational and numerical study 
(Hilmer and Jung, 2000; Jung et al., 2003; Luo and Gong, 
2006; Dong et al., 2010; Zhang et al., 2011). However, it  
is still unclear whether the frequent occurrence of the ex-
treme weather in Europe is related to the eastward shift of 
NAO and Europe blocking. The purpose of this paper is to 
reveal the differences between the Eastern-type NAO 
(ENAO) and Western-type NAO (WNAO) events, includ-
ing associated blocking, temperature and precipitation. The 
investigation of this topic will help us to understand the role 
of the NAO variability in the occurrence of extreme weather 
in Europe. 

1  Data and methods 

1.1  Data 

The data set we use is the multi-level daily reanalysis data 
on a 2.5°×2.5° horizontal resolution from NCEP/NCAR 
during the period from November 1950 to March 2012. The 
European daily surface temperature and precipitation grid-
ded dataset is obtained from the European Climate Center 
(ECAD) (http://eca.knmi.nl/), with a 0.5°×0.5° horizontal 
resolution from November 1950 to March 2012. The daily 
NAO index used for identifying NAO events is constructed 
by projecting the daily 500 hPa height anomalies over the 
Northern Hemisphere onto the loading pattern of the NAO, 
which can be available from the Climate Prediction Center 
(CPC) of NOAA (http://www.cpc.noaa.gov) and referred to 
as the CPC NAO index hereafter. In this study, the winter 
period is defined as a time interval from November to 
March (NDJFM). The intraseasonal cycle has been removed 
during the calculating of the anomaly data. 

1.2  Methods 

According to Luo et al. (2012a, 2012b, 2012c), the NAO 
events are divided into in-situ NAO and transition NAO 
events. Specifically, an NAO+ (NAO) event is identified if 
the normalized daily NAO index is larger (less) than +1.0 
(1.0) standard deviation for at least 3 continuous days. The 
life cycle of an NAO+ (NAO) event is defined to be be-
tween the starting with an increase (a decrease) in the NAO 
index and ending with a decrease (an increase) in the NAO 
index. The time of the strongest NAO amplitude is defined 
as the lag 0 day. The definition of the in-situ NAO event is 
that one NAO event is not followed by an opposite NAO 
phase event within 5 days and its total life cycle does not 
exceed 30 days. A transition event is defined to include two 
opposite NAO events and its total days do not exceed 45 
days (Luo et al., 2012a, 2012b). The time interval between 
the peaks of the two opposite events does not exceed 30 
days. Only the impact of in-situ NAO event is dealt with 
here owing to the limitation of space. 

To identify blocking activity in Euro-Atlantic area, a 
two-dimensional blocking index (Davini et al., 2012a, 
2012b) is used here based upon the one-dimensional block-
ing index (Tibaldi and Molteni, 1990). The two-dimensional 
blocking index identifies the blocking events by examining 
the meridional gradient reversal of the 500 hPa geopotential 
height. The steps are as follows: 
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where Z (λ0, ϕ0) is the 500 hPa geopotential height at grid 
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point (λ0, ϕ0), λ0 (ϕ0) represents the position of longitude 
(latitude) and ranges from 0° to 360° (30° to 70°N); 
ϕN=ϕ0+15°, ϕs=ϕ015° 

 0 0GHGS ( , ) 0,     0 0GHGN ( , ) 10     m/°lat. (2) 

For the grid point Z(λ0, ϕ0), an instantaneous blocking (IB) 
event is considered to have taken place if the constraint 
condition (2) is satisfied.  

2  The zonal position of NAO and its impact on 
Euro-Atlantic blocking 

2.1  Eastern and western types of NAO events 

There are two phases of NAO events: in-situ NAO+ and 
in-situ NAO events (NAO+ and NAO hereafter). The NAO 
events including NAO+ and NAO during the period from 
1950/1951 to 2011/2012 winter time are identified based 
upon the daily CPC NAO index. Usually, the southern cen-
ter of the NAO dipole mode has a larger longitude range 
and multiple-value centers while its northern anomaly has a 
single- value center in high latitude. It is reasonable to di-
vide NAO events into eastern- and western-type events ac-
cording to the zonal position of northern center of the NAO 
dipole mode. The NAO events whose north centers (at the 
day lag 0) are located in the east (west) of 10°W are defined 
as eastern- (western-) type NAO events (ENAO and WNAO 
events, hereafter). As listed in Table 1, and the number of 
ENAO events is about one quarter of the number of WNAO  

Table 1  Number of ENAO and WNAO events in winter during the peri-
od from 1950 to 2012 

Phases\Number 
1950–2011 winter time 

NAO ENAO WNAO 

NAO 97 21 76 

NAO 99 18 81 

 
events. The numbers of ENAO+ (ENAO) events account 
for 21.6% (18.2%) of NAO+ (NAO) events.  

The time series of the NAO event and day numbers in 
winter time are shown in Figure 1(a), (b). Results show that 
the time series of the NAO event and day numbers exhibit 
the same variability with the NAO index during the period 
from 1950 to 2012. Furthermore, it is suggested that there 
are no significant differences (below the 95% confidence 
level for a Monte-Carlo test) between composites of the 
ENAO and WNAO events index. Therefore, the zonal loca-
tions of the ENAO and WNAO events cannot be reflected 
by the NAO index because it mainly reflects the latitudinal 
variation of dipole modes. However, the significant impact 
on Europe weather due to the zonal shift of the NAO pattern 
needs to be further examined.  

2.2  Blocking and circulation associated with the ENAO 
and WNAO events 

To understand the variability of blocking activity during the 
ENAO and WNAO life cycle, the blocking distribution is 
calculated based upon the two-dimension index (Davini et 
al., 2012a, 2012b). Figure 2 shows the occurrence frequency  

 

 
Figure 1  Time series of the number (a) and days (b) of the NAO events during winter time from 1950 to 2011 in which the dark (light) bar represents the 
ENAO (WNAO) events. Composites of the NAO indices for NAO+ and NAO events are shown in (c) and (d). The solid (dotted) line represents the ENAO 
(WNAO) events. The gray shaded indicates the region below the 95% confidence level for a Monte-Carlo test. 
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of blocking days in the Euro-Atlantic area. The blocking 
frequency distribution of NAO+ events is from the eastern 
Atlantic to northern Europe with a center in southwest Eu-
rope. This structure can be called a southwest-northeast 
(WS-NE) structure (Figure 2(a)). For NAO events, the 
blocking frequency presents a northwest-southeast (WN-SE) 
structure, which has two centers located near Greenland and 
southwest Europe, respectively (Figure 2(b)). The blocking 
frequency distributions of ENAO and WNAO events are 
shown in Figure 3. The blocking action center of the 
ENAO+ (Figure 3(b)) is located closer to European conti-
nent (especially over south Europe) than that of ENAO 
(Figure 3(a)). The blocking activity of ENAO events (Fig-
ure 3(d)) covers much of European continent and Greenland. 
The blocking activity of WNAO events is located more 
westward than ENAO events (Figure 3(c)). It is found that 
the blocking events are more frequent in European continent 
(Atlantic) during the NAO+ (NAO) life cycle, which is 

consistent with previous studies (Shabbar et al., 2001; Luo 
et al., 2007a, 2007b, 2007c; Woollings et al., 2008).  

To further understand the difference of blocking between 
ENAO and WNAO events, the composites of 500 hPa geo-
potential height anomalies averaged from lag5 to lag+5 of 
an NAO life cycle are presented in Figure 4. It is shown that 
the negative anomaly center of the NAO+ dipole modes is 
located within the domain from 60° to 30°W. The positive 
anomaly center of the NAO dipole modes is located from 
60°

 
W to 0° (Figure 4(a)). For NAO events, the positive 

anomaly center is located from 60° to 40°W and negative 
anomaly center is located from 60°W to 0° (Figure 4(b)). 
Moreover, the dipole modes of the ENAO events are locat-
ed more eastward than WNAO events (Figure 5). Figure 5(b) 
shows that the negative anomaly center of ENAO+ has a 
marked eastward shift and extends to the east of 0°. For 
ENAO events (Figure 5(d)), and the positive anomaly cen-
ter is located in east of the North Atlantic and covers much  

 

 
Figure 2  Composites of the instantaneous blocking frequencies for NAO+ (a) and NAO (b) events averaged from lag-5 to lag+5 during the NAO life cycle. 
The units are % and the contours are drawn from 5 to 25 with 5 intervals. The latitude lines are at 5° intervals starting with 20°N at the edges.  

 

Figure 3  Composites of the instantaneous blocking frequencies for  WNAO+ (a), ENAO (b), WNAO (c), and ENAO (d) events averaged from lag-5 to 
lag+5 during the NAO life cycle. The units are % and the contours are drawn from 5 to 25 with 5 intervals. The latitude lines are at 5° intervals starting with 
20°N at the edges.  
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Figure 4  Composites of the 500 hPa geopotential height anomalies for NAO+ (a) and NAO (b) events averaged during the lag5 to lag+5 of NAO life 
cycle. The units are gpm and the contours are drawn from 30 to 180 with 30 intervals. The latitude lines are at 5° intervals starting with 20°N at the edges. 
Dark (light) shading indicates the contours of positive (negative) anomalies exceed the 95% confidence level for a two-sided Student t-test.  

 
Figure 5  Composites of the 500 hPa geopotential height anomalies for WNAO+ (a), ENAO (b), WNAO (c), and ENAO (d) events averaged from lag5 
to lag+5 during the NAO life cycle. The units are gpm and the contours are drawn from 30 to 180 with 30 intervals. The latitude lines are plotted with 5° 
intervals starting with 20°N at the edges. Dark (light) shading indicates the contours of positive (negative) anomalies exceed the 95% confidence level for a 
two-sided Student t-test. 

of the northwest European continent. It suggests that the 
blocking activity in Euro-Atlantic area can reflect the zonal 
position of NAO events. 

2.3  Temperature and precipitation associated with the 
ENAO and WNAO events 

Figure 6 shows the distribution of surface temperature 
anomaly during the NAO life cycle in European continent. 
A marked positive (negative) temperature anomaly can be 
observed during the NAO+ (NAO) life cycle in European 
continent (Figure 6). It is found that the positive tempera-
ture anomaly presents a southwest-northeast structure (see 
significant lines above the 95% confidence level for a 
two-sided Student’s t-test in Figure 6(a) and (b) during the 
NAO+ life cycle. And a notable positive temperature anom-

aly can be observed in central and eastern European conti-
nent during ENAO+ life cycle (Figure 6(b)). To the contrary, 
a negative temperature anomaly is found over Europe dur-
ing the life cycle of NAO events. Moreover, a marked neg-
ative temperature anomaly is observed in southeast Europe 
during ENAO events (Figure 6(d)). It suggests that the 
eastward shift of the NAO events has a greater influence on 
the European temperature. It means that marked and wide-
spread decline (rise) of temperature can be seen over Eu-
rope if NAO (NAO+) dipole mode is located closer to Eu-
ropean continent. It is worth noting that although the tem-
perature anomalies are different between WNAO+ and 
EANO+ events, the same SW-NE structure can be observed. 
Moreover, the positive temperature anomaly center in 
ENAO+ events is located more southward and is more 
widespread than WNAO+ events (Figure 7(a), (b)). The  
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Figure 6  Composites of the surface temperature anomaly for WNAO+ (a), ENAO (b), WNAO (c), and ENAO (d) events averaged from lag5 to lag+5 
during the NAO life cycle. The units are °C. Solid (dotted) line indicates the shading of positive (negative) anomalies exceed the 95% confidence level for a 
two-sided Student t-test. 

 

Figure 7  Composites of the surface precipitation anomaly for WNAO+ (a), ENAO (b), WNAO (c), and ENAO (d) events averaged from lag5 to lag+5 
during the NAO life cycle. The units are mm. Solid (dotted) line indicates the shading of positive (negative) anomalies exceed the 95% confidence level for a 
two-sided Student t-test. 
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same SW-NE structure is also seen in ENAO and 
WNAO(Figure 7(c), (d)). The most prominent negative 
temperature region during the ENAO events is located in 
southeast Europe and even in the Mediterranean Sea (Figure 
7(d)). It means that extreme cold events take place easily in 
Europe especially in southeast Europe during the life cycle 
of ENAO events.  

3  The possible mechanism of the ENAO events 
and its impact on Europe weather 

3.1  The possible mechanism of the ENAO events 

To further examine the mechanism of the occurrence of 
ENAO and WNAO events and their impact on Euro-   
Atlantic blocking. The latitudinal distribution of the 
time-mean zonal wind during the ENAO and WNAO events 
is presented in Figure 8. The time-mean is calculated for the 
period from lag15 to lag5 of the NAO life cycle. This 
period represents the early stage before the beginning of 
NAO events and a zonal average is made in the Atlantic 
area (60°W–0°).  

As shown in Figure 8(a), (b), the zonal wind in the At-
lantic area for ENAO events is stronger in mid-high latitude 
(40°–70°N) than WNAO events. Moreover, the results for 
the zonal wind averaged during the period from lag5 to 
lag+5 are basically in agreement with those in Figure 8 (not 
shown). This suggests that the action center of NAO events  

may shift more eastward if the zonal wind in mid-high lati-
tude is stronger (Luo et al., 2006). It indicates that the zonal 
positions of ENAO and WNAO events are influenced by 
the strength of the zonal wind. It means that the mean posi-
tion of NAO dipole mode may undergo a westward migra-
tion if the zonal wind is weak. On the contrary, the west-
ward migration is suppressed and even the eastward migra-
tion can be observed if the zonal wind is strong enough.  

3.2  The storm track associated with the NAO events 

According to the theoretical result by Luo et al. (2007a, 
2007b, 2007c), a sketch map is presented to explain the re-
lationship between the phases of NAO and storm track 
(Figure 9). It suggests that the NAO is actually a blocking 
(meridional) circulation in the Atlantic area. The zonal wind 
and storm track are split into two (northern and southern) 
branches due to the feedback of the blocking (Figure 9(a)). 
And the precipitation, which is associated with the splitting 
of storm track, also exhibits a double-branched structure in 
Europe (Figure 7(c), (d)). For the ENAO events, the bifur-
cation point of zonal wind and storm track is closer to the 
European continent and tends to have greater impacts on 
Europe weather. On the contrary, for the WNAO events, 
their impacts on European weather are weak as a result of 
the upstream splitting of the zonal wind and storm track. 
The NAO dipole mode is a high-over-low meridional 
structure in mid-high latitudes, which brings dry (moist) and 

 

 

Figure 8  Meridional distribution of time-mean zonal wind from lag15 to lag5 at 300 hPa averaged over Atlantic region (60°W－0°) for NAO+ (a) and 
NAO(b) events. The units are m s1.  

 

Figure 9  Schematics of the NAO circulation and associated storm track for NAO (a) and NAO+ (b) events. 
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cold (warm) air from Arctic (Atlantic) to mid-low (mid-high) 
latitude area. The impact of ENAOevents on temperature 
decline of European continent is prominent, especially in 
southeast Europe. For the NAO+ events, the zonal wind, 
storm track and precipitation anomaly are a single-branched 
structure in central Europe (Figure 7(a), (b)). 

4  Discussions and conclusion 

In this paper, based upon the daily NAO index and defini-
tion of NAO events, all the in-situ NAO+ and NAO events 
are identified during the period from 1950/1951 to 
2011/2012 winter (NDJFM). In addition, the eastern-type 
(ENAO) and western-type NAO (WNAO) events are de-
fined based upon the zonal position of the north center of 
NAO dipole mode. The distributions of blocking frequency, 
geopotential height anomalies, temperature, and precipita-
tion anomalies during the ENAO and WNAO life cycle are 
further examined. 

Results show that in the maturity stage of NAO life cycle, 
the mean amplitude of ENAO+ events is stronger than that 
of WNAO+ events. There is no evident difference of the 
composite geopotential height anomaly between ENAO 
and WNAO events. Moreover, the blocking activity of 
ENAO (ENAO+ and WNAO) events is located more east-
ward than WNAO events (WNAO+ and WNAO). For the 
NAO+ (NAO) events, the distribution of the blocking ac-
tivity is referred to as a WS-NE (WN-SE) structure.  

It is found that the positive (negative) temperature anom-
aly in Europe during ENAO+ (ENAO) events is larger and 
wider than WNAO+ (WNAO) events. It is worth noting 
that the positive temperature anomaly can extend to the 
Mediterranean Sea and western Russia during the ENAO 
life cycle. The positive precipitation anomaly presents a 
single-branched structure in central Europe during the 
NAO+ events. For the NAO events, the positive precipita-
tion anomaly presents a double-branched structure with a 
north branch along northern Europe and a south branch 
along southern Europe. The positive precipitation anomaly 
for ENAO+ events is stronger and more widespread in cen-
tral and north Europe than that for WNAO+ events. Almost 
the same positive precipitation anomaly structure (dou-
ble-branched) can be observed for ENAO and WNAO 
events. The marked persistent decline of temperature in 
southern Europe especially in the north shore of the Medi-
terranean Sea may cause extreme snowfall events in this 
area. 

In addition, it is found that the zonal position of NAO 
dipole modes may be associated with the strength of the 
zonal wind. The double-branched structure of the positive 
precipitation anomaly for NAO events is likely to be con-
trolled by the double-branched storm tracks. The southward 
transport of cold airs during the ENAO life cycle may cre-

ate a suitable condition for the cold weather occurrence in 
Europe. 

In this study, we have examined the difference between 
ENAO and WNAO events and their impact on Europe 
weather. In order to reduce the subjectivity in the classifica-
tion of ENAO and WNAO events, we have looked at the 
results for two criterions based on the NAO patterns cen-
tered at 10° and 20°W in our analysis. Moreover, the posi-
tive anomaly center of the dipole modes is also used to clas-
sify the NAO types. The results are qualitatively consistent 
(not shown).  

Although the possible impacts of the ENAO and WNAO 
events are considered here, and the dynamical process of the 
NAO is still a front edge in Atmospheric research. It is pos-
sible to predict the occurrence of extreme weather if the 
NAO life cycle can be predicted. Recently, Jiang et al. 
(2013) applied the conditional non-linear optimal perturba-
tions (CNOP) proposed by Mu et al. (Mu and Zhang, 2006; 
Mu and Jiang, 2007; Jiang et al., 2008) on the study of 
NAO dynamical process. This provided an important ap-
proach for the prediction of strong nonlinear system like 
NAO. This latter point will be an important work to be 
launched in the near future.  
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