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ABSTRACT

This paper examines an asymmetric spatiotemporal connection and climatic impact between the winter atmospheric
blocking activity in the Euro-Atlantic sector and the life cycle of the North Atlantic Oscillation (NAO) during the period
1950-2012. Results show that, for positive NAO (NAO™) events, the instantaneous blocking (IB) frequency exhibits an
enhancement along the southwest—northeast (SW-NE) direction from the eastern Atlantic to northeastern Europe (SW-NE
pattern, hereafter), which is particularly evident during the NAO™ decaying stage. By contrast, for negative NAO (NAO™)
events, the IB frequency exhibits a spatially asymmetric southeast-northwest (SE-NW) distribution from central Europe to
the North Atlantic and Greenland (SE-NW pattern, hereafter). Moreover, for NAO~ (NAO™) events, the most marked de-
crease (increase) in the surface air temperature (SAT) in winter over northern Europe is in the decaying stage. For NAO™*
events, the dominant positive temperature and precipitation anomalies exhibit the SW—NE-oriented distribution from western
to northeastern Europe, which is parallel to the NAO™-related blocking frequency distribution. For NAO™ events, the dom-
inant negative temperature anomaly is in northern and central Europe, whereas the dominant positive precipitation anomaly
is distributed over southern Europe along the SW-NE direction. In addition, the downward infrared radiation controlled by
the NAO’s circulation plays a crucial role in the SAT anomaly distribution. It is further shown that the NAO’s phase can act
as an asymmetric impact on the European climate through producing this asymmetric spatiotemporal connection with the
Euro-Atlantic IB frequency.
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1. Introduction

The North Atlantic Oscillation (NAO) is an important
low-frequency mode of climate variability in the form of a
north—south seesaw pattern of pressure between the Azores
and Iceland in the Northern Hemisphere (NH) (Walker and
Bliss, 1932; Hurrell et al., 2003). Research on the variability
and impacts of this mode has attracted considerable attention
among atmospheric scientists because of its significant im-
pacts on climate and weather in the Atlantic sector and its
adjacent regions (Hurrell, 1995; Scaife et al., 2008).

In recent decades, extreme weather events (temperature,
precipitation and wind) have been emerging more frequently
under the warming climate (Cattiaux et al., 2010; Simolo
et al., 2011), with numerous studies investigating their
physical processes (e.g., Kenyon and Hegerl, 2008, 2010;
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Scaife et al., 2008). It has been recognized that the oc-
currence of extreme temperature events over Europe is re-
lated to large-scale circulation patterns such as the NAO
and blocking events (Hurrell, 1995; Alexander et al., 2006;
Scaife et al., 2008; Sillmann and Croci-Maspoli, 2009; Cat-
tiaux et al., 2010; Wang et al., 2010; Ouzean et al., 2011;
Gong and Luo, 2017). In particular, extreme cold tempera-
tures in winter over Europe are closely associated with the
blocking activity in the Euro-Atlantic sector (Sillmann et al.,
2011). Buehler et al. (2011) found that winters with an in-
creased number of blocking events are associated with neg-
ative temperature anomalies over central to eastern Europe
and dryer conditions, whereas southern Europe experiences
warmer and wetter conditions during such episodes. Pfahl
and Wernli (2012) showed that, over large parts of the conti-
nental high-latitudes, warm temperature extremes often occur
simultaneously with atmospheric blocking at the same loca-
tion, while cold extremes are unassociated with atmospheric
blocking at the same location. This hints that there is an asym-
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metric impact of atmospheric blocking on warm and cold
extremes.

A link between the phase of the NAO and blocking events
in the Euro-Atlantic sector has been established in previous
studies (Shabbar et al., 2001; Luo, 2005a; Croci-Maspoli et
al., 2007; Luo et al., 2007; Woollings et al., 2008). It has been
revealed that, for positive NAO (NAO") events, there is a re-
duced blocking frequency over the North Atlantic and an en-
hanced blocking frequency over Europe, and the opposite for
negative NAO (NAO™) events (Scherrer et al., 2006; Croci-
Maspoli et al., 2007; Luo et al., 2007; Woollings et al., 2008).
In recent years, many investigators (Pelly and Hoskins, 2003;
Benedict et al., 2004; Berrisford et al., 2007; Riviere and Or-
lanski, 2007; Strong and Magnusdottir, 2008; Woollings et
al., 2008, 2010a) have connected blocking and NAO events
to Rossby wave breaking (RWB), defined as the reversal of
the potential temperature gradient at the tropopause level
(MclIntyre and Palmer, 1983). Benedict et al. (2004) sug-
gested that the two phases of the NAO result from a suc-
cession of cyclonic and anticyclonic RWB events, which has
also been confirmed by numerical experiments (Franzke et
al., 2004). Luo (2005b) and Luo et al. (2007, 2014) used a
nonlinear multi-scale interaction model to demonstrate that
blocking and NAO events mainly arise from the evolution of
pre-existing synoptic-scale eddies, which can be seen as the
initial condition. In addition, deformed eddies are important
for the maintenance of dipolar mode variation, as indicated
by Nie et al. (2014, 2016). To some extent, NAO™ events and
blocking over the North Atlantic are two sides of the same
coin (Luo et al., 2007; Woollings et al., 2010a). More re-
cently, Davini et al. (2012a) found that the variability of the
NAO pattern and its recent eastward shift are closely related
to changes in the frequency of the Greenland blocking (GB).
In years with high GB frequency the NAO pattern is in a neg-
ative phase and shifted westward, but in years with low GB
frequency the first EOF of the Euro-Atlantic sector undergoes
an eastward shift and looks more like the East-Atlantic pat-
tern.

Although the phase of the NAO affects the frequency
distribution of blocking events over the Atlantic and Eu-
rope (Shabbar et al., 2001; Croci-Maspoli et al., 2007), it
is, however, unclear how the blocking frequency distribution
changes during different stages (such as the growing stage
or decaying stage) of the NAO life cycle. In particular, it is
unclear how temperature and precipitation anomalies change
during the different stages of the NAO and are linked with the
blocking frequency distribution. Thus, the present study fo-
cuses on which stage of the NAO’s life cycle the temperature
and precipitation may change the most and is the nature of
their spatial distribution. We also seek to uncover the physi-
cal mechanism or processes behind these changes. The inves-
tigation of these unsolved issues is a complement to previous
studies and will help us understand the underlying physical
processes of the NAO and blocking, and how they regulate
regional weather and climate change on the sub-weekly scale,
which may be of significance to the weekly prediction of tem-
perature and precipitation.
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Following this introduction, section 2 describes the data
and methodology. Section 3 presents the results on the re-
lationship between the blocking activity in the Euro-Atlantic
region and the different phases of NAO events during their
life cycles. The evolution of surface air temperature (SAT)
and precipitation anomalies and their linkages to the phase
of the NAO are examined in section 4. We further explore
the relationship of the temperature and precipitation anomaly
changes with the blocking frequency distribution for the dif-
ferent phases of the NAO in section 5. A physical explana-
tion for why the spatial distribution of the blocking frequency
is controlled by the phase of the NAO is provided in sec-
tion 6. Conclusions and discussion are provided in the final
section.

2. Data and method

2.1. Data

The data used in this study include the daily 500-hPa
geopotential height fields on a 2.5° X 2.5° grid from the Na-
tional Centers for Environmental Prediction—National Cen-
ter for Atmospheric Research (NCEP-NCAR) during the
period November 1950 to March 2012. The daily precip-
itation and temperature data over Europe are from Euro-
pean Climate Assessment & Dataset project (E-OBS grid-
ded dataset), with a 0.5° x0.5° grid resolution, from Novem-
ber 1950 to March 2012 (Haylock et al., 2008). The normal-
ized daily NAO index is from the NOAA/Climate Prediction
Center (http://www.cpc.noaa.gov/) (Barnston and Livezey,
1987). In this study, the winter season is defined as a
time interval of five months from November to March
(NDJEM). We define the daily temperature or precipitation
anomaly as the deviation of the daily temperature or pre-
cipitation from its winter-mean value during 1950-2012.
The seasonal cycle has been removed in all the anomaly
fields.

2.2. Classification of NAO events

An NAO* (NAO™) event is defined to have taken place
if the normalized daily NAO index is greater (less) than or
equal to a standard deviation of +1.0 (-1.0) persisting for at
least three consecutive days. NAO events can be categorized
into two types: in-situ events and transition events, as defined
in Luo et al. (2012). In-situ NAO events are events of one
phase that are not preceded by the opposite phase. Transition
events include NAO™ and NAO™ events simultaneously. In
this study, to keep the length of the paper to a minimum and
because of the complexity of the relationship, transition NAO
events are not considered. Accordingly, hereafter, NAO* and
NAO™ events correspond to in-situ NAO™ and in-situ NAO™,
respectively.

According to the classification of NAO events, it is pos-
sible to investigate how the NAQO’s variability affects the spa-
tiotemporal change of the blocking frequency, and examine
its effect on the evolutions of temperature and precipitation
anomalies.
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2.3. Blocking index

It is useful to use a blocking index to identify the block-
ing activity in the Euro-Atlantic sector during the different
stages of NAO events and examine how the variability of tem-
perature and precipitation anomalies over continental Europe
depends upon the blocking frequency distribution. Many
blocking indices have been developed to explore the block-
ing activity in the NH (Tibaldi and Molteni, 1990; Pelly and
Hoskins, 2003; Diao et al., 2006; Scherrer et al., 2006). The
two dimensional (2D) blocking index developed more re-
cently by Davini et al. (2012b) is a useful tool for the iden-
tification of blocking activity because it can better capture
the dynamics of a blocking flow and its 2D distribution. The
2D blocking index of Davini et al. (2012b) is an extension of
the one-dimensional blocking index of Tibaldi and Molteni
(1990), based on the daily 500-hPa geopotential height at
each grid point. A similar 2D index was also proposed by
Schwierz et al. (2004) and Scherrer et al. (2006) in terms of
the potential vorticity field. The main results are consistent,
although the mathematical expressions of these 2D indices
are different (Davini et al., 2012a, 2012b). Here, the 2D in-
dex of Davini et al. (2012b) is exploited to detect the blocking
activity in the Euro-Atlantic sector. To identify instantaneous
blocking (IB), the meridional gradient reversal of the 500-
hPa geopotential height (unit: m) is defined in a way similar
to that in Davini et al. (2012b):

Z(Ao,P0) — Z(Ao, ¢s)

GHGS(19, ¢0) = ; (1a)
bo— s
GHGN(Ly. d) = Z(Ao, ¢n) = Z(Ao, $o) : (Ib)
én — o
GHGS(1g,¢0) >0, GHGN(1,d0) < 10 ; (1)
Zs500(A0, ds) — Zs00(Ao, s — 15
GHGS, (1o, o) = 500(d0,#s) 1;00( 0.¢s = 15) _ & :
(1d)

where Z(Ag,¢o) is the daily 500-hPa geopotential height at
the grid point (dg,¢0); Ao(¢o) is the grid-point longitude
(latitude), which ranges from 0° to 360° (30°N to 75°N);
én = ¢o+15; and ¢pg = ¢ — 15.

An IB event is identified if Eq. (1c) is satisfied. Accord-
ing to Davini et al. (2012b), a single blocking event is defined
if the large-scale blocking is occurring in a box of 5° latitude
x10° longitude, centered on that point for at least five days.
However, it is important to note that, in this study, the NAO
is the main body and all the analysis is based on the division
of NAO events, including the NAO’s phases and sub-periods,
which are introduced below. Thus, in this study, the block-
ing frequency associated with the NAO is the IB frequency at
each grid on each day, rather than a single blocking event with
a large-scale scope and certain life cycle. The 2D blocking
index can be used to obtain the spatial distribution of the 1B
frequency on each day in the Euro-Atlantic sector. Here, the
IB frequency is expressed as the percentage of days in winter
that are blocked. Very low-latitude blocking frequency in the
Atlantic basin is excluded if the constraint given by Eq. (1d)
is used (Davini et al., 2012b).
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3. Relationship between blocking activity and
NAO events during the NAOQO life cycle

Climatological distribution of Euro-Atlantic blocking
events

3.1.

It is useful to look at the climatological distribution of
Euro-Atlantic blocking event frequency before examining the
impact of NAO events on the blocking activity in the Euro-
Atlantic sector. Figure 1a shows the winter (NDJFM) mean
distribution of the IB frequency in the Euro-Atlantic sector
during 1950-2012 in light of the 2D blocking index of Davini
et al. (2012a). It is clear that the climatological blocking fre-
quency distribution is characterized by two main blocking
frequency maximums, over Greenland and the region from
the eastern North Atlantic to western Europe. This result is
consistent with the findings of Davini et al. (2012b), Luo et
al. (2015a) and Scherrer et al. (2006), who used an absolute
geopotential height (AGP) index. Moreover, there is another
relatively small blocking frequency center in the Urals region
(around 60°E), where the Urals blocking can play an impor-
tant role in regulating the climate of East Asia (Luo et al.,
2017; Yao et al., 2017). In the work of Scherrer et al. (2006),
the location of the blocking frequency region over continen-
tal Europe tended to be at high latitudes, whereas in Davini
et al. (2012b) the maximum frequency region for European
blocking events was mainly at relatively lower latitudes (east-
ern North Atlantic and western Europe). In the present paper,
we examine in detail how the blocking frequency distribution
changes during the different stages within the NAO life cycle
and how it affects the spatiotemporal evolutions of the SAT
and precipitation anomalies.

3.2. Composites of daily NAO indices

To see how NAO events affect the variability of Euro-
Atlantic blocking events, we first show a composite of daily
NAO indices for in-situ NAO* and NAO™ events (Figs. 1b
and c), corresponding to the identified NAO events as listed
in Table 1. Here, lag(0) denotes the day with the strongest
amplitude for in-situ NAO events. To clearly see how the
temperature and precipitation anomalies evolve during the
different NAO stages, it is useful to subdivide the life cycle
of in-situ NAO events from lag(—10) to lag(10) days into four
stages: B1 (from the beginning to the growing stage), from
lag(—10) to lag(-5); B2 (growing stage), from lag(-5) to
lag(0) [note: “B” means before lag(0)]; Al (decaying stage),
from lag(0) to lag(5); and A2 (from the decaying stage to the
end), from lag(5) to lag(10) [note: “A” means after lag(0)].
Based on this division, we can analyze the SAT and pre-
cipitation variability in different stages of the NAO and its
relationship with the IB frequency. It is hoped that the results

Table 1. Number of NAO events and days in winter 1950-2012.

Number of events Number of days
In-situ NAO* 97 1688
In-situ NAO™ 99 1547
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Fig. 1. (a) Geographical distribution of the climatological winter IB frequency during the winter period (ND-
JFM) from 1950 to 2012. Shading is representative of the percentage of IB days with respect to the total days of
a winter. The lines of latitude are plotted at 5° intervals starting at 20°N. Units: %. (b, c) Composite normalized
daily NAO indices in winter for (b) in-situ NAO™ and (c) in-situ NAO™~ events during winter 1950-2012. B1,
B2, A1 and A2 represent four sub-periods of the NAO life cycle. B (A) means before (after) the peak day lag(0).

obtained in this study can be used as a reference for climate
prediction.

From Figs. 1b and c, the decaying of the in-situ NAO
event seems slower than its growing stage. This may be re-
lated to persistent RWB during the decaying stage (Woollings
et al., 2008). To see how NAO events modulate the blocking
frequency, composites of the blocking frequencies for differ-
ent types of NAO events are produced in terms of the com-
posite daily NAO indices in the next subsection.

3.3. Evolution of the blocking frequency distribution dur-
ing the life cycle of NAO events

In this subsection we examine how the phases of the NAO
affect the frequency and location of Euro-Atlantic blocking,
especially during the different stages within the NAO life cy-
cle. In addition, as mentioned above, we use the IB frequency
instead of blocking events. This is because, for a single NAO
event, a blocking event within the life cycle of an NAO event
cannot be separated into parts based on the NAO’s four sub-
periods. Also, in general, the occurrence of the NAO and
blocking is always temporally uncertain, sometimes over-
lapping and sometimes leading or lagging. Thus, it seems
reasonable to calculate the spatial distribution of the IB fre-
quency in the different stages of the composite NAO event
because the frequency of the IB has almost the same distri-
bution pattern as that of the blocking events (Davini et al.,
2012b; Luo et al., 2015a, 2015b; Yao and Luo, 2015). We
show the spatial distribution of the composite IB frequency

for the different stages of NAO* and NAO~ events in Fig.
2 in terms of the percentage of IB days with respect to to-
tal NAO days within each stage, as shown in Figs. 1b and
c. As can be seen from Fig. 2a, for the NAO™ events the
higher blocking frequency is distributed like a tongue along
the southwest—northeast (SW-NE) direction from the east-
ern Atlantic to northeastern Europe (Fig. 2a). Hereafter, the
IB frequency distribution is referred to as the “SW-NE” pat-
tern and its maximum frequency region varies with the dif-
ferent stages of the composite in-situ NAO* events. For
example, the maximum frequency region seems to be uni-
formly distributed in western and central Europe during B2,
but becomes mainly concentrated in the eastern Atlantic and
western Europe during Al. For the composite blocking fre-
quency of in-situ NAO™ events, the IB frequency distribution
looks like a tongue along the southeast—northwest (SE-NW)
direction from western Europe to Greenland during the pe-
riod from B2 to A2 (Fig. 2b). Hereafter, such a blocking
frequency distribution is referred to as the “SE-NW” pattern.
During B1 the high blocking frequency is primarily located
over western Europe, but is distributed along the SE-NW di-
rection with two blocking frequency maximum regions, over
Greenland and western Europe respectively, during B2. In
particular, during Al the blocking frequency maximum re-
gion tends to be concentrated in Greenland. Thus, the phase
of the NAO not only affects the longitudinal location of the
higher IB frequency over continental Europe, but also its lat-
itudinal position.
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By using the AGP index Scherrer et al. (2006) noted
that for NAO™ there is a significantly higher blocking fre-
quency maximum over the Davis Strait, southern Greenland
and the Norwegian Sea, while the NAO*-related blocking

frequency is mainly concentrated in the eastern Atlantic, cen-
tral and western Europe (their Fig. 3). Through analysis of
blocking tracks, Croci-Maspoli et al. (2007) found that the
northwestern Atlantic exhibits significantly higher (lower)

90E

90E

Fig. 2. Geographical distribution of IB frequencies in winter averaged for four sub-periods of NAO events: (a) NAO*
events; (b) NAO™ events. Shading is representative of the percentage of IB days with respect to total NAO days within
each stage. The lines of latitude are plotted at 5° intervals starting at 20°N. Units: %.

Fig. 3. Geographical distribution of composite surface (a, b) temperature and (c, d) precipitation anomalies in winter
averaged for four sub-periods of NAO events: (a, ¢) NAO* events; (b, d) NAO~ events. The stippling in all panels
denotes positive (negative) anomaly values above the 95% confidence level for a two-sided Student’s r-test. Units: °C
in (a, b) and mm in (c, d).
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blocking frequencies during NAO~ (NAO™) events. In par-
ticular, during NAO™ events, blocking genesis occurs in a
broad region extending from Newfoundland to the west coast
of Greenland, but in the NAO* phase northeastward move-
ment is evident for blocking genesis, such that many block-
ings reside in central Europe (Luo et al., 2007). The find-
ings of Croci-Maspoli et al. (2007, see their Fig. 6a) show
that there is a lower blocking frequency over continental Eu-
rope during NAO™ events. However, our result indicates a
clear higher blocking frequency over northern and western
Europe (Fig. 2b). The higher blocking frequency distribution
reflects that NAO™ events originate from the retrogression
of blocking events over northern Europe (Luo et al., 2007,
Sung et al., 2011; Yao and Luo, 2015). Such a feature can-
not be seen from the results of Croci-Maspoli et al. (2007).
Woollings et al. (2008, Fig. 2) used a wave breaking index
to find that in the Euro-Atlantic sector there are two maxi-
mum blocking frequency regions, over Europe and Baffin Is-
land. For NAO™ events, the blocking frequency is enhanced
over Greenland but reduced over southern Europe, with the
opposite for NAO™ events. Recently, Mitchell et al. (2013)
found that, under a strong Northern Annular Mode (NAM),
the higher blocking frequency occurs in the mid-Atlantic and
western Europe, whereas under a weak NAN it is over Baffin
Island and Greenland. Although the blocking pattern pre-
sented here is similar to the results of Luo et al. (2015a),
we further find that the spatial position of the maximum IB
frequency depends on the different stages of the life cycle
of NAO events. For example, for NAO* (NAO™) events,
the maximum IB frequency is centralized in the region from
the eastern Atlantic and western Europe to northeastern Eu-
rope (Greenland to western Europe) during its growing stage,
B2, but in the eastern Atlantic (Greenland) during its decay-
ing stage, Al. This result is new and supplements the previ-
ous findings of Shabbar et al. (2001), Scherrer et al. (2006),
Croci-Maspoli et al. (2007), Luo et al. (2015a) and Mitchell et
al. (2013). Moreover, Fig. 2 also gives a quantitative analysis
of the IB frequency during the NAO life cycle. The percent-
age of the IB frequency can account for more than 25% with
respect to the B2 and Al stages of the NAO, especially for
NAO™ events. This is because the NAO™ itself is the block-
ing circulation in the North Atlantic region. However, due to
the fast mobility of blocking and the averaging of time and
space, the percentage of IB frequency during NAO™ is not as
high as we expected. Nonetheless, this is sufficient to explain
the inseparable spatiotemporal connection between the NAO
and blocking.

As noted by some investigators, the blocking anticyclonic
circulation affects temperature advection mainly in the outer
region of the blocking, and near-surface temperature through
the surface radiation budget mainly in the central part of the
blocking (Pfahl and Wernli, 2012). As a result, the different
spatial pattern of the IB frequency distribution in the Euro-
Atlantic sector due to the modulation by NAO events can af-
fect the climate over continental Europe.

In the next section, to understand the relationship between
the temperature and precipitation anomalies over Europe and
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their link with the IB frequency pattern, we present com-
posites of temperature and precipitation anomalies during the
different stages of the NAO life cycle.

4. Composite temperature and precipitation
anomalies over Europe associated with
NAO events

Composite temperature anomalies in different stages
of NAO events

According to the composite daily NAO indices in Figs.
1b and c, the composite SAT anomalies over continental Eu-
rope are shown in Figs. 3a and b for the different stages of
NAO™ and NAO™~ events. Interestingly, for the NAO* event
(Fig. 3a), the dominant positive SAT anomaly (stippling in-
dicates values above the 95% confidence level) is distributed
along the SW-NE direction from western Europe to north-
eastern Europe from B1 to Al, and decays during A2, which
matches the NAO*-related blocking frequency distribution.
The strongest positive SAT anomaly is in the Al phase (de-
caying stage). For the NAO™ event in Fig. 3b, the nega-
tive SAT anomaly is enhanced with the increased frequency
of the GB and extends from western Europe to central and
northern Europe from B1 to Al, which is statistically signif-
icant (stippled region). The strongest negative SAT anomaly
also occurs in the A1l phase (decaying stage). This result has
not been reported previously, even though some studies have
revealed that negative phases of the NAO bring colder tem-
peratures to northern Europe and Asia, and warmer tempera-
tures to the Mediterranean region (Kenyon and Hegerl, 2008,
2010). Thus, the strongest SAT anomaly exhibits a distinct
delay relative to the strongest amplitude of the NAO event for
its two phases. This may be attributable to the delay of the
SAT increase/decrease due to the advection of warm/cold air
(moisture) on the upstream/downstream side of the blocking
anticyclone and the change in radiation fluxes [such as down-
ward infrared radiation (IR), sensible and latent heat fluxes,
and so on] due to the latitudinal shift of the Atlantic eddy-
driven jet stream through the modulation of the NAO pattern
(Woollings et al., 2010b). The contributions of different vari-
ables or processes to SAT changes are discussed in section
6.3.

Clearly, our results show that the two phases of NAO
events have asymmetric impacts on SAT anomalies over Eu-
rope. Such an asymmetric impact between the positive and
negative phases of the NAO on SAT has been suggested as
attributable to the asymmetry of weather regimes (Cassou et
al., 2004; Woollings et al., 2010a). Here, we further suggest
that the asymmetric impact of NAO events between positive
and negative phases is likely to be attributable to the asym-
metry of their associated blocking frequency patterns.

4.1.

4.2. Composite precipitation anomalies in different stages
of NAO events

Figures 3c and d show the composites of precipitation
anomalies over continental Europe during the life cycles of
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NAO* and NAO™ events. The positive (negative) anomaly
region above the 95% confidence level for a two-sided Stu-
dent’s t-test is indicated by stippling. For the NAO* event,
the dominant positive precipitation anomaly (stippling indi-
cates values above the 95% confidence level) is located over
western and northern Europe along the SW—NE direction and
peaks in the A1 stage (Fig. 3c). For the NAO™ event, the sig-
nificant positive precipitation anomalies are seen to locate in
southern Europe, mainly in the southwest (Fig. 3d), which is
relatively strong from B1 to Al.

4.3. Relationship between temperature and precipitation
anomalies and the composite daily NAO index

To further reveal the association between the evolutions
of the SAT and precipitation anomalies and the daily NAO in-
dex, we show the correlation coefficient field of the composite
daily NAO index with the SAT and precipitation anomalies in
Fig. 4 for the NAO events. For the NAO™ events, a positive
correlation region can be seen along the SW-NE direction
from southwestern Europe to northeastern Europe. Negative
correlation is apparent along the SW-NE direction, but in the
region from the Mediterranean Sea to the Black Sea (Fig. 4a).
This hints that during the life cycle of NAO™ events, a strong
positive SAT anomaly occurs mostly over the region from
western Europe to northern Europe, in agreement with the
findings from Fig. 3a. The correlation field of the composite
daily NAO™ index with the SAT anomaly exhibits a positive
correlation distribution from western and central Europe to
eastern Europe (Fig. 4a), which is a wider region (stippling
indicates values above the 95% confidence level) than for the
NAO™ event in Fig. 4a. This may be because the adjustment
of the negative phase circulation is more obvious, and the as-
sociated temperature change is clearer.

Also apparent from Fig. 4c is that, for the NAO™ event,
the strongest positive correlation of the precipitation anomaly
with the composite daily NAO index is along the SW-
NE direction, mainly in northwestern Europe, whereas the
strongest negative correlation is mainly in southern Europe
and some parts of central Europe. For the NAO™ event (Fig.
4d), the strongest negative correlation is concentrated in
southwestern Europe. This confirms that our findings pre-
sented in Fig. 3 are statistically significant. However, the
lead—lag relationship of the NAO and IB with the SAT and
precipitation change is not clear. In the next section, we ex-

(@) NAO+ (b) NAO-

2:W>
60N -
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amine the evolution of the blocking frequency over Europe
and its linkage with the life cycles of NAO events to under-
stand the possible cause of European climate variability.

5. Evolution of blocking frequency over Eu-
rope and its linkage with temperature and
precipitation anomaly changes

5.1. Spatiotemporal connection of blocking frequency to

the life cycle of NAO events

The NAO dipole anomaly has two opposite centers, in the
latitudinal bands of 60°-75°N and 35°-50°N, according to
previous studies (Benedict et al., 2004; Yao and Luo, 2015).
To observe the relationship between the European blocking
frequency and the NAO anomaly, it is reasonable to subdivide
continental Europe into two sub-regions: northern Europe
(60°=75°N, 10°W=-30°E) and southern Europe (35°-50°N,
10°W=30°E).

We show the time series of normalized IB frequency over
northern and southern Europe in Figs. 5a and b for the dif-
ferent stages of NAO* and NAO™ events. Clearly, the NAO*
event IB frequency over northern Europe exhibits an oppo-
site correlation of —0.63 with the daily NAO" index and
tends to decrease over northern Europe (blue line) during
the NAO growing stage and increase during the NAO* de-
caying stage (Fig. 5a), with the opposite being the case over
southern Europe (green line). The blocking frequency over
southern Europe has a positive correlation of 0.93 with the
daily NAO™ index at a one-day lag. However, for the NAO~
event the blocking frequency over northern Europe exhibits a
negative correlation of —0.92 with the NAO™ index at a two-
day lead, which is enhanced over northern Europe during the
NAO™ growing stage but reduced during the NAO™ decay-
ing stage (Fig. 5b). It has a positive correlation of 0.95 with
the daily NAO™ index over southern Europe (all correlation
coeflicients pass the 99% confidence test). This is consistent
with the result of Scherrer et al. (2006), who noted that there
is an enhanced blocking frequency over southern (northern)
Europe for the positive (negative) NAO phase. However, here
we present a new finding that, for the NAO™ phase, the in-
creasing of the blocking frequency over northern Europe is a
slow process, but its decline is rapid. An opposite result is
found over southern Europe for the NAO* phase (Fig. 5a).

-0.9 -0.7 -0.5 -0.3 —-0.1

0.1 0.3 05 0.7 0.9

Fig. 4. Correlation distribution of the composite daily NAO indices with the (a, b) temperature and (c, d) precipita-
tion anomalies for (a, ¢) NAO™ and (b, d) NAO™ events. The stippling in all panels indicates correlation coefficients
significant above the 95% confidence level for a hypothesis test.



JULY 2018 YAO AND LUO 803
> 4r >4r
%) ——NAOI 5 —NAOI
S 3r (a) —North Europe G 3r (b) —North Europe
32t 2t — South Europe
el 241
2 ot L ot » —
el ©
o~
®-2F T-2r
E sl | | | | €3l | | | | |
S \ Bt I B2 I A1 | A2 | o \ B1 | B2 [ A1 | A2 |
1 1 1 1 1 Z 1 1 1 1 1
lag-10 lag-5 lago lag+5 lag+10 lag-10 lag-5 lago lag+5 lag+10
Time Time
===North Europe NAO+ ===North Europe NAO+
4r === South Europe NAO+ ar d Precipitati === South Europe NAO+
» 3 (C) Temperature === North Europe NAO- w 3f ( ) recipitation === North Europe NAO-
K] ol === South Europe NAO- K9] ol === South Europe NAO-
] . ]
B gL mmmmeee, 34l
B ol ; o3
N O Sy TR FOEEN S or
g -1 "-.,.____".""‘_‘__..:h: -------------- g 1+
3 2F ‘5 2t
z 3 | | | | | z 3l | | | | |
B I B2 [ A1 | A2 | \ Bt I B2 T A1 | A2 |
lag-10 lag-5 lag0 lag+5 lag+10 lag-10 lag-5 lago lag+5 lag+10
Time Time

Fig. 5. (a, b) Normalized time series of IB frequency averaged over northern Europe in blue (60°-75°N, 10°W-
30°E) and southern Europe in green (35°-50°N, 10°W-30°E), for (a) NAO* and (b) NAO™ events. The red
lines represent the composite NAO index. (c, d) Normalized time series of (c) SAT and (d) precipitation av-
eraged over northern Europe in blue (60°-75°N, 10°W=-30°E) and southern Europe in red (35°-50°N, 10°W-
30°E), for NAO™ (solid line) and NAO™ (dashed line) events.

This result also indicates that the blocking frequency over
northern (southern) Europe leads (lags) the evolution of the
NAO~ (NAO*) amplitude, which is consistent with the re-
sults of Yao and Luo (2015). Such a relationship can be ex-
plained in terms of the zonal movement of the NAO~™ (NAO*)
dipole anomaly associated with the change in the blocking
frequency, which is presented in the next section.

5.2. Relationship between temperature and precipitation
anomalies and the blocking frequency over Europe

To further understand the association between the change
in SAT and precipitation anomalies with the blocking fre-
quency, the time series of the SAT and precipitation anoma-
lies over northern and southern Europe are shown in Figs. 5c
and d for the NAO* and NAO™ events. The threshold corre-
lation coefficient of 0.56 is statistically significant at the 99%
confidence level for the NAO events. Figure 5c indicates
that, for the NAO" events (solid lines), the SAT anomaly
over northern Europe exhibits a negative (positive) correla-
tion of —0.66 (0.76) with the blocking frequency over north-
ern (southern) Europe, but the southern Europe SAT anomaly
has a negative (positive) correlation of —0.78 (0.79) with the
IB frequency over northern (southern) Europe at a two-day
(three-day) lag. Thus, for the NAO™ events, when the block-
ing frequency is reduced over northern Europe, the positive
SAT anomaly is augmented over northern Europe. For the
NAO™ event (dashed lines in Fig. 5¢), the SAT anomaly over
northern Europe tends to have a negative correlation of —0.61
with the blocking frequency over northern Europe at a five-
day lag, but a positive correlation of 0.65 over southern Eu-
rope at a four-day lag. Thus, the decline of the SAT, es-
pecially over northern Europe, lags the enhanced blocking

frequency over Europe. Moreover, the decline (increase) of
the SAT anomaly over Europe can be modulated by the en-
hancement (reduction) of the blocking frequency related to
the phase of the NAO.

We can see from Fig. 5d that, for the NAO* event, the
precipitation anomaly over northern Europe almost has an
in-phase negative (positive) correlation of —0.72 (0.75) with
the IB frequency over northern (southern) Europe. However,
for the NAO™ event, the precipitation anomaly over south-
ern Europe exhibits a negative correlation of —0.74 with the
IB frequency over southern Europe, but a positive correla-
tion of 0.59 with the IB frequency at a three-day lag. Thus,
a comparison with Fig. 5c shows that the advent of the max-
imum precipitation anomaly over Europe generally precedes
the maximum SAT anomaly during the NAO life cycle.

The regions of the dominant SAT and precipitation
anomalies during different NAO phases can be interpreted
via a sketch map of the existing region of the blocking fre-
quency over continental Europe associated with the phase of
the NAO, as shown in Fig. 6. Clearly, when the blocking
frequency is distributed over Europe along the SW-NE (SE-
NW) direction, the advection of warm (cold) air on the west
(east) side of the blocking region leads to the increase (de-
crease) in the temperature anomaly over northern Europe for
NAO™* (NAO™) events, as shown in Fig. 6a (6b). Since the
warm and wet (dry and cold) air that moves along the SW—
NE (NW-SE) direction inevitably encounters cold and dry
(warm and wet) air on the north (south) side of Europe for
the NAO* (NAO™) events, the dominant positive precipita-
tion anomaly is mainly located in northern (southern) Europe
during the NAO* (NAO™) episodes. Thus, it is inevitable
that we observe an asymmetric impact of the NAO’s phase
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Fig. 6. Sketch map of the relationship between the blocking distribution associated with (a) NAO™ and (b)
NAO™ events and the temperature and precipitation anomalies over Europe. The red/blue shading in (a)/(b)
represents the positive/negative temperature anomaly region; the positive precipitation anomaly is marked by

green shading.

on the SAT and precipitation anomalies over Europe because
of the different spatial distribution of the blocking frequency
during the different phases of the NAO. These results have
the potential to be applied in the short-term prediction of
(extreme) temperature and precipitation anomalies over Eu-
rope. In addition, an approximation method is used to esti-
mate the quantitative contribution of the IB frequency to the
SAT and precipitation anomalies during an NAO event. The
NAO* (NAO™) events are classified into high-IB and low-
IB events according to the mean IB frequency over southern
(northern) Europe for all the NAO* (NAO™) events. Here, the
NAO™ events with high IB frequency over southern Europe
are called NAO™-IB* events, and likewise for other events.
Accordingly, the composite SAT and precipitation anoma-
lies for NAO*-IB* and NAO'-IB~ (NAO-IB* and NAO™-
IB™) events can be obtained, respectively. The contributions
of these events to the SAT and precipitation anomalies dur-
ing days lag(—10) to lag(+10) can be calculated, the results
of which are shown in Table 2. The terms SAT, and SAT;
(Pre, and Preg) represent the SAT (precipitation) anomaly
over northern and southern Europe, respectively. The NAO™ -
IB* events (51 of 97 cases) account for 70%, 78%, 86% and
75% of the total SAT,, SAT, Pre, and Preg during NAO*
events, respectively. The NAO™-IB* events (45 of 99 cases),
meanwhile, account for 69%, 93%, 82% and 66% of the total
SAT,, SAT;, Pre, and Pres during NAO™ events, respectively.
It can be concluded that the IB frequency during the NAO life
cycle accounts for most of the contribution to the NAO total
SAT and precipitation anomalies.

6. Possible mechanism of blocking frequency
evolution during the NAO life cycle

6.1. Blocking frequency in the Euro-Atlantic sector and
its relationship with the NAO dipole anomaly and

zonal wind

To understand the physical cause of the evolution of the
blocking frequency over northern and southern Europe with
the NAO index, we produce a composite of 500-hPa geopo-
tential height anomalies averaged for the four sub-periods of
the NAO™ and NAO™ events, as shown in Figs. 7a and b. It is

Table 2. Contribution of the IB frequency to SAT and precipitation
(Pre) during NAO events. An NAO*-IB* (NAO™-IB™) event repre-
sents an NAO™ event with higher (lower) IB frequency over south-
ern Europe than the mean value of all NAO™ events. An NAO™-IB*
(NAO™-IB™) event represents an NAO™ event with higher (lower)
IB frequency over northern Europe than the mean value of all NAO~
events. SAT,, (Pre,) and SAT (Pres) mean the SAT (Pre) over north-
ern and southern Europe, respectively.

Classification
NAO*-IB* NAO*-IB~ NAO™-IBt NAO™-IB~
Number of cases 51 46 45 54
SAT, 70% 30% 69% 31%
SAT 78% 22% 93% 7%
Pre, 86% 14% 82% 18%
Preg 75% 25% 66% 349%

evident in Fig. 7a (Fig. 7b) that the composite height anomaly
has a negative-over-positive (positive-over-negative) dipole
anomaly for the NAO™ (NAO™) event. With the intensifica-
tion of the NAO™ pattern the dipole height anomaly in the At-
lantic sector is shifted eastward and extends into Europe, thus
leading to the increased (decreased) blocking frequency over
southern (northern) Europe (Fig. 7a). For the NAO™ event
(Fig. 7b), the positive (negative) anomaly is mainly located
in the 60°-75°N (35°-50°N) latitudinal band. Thus, it is in-
evitable that we observe an enhanced (reduced) blocking fre-
quency over the North Atlantic and northern Europe (south-
ern Europe) due to the westward shift of the dipole NAO™
anomaly from continental Europe. Thus, the evolution of the
NAO event is in phase and the frequency seems able to af-
fect the spatiotemporal changes in temperature and precipita-
tion anomalies through altering the spatial distribution of the
blocking frequency over continental Europe.

As the key analysis method used in this study, we di-
vide an NAO event into four sub-periods and examine its
spatiotemporal connection with IB, SAT and precipitation
in each sub-period. However, the dynamic mechanism un-
derpinning this connection deserves further discussion, es-
pecially the link between the NAO dipole and IB. As indi-
cated by many studies (Luo et al., 2007, 2015a; Woollings
et al., 2010b), the NAO and blocking circulation are the di-
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Fig. 7. Geographical distribution of composite (a, b) 500-hPa geopotential height and (c, d) 300-hPa zonal wind anoma-
lies averaged for four sub-periods of (a, ¢) NAO* events and (b, d) NAO~ events. Dark (light) shading denotes values
of positive (negative) anomalies above the 95% confidence level for a two-sided Student’s #-test. Contours are drawn at
intervals of 30 gpm in (a, b) and 2 m s~ in (c, d). The lines of latitude are plotted at 5° intervals starting at 20°N.

rect manifestation of the westerly jet (zonal wind jet) chang-
ing. Accordingly, Figs. 7c and d show the composite 300-
hPa zonal wind evolution during the different stages of the
NAO life cycle. The 300-hPa zonal wind data are used here,
instead of 500-hPa data, because the zonal wind jet core is
at about the 300-hPa level, which can react more directly to
the variation of the westerly jet. In addition, previous stud-
ies (Luo et al., 2015a) have also shown that results based
on the 300-hPa and 500-hPa westerly wind are very con-
sistent, because the NAO and blocking circulation are deep
systems. Figure 7c shows that the zonal wind anomaly ex-
hibits a quadrupole anomaly center over the North Atlantic—
Europe region, whereas a positive center can be seen in east-
ern Europe. The strongest anomaly appears in the B2 and Al
stages, as the two phases are closest to lag(0). A strengthened
negative anomaly can be seen at low latitudes in the North
Atlantic—Europe region along the SW-NE direction. In gen-
eral, a weakened zonal wind may favor the development of
meridional circulation such as blocking. Therefore, it is un-
derstandable that the IB frequency center can be observed
from the eastern Atlantic to northeastern Europe along the
SW-NE direction, as shown in Fig. 2a. For the NAO™ event
(Fig. 7d), a quadrupole anomaly distribution can also be ob-
served over the North Atlantic—Europe region. A notable neg-
ative anomaly center can be seen over mid-high latitudes of
the North Atlantic, which is consistent with the IB frequency

distribution in Fig. 2b. Thus, the spatiotemporal connection
between the NAO dipole and IB frequency is mainly con-
trolled by the change in the zonal wind jet. In addition, there
is also complicated nonlinear feedback and a self-maintaining
mechanism between the NAO or blocking and the westerly
wind, which is discussed in section 6.3.

6.2. Zonal migration of the NAO dipole anomaly during
its life cycle

As revealed in the above subsection, the zonal migration
of the NAO dipole anomaly is important for the evolution of
the blocking frequency in the different regions of continental
Europe during the NAO life cycle. First, meridional averag-
ing is applied to the geopotential anomaly for the NAO life
cycle over low (30°-50°N) and high (55°-75°N) latitudes,
because the dominant NAO dipole anomalies are located in
these two latitudinal bands. Then, the maximum and mini-
mum position for the NAO* and NAO~ dipole can be identi-
fied for each day during the NAO life cycle. Figure 8 shows
the zonal position of the NAO dipole during its life cycle.
From Fig. 8a, the low-latitude positive anomaly center (red
markers) exhibits a slight eastward shift (quasi-stationary)
from day lag(—8) to lag(+2). The higher latitude negative
anomaly center (blue markers) shows a quasi-stationary char-
acteristic from day lag(—10) to lag(+10). As shown in Fig.
8b, the higher latitude positive anomaly center (red markers)
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Fig. 8. Trajectory tracking of the composite daily geopotential height dipole anomalies in winter during the life
cycles of (a) NAO* events and (b) NAO~ events. The red (blue) markers indicate the maximum (minimum)
anomaly position for a positive (negative) anomaly center for the NAO dipole.

exhibits an obvious westward shift from lag(—8) to lag(+4).
Meanwhile, the lower latitude anomaly center (blue mark-
ers) shows a dispersed and jumpy feature during the life cycle
of NAO™. This is because, for the NAO dipole, the anomaly
center at higher latitude (negative center for NAO* and posi-
tive center for NAO™), has a more concentrated distribution,
which can also be seen in Figs. 7a and b. Also, the lower lat-
itude (southern) center has a wider longitudinal range and al-
ways has multiple centers, as revealed in Yao and Luo (2014).
However, the zonal migration of the NAO dipole is clearly
shown in Fig. 8. At the peak day [lag(0)], the positive centers
for NAO* and NAO™ are located near 45°W. The zonal mi-
gration of the NAO dipole may explain why the SAT and pre-
cipitation exhibit a lead—lag relationship with the NAO life
cycle in different regions. The IB in Europe that leads the
NAO™ can instigate cooling in southern Europe, as shown in
Fig. Sc. When the NAO™ dipole undergoes a westward shift,
the cold air may affect northern Europe and the SAT can ex-
hibit an approximate three-day lag relationship with NAO™.
For the NAO" dipole, the eastward shift may cause the south-
ern Europe SAT to have an approximate four-day lag relation-
ship with NAO™. Thus, the lead-lag relationship between the
NAO and IB as revealed in Yao and Luo (2015) is impor-
tant for European SAT and precipitation change in this study.
Our result can be interpreted in terms of the self-maintaining
mechanism of the longitudinal migration of the NAO dipole
pattern, proposed in the next subsection.

6.3. Physical mechanism of NAO migration

The NAO’s circulation is controlled by the background
westerly wind. To examine the physical mechanism of the
shift in the NAO, Fig. 9 shows the 300-hPa zonal wind dis-
tribution and its latitudinal profile in the Atlantic—-Europe re-
gion. Clearly, the zonal wind anomaly exhibits a wave train
distribution along the north—south direction. The single mid-
latitude strong wind jet for NAO* in Fig. 9a and double-

branch jet for NAO™ in Fig. 9b are clear to see. The strong
midlatitude jet is conducive to the eastward migration of the
NAO™ dipole, while the negative anomaly center at midlati-
tudes favors the westward migration of the NAO™ dipole. To
be specific, the migration mechanism of the NAO dipole can
be explained by the wind profile in Fig. 9. The wind over
northern Europe (dashed line in Fig. 9b; 50°-70°N) is weak
and the positive anomaly may undergo westward movement.
The strengthening of the wind over the low (20°—40°N) and
high (65°-80°N) latitude Atlantic is due to the feedback of
the NAO™ circulation development. For NAO™* events (Fig.
9a), as the NAO* dipole grows in the Atlantic region, the
zonal wind is intensified at midlatitudes (40°-60°N). The
strong wind jet may drive the NAO* dipole to move toward
continental Europe. Due to the feedback of NAO™ devel-
opment, the zonal wind jet in Europe may shift northward,
as shown in Fig. 9a (dashed line). This is called the self-
maintaining mechanism of the NAO, as revealed in Luo et
al. (2007) and Yao and Luo (2015). This mechanism can be
used here to explain the lead—lag relationship of the NAO and
IB with the SAT and precipitation.

Many studies have suggested that RWB follows the hor-
izontal gradient of the basic zonal wind (Thorncroft et al.,
1993; Tyrlis and Hoskins, 2008a, b). An NAO~ (GB) event
preceded by a blocking event over northern Europe can be
explained by the wave breaking viewpoint of Woollings et
al. (2008). This is because the cyclonic wave breaking over
Greenland leading to an NAO™ event can arise from the cy-
clonic shear of the Atlantic jet due to the southward dis-
placement of the jet core. The southward shift of the jet core
may be caused by the retrogression of the European block-
ing. However, during NAO™* events the anticyclonic (rota-
tion) wave breaking on the equatorward side of the jet does
not allow this retrogression, instead leading to the eastward
migration of the NAO™ dipole pattern. Thus, as shown in Fig.
9a, when the Atlantic jet is shifted northward, the NAO*
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Fig. 9. Spatial distribution and latitudinal profile of time-mean 300-hPa zonal winds from lag(—10) to lag(+10) averaged for (a)
NAO* events and (b) NAO™ events. Units: m s~!. Dark (light) shading denotes regions of positive (negative) anomalies above
the 95% confidence level for a two-sided Student’s #-test. Contours are drawn at intervals of 2 m s~!. The solid (dashed) line
in the right-hand part of each panel represents the zonal wind profile averaged over the Atlantic basin (Europe) for the region

60°~10°W (10°W-60°E).

dipole pattern associated with the anticyclonic wave break-
ing precedes the genesis of European blocking events. This
provides a dynamical explanation as to why there is a lead—
lag relationship between SAT or precipitation and the NAO.
However, to keep the length of this paper to an acceptable
limit, we do not provide a specific quantitative analysis of
why there is a three- or four-day lead-lag relationship be-
tween SAT and the NAO. As revealed in Yao and Luo (2015),
the lead—lag relationship between the NAO dipole and instan-
taneous European blocking is important, and in this study we
further examine the meteorological (SAT and precipitation)
impact caused by this lead—lag relationship.

6.4. Contribution of radiative fluxes to the SAT anomaly

In order to examine the primary factor determining the
variability of the SAT anomaly (9,T), it is necessary to
quantify the surface radiation (J,71r), heat flux (9,7sy) and
temperature advection (0; T advection) and adiabatic (9; T adibatic)
terms. Here, the units of the above variables are all unified
into W m™2, following previous work (Alexeev et al., 2005;
Yao et al., 2017). In addition, the cloud forcing net solar flux
at the surface and the precipitable water for the entire atmo-
sphere are also examined to clarify in detail their respective
contributions to the SAT anomaly.

Figure 10a shows the composite of the surface down-
ward IR anomaly for the four sub-periods of the NAO* and
NAO~ events. It is apparent that, for NAO* events (Fig. 10a,
top), the downward IR exhibits a large positive anomaly (stip-
pling indicates values above the 95% confidence level) over
northern Europe along the SW-NE direction. The positive
anomaly develops strongest in the A1l stage, which is consis-
tent with the SAT results in Fig. 3a. A negative anomaly is
seen in southeastern Europe in Fig. 10a (top), which has a
wider area compared with Fig. 3a. This is because the radia-
tion data used for Fig. 10 are from the NCEP-NCAR reanaly-
sis dataset, which covers the ocean and land region. The SAT
and precipitation data only cover the land area. For NAO~
events (Fig. 10a, bottom), the distribution is opposite and ex-
hibits asymmetry compared with NAO* (Fig. 10a, top). The
strongest negative anomaly with significant values (stippling)
can also be seen in the Al stage. Overall, the downward

IR makes an important contribution to the enhancement (de-
cline) of the positive (negative) SAT anomaly during the NAO
life cycle.

The composite sensible and latent heat fluxes are shown
in Fig. 10b. Clearly, the sensible and latent heat fluxes over
the ocean region are relatively stronger than over the land re-
gion. This is because the interaction between water and air
is stronger and more complicated than that over land. Over
continental Europe, the sensible and latent heat fluxes can
make a considerable contribution to the enhancement of the
SAT anomaly during the NAO* life cycle, especially in the
B1 and Al stages (Fig. 10b, top). Meanwhile, the negative
sensible and latent heat anomaly over continental Europe dur-
ing the NAO™ life cycle is also significant in the B2 and A1l
stages (Fig. 10b, bottom). This indicates that the sensible and
latent heat flux can also make a certain contribution to the
SAT anomaly. However, the pattern of sensible and latent
heat fluxes shows local and spatial discontinuities (Fig. 10b),
which is different to the pattern of IR and SAT.

Figure 10c shows the composite 850-hPa horizontal tem-
perature advection for NAO™ and NAO~ events. The positive
and negative anomaly patterns (stippling for those above the
95% confidence level) of temperature advection bear some
similarity to the SAT pattern. However, it can be seen that
the temperature advection over land is weaker compared with
the downward IR and sensible and latent heat fluxes. Figure
10d shows the adiabatic term (9;Tagibatic) caused by the ver-
tical velocity anomaly, from which it can be concluded that
the magnitude of the adiabatic heating and cooling is very
small compared to that of the other terms, as indicated in Yao
et al. (2017). Moreover, the composite cloud forcing net so-
lar flux at the surface for NAO* and NAO™ events is also
shown in Fig. 10e. It can be seen that the cloud forcing net
solar flux at the surface makes an opposite contribution to the
SAT anomaly, with a smaller magnitude, especially in stages
Al and A2. It also shows a transition from positive to neg-
ative over continental Europe for NAO* events. This may
be caused by the establishment of NAO circulation and cloud
formation. Figure 10f further shows the composite precip-
itable water for the entire atmosphere for NAO events. It can
be seen that the pattern of precipitable water is remarkably
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consistent with the IR and SAT patterns. Among which (Fig.
10f, top), the positive water vapor exhibits a marked (statis-
tically significant) SW-NE distribution, reaching a peak in
B2, and vice versa for NAO™ events (Fig. 10f, bottom). The
peak stage for water vapor is earlier than that for IR and SAT,
which may be due to the process of cloud formation by wa-
ter vapor, and this will be examined in future research. It
has been revealed that the downward IR is closely related
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to lower-tropospheric water vapor content and temperature
(Zhang et al., 1995), which plays a crucial role in affecting
SAT variability. According to Gong et al. (2017) and Luo
et al. (2017), the NAO and blocking circulation play a major
role in the transportation of water vapor.

Upon comparison of Figs. 10a—f, it can be concluded that
IR makes a more important contribution to controlling the
SAT over Europe during the NAO life cycle by regulating the

Fig. 10. Geographical distribution of the composite (a) surface downward IR anomaly, (b) sum of surface sensible and latent
heat flux anomaly, (c) 850-hPa horizontal temperature advection anomaly, (d) adiabatic heating/cooling induced by vertical
velocity anomaly, (e) cloud forcing net solar flux at the surface anomaly, and (f) precipitable water anomaly, averaged for four
sub-periods of NAO™ events and NAO™ events. Stippling indicates values above the 95% confidence level for a two-sided
Student’s 7-test. The units are W m~2 in (a—e) and kg m~2in ).
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Fig. 10. (Continued.)

distribution of water vapor. Meanwhile, the SAT anomaly is
also affected by temperature advection, surface sensible and
latent heat fluxes, and other radiative fluxes (e.g., cloud forc-
ing net solar flux). Interestingly, the precipitation distribution
(Figs. 3c and d) is similar to the downward IR pattern (Fig.
10a) and the water vapor pattern (Fig. 10f). This may con-
tribute to the water vapor transport via the NAQO’s circulation,

which is conducive to the strengthening of precipitation.

7. Discussion and conclusions

This paper examines the asymmetric spatiotemporal evo-
Iution of Euro-Atlantic blocking during the NAO life cycle
and the possible physical cause of the genesis of a winter
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asymmetric weather impact over Europe. It is found that the
spatial pattern of the blocking frequency in the Euro-Atlantic
sector is dominated by the phase of the NAO during its en-
tire life cycle. The higher blocking frequency for the NAO*
phase is distributed along the SW-NE direction, while the
blocking events exhibit an enhanced frequency along the SE—
NW direction for the NAO™ phase. An asymmetric spatial
connection between NAO phases and blocking is seen here.
Thus, a negative (positive) correlation is seen between the
NAO and blocking over the North Atlantic and northern Eu-
rope (eastern Atlantic and southern Europe). This suggests
that there is an enhanced (reduced) blocking frequency over
northern (southern) Europe during NAO™ events, with an op-
posite variation of the blocking frequency for NAO™ events.
This result is supplemental to those reported in previous stud-
ies (Scherrer et al., 2006; Croci-Maspoli et al., 2007; Luo et
al., 2007, 2015a). Moreover, the most evident blocking fre-
quency is seen in the decaying stage for the NAO™ phase and
growing stage for the NAO™ phase. This means that the tem-
poral evolution of the NAO and blocking has an asymmetric
connection. Thus, the phase of the NAO seems to determine
the latitudinal and longitudinal change of the blocking fre-
quency in the continental areas of the Euro-Atlantic sector.

Because warm (cold) temperature and moisture advection
prevails on the west (east) side of the blocking circulation,
the phase of the NAO can affect the temperature anomaly
over continental Europe through modulating the spatial dis-
tribution of the blocking frequency. The significant positive
(negative) temperature anomaly over Europe is dominated by
the SW-NE-oriented (SE-NW-oriented) distribution of the
blocking frequency in the Euro-Atlantic sector. A new find-
ing is that the most obvious increase (decline) in the tem-
perature anomaly over Europe takes place in the decaying
stage of the positive (negative) NAO phase due to the delay-
ing effect of the temperature and moisture advection along
the west (east) side of the blocking anticyclone. On the other
hand, we can see that positive precipitation anomalies occur
over northern (southern) Europe in positive (negative) NAO
phases. In addition, it is found that the downward IR modu-
lated by the NAQO’s circulation makes a more important con-
tribution to the SAT change, as compared with sensible and
latent heat fluxes and horizontal temperature advection.

Finally, a physical explanation as to why the blocking
frequency is enhanced over northern (southern) Europe dur-
ing negative (positive) NAO phases is provided based on
composite analysis. It is found that enhanced blocking fre-
quency over northern (southern) Europe is closely related
to the westward (eastward) migration of the NAO~ (NAO™)
dipole anomaly. Moreover, it is further shown that the west-
ward (eastward) shift of the NAO~ (NAO™) dipole anomaly
is attributable to the strengthening (weakening) of zonal
winds in mid-high latitude regions during positive (nega-
tive) NAO phases, which is considered as a self-maintaining
phenomenon of the NAO’s occurrence. Thus, the lead—lag
(asymmetric) relationship between the NAO and blocking,
associated with SAT and precipitation changes, is due to the
NAO self-maintaining mechanism.

BLOCKING IN NAO LIFE CYCLE AND ITS CLIMATE IMPACT

VOLUME 35

It must, however, be pointed out that this paper does not
reveal the physical reason why the NAO or blocking dipole
centers are not located at the same longitude and exhibit
asymmetric features (zonal tilt of the segment line for north—
south dipole centers) during the life cycle. Further investiga-
tions are needed.
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