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ABSTRACT

The flow patterns of Euro—Atlantic blocking events in winter are investigated by dividing the sector into three sub-
regions: 60—-30°W (Greenland region); 2W-3C°E [eastern Atlantic—-Europe (EAE) region]; and®’500°E (Ural region).

It is shown that blocking events in winter are extremely frequent in the three sub-regions. Composite 500-mb geopotential
height fields for intense and long-lived blocking events demonstrate that the blocking fields over Greenland and Ural regions
exhibit southwest—northeast (SW-NE) and southeast—northwest (SE-NW) oriented dipole-type patterns, respectively, while
the composite field over the EAE region exhibits @ftype pattern. The type of composite blocking pattern seems to be
related to the position of the blocking region relative to the positive center of the climatological stationary wave (CSW)
anomaly existing near 20V.

The physical cause of why there are different composite blocking types in the three sub-regions is identified using a
nonlinear multiscale interaction model. It is found that when the blocking event is in almost the same position as the positive
CSW anomaly, the planetary-scale field can exhibi@atype pattern due to the enhanced positive CSW anomaly. Neverthe-
less, a SW-NE (SE-NW) oriented dipole-type block can occur due to the reduced positive CSW anomaly as it is farther in
the west (east) of the positive CSW anomaly. The total fields of blocking in the three regions may exhibit a meandering flow
comprised of several isolated anticyclonic and cyclonic vortices, which resembles the Berggren-Bolin-Rossby meandering
jet type.
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1. Introduction circulation and their impact on East Asian Winter Monsoon
Cheung et al., 2012, 2013). Thus, understanding the vari-

Atmospheric blocking is a quasi-stationary, or slowly .. : .
. L bility of blocking events has been an important research
retrograde planetary-scale regime persisting for at least gpic in the atmospheric science fields since blocking flow
week or more in mid-high latitudes (Berggren et al., 194 P P g

. as first discovered.

Rex, 19503, 1950b). In the Northern Hemisphere, .blloc ~, The instantaneous field of a blocking flow in a total field

ing events are seen to occur frequently over the Pacific ancL . . . . i

Euro—Atlantic sectors (Lejenas and @kland, 1983; Tiballs known to comprise several isolated anticyclonic and cy
J ' ’ clonic vortices (Berggren et al., 1949; Rex, 1950a). However,

Zlndzl\g(())g'egi,aloggi)gr e;l())/oagn.dTHr(l)i:k;r::j, aggi;nzaggoop;)dr?h%e composite field of blocking events shows a dipole-type
MU 7 YIS ’ : r anQ-type pattern (McWilliams, 1980; Higgins and Schu-

genesis and persistence of blocking events over Europe &R, 1994; Nakamura and Wallace 1993). This hints that the

been recognized to result in extreme cold weathers in win %c’king f|é)W in a planetary-scale f,ield is c')ften either@n

(Cattiaux et al., 2010; Buehler et al., 2011; Sillmann et al; . )
2011; de Vries etal., 2012) as well as summer heat waves a%fde or a dipole-type pattem. It has been recognized that the

drought over Europe (Green, 1977; Trigo et al., 2005; Dof ape of the p'a?“Etary'S.C‘?'e blocklng field is w_nportant f(_)r
et al., 2011). Some studies have also examined the charae-'.Dath and regional va_r|at|on§ of rapidly travelllng_ sy_nopt|c
" : eddies around the blocking region (Shutts, 1983; Higgins and

teristics and impacts of Ural-Siberia blocking on downstrea@chubert’ 1994: Yamazaki and Itoh, 2013), although there is
a strong coupling between the planetary-scale blocking flow
* Corresponding author: LUO Dehai and synoptic-scale eddies. However, it is so far from clear

Email: Idh@mail.iap.ac.cn under what condition the planetary-scale field of the block-

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2014



1182 A SIMPLE MODEL STUDY ON BLOCKING FLOW PATTERNS VOLUME 31

~ Z(Ao, ) — Z(Ao, @)

ing flow can show a|_§2-type or di_pole-t_ype patfcern. The pur- Zn (Ao, @) = <-10, (1b)
pose of this paper is to try to investigate this problem, but WN—®

we only examine the case of Euro—Atlantic blocking events Zs00(Ao, @) — Zsoo(Ao, Ps—15)

in winter because blocking events are more frequent in thés2(Ao, @) = 15 <=5, (1)

Euro—Atlantic sector than in the Pacific sector (Tibaldi ar\ﬁhere(m — @+ 15: @5 = @ — 15; Ao(q) is the grid-point
Molteni, 1990; Diao et al., 2006). longitude (latitude) and ranges from longitude @ 360

The paper is organized as follows. In section 2, the d Atitude 30N to 75N): andZ(Ao, @) is the daily 500-hPa
and detecting method of blocking action are introduced. Us- tential height t:[h , ’ id poir Here.Z
ing the blocking index of Tibaldi and Molteni (1990; TM), Scopotential heightat the given grid poinb(g). Here.Zy

| h ional f f . . d ndZs represent the 500-hPa geopotential height gradients
resu ts on the regiona eatur_es (frequency, intensity, and Phit: m (°lat)~] on the north and south sides of the grid
cation) of Euro—Atlantic blocking events are presentedin s Gint (Ao, @), respectively,

tion 3 by dividing the Euro—Atlantic region into three sub- 0, ¥/ :

LT . An instantaneous blocking (IB) event is identified if (1a)
regions: 60-30°W (Greenland region); 2W-3C°E [eastern and (1b) is satisfied. Large-scale blocking is identified if IB

ﬁtla.ntlcl—Euro?e (EAE) rle_g|0r|1]; gnd BGQ.ODE (IL\IJl(;Tll reglczjn)l. . event be extended for at least°1&f continuous longitude.
simple nonlinear multiscale interaction (NMI) mode 'SA' blocking event is defined if the large-scale blocking event
briefly described in section 4. In section 5, we use the N'% curs within a box with 10of longitude and % of latitude

model to reveal the factors affecting the flow patterns Aound a given grid point for at least 5 days. Low-latitude

Euro—Atlantic blocking events. It is found that the ex'St!n%Iocking events are excluded if constralip (1c) is satisfied

position of the weak westerly wind of the North Atlantic jehere (Davini et al., 2012a, 2012b)

stream is very important for the occurrence region of Euro— Inthe 2D blocking index, the blocking intensity is defined

Atlantic blocking events. While the strengths of the meay (Wiedenmann et al., 2002; Davini et al., 2012a, 2012b):
zonal wind and storm track in the Atlantic basin can affect v ' v ' '

the intensity, duration and location of blocking events, theBI (Ao, @) :100[2(/\0,%) _ 1_0] (2a)
zonal position of the blocking anomaly occurring in the three 7 R(Ao, @) ’

regions relative to the positive climatological stationary wave [Zu+Z(Ao, ®)]/2+[Zp+Z(Ao, @)]/2
(CSW) anomaly existing near 1 is crucial for whether or R(%o, ) = 2 , (2D)

not the planetary-scale blocking field exhibits @rtype or oo 7 and 7o are the minimum of theZ(Ao, @) field

dlpole-ty_pe p_attern._ Further discussion and conclusions Akhin 60° upstream and downstream at the same latitggle (

summarized in section 6. of the chosen point, ang is a measure of the size (wave-
length) of the blocking flow (Wiedenmann et al., 2002). We

2. Data and blocking detection method may exclude very low-latitude blocking events and subtropi-
cal ridges in the Atlantic basin when the constraint condition
2.1. Data (1d) is used. More details of this blocking index can be found

The dataset used in this study consists of daily multilevigl Davini et al. (2012a).
height geopotential fields on a3 x 2.5° grid from the Na- Whengy = 80+A, @y =60+A, ¢gs=40+AandA = —4,
tional Centers for Environmental Prediction—National Centéror 4 are used in Egs. (1a) and (1b), Egs. (1a)—(1c) define
for Atmospheric Research (NCEP-NCAR) during the peridtie TM index. In this case, the 2D blocking index is reduced
from November 1950 to March 2012. In this study, winter i the TM index. In the 2D indexB;(Ao, @) is defined as
defined to be a time interval of five months from Novembéhe blocking intensity at a given grid poinid; ¢), while the
to March. The seasonal cycle has been removed from the gradue ofZg is defined as the blocking intensity in the TM in-
point fields. The Atlantic storm track (mean zonal wind) igex. Using the 2D index of Davini et al. (2012a, 2012b), we
defined as the winter mean of the 2.5—-7-day eddy kinetic ezan obtain the spatial distribution of the blocking activity in
ergy (EKE) (zonal wind) at 300 hPa that would exist withouhe Euro—Atlantic sector. Through inspecting the horizontal

the blocking. distribution of the blocking frequency, it is likely to divide
_ _ the occurrence region of Euro—Atlantic blocking events into
2.2. Blocking detection method several high blocking frequency sub-regions. In this case,

To identify the occurrence region of Euro—Atlantic blockthe number of blocking cases occurring in these three sub-
ing events, it is reasonable to use the bi-dimensional (2Bgions can be identified using the TM index.
blocking index of Davini et al. (2012a, 2012b) to examine the
blocking activity in the Euro—Atlantic region. This 2D index )
is an extension of the one-dimensional blocking index pré- Observational results
posed by Tibaldi and Molteni (1990; TM), which is defined ;
by calculating the daily 500-hPa geopotential height gradient
at each longitude:

Regional characteristics of Euro—Atlantic blocking
events and their relationship with the North Atlantic
jet stream and storm track

Zs(Ao, @) = Z(do, @) — Z(Ao.05) 0, (1a) We show the blocking frequency, intensity and duration
®—¢s of blocking events in the Euro—Atlantic sector during 1950—
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2012 in Fig. 1 by using the 2D blocking index of Davini et 29°V 57—
al. (2012a, 2012b). The blocking frequency is defined as )&
the percentage of blocked days with respect to total days
in winter. It can be seen that there are three preferential
occurrence regions of blocking events in the Euro—Atlantic
sector: 60—-30C°W (Greenland region); 20V-3C°E [eastern
Atlantic—Europe (EAE) region]; and 389C°E (Ural region).
The blocking events in the EAE region are most frequent
but occur in a relatively low-latitude region. The Greenland
blocking events occur in a relatively high-latitude region, but
are less frequent than those in the EAE region. Meanwhileggey
the blocking events in the Ural region are least relative to I
those in the other two regions. The blocking intensity and du-
ration exhibits similar features in the three sub-regions (Figs.
1b and c). To understand which factors dominate the prefer-
ential occurrence region of blocking events over the Euro—  80°W
Atlantic sector, we show the winter mean zonal wind and
EKE at 300 hPa during 1950-2012 in Fig. 2. It can be seen
that the North Atlantic jet stream is distributed along the
southwest—northeast (SW-NE) direction. In other words, the
jet stream has a jet core along the SW-NE direction. A com-
parison with Fig. 1a shows that the occurrence regions of °" 7
blocking events follow the spatial distribution of the jet core N
of the North Atlantic jet stream. The three preferential occur-
rence regions of Euro—Atlantic blocking events correspond to
the existing regions of the weak westerly wind in the North 5y
Atlantic jet stream. This suggests that Euro—Atlantic block-
ing events occur only in the weak westerly wind regions of
the North Atlantic jet stream. Although the winter mean EKE
(Atlantic storm track) exhibits a spatial pattern similar to that
of the North Atlantic jet stream (Fig. 2b), its spatial distribu-
tion along the west—east direction seems to be dominant.

Fig. 1. Geographic distribution of the blocking (a) frequency,

(b) intensity and (c) duration of blocking events in the Euro—

3.2. Different blocking flow patterns in the three sub- Atlantic sector. Units are: (a) %, (b) non-dimensional, and (c)
regions day.

The number, duration and intensity of blocking events are

shown in Table 1. We find that the blocking events in thgype 1 Number, mean duration and mean intensity of blocking
EAE region occur most frequently, which is consistent witByents for the duration of 7 days and> 3 days with strong
the distribution of blocking frequency in Fig. 1. The strongzg > 4.0) and weak Zs > 0.) intensity in the three sub-regions.
and long-lived blocking events in the Greenland region seerhe three values in each cell separated by “/” refer, from left to
to have the strongest intensity and longest duration comparigtit, to the number, mean duration, and mean intensity.

to the EAE and Ural regions. This can be explained by the
distribution of winter mean EKE in Fig. 2, in which the max-gyp-region
imum core of the EKE (westerly wind) is located closest to Zs>0 Zs> 4 Zs>0 Zs> 4

lthe dGreeT'a”dlfegéon'dThe pers'ztle”f(forc'”gOfthe,\'iKE M3 reenland  170/7.3/4.8 100/6.4/8.3 75/11.1/6.2 33/10.2/10
ead to a long-lived and intense blocking process. Moreover, par - 353/8.9/4.1 232/6.4/7.0 197/12.5/4.9 86/9.8/7.9

the duration of blocking events with strong intensify ¢ 4) Ural  147/7.1/3.0 77/6.1/6.4 65/10.9/4.1 23/9.8/7.7
is usually shorter than blocking events with relatively weaker

intensity Zs > 0), as shown in Table 1. ) ) _
Because intense and long-lived blocking events are mél;@t blocking events have I(_)nger dura\_tlons. For _the first case,
important for extreme cold events in winter (Buehler et alVithout the loss of generalitgs > 4.0 is chosen in the TM
2011; de Vries et al., 2012) and heat waves in summer (Dd)‘il;dex so that blocking e\{ents cons_ldered in this paper are rel-
et al., 2011), it is useful to examine what factors dominafdively _strong. For long-lived blocking events, their durations
the flow patterns of relatively intense and long-lived blocking'® defined to be at least seven days as an example.
events. Therefore, we only consider two cases here. The first FOr comparison, we show the composites of 500-hPa
one is thatZs in the TM index has a larger positive valuddeopotential height fields for all blocking days in the three

that corresponds to intense blocking events, and the othef{®-regions in Fig. 3 for two cases 4§ > 0 andZs > 4.0.

Duration> 3 days Duratiore= 7 days
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It is noted that for blocking events withs > 0 the compos- type patterns in the Greenland and Ural regions, bu@an
ite fields exhibit am-type pattern, but have different spatiatype pattern in the EAE region. We investigate this problem
patterns. In particular, the blocking type in the Ural regioim detail in this paper.

seems to be a typic&-type pattern. However, for blocking  We show the composite of daily 500-hPa geopotential
events withZg > 4.0, the composite fields in the Greenlandieight fields for blocking events during their total life cy-
and Ural regions tend to become a dipole-type blocking eveles in the Greenland, EAE and Ural regions in Fig. 4 for
though the low pressure to the south of the blocking antittense blocking events withs > 4.0, where lag(0) denotes
cyclone is relatively weak. An interesting result is that thihe day on which the strongest amplitude of a blocking event
composite blocking field in the EAE region still exhibits aroccurs. It is found that for Greenland blocking events, a
Q-type pattern. This raises an interesting problem why tkeeak blocking ridge is located in the region from°80 to
planetary-scale fields of intense blocking events have dipo@-at lag(-6). This weak ridge can be amplified into a typ-

75N 41950-2012 E " T (a)] 75N q1950-2012 E ~ (b)
60N 17 60N +=
45N A 45N -
30N 4, 30N 1—,
s il ( ‘/—\4"'\—; U

90W 45W 0 45E 9OE

Fig. 2. (a) Winter mean zonal wind and (b) eddy kinetic energy (EKE) at 300 hPa during 1950—-2012. Units are7{a) m s
and (b) nf s2.
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Fig. 3. Composites of 500-mb geopotential height fields in the (al, bl) Greenland, (a2, b2) EAE, and (a3, b3) Ural
regions for different values of blocking intensiBs: (a) Zs > 0; (b) Zs > 4.0. Units: m.
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Fig. 4. Time sequences of the composite 500-mb geopential height fields for blocking events in (a) Greenland, (b) EAE
and (c) Ural regions for the blocking intensify, > 4.0. The units are m.
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Fig. 4. (continued)

ical blocking pattern that exhibits a SW—NE-oriented dipolgressure to the south of the blocking anticyclone is relatively
block pattern in the mature stage [laf) to lag+2)] (Fig. weak (Fig. 4c). Such a dipole block is hereafter called the
4a). Such a dipole block is hereafter referred to as the SWWE—NW-type dipole block. Furthermore, an interesting point
NE-type dipole block. For blocking events in the Ural regions that the composite field of blocking events in the EAE re-
a weak diffluent flow as a weak blocking ridge is locatedion shows arQ-type blocking pattern (Fig. 4b). For long-
near 60E at lag(6), which is reinforced into a blocking lived blocking events in the three sub-regions, similar results
flow by upstream synoptic eddies (Shutts, 1983; Yamazaiie found (not shown). In the following sections, we examine
and Itoh, 2013). This blocking pattern can exhibit an obviowghy the composite fields of intense and long-lived blocking
southeast—northwest (SE-NW) oriented dipole pattern dexents in the three sub-regions of the Euro—Atlantic sector
ing the period from lag{2) to lag+2) even though the low can exhibit different blocking patterns.
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3.3. The flow pattern of the composite blocking field andoccurrence regions of Euro—Atlantic blocking events is rel-
its relationship with the longitudinal position of the atively weak and uniform (Fig. 2a). In this case, the mean
climatological stationary wave anomaly in winter zonal wind in the blocking region can be assumed to be uni-

To understand the physical cause of why the composf@m- _ _ _ _
fields of intense and long-lived blocking events exhibit differ- Since synoptic eddies play an important role in the gene-
ent flow patterns in the Greenland, EAE and Ural regions, i Of blocking events (planetary-scale) in the Euro-Atlantic
show the winter mean stationary wave anomaly during 1958€ctor (Berggren et al., 1949; Holopainen and Fortelius,
2012 in Fig. 5. Because the stationary wave anomaly ob287), it is reasopable to split the total streamfuncnon into
tained here is a long-term average, it is considered to be a lfjte€ parts: basic flow-uoy,uo is the uniform westerly
matological stationary wave (CSW) anomaly induced by tH¥nd); planetary-scale as a blocking scajg)(and the syn-
land—sea configuration (topography). It is seen from a co@Ptic scale ¢'). Then, under the scale separation assumption,
parison with Figs. 3 and 4 that the Greenland (Ural) blockiﬁqe n(_)nd|men5|0nal equapons o_f thg interaction between the
events are in the west (east) of the positive CSW anomdhPcking flow and synoptic eddies in a beta plane channel
but the position of the blocking occurrence in the EAE regioffith width Ly can be easily obtained as (Luo, 2005; Luo and
is almost the same as the CSW anomaly. Thus, it is cdnba, 2012):
cluded that, along with the variations of the North Atlantic 9
jet stream and storm track, the longitudinal position of the (E +u°0_x) (DZL,U— Fy)+Jd(y, D%y + h)+
occurrence region of the blocking events relative to the pos-
itive CSW anomaly is important for different flow patterns (B+ Fuo)d—w + an_h = (¢, 0%)p, (3a)
of the composite blocking fields in the Greenland, EAR and 5 gx oX o
Ural regions. The physical cause of these different blocking o o 200 e y
patterns is examined using a nonlinear multiscale interaction (0t o dx) (DY =Fy)+(B+Fuw) ox
(NMI) model, as described briefly in the following section. = (¢, D2+ h) — I, 02 + D2 (3b)

In the next section, the CSW anomaly is assumed to be
approximated as a stationary Rossby wave with a monop@lRereF = (L/Ry)%; L andRy are the characteristic length
meridional pattern induced by the wavenumber-two topogind radius of Rossby deformation, respectively; The sub-
raphy (Charney and DeVore, 1979) because its dominagtipt P represents the planetary-scale component whose
monopole pattern exhibits a wavenumber-two distribution. zonal wavenumber is close to that of the blocking fltvis a
topographic parameter; aftfy is designed as a synoptic-
. . . . scale wave-maker or synoptic-scale vorticity source. That is
4. Nonlinear multi-scale interaction model of to say, the local synoptic-scale eddies maintained1by;

blocking events are organized to represent an Atlantic storm track that would

Although baroclinic processes might play a certain rofeXist vylthout blocking events. The other notations can be
in the formation of blocking anticyclones (White and Clarkiound in Luo (2005) and Luo and Cha (2012).
1975), the barotropic process of the blocking establishment Here. to reflect the effect of the different mean zonal
seems to be dominant (Colucci, 1985). In this case, it {4nd strength on blocking ever;ts in_different regions, we
reasonable to use an equivalent barotropic model to exami@POS&lo = Uc +Au, U = B/(K? +m?) which represents
our problem (Charney and DeVore, 1979). Here, we still ugectitical westerly wind angu| < uc, wherek = 2ko, ko =
the wavenumber-two topography as an approximation of tfel6-371c0¢@)] andm= —2rr/Ly are the zonal and merid-
land—sea configuration in mid-high latitudes, as in Charn@ﬁal wavenumbers of the blocking event, respectively. Here,
and DeVore (1979). However, although there is an intenSt > 0 (Bu < 0) corresponds to an enhanced (reduced) back-

jet stream in the Atlantic basin, the mean westerly wind in gound westerly wind prior to the block onset. Similar to
Charney and DeVore (1979), we assume that the two-wave to-

pography is of the forrh = hgexplik(x+ xr)] sin (%]y) +cc,
wherek = 2kg is the zonal wavenumber of the wavenumber-
two topographyj = /=1 andhg is the amplitudexr is the
zonal position of a topographic trough, and cc denotes the
complex conjugate of its preceding term.

The analytical solutions of the total atmospheric stream-
function Wior) of a blocking event in a fast varying form can
be obtained as (Luo, 2005; Luo and Cha, 2012):

90°N
75°N
60°N %
45°N

30°N

15°N -
180°W 120°W . 180°

Wiot = —Uoy + ¢+ ¢ = o+ ¢, (4a)
Fig. 5. Horizontal distribution of the climatological stationary Wp = —UoY -+ Y ~ Yy + YU (4b)

wave (CSW) anomaly at 500 hPa in winter during 1950-2012.
Units: m. Yw = —Uoy + Ya+ Y , (4c)
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2 o wherel” = —k(k?+n?)/(k?+m?+F), and the other notation
Ya =B | — explikq)sin(my) + cc, (4d)  and coefficients can be found in Luo and Cha (2012).
Y m In this paper, the NMI model is used to examine the prob-
Yc = hahgexplik(x+ xT)]sin(Ey) +cc, (4e) lem outlined above. The numerical method used to solve
Eq. (5) is similar to that used in Luo (2005). It is possible
Y = P+ P, 40 1o predict the temporal evolution of planetary-and synoptic-
. 2 — scale fields of a blocking event provided the initial pattern
m = —[8] n;q”g” cos(n+1/2)my (49) of the planetary-scale field in a blocking flow as well as the
synoptic-scale eddies prior to the blocking onset are given.
Wme = —hoha 3( il Unless otherwise state®(x,0) = 0.4 is chosen as the ini-
Ly tial amplitude of the planetary-scale field of a blocking flow.
_ ® Here, it should be noted that the synoptic-scale eddies have
B €T Z Gin(3an — bn) cos(nmy) , (4h)  been assumed to have a potential that drives a blocking flow
n= (Luo, 2005). This is a precondition of the blocking onset.
Y~ e3/2<%+ew1> =Yi+ys, (4)
Y1 = &% = fo){expii(lax — art) + 5. Theoretical results
a expli (kox — t) ]}sm( 2 y) +C6 (4)) 5.1. Parameter choices
, m |2 2 - In this paper, the fixed basic parameters of atmospheric
Wy =—7/-Bfo(x) > Qjajexpfifkj +kx— motions are chosen to be the same as in Luo and Cha (2012,
by 1= their Table 1), but the varying of parametdrs Xy and xt
at]} {pj sin<37my) ey sin(gy)} is allowed. We show the stationary wave an_omdly, in-
duced by the wavenumber-two topography with a monopole
m [2 2 L meridional pattern in Fig. 6a fdig = 0.4 andxy = 0, and
+ Z\/LiB* fo(X) ZQj ajexp{i(kj — k)x— synoptic-scale eddiegy;, att = 0 in Fig. 6b forag = 0.17
y = andxp = 2.87/2. In this figure, only anomaly fields in the
~ . (3m . /m zonal domain with one wavelength-5.74 < X < 5.74) are
wjt]} {Sj sin (73’) +hsin (Ey)] plotted. Itis noted that the idealized stationary wave anomaly,
m 2 N Y, resembles the CSW anomaly, as seen in Fig. 5 (Fig. 6a),
~7 fo(X)ho z o exp{i(kj +Kk)x+ kxr— while the eddy anomaly field in Fig. 6b can be approximated
=1 as synoptic eddies in the Atlantic storm track. Varying the
ot ]}sin(Zmy) value ofhg andxt can represent the different amplitude and
zonal position of the CSW anomaly. Thuxs,> 0 andxy < 0
_ Tfo x)ho z 0jaj exp{| — k)X — kxy— must be required to represent that the initial blocking flow is
0 ]}sm(2my)+cc, (4Kk) (@) ST ————— —
wherei = v—1; a1 = 1; a» = a = —1; B* is the complex :Z: \\\\\ \ S ]
conjugate ofB, which represents the complex amplitude of IR I ( ( (
the blocking anomalyyia; ha = —1/[B/uc — (K? 4+ m?/4)], 200" s 1) Vv
kj = 10ko + (—1)j0.75k, and & (j = 1,2) are the zonal 10E -7 A
wavenumbers of each component of the synoptic eddies and i i

their corresponding frequencie$(x) = agexp—ue?(x +
X0)?] denotes the spatial distribution of the eddy amplitude(b
for 4 > 0; ag is the maximum eddy strength on the upstream
side of the Atlantic basin located at= —xg; and the other
coefficients and notation can be found in Luo (2005), Luo
and Cha (2012).

The temporal evolution of the blocking amplituds,
is described by an eddy-forced nonlinear Schrodinger-like
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equation:
(aB +cgaB) +A ‘;—S + 3|B|?B+ h3(B+ B*d?T)

+AUr B+ GfZexp—i(Akx+ Awt)] = 0, (5)

1 1 1 1 il 1) 1 1 1 1
-5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0

Fig. 6. (@) The stationary wave anomaly field induced by
a wavenumber-two topography fdip = 0.4 and xf = 0
(Cl1=0.2), and (b) the initial fieldt(= 0) of synoptic eddies
for ag = 0.17 andxg = 2.87/2 (Cl = 0.1).
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in the east (west) of the positive CSW anomaly because ttegion, the planetary-scale field of the eddy-driven blocking
center of the initial blocking flow is always fixedxat= 0. On flow exhibits a SE-NW oriented dipole-type (SE-NW-type
the other hand, the excited blocking event can be locateddipole) pattern even though the low pressure to the south of
the EAE region for a value ofr > 0 being not large becausethe anticyclone is relatively weak (Fig. 7c¢). In this case, two
the intensified blocking anomalyja, undergoes a westwardbranches of synoptic eddies that are almost the same are still
shift due to the role of synoptic eddies. This assumption sgen around the blocking region, and the BBR-type pattern
acceptable because blocking events originate from North@fithe blocking flow is also evident in the total field. Since
Europe (Sung et al., 2011). Since the amplitude of the pdke eddy-driven blocking flow obtained from this NMI model
itive CSW anomaly in the Greenland (Ural) region is wea&orresponds to more intense and persistent blocking events,
relative to that in the EAE region, the value lgf should be the investigation made here suggests that the planetary-scale
chosen to be smaller. Moreover, because the blocking eveligtds of intense and persistent blocking events can indeed ex-
are closer to the existing region of strongest synoptic eddigibit a SW-NE-type dipoleQ-type, and SE-NW-type dipole

in the western Atlantic basin than those in the EAE and Urkalocking pattern in the Greenland, EAE and Ural regions,
regions, on this occasiorg in the Greenland region shouldeven though they are produced by synoptic eddies upstream
be chosen as a smaller value compared to those in the otbfahe blocking region.

two regions. In this case, we can consider three types of pa- On the other hand, if the mean westerly wind is weaker
rameter settings as blocking parameters in the three regiofssronger), i.e., ifAu < 0 (Au > 0), blocking events are pro-

(hg = 0.2,x9 = 2.87/4,xr = —1.5) over the Greenland re- moted (suppressed) (not shown). Thus, to some extent, this

gion; (hg = 0.5,xp = 2.87/2,xr = 1.5) over the EAE region; explains why Euro—Atlantic blocking events occur mainly

and(hg = 0.2,X9 = 2.87,xr = 2.5) over the Ural region. in the weak westerly wind region of the North Atlantic jet
stream.

5.2. Blocking types and their relationship with the longi-
tudinal position of the CSW anomaly 5.3. Sensitivity of blocking types to the zonal position of

We show the planetary-and synoptic-scale fields, and  Synoptic eddies.

their total field of blocking events in the Greenland, EAE To understand whether the longitudinal position of the
and Ural regions in Fig. 7 foAu =0 andag = 0.17. Itis strongest region of synoptic eddies affects the flow patterns
clear that for the blocking parameters in the Greenland regiofthe planetary-scale fields of blocking events in the Green-
the planetary-scale field of the eddy-driven blocking flow cdand, EAE and Ural regions, we consider the same param-
exhibit a SW-NE-oriented dipole-type (SW-NE-type dipolegters as in Fig. 7 except for the valuexf We show the
pattern with the blocking intensification (Fig. 7a) similar t@lanetary-scale fields of blocking events on day 9 in Figs.
the observed blocking pattern over Greenland, as shown8i@—c (i = 1 — 4) for xg = 0,Xp = 2.87/4,%y = 2.87/2 and

Fig. 4a, as well as the synoptic-scale eddies being split intg= 1.5 x 2.87/2 in the Greenland, EAE and Ural regions,
two branches around the blocking region whose asymmetvhere day 9 is the strongest stage of the blocking event. It
is relatively north—south-oriented. The total field is found toan be seen that the flow patterns of planetary-scale blocking
bear a striking resemblance to the meandering jet-like blodields in the Greenland, EAE and Ural regions are insensi-
ing flow first observed by Berggren et al. (1949; BBR herdive to the zonal position of the Atlantic storm track relative
after) and also noted by Rex (1950a). Such a blocking flaw blocking events over the three sub-regions in addition to
is hereafter referred to as BBR-type blocking. This suggeste blocking intensity and duration. However, a dipole-type
that the total field of the blocking event can generally exhilifock is more easily established in the three sub-regions if
a BBR-type blocking if it is excited by synoptic-scale edsynoptic eddies in the Atlantic storm track are so intense that
dies upstream of the blocking region. Because the processha amplification of the dipole anomaly,, is dominant (not

the blocking formation corresponds to the northward (soutbhown).

ward) shift of intensified warm (cold) air or anticyclones (cy- ) )

clones) in the total field, as shown in Fig. 7, where the rey4- Physical cause of different flow patterns of planetary-
(blue and green) denotes warm (cold) air, many investiga- Sc@le blocking fields in different regions

tions have suggested that blocking events arise from the cy- In this sub-section, we provide a theoretical explanation
clonic wave breaking (CWB) of synoptic eddies (Benedict &r why the planetary-scale fields of Euro—Atlantic blocking
al., 2004; Franzke et al., 2004; Woollings et al., 2008). In trevents can exhibit different blocking flow patterns in differ-
EAE region, the planetary-scale field of the formed blockingnt regions. The flow patterns of the planetary-scale fields of
events has af-type pattern resembling the observed one the blocking events in the Greenland, EAE and Ural regions
Fig. 4b (7b). At the same time, it is seen that synoptic edan in fact be explained in terms of the analytical solution of
dies on the north side of the blocking region become donthe planetary-scale blocking field of the form

nant due to the feedback of the intensifi@eype blocking.

This theoretical finding is supported by the observational ev- Yp = —Ugy+ Y = —Uoy+ Ya+ Yc + Ym. (6)
idence of Higgins and Schubert (1994), who noted that syn-

optic eddies undergo a marked northward deflection onceas described by Eqgs. (4f)—(4h), becaugg represents the
Q-type blocking is formed in the Pacific basin. In the Urahean zonal flow and its form is independent of the sigy, of
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Planetary-scale field (a) Synoptic-scale field
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Fig. 7. Instantaneous planetary-(Cl = 0.15) and synoptic-scale (CI = 0.3) fields and their total fields (Cl = 0.3) of a blocking event
obtained from the NMI model in the (a) Greenland, (b) EAE and (c) Ural regions.
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Fig. 7. (continued)

the flow patterns of the blocking field should be dominated ltge CSW anomalyic. In particular, in the absence of the
the relative strength of the dipole blocking anomaly, and CSW anomalyyc, the planetary-scale blocking fieldjp,
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can have a dipole-type pattern in thpt (Yc) has a dipole the blocking region. However, their basic characteristics are
(monopole) meridional pattern. If there is a strong positiv@milar (not shown).
Yc anomaly in the blocking region, thép field can exhibit Many mechanisms have been proposed to account for
an Q-type pattern. In contrast, an asymmetric dipole blodkow synoptic eddies drive a blocking flow (Shutts, 1983;
can occur when the positiugc anomaly is weaker. In both Haines and Marshall, 1987; Luo, 2005; Yamazaki and Itoh,
the Greenland and Ural regions, an asymmetric dipole-typ@13). Shutts (1983) suggested that the eddy straining in
block can be easily established because there are weaker flusnorth—south direction tends to maintain a blocking dipole
itve CSW anomalies in the two regions. Howevertype against the dissipation. Yamazaki and Itoh (2013) proposed
blocking patterns in the EAE region seem to be dominattitat vortex—vortex interaction is responsible for the mainte-
due to the role of the enhanced positive CSW anomaly in thance of the blocking dipole or anticyclone. However, Luo
blocking area. (2005) found that the spatial pattern-ed(y, Dzlpi)p prior
As revealed by Luo (2005), the eddy-amplified blockingp the block onset is crucial for whether or not a dipole block-
dipole undergoes a marked retrograde drift with the blockig can be established. In this paper, because our emphasis
ing intensification. The retrogression of the amplified dipoleas been to reveal the physical cause of different blocking
anomaly, s, away from (approaching toward) the positivatterns in the planetary-scale field in the Greenland, EAE
CSW anomaly can cause the SW-NE (SE-NW) orientatiand Ural regions, we have not given any attention to the
of the dipole blocking pattern in a planetary-scale field. Thighysical mechanism of the genesis of Euro—Atlantic block-
provides an explanation for why the blocking patterns haugg events and their variability in intensity, location and du-
different spatial patterns in the Greenland, EAE and Ural reation. More recently, Masato et al. (2012) found that cold-
gions. The results are also tenable in the Pacific basin (egtlonic (warm-anticyclonic) wave breaking, referred to as
shown). CCWB (WAWB), takes place mainly over the oceanic basin
(Europe). Thus, the SW-NE (SE-NW) oriented dipole-type
. . ) ) block over the Greenland (Ural) regionin Fig. 10a (10c) is, to
6. Ablocking case and idealized schematics ofy |arge extent, closely related to CCWB (WAWB). However,

typical blocking patterns different from previous investigations, our study provides an-

To see how the total fields of observed blocking even glgelr\l%plqnattiog;s KI) V‘f{hyth;re Erg pref?rab:e SW_'\:E]:. alr:jd
evolve during the course of their existence, here we presenta -oriented dipoie-type bIocks In a planetary-scaie ie

blocking case occurring in the Euro—Atlantic sector. The ifever the Greenland and Ural regions as wellatype block-

stantaneous 500-mb geopotential height fields of a bIockim;SJS over the EAE region.
event occurring during 6—20 December 2012 are shown in
Fig. 9. We find that a meandering jet-like blocking flow ca
form due to the interaction of a planetary-scale ridge with’
synoptic eddies, which looks like the BBR-type block first In this paper, we have investigated, from observational
noted by Berggren et al. (1949) and then by Rex (1950a). Asd theoretical viewpoints, why the planetary-scale fields of
the total field on 10 or 12 December 2012 shows, there andéense and long-lived blocking events can have three differ-
three isolated anticyclonic vortices and three cyclonic voent flow patternsin the Greenland, EAE and Ural regions. We
tices within the blocking region. If we can detect such #und that the occurrence position of Euro—Atlantic blocking
blocking pattern in an unfiltered field, it can be concluded thavents is dominated by the existence region of the weak west-
synoptic eddies play a key role in the genesis of the BBRfly wind of the North Atlantic jet stream. The composite
type block (Shutts, 1983; Holopainen and Fortelius, 1987ields of intense or long-lived blocking events exhibit SW-
A comparison with the results from the NMI model indicateBlE- and SE-NW-oriented dipole-type blocks in the Green-
that the BBR-type block can be better captured by our NNind and Ural regions, respectively, whereaSatype block-
model (Fig. 7). ing is evident over the EAE region.

According to the observational and theoretical results pre- Moreover, the physical cause of the different blocking
sented above, several idealized flow patterns of blockifigw pattern in the different sub-regions can be explained
events in the Euro—Atlantic sector can be summarized aindterms of an NMI model developed by Luo (2005) and
shown in Fig. 10. Although Figs. 10a—c reflect the blockinguo and Cha (2012). In this model, the planetary-scale
patterns in the Greenland, EAE and Ural regions, their tfield of a blocking event is constructed as a superposition
tal fields always look similar to the BBR-type blocking flowof the blocking dipole anomaly and the CSW anomaly with
in Fig. 10d. However, if synoptic eddieg/, are relatively a monopole meridional pattern. It is found that for a fixed
weak during the course of a blocking event, the total fiektorm track strength the longitudinal position of the blocking
of the blocking flow can also exhibit one of three patterns wlipole anomaly relative to the positive CSW anomaly is cru-
Figs. 10a-c due t@/’ ~ 0. Of course, the strength of thecial for what types of blocking patterns the planetary-scale
mean zonal wind as well as the location and intensity of tffields of intense or long-lived blocking events can have in
Atlantic storm track can affect the intensity and location dhe Greenland, EAE and Ural regions. Over the EAE region
isolated anticyclonic and cyclonic vortices coexisting withihecause the blocking dipole anomaly is within a position

Discussion and conclusion
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Fig. 9. Instantaneous 500-hPa geopotential height fields of a blocking event occurring in the period 6-20 Dec 2012 over the Euro-
pean continent. Units: m.
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