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ABSTRACT

In Part I of this study, it was shown that the Eurasian cold anomalies related to Arctic warming depend
strongly on the quasi stationarity and persistence of the Ural blocking (UB). The analysis here revealed that
under weak mean westerly wind (MWW) and vertical shear (VS) (quasi barotropic) conditions with weak
synoptic-scale eddies and a large planetary wave anomaly, the growth of UB is slow and its amplitude is small.
For this case, a quasi-stationary and persistent UB is seen. However, under strong MWW and VS (quasi
baroclinic) conditions, synoptic-scale eddies are stronger and the growth of UB is rapid; the resulting UB is
less persistent and has large amplitude. In this case, a marked retrogression of the UB is observed.

The dynamical mechanism behind the dependence of the movement and persistence of UB upon the
background conditions is further examined using a nonlinear multiscale model. The results show that when
the blocking has large amplitude under quasi-baroclinic conditions, the blocking-induced westward dis-
placement greatly exceeds the strong mean zonal-wind-induced eastward movement and hence generates a
marked retrogression of the blocking. By contrast, under quasi-barotropic conditions because the UB am-
plitude is relatively small the blocking-induced westward movement is less distinct, giving rise to a quasi-
stationary and persistent blocking. It is further shown that the strong mid-high-latitude North Atlantic mean
zonal wind is the quasi-barotropic condition that suppresses UB’s retrogression and thus is conducive to the
quasi stationarity and persistence of the UB. The model results show that the blocking duration is longer when
the mean zonal wind in the blocking region or eddy strength is weaker.
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1. Introduction

Atmospheric blocking is known to have significant
impacts on parts of Eurasia (Luo et al. 2016a,b). In Yao
et al. (2017, hereafter Part I), we examined the associ-
ation of cold and warm anomalies over Eurasia with
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changes in the background flow conditions, namely, the
strength of the mean westerly wind (MWW) and its
vertical shear (VS) associated with Arctic warming and
Arctic sea ice decline over the Barents and Kara Seas
(BKS). It was found that the quasi stationarity and
persistence of Ural blocking (UB) are instrumental in
determining the persistence, robustness, and location of
cold anomalies over Eurasia. Small-amplitude UB
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events, as seen in a quasi-barotropic environment, are
important for the presence of strong and persistent cold
anomalies over central and East Asia because of their
quasi stationarity and persistence over the Ural region.
By contrast, the occurrence of large-amplitude UB
events in a quasi-baroclinic environment has little in-
fluence on cold anomalies over central and East Asia
because the block moves rapidly westward. However,
the block can then produce cold anomalies over Europe.
But what determines the quasi stationarity and persis-
tence of UB patterns remains unclear, and this is ad-
dressed here with a nonlinear theoretical model.

As noted by Walsh (2014), the role of the Arctic
warming associated with sea ice loss (Simmonds 2015) is
likely to weaken the midlatitude mean westerly wind to
favor a meandering westerly jet stream (blocking).
Francis and Vavrus (2015) also suggested that the Arctic
warming can favor large-amplitude wavy flows to gen-
erate extreme cold events, although the physical cause
of the regionality and magnitude of extreme cold events
is still subject to debate (e.g., Screen and Simmonds
2013a,b; Screen et al. 2014; Overland et al. 2015). This
issue can be investigated using data analysis (as in Part I)
and a theoretical model that can capture the blocking
life cycle in specific regions.

Over the past few decades, a number of theoretical
models have been proposed to explain the maintenance
of blocking flows (Charney and DeVore 1979;
McWilliams 1980; Shutts 1983). However, these models
failed to describe the life cycle of blocking, and thus it is
not possible to use them to examine how the duration,
position (movement), and intensity of blocking depend
on the background conditions. Luo (2000, 2005), Luo
and Li (2000), and Luo et al. (2001, 2014) have recently
proposed and developed a nonlinear multiscale in-
teraction (NMI) model to describe the life cycle of a
blocking (a meandering westerly jet stream) based on the
notion that the blocking flow is essentially a nonlinear
initial value problem. This viewpoint is consistent with
the results obtained from the conditional nonlinear op-
timal perturbation (CNOP) method (Mu and Jiang 2008).
In the NMI model, the blocking flow is generated by the
forcing of preexisting synoptic-scale eddies, and their
interaction with the planetary waves and mean flow ex-
isted prior to the block onset (Luo 2000; Luo and Li 2000;
Luo et al. 2001). This model can capture the life cycle of
the observed blocking event (Berggren et al. 1949) and its
main features (Luo 2000, 2005; Luo et al. 2001, 2014). It
also reveals how the period length, intensity, and move-
ment of a blocking event depend on three key parame-
ters, namely, the strength and structure of the preexisting
planetary wave (an incipient block), preexisting synoptic-
scale eddies, and mean zonal wind (Luo 2000). As noted
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in Part I and below, the variations of these parameters are
closely related to the Arctic warming over the BKS. Thus,
the NMI model used in this paper can allow us to provide
an explanation for why a UB pattern becomes more quasi
stationary and persistent under a quasi-barotropic con-
dition (with weak MWW, VS, and synoptic-scale eddies)
associated with Arctic warming over the BKS.

This paper is organized as follows: In section 2 the
data and methodology are described. The results related
to the link between a UB and the background conditions
are presented in section 3. In section 4, some theoretical
results from the NMI model are presented to account for
the physical cause of quasi-stationary and persistent UB
patterns under weak MWW or VS conditions. We reveal
how the duration of the UB dipole depends on the
background condition changes in section 5, and the main
conclusions and discussion are given in section 6.

2. Data, methods, and the NMI model

The data used here are the daily 500-hPa geopotential
height, multilevel wind, and surface air temperature (SAT)
available from the National Centers for Environmental
Prediction (NCEP)-National Center for Atmospheric
Research (NCAR) reanalysis dataset (Kalnay et al
1996) for the winter [December—February (DJF)] during
the period from December 1950 to February 2015 (1951-
2015) with a 2.5° X 2.5° resolution (http://www.esrl.noaa.
gov/psd/data/gridded/data.ncep.reanalysis. html). The se-
lected UB events we use here are the same as in Part I.
Asin Part I, we calculated the composite DJF-mean wind
fields to obtain the background condition by removing
daily wind fields associated with the blocking life cycle. In
the present work, the NMI model developed by Luo
(2000, 2005), Luo and Li (2000), and Luo et al. (2001,
2007, 2014), as described in appendix A, is used to reveal
the physical cause of the impact of the background con-
ditions on the lifetime and movement of UB patterns.

3. Link between the movement and persistence of
UB events and the background condition
changes

Although the fact that the length of the UB duration is
related to the MWW and VS strengths has been men-
tioned in Part I, we did not quantify the link between the
movement and persistence of the UB pattern and the
background conditions in the blocking region and its up-
stream side. In fact, as noted below, the movement and
persistence of the UB pattern are related not only to the
background conditions in the blocking region but also to
upstream conditions. In this section, we will examine
the two issues to compare their different roles. Before


http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis. html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis. html

15 MAY 2017 LUO ET AL. 3571
300F ' ' ' 700F ' T ]
- 250
) & 500 .
8200F )
w
2 g
< 1501 8300, i
3 @
m
100
100 .
50¢

300F
250f (C) s

< D .

5 (i

S 200F ® ® s

= 0o o e« % * A

>150Fe® © e °* LIRS

£ . .

S 100f R L

m . 0 % (] R :.O
50r o % o:o ° 1

60W 30w 0 30E 60E 90E
Longitude

FIG. 1. (a) Time evolution of the maximum amplitude of the anticyclonic center (blocking strength; gpm) of
composite daily 500-hPa geopotential height anomalies of UB events and (b) the blocking area (X 10° km?) for 500-hPa
height anomalies =60 gpm for strong MWW (black)-VS (blue) and weak MWW (green)-VS (red) winters; (c) the
blocking intensity (gpm) against the zonal position (longitude) of the maximum anticyclonic center of the composite

daily height anomaly. Lag 0 day denotes the blocking peak.

examining these problems we first define the UB to be
quasi stationary if the anticyclonic center of the UB pat-
tern lies in the longitude range from 30° to 90°E (the Ural
region, as defined in Part I) during its life cycle. Otherwise,
it is defined to be a mobile blocking event. Correspond-
ingly, the number of days for which the center is found in
the Ural region is defined to be its persistence time.

a. The background conditions in the blocking region

As a further quantification of the UB behavior we
define the maximum amplitude of the anticyclonic cen-
ter of the blocking dipole as the blocking strength, and
the weighted mean area over which the positive height
anomalies exceed 60 gpm is defined as the magnitude of
the blocking area. We also define the longitude where
the anticyclonic center of the blocking dipole is located
as the blocking location.

To compare with the theoretical result (see Fig. 10), it is
necessary to show the time variations of the composite
daily blocking strength and blocking area as well as the
zonal location (longitude) of blocking events in Fig. 1
during its blocking life cycle for weak and strong MWW
or VS winters. It is seen that the blocking strength (area)
is stronger (wider) for the strong MWW or VS (black and
blue lines in Figs. 1a,b) than for the weak MWW or VS
(green and red lines in Figs. 1a,b), whereas the location of
the anticyclonic center is distributed in a more widespread

zonal region for the strong MWW or VS (black and blue
dots in Fig. 1c) than it is for the weak MWW or VS. This
reflects that the blocking dipole shows a marked zonal shift
from Eurasia to the North Atlantic during its life cycle for
the strong MWW or VS. However, for the weak MWW or
VS the anticyclonic center of the blocking dipole is mainly
confined to the Ural region (around 60°E). On the other
hand, we can see from the time evolution of the maximum
blocking amplitude that the blocking dipole appears to
have a long duration for the strong MWW or VS (black
and blue lines in Fig. 1a). However, this does not mean that
the blocking dipole is more persistent over the Ural region
(solid line in Fig. 9a of Part I). In contrast, it is short lived
because it retrogrades rapidly away from the Ural region.
Although the mean zonal wind is weaker, the blocking
dipole is seen to be more quasi stationary and persistent
over the Ural region for the weak MWW or VS (dashed
line in Fig. 8b of Part I). This implies that other factors,
such as the upstream conditions noted below, may play an
important role in determining the quasi stationarity and
persistence of the UB pattern. As in Part I, we may still
refer to the strong (weak) MWW and VS over the Ural
region as a quasi-baroclinic (quasi barotropic) condition.

Itis further apparent from Fig. 1a that the growth of the
UB is more (less) rapid and prominent under a quasi-
baroclinic (quasi barotropic) condition. This reflects the
fact that the UB can easily reach large amplitude only
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FIG. 2. Time-longitude evolution of composite daily 500-hPa geopotential height anomalies averaged over 60°—
70°N of UB events for (a) strong and (b) weak MWW winters during 1951-2015. The shading denotes the region
above the 95% confidence level. The red arrow denotes the movement direction of the UB anticyclone.

under quasi-baroclinic conditions (Luo 2000). In other
words, the weak MWW or VS tends to favor the slow
growth of the UB and its small amplitude. As a result, we
see that the slow zonal movement of the UB is related not
only to the small amplitude of the UB but also likely to
upstream background conditions, as noted below. These
two points represent new findings over and above those
presented in Part I.

To explain the difference of the zonal location of
blocking between the quasi-baroclinic and quasi-
barotropic conditions, it is useful to plot the time-
longitude evolution of the composite daily 500-hPa
geopotential height anomaly averaged over the region
60°-70°N during the blocking life cycle to quantify their
different zonal movements under different background
conditions. The results are shown in Fig. 2 for the strong
and weak MWW cases. It is noted that the anticyclonic
anomaly shows a distinct westward displacement for the
strong MWW (Fig. 2a) but is almost immobile and re-
mains in a narrow zonal region near 60°E for the weak
MWW (Fig. 2b). Because the UB has large amplitude for
the strong MWW and VS, one is led to conclude that the
marked retrogression of the blocking dipole over Eurasia
for the strong MWW is closely related to its large am-
plitude, even though the mean flow over mid-high-latitude
Eurasia is relatively strong. In contrast, for the weak
MWW the quasi stationarity of the UB is likely due to its
small amplitude. These results also hold for the strong
and weak VS cases (not shown). Such a zonal movement
of the UB pattern cannot be explained by linear Rossby
wave theory, but, as we shall see shortly, it may be ex-
plicated using our nonlinear theory (see appendix A).
This encourages us to investigate the upstream conditions

and winter planetary wave anomalies before a nonlinear
theoretical model is used, as the model makes use of the
mean flow, the strengths of synoptic-scale eddies up-
stream, and the planetary wave prior to the block onset.

b. Upstream conditions and winter planetary wave
anomalies associated with the UB changes

Guided by the above considerations we now explore
what spatial patterns of the mean zonal wind, vertical
shear, and synoptic-scale eddies correspond to the in-
creased quasi stationarity and persistence of UB. In ad-
dition to the DJF-mean westerly wind Usgo(x, y) and its
vertical shear Ur(x, y) as defined in Part I, here we define
the DJF-mean 300-hPa eddy kinetic energy (EKE) (the
synoptic-scale eddies are defined as the high-passed
transients for a 2.5-7-day Butterworth filter) for UB
events being excluded as the EKE strength E.y.(x, y). To
investigate the connection among Usp(x, ), Ur(x, y),
and E..(x, y), along with the increased quasi stationarity
and persistence of the UB, it is helpful to perform the
regressions of the anomalies of these three atmospheric
parameters against the time series of the normalized UB
frequency (solid line in Fig. 3c of Part I). Figures 3a—c
show that, while the increased UB frequency corresponds
to a large reduction of Uzgo(x, y), Ur(x, y), and Ec.(x, y)
over mid-high-latitude Eurasia, an increase in Usp(x, ¥)
and Ur(x, y) in the North Atlantic high-latitude region
near Greenland is not particularly evident. The decrease
in the DJF-mean EKE is rather distinct over Europe
and the North Atlantic as the UB days increase and is
intensified over the BKS (Fig. 3c). On the other hand,
as we have noted in Part I, the intensification of the
mean zonal wind and its vertical shear over the North
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FIG. 3. The regression maps of the DJF-mean (a) 300-hPa zonal wind (m s~ 1), (b) vertical shear (s '), and (c) 300-hPa
EKE (m”s™?) anomalies regressed against the normalized UB frequency time series (solid line in Fig. 3¢ of Part I), as
well as (d) time variations of normalized Uspa (black), VS, (red), and Epyere (blue). In (a)-(c), the dashed curve
represents the area above the 95% confidence level for a two-sided Student’s ¢ test.

Atlantic mid-to-high latitudes is prominent as the Arctic
warming takes place over the BKS, while their signifi-
cant weakening is seen over mid-high-latitude Eurasia
(Figs. 2e.f of Part I). Moreover, below we can further see
that the mean zonal wind and its vertical shear over mid—
high-latitude Eurasia show strength variations opposite
to those over North Atlantic mid-to-high latitudes. In
other words, the mid-high-latitude westerly wind is
strong over the North Atlantic but weak over Eurasia
for a weak MWW or VS winter. Such a zonal distribution
of the mean zonal wind can explain why the UB is slowly
(rapidly) westward moving in the zonal direction under
quasi-barotropic (quasi baroclinic) conditions.

Many studies have indicated that upstream eddy
vorticity forcing plays a key role in the establishment of
the blocking dipole (Berggren et al. 1949; Shutts 1983;
Holopainen and Fortelius 1987) because the large-scale

topography plays a secondary role in generating block-
ing flows compared to that of preexisting synoptic-scale
eddies (Luo 2005). Thus, in this paper we only consider
preexisting synoptic-scale eddies to emphasize their role
in the blocking life cycle.

We define the value of E..(x, y) averaged over the
region 40°-70°N, 10°W-30°E as the strength Epjexe Of
preexisting synoptic-scale eddies (preexisting or back-
ground eddy strength as defined below). The choice of
this upstream averaging domain is based on observa-
tional (Colucci 1985; Holopainen and Fortelius 1987;
Murray and Simmonds 1995; Inoue et al. 2012) and
theoretical (Luo 2000) analysis, which indicates that the
upstream synoptic-scale eddies prior to the block onset
can drive downstream blocking. Luo et al. (2016b) found
that the eddy vorticity forcing is mainly located in the
European continent upstream of the Ural region.
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region above the 95% confidence level.

Hence, Epeie over Europe may be used as an index of a
meteorological parameter that affects UB variability, in
addition to the 300-hPa mean zonal wind Usga and its
vertical wind shear VS, (as described in Part I) within
the blocking region as the background parameters.

We show the time series of the normalized Usgga,
VS,4, and Epgeke in Fig. 3d. Correlation analysis shows
that while Uzgoa and VS 4 have a positive correlation of
0.72 (0.66) for a nondetrended (detrended) case, Eyiexe
has a downward trend and does not exhibit a significant
correlation with Uzgga and VS 4, whose correlation co-
efficients are 0.39 and 0.18 (0.30 and 0.02), respectively.
The magnitudes of these correlations reflect the fact that
the upstream EKE does not depend on the downstream
background conditions, whereas it does depend on the
upstream conditions over Europe and North Atlantic.

It is meaningful to examine the spatial distribution of
the mean zonal wind to understand what affects the zonal

movement of the UB. Here, we define the vertical average
of DJF-mean zonal winds for UB events being excluded
between the 700- and 200-hPa levels as the mean baro-
tropic zonal wind (MBW) Ug(x, y) in winter. We show the
difference of the horizontal distribution of the composite
Up(x, y) field between weak and strong MWW (VS)
winters in Fig. 4a (Fig. 4b). One can see that the MBW is
stronger over the North Atlantic but weaker over Eurasia
(mainly over the Ural region) for the weak MWW
(Fig. 4a) or VS (Fig. 4b) winters compared to the strong
MWW or VS winters. To some extent, the strong (weak)
mean westerly wind over the North Atlantic mid-to-high
latitudes suppresses (encourages) the retrogression of
blocking dipole over Eurasia for a weak (strong) MWW
or VS. Such a mean zonal wind distribution in the North
Atlantic is the upstream condition of the UB movement.
This is probably the reason why the UB is quasi stationary
(rapidly westward traveling) under a quasi-barotropic
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shading denotes the area above the 95% confidence level.

(quasi baroclinic) condition, while the large amplitude of
the blocking dipole is also important for its retrogression,
as noted below. As further revealed in Part 1 (their
Fig. 2f), the strong (weak) westerly wind in high latitudes
of the North Atlantic (Eurasia) is closely related to the
warming over the BKS. Thus, quasi-stationary and per-
sistent UB is a result of the BKS warming.
Correspondingly, the difference of the composite Ur(x, y)
field between weak and strong MWW (VS) winters is
shown in Fig. 4c (Fig. 4d). We can see from Fig. 4c that the
difference of the composite Uz(x, y) between weak and
strong MWW winters has negative values over 0°-120°E,
50°-80°N but is weakly positive over the North Atlantic,
thus implying that the background baroclinicity is weaker
over Eurasia but slightly stronger over the North Atlantic
in weak compared with strong MWW winters. This result
can also be seen from the difference of the composite
Ur(x, y) field between weak and strong VS winters
(Fig. 4d), although there is a small difference between
Figs. 4c,d. Thus, the increased (decreased) vertical wind
shear over the North Atlantic (Eurasia) seems to be related
to the Arctic warming over the BKS, as noted in Part I
(their Fig. 2e). A larger reduction of the DJF-mean EKE is
also seen over Europe for weak compared with strong
MWW winters (Fig. 4¢), while such a reduction is also large
over Europe from strong to weak VS winters (Fig. 4f).
Although the background condition change is associated
with the intensified Arctic warming as revealed in Part I, it
is also useful to estimate changes in the regionally aver-
aged MBW and VS over the region 50°-75°N, 30°-90°E

and Ejpjcke from the strong to weak MWW winters. The
calculation shows that the values of the MBW were
12.5 and 7.9ms ! for strong and weak MWW winters,
respectively, representing a difference of 36.8%. A
similar calculation for the VS gives 7.6 and 55 ', a
34.2% difference, while the corresponding values for
Emeke are 51 and 45.5m?s ™2, a reduction of 11% for the
weak MWW winter cases. Thus, in our model calcula-
tion the small (large) values of the background westerly
wind u, and eddy strength ay, as defined in appendix A,
should be chosen for the weak (strong) MWW or VS
winters, although the variation of Eyjeie is mainly af-
fected by the North Atlantic condition rather than by
the strength of VS over the Ural region.

We show the DJF-mean 500-hPa geopotential height
anomalies for UB events being excluded in Fig. 5 for
strong and weak MWW winters. It is seen that the
winter-mean planetary wave anomaly is stronger for
weak (Fig. 5b) than for strong MWW (Fig. 5a) winters.
This can be most clearly seen from the difference of the
DJF-mean height anomaly between the weak and
strong MWW winters (Fig. 5c). The difference field
shows that a positive-over-negative dipole anomaly
appears over a region stretching from the BKS to the
south side of Ural Mountains and from 30° to 90°E. This
result can also be found for weak VS winters (not
shown). Because of the presence of this dipole anomaly
the UB days are increased for the weak MWW or VS
winters. In other words, the presence of a positive-
over-negative dipole anomaly over the Ural region
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tends to increase the persistence of UB events for the
weak MWW or VS winters.

4. Theoretical results and their dynamical
explanation

As noted above, the NMI model is able to realistically
describe the life cycles of observed blocking events and
their main characteristics (Luo 2000, 2005; Luo and Li
2000; Luo et al. 2001, 2014). This gives us great confidence
that the model can be used to quantify the relationships
between the life cycle (intensity, position, or movement
and duration) of the UB dipole and changes in the back-
ground conditions, even though this barotropic model
might not be thought applicable for investigations of the
consequences of quasi-baroclinic environment. However,
we can justify such an application as discussed below.

As explained in appendix A, in this model, the three key
inputs to the model are the strength of background
westerly wind within the blocking region denoted by u,
the strength of preexisting synoptic-scale eddies prior to
the block onset in the upstream region of the blocking flow
denoted by ag (or preexisting eddy strength as above), and
the initial amplitude of the dipole planetary wave B(x, 0).
This NMI model is idealized in the sense that the vertical
mean wind shear has been neglected [the two-layer baro-
clinic form of an NMI model is presented in Luo (2000)].
However, the model can still be used to investigate the
zonal movement of the UB dipole in a quasi-baroclinic
environment if the blocking amplitude can be assumed to
be the same as in the quasi-baroclinic condition, even
though the observed UB anomaly exhibits an asymmetric
dipole. We make the assumption in the model that the
barotropic mean zonal wind is uniform in the zonal and
meridional directions. For our purpose, the parameters v,
B(x,0), and a, of the NMI model used in this study are not
fixed, while the other parameters are fixed and chosen to
be the same values as in Luo et al. (2014).

a. The impact of the mean westerly wind strength

To ascertain the impact of the background westerly
strength on the duration, intensity, and movement of the
blocking dipole, here we fix B(x, 0) = 0.4 and aq = 0.17,
while varying the value of uy. We show the instantaneous
planetary-scale and total fields of a blocking dipole ob-
tained from the NMI model in Fig. 6 for uy = 0.9 (9ms ™!
in dimensional form) (Fig. 7, uy = 0.6; 6ms™'). It is seen
that when the mean westerly wind uy is stronger, the eddy-
driven blocking dipole is relatively weak and less persistent
(Fig. 6a for uy = 0.9), which undergoes a slow eastward
movement. This result is held only for the case without the
effect of VS. The blocking dipole becomes strong once
the strong vertical wind shear is included (Luo 2000). The
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eddy-driven blocking dipole is strong and long lived and
travels rapidly westward when the mean westerly wind 1
is weak (Fig. 7a for uy = 0.6). In particular, Figs. 6b and 7b
show that when the background westerly wind is weaker,
the total field of the blocking flow exhibits a strong west-
erly jet meandering. For this case, the intense cold air shifts
southward to induce a cooling in midlatitude regions.
Thus, it is likely that the Arctic warming leads to a large
meandering of the westerly jet streams to generate ex-
treme cold events over Eurasia because of the appearance
of a blocking flow through the weakening of the mid-high-
latitude westerly winds over Eurasia. This case is likely
over Eurasia because of the Arctic warming due to the sea
ice loss over the BKS. Thus, the weak uniform background
westerly wind over Eurasia can increase the lifetime of
blocking dipole and favor its retrogression. Its retrogres-
sion is suppressed so that it becomes quasi stationary
once a strong mean zonal wind over the North Atlantic is
included in this model, as noted below.

b. Impact of the preexisting synoptic-scale eddy
strength

Because an increased UB frequency also corresponds
to a small value of a, (Figs. 2a—c), it is useful to examine
the impact of the preexisting synoptic-scale eddy strength
on the blocking duration, strength, and position. To
compare Figs. 6 and 7, we fix the amplitude of the initial
dipole planetary wave and choose a large value of ay but
vary the strength of 1. For B(x, 0) = 0.4 and ao = 0.23 we
show the instantaneous planetary-scale field of the eddy-
driven blocking dipole during its life cycle in Fig. 8 for
ap = 0.7 and uy = 0.9. Note that when the preexisting eddy
strength is stronger, the blocking dipole is more intense
and rapidly westward moving, even under a strong MWW
condition with large a, (Fig. 8b vs Fig. 6a). Because of its
rapid retrogression, this blocking persistence is decreased
over a given region. However, considering a strong VS
condition is somewhat equivalent to choosing relatively
large values of ay and u, in our barotropic NMI model. In
the next section, we will consider a general case by as-
suming that the UB is a perturbed soliton solution. Such a
study will confirm that the UB is short lived if the MWW
or preexisting eddy strength is strong.

¢. The dependence of the phase speed of the blocking
dipole on the blocking amplitude

As given in appendix B, in the NMI model the phase
speed of the soliton blocking in a uniform background
westerly wind can be rewritten as Cp = Cg + Cpg, where
Cr =g — (B + Fuy)/(k* + m* + F) s the phase speed of
the linear Rossby wave and Cz = —86M(t)*2k [6 > Oisa
nonlinear term; see Luo and Li (2000) and Luo (2005) as
well as appendix B] is the blocking-induced westward
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(b)

0.15] and (b) total streamfunction (nondimensional; CI = 0.3) fields

of a blocking life cycle—from (top left) day 0 to (bottom right) day 21 in each of (a),(b)—obtained from the NMI model for a strong mean
westerly wind 1y = 0.9 (9m s~ ! in dimensional form), ap = 0.17, and the initial amplitude, B(x, 0) = 0.4.

speed, which depends on the blocking amplitude M. It is
noted that Cr depends on the strength of the mean
westerly wind. We have Cp ~ Cg because Cg ~ 0 for
M =~ 0. In this case, whether the small-amplitude
blocking dipole shifts eastward or westward is mainly
determined by the strength of the background westerly
wind. When the blocking amplitude is relatively large
M = (2kCg/8)"* for Cg > 0, its zonal displacement is
controlled by a joint role of the blocking amplitude and
mean westerly wind strength. In this case, the zonal
movement of the blocking dipole is determined not only
by the strength of the mean westerly wind but also by the
blocking amplitude M. A key result is found here that
when the blocking-induced westward speed exceeds the
mean-flow-induced eastward speed, the blocking dipole
will undergo a westward movement. This result explains
why the observed large-amplitude blocking dipole has
always a distinct retrogression.

It is worth pointing out that the nonlinear term 6 is an
important factor that measures whether a soliton block is
easily established (Luo 2000, 2005). When § is largely
positive, the blocking dipole is favored. We show the
value of 6 against the strength of mean westerly wind u in
Fig. 9a and the phase speed Cp against the blocking am-
plitude M in Fig. 9b for uy = 0.7 and 1 = 0.9. It is found

that when the mean westerly wind is weaker, 6 is larger
and favors the appearance of a blocking dipole. That is to
say, the role of Arctic warming over the BKS is to en-
courage the establishment of a blocking dipole over the
Ural region through strengthening the nonlinearity term
8 due to the reduced mean zonal wind. On the other hand,
we see in Fig. 9b that the larger the blocking amplitude is,
the larger the negative value of Cpis. Thus, itis inevitable
that the large-amplitude blocking undergoes a marked
westward displacement. In particular, when the blocking
amplitude is rather large, the impact of the background
westerly wind strength on the zonal movement of the
blocking dipole becomes extremely weak. Thus, when the
blocking amplitude is very large, the blocking-induced
westward movement is dominant.

d. Blocking position and its link with the blocking
intensity

To quantify the relationship between the blocking in-
tensity and blocking location, it is necessary to define the
blocking intensity in our NMI model. Here, the blocking
intensity is defined in terms of the planetary-scale
streamfunction p of the blocking dipole as given in ap-
pendix A. In the planetary-scale field, we denote the
maximum (minimum) value of the northern (southern)
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center of the blocking dipole as ¥/px (/ps). We then define
By = |yps — pn| as the blocking intensity. The blocking
duration is defined to be the number of consecutive days
for which B = Bjc (where Bjc is the blocking threshold).

For a fixed preexisting eddy strength ao = 0.17, we
show the blocking location against the blocking intensity
and the time evolution of the blocking intensity in Fig. 10
for different mean westerly wind strengths and different
amplitudes of the initial dipole planetary wave anomaly
B(x, 0). It is seen that when the initial dipole planetary
wave amplitude is large (blue line in Fig. 10a) or when the
mean westerly wind is weak (black line in Fig. 10a), the
formed blocking dipole is intense and long lived (blue and
black lines in Fig. 10b). In contrast, the blocking dipole is
weak and short lived when the mean westerly wind is
strong (green and red lines in Fig. 10b). This blocking
dipole can become strong if a strong VS condition is
considered (Luo 2000), even though the mean zonal wind
is relatively strong. This is because the strong VS-induced
dipole growth is larger than the strong mean zonal-wind-
induced dipole suppression (not shown). In particular, we
note that the large-amplitude blocking dipole (black and
blue lines in Fig. 10a) is located much more westward
than the small-amplitude blocking (green and red lines in
Fig. 10a). Another interesting point we see in Fig. 10a is
that the relationship between the blocking intensity and
blocking location bears a striking resemblance to the
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FIG. 7. As in Fig. 6, but for a weak mean westerly wind u = 0.6 (6ms ™' in dimensional form).

observed result in Fig. 1c. This indicates that the NMI
model can capture the main features about the quasi
stationarity and persistence of UB patterns under dif-
ferent background conditions. The further explanation
about this is presented below.

e. Theoretical explanation of observational results

In reality the mean zonal wind is not uniform in the
zonal and meridional directions. In this case, it is con-
venient to decompose the mean zonal wind into two
parts: a spatially uniform part u, and a spatially varying
part AU, (x, y). If one assumes that AU, (x, y) is slowly
varying, the “local” phase speed can be approximated as
Cp = AU,(x,y) + Cg + Cp.Itis obvious that the positive
or negative value of AU, (x, y) can affect the zonal
movement of the blocking dipole.

As found by Luo (2000) in the case of the two-layer
baroclinic NMI model, an initial dipole planetary wave
can be rapidly amplified into a rather strong blocking
dipole under a strong VS condition. Thus, it is not un-
expected to observe a strong blocking dipole in the
strong VS or MWW environment (Fig. 2a), while the
strong VS often corresponds to a strong MWW as re-
vealed in Part I. As pointed out above, the impact of
the mean zonal wind strength on the zonal movement of
the blocking dipole becomes unimportant when the am-
plitude of blocking dipole is very large. Thus, the rapid
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FIG. 8. Planetary-scale (nondimensional; CI = 0.15) field of a blocking life cycle obtained from the NMI model with the pre-existing
eddy strength ag = 0.23 and the initial amplitude B(x, 0) = 0.4 for two types of background westerly wind strengths (a) uo = 0.7 and (b) ug =
0.9—from (top left) day 0 to (bottom right) day 21 in each of (a),(b).

retrogression of the strong blocking dipole is inevitably
seen in Fig. 2a in that the blocking-induced westward
movement is dominant. Because this large-amplitude
blocking is rapidly westward traveling (Fig. 2a), it is less
persistent over a given region (in our case, the Ural
Mountains) even though long lived. In contrast, under a
quasi-barotropic (weak MWW and VS) condition the
amplification of blocking dipole is slow (Fig. 2b) so that
the blocking amplitude is smaller (Fig. 1a) than that under
the quasi-baroclinic (strong VS and MWW) condition. In
this case, the amplitude of the UB and the strength of
mean westerly wind and its spatial distribution contribute
significantly to the zonal movement of the blocking di-
pole. The slow retrogression of blocking dipole is not only
due to the blocking amplitude being smaller under the
quasi-barotropic condition (red and green in Fig. 1a and
Fig. 2b) but also due to the mean zonal wind being strong
[AU,(x, y)is positive] over the North Atlantic (Figs. 4a,b).
The intensified North Atlantic westerly wind is more
likely to be a response to enhanced Arctic warming over
the BKS, as seen in Fig. 2f of Part I. Thus, the strong mean
zonal wind over the North Atlantic tends to suppress the
further retrogression of the blocking dipole from the
Ural region to the European continent (Fig. 2b), while
the MWW is weaker over mid-high-latitude Eurasia
(Fig. 1a). This is a likely cause of why the UB pattern

tends to be quasi stationary and more persistent over the
Ural region under a quasi-barotropic condition.

5. The period of the UB soliton and its relationship
with the background condition change

While the zonal movement and duration of the UB
are found to depend on the background condition
changes, it is useful to quantify how the duration of UB
depends on the mean zonal wind 1, and preexisting eddy
ag strengths because the more persistent UB often cor-
responds to small values of uy and ay (Figs. 1a,c). The
equation of the blocking amplitude B(x, f) can be ob-
tained and is described in appendix A.

Using the transformations B = B//8, X = (x — C)/(2\)"?,
and T = t, the forced nonlinear Schrodinger (NLS)
equation in appendix A [Eq. (A2h)] can be expressed as

0B 1°B

S
4+ 4 =
Ir ¥ 5 5% |B|"B =iP, 1)

where
P =ivV8Gfy exp{ —i[AkvV2L X + (AKC, + Aw)T]}.

For uniform preexisting synoptic-scale eddies (fo = ao
for w = 0), under the condition Ak = 0 (k, — k; = k for
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dimensional amplitude M (the dimensional unit is 10’ m?s ™).

131 =9k, and 152 = 11ky), the perturbed soliton solution
to Eq. (1) can be assumed to be B = n(T')sech[n(T)X]
exp[i6(T)]. In this case, by defining n(T) = 8"*M(¢) and
0(T) = O(t), the following nonlinear equation can be
obtained:

M
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Equation (2) can describe the time variations of the
blocking amplitude and phase if the soliton solution of
Eq. (1) is regarded as a blocking solution. This has been
demonstrated in our previous studies (Luo 2000; Luo
and Li 2000). However, how the blocking duration de-
pends on the background condition change was not ex-
amined in detail in those studies, although they have
indicated that the soliton solution can capture the main
features of observed blocking events. It is seen that the
time variation of the blocking amplitude M depends not
only on the period 27/Aw of the preexisting eddy vor-
ticity forcing (which is a function of the mean zonal wind
1) but also on the preexisting eddy strength ag. We also
note that the variation of the blocking amplitude also
depends on the initial amplitude itself. The long period
of the blocking amplitude corresponds in general to a
long-lived UB. Thus, below we will examine how the
period of the blocking amplitude is dependent on the
mean zonal wind and preexisting eddy strengths. For
initial values M(0) = 0.4 and ®(0) = 0, we show the time
series of the soliton amplitude M and associated phase
trajectories (M cos®, M sin®) and (M, M,) in Fig. 11 for
ug = 0.7 and for four cases of ay = 0.1, 0.2, 0.3, and 0.4,
where M, = dM/dt. It is obvious that the soliton ampli-
tude exhibits a periodic oscillation. This result can be
seen from the phase trajectories of this soliton. For the
different strength of the mean zonal wind, the duration
of the soliton is shown in Fig. 12a for fixed preexisting
eddy strength. The result is depicted in Fig. 12b for the
different preexisting eddy strength and fixed mean zonal
wind strength. We see that the soliton duration is sig-
nificantly shortened as the preexisting synoptic-scale
eddies are strongly intensified (Fig. 12a). Such an ef-
fect is more distinct when the mean zonal wind is
weaker. The soliton duration is almost independent of
the preexisting eddy strength if a, is smaller than 0.2. But
it can depend strongly on the preexisting eddy strength if
the preexisting eddies are strong enough. The decrease
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FIG. 10. (a) The blocking intensity B; against the zonal position of the maximum anticyclonic center of blocking
and (b) its time evolution obtained from the NMI model with fixed preexisting eddy strength aq = 0.17. The black
(blue) curve denotes the case of uy = 0.6 and B(x, 0) = 0.4 [B(x, 0) = 0.45], while the red (green) curve represents

the case of uy = 0.9 and B(x, 0) = 0.4 [B(x, 0) = 0.45].
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FIG. 11. Time variations of the soliton amplitude M (top panel in each of the 4 cases) and associated phase trajectories (M cos® vs
M sin®, bottom left panel in each of the 4 cases) and M vs M, (=dM/dt, bottom right panel in each of the 4 cases) with u, = 0.7, and initial
values M(0) = 0.4 and ®(0) = 0 for four cases: (a)-(d) ap = 0.1, 0.2, 0.3, and 0.4, respectively.

in the soliton duration is also dependent on the increase
in the mean zonal wind. But such a decrease in the
soliton duration due to the intensified mean zonal wind
becomes less distinct if the preexisting synoptic-scale
eddies are very strong (Fig. 12b). Thus, the blocking
dipole is short lived as the mean zonal wind and preex-
isting eddy strengths are strong. This result is easily ex-
plained. This is because the duration of the soliton
blocking depends on the amplitude itself and the period
of the eddy vorticity forcing induced by preexisting
synoptic-scale eddies. When the blocking amplitude is
large or the period of the preexisting eddy vorticity
forcing is short, the blocking duration becomes short. A
larger-amplitude blocking can occur if the preexisting

eddy strength is stronger, while the period of the pre-
existing eddy forcing becomes shorter as the mean zonal
wind is stronger (Luo et al. 2007). Thus, it is natural
that a short-lived soliton is inevitably seen as the MWW
or preexisting eddy strength is stronger. For a general
case (k # 0), a similar result can be found (not shown).
Of course, the effect of the strong VS can be understood
as being equivalent to the impact of the strong MWW, as
noted in Part I. Similar results are found for other initial
values of the soliton amplitude (not shown). Because the
Arctic warming over the BKS corresponds to the weak
MWW and VS over the Ural region, the strong mean
zonal winds over the North Atlantic (Fig. 2f of Part I),
and weak preexisting eddy strength over Europe, the
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FIG. 12. The duration (days) of the perturbed soliton against the strengths of the mean
zonal wind and preexisting synoptic-scale eddies: (a) the soliton duration vs the preexisting
eddy strength for different mean zonal wind strengths u, from 0.4,0.5,0.6,0.7,0.8, and 0.9 in
different colors; and (b) the soliton duration vs the mean zonal wind strength for different
preexisting eddy strengths ao from 0.1, 0.2, 0.3, 0.4, and 0.5. (The dimensional unit is
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increased quasi stationarity and long persistence of UB
events are inevitably seen under a quasi-barotropic
condition. This provides an explanation for why the
UB is more quasi stationary and persistent as a stronger
BKS warming takes place.

6. Conclusions and discussion

In this paper, we have examined the cause of the in-
creased quasi stationarity and persistence of the block-
ing dipole over Eurasia especially over the Ural region
under quasi-barotropic (weak MWW and VS) condi-
tions. We have found that under quasi-baroclinic (strong
MWW and VS) conditions an initial dipole planetary
wave can be rapidly amplified into a large-amplitude
blocking dipole that undergoes a marked retrogression.
The amplification of the blocking dipole is so slow that a
blocking dipole with the amplitude being smaller than
that under quasi-baroclinic conditions can be seen under
quasi-barotropic conditions, while the winter dipole
planetary wave is strong. Moreover, it is found that the
mid-high-latitude mean zonal wind is stronger over
the North Atlantic because of the amplified warming
over the BKS but weaker over the Ural region for
quasi-barotropic conditions than for quasi-baroclinic
conditions. Thus, under a quasi-barotropic condition
the quasi stationarity and long persistence of the blocking
dipole over the Ural region is likely to be closely related
to the strong mid-high-latitude mean zonal wind over the
North Atlantic and the blocking amplitude being smaller
for the quasi-barotropic conditions than for the quasi-
baroclinic condition. Meanwhile, it is found that the
persistence of the UB event is also associated with the
reduced mean zonal wind over the mid-high-latitude
Eurasian region and the weakened synoptic-scale eddy
activity upstream of the Ural region.

A barotropic NMI model is used to provide a dy-
namical explanation on the increased quasi stationarity
and persistence of the blocking dipole over the Ural
region under the quasi-barotropic condition. We find
that the formed blocking dipole is of large amplitude,
long lived, and westward traveling if the mean westerly
wind is weak in the blocking region. It becomes quasi
stationary once a strong mid-high-latitude mean zonal
wind appears in the upstream of the blocking region. In
particular, a strong blocking dipole can also be formed
in a strong background westerly wind if the preexisting
eddy strength is strong enough (Luo 2000). Moreover,
based on this NMI model, the phase speed formula of
the soliton block is obtained, which is different from the
linear Rossby wave theory. In the linear Rossby wave
theory, the phase speed of the blocking dipole is in-
dependent of the blocking amplitude, and its phase
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speed is only dependent on the strength of mean west-
erly wind and its wavelength. Obviously, this linear
theory cannot explain why the large-amplitude blocking
shifts rapidly westward, as seen for the quasi-baroclinic
conditions (Fig. 2a). However, in the nonlinear case the
phase speed of the soliton blocking is dependent not
only on the strength of mean westerly wind but also on
the blocking amplitude. When the blocking amplitude is
so large that the blocking-induced westward speed ex-
ceeds the mean-flow-induced eastward speed, the ret-
rograde movement of the blocking dipole occurs. In
particular, when the blocking amplitude is particularly
large, the mean-flow-induced eastward movement
becomes unimportant so that the blocking-induced
westward displacement is dominant. Of course, the
persistence of the UB can be estimated in terms of the
UB duration even though the long duration of the UB
does not correspond to its long persistence. But the long
persistence of the UB has to be long lived. The long
duration of the UB means that the UB has a large in-
cidence that allows the UB to be more persistent. Our
soliton solution further reveals that the duration of the
UB is longer as the mean zonal wind over the Ural re-
gion or the strength of preexisting synoptic-scale eddies
upstream of the Ural region is weaker (Fig. 12). Thus,
the quasi stationarity and persistence of the UB is re-
lated not only to the reduced (enhanced) mean zonal
wind and its weak (strong) vertical shear over the Ural
region (North Atlantic) but also to the reduced synoptic-
scale eddy activity upstream of the Ural region. The
changes in the parameters are closely associated with
the Arctic warming over the BKS.

On the other hand, because the blocking dipole is
particularly strong under the quasi-baroclinic condition,
the blocking-induced westward shift is dominant so that a
marked retrogression of the blocking dipole can be seen
in Fig. 2a. But under the quasi-barotropic condition the
amplitude of the UB is relatively small compared to the
quasi-baroclinic case. In this case, it can undergo a dis-
tinct westward shift if the zonal wind is uniform and weak,
even though its amplitude is small. However, because the
mean westerly wind is strong over the North Atlantic
west of 0° longitude in Fig. 4a (west of 15°E in Fig. 4b)
owing to the Arctic warming over the BKS, it suppresses
the further retrogression of the blocking dipole from the
Ural region to the European continent. In this case, the
blocking dipole becomes easily quasi stationary. Such a
westerly wind distribution is closely related to the
warming over the BKS, as revealed in Part I. Hence, the
blocking dipole tends to be quasi stationary and persis-
tent over the Ural region under a quasi-barotropic con-
dition related to the Arctic warming over the BKS. In
summary, how the BKS warming affects the duration and
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movement of the UB can be described in Fig. 13 as a
schematic diagram. This figure shows that the role of the
BKS warming is to suppress the retrogression of the UB
and to lengthen its duration through the strengthening
(weakening) of mid-high-latitude westerly winds over
the North Atlantic (Eurasia, mainly in the Ural region
and its downstream side), then leading to a more quasi-
stationary and persistent UB.

However, it must be pointed out that although the NMI
model can explain the main features of the blocking
dipole, a full explanation will require the extension of the
model to include baroclinic effects and background con-
ditions. This challenge will be addressed in future work.
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APPENDIX A

Nonlinear Multiscale Interaction Model of Blocking
Events and Its Solution

Here, we describe the nonlinear multiscale in-
teraction (NMI) model developed by Luo (2000,
2005), Luo and Li (2000), and Luo et al. (2001, 2014).
This model is very efficient for representing the life
cycle of observed meandering blocking flows, which
was also extended to examine the North Atlantic Os-
cillation (NAO) dynamics (Luo et al. 2007). To reduce
the complexity of our problem, we make the assump-
tion that an equivalent barotropic model is an appro-
priate choice to describe the movement and structure
of the UB. Because the negative phase of NAO
resembles a blocking flow over North Atlantic, the
NAO model of Luo et al. (2007) is applicable to the
explanation of a blocking process. Moreover, because
our focus is on the zonal movement and period of the
UB, the effect of the VS on the movement and period
of UB can be explored by assuming that the UB has
larger amplitude in a quasi-barotropic condition to
illustrate an analogy with a quasi-baroclinic case. Such
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FIG. 13. Schematic diagram of the Arctic warming in the BKS
affecting the duration and movement of the UB through the
weakening (strengthening) of mid-high-latitude westerly winds
over Eurasia (the North Atlantic).

an assumption can allow us to unify the two cases into a
barotropic model.

Here, let us define a planetary-scale component as
zonal wavenumber k and a synoptic-scale eddy compo-
nent as zonal wavenumber lgj. Under the zonal-scale
separation assumption k < k;, it is easy to obtain the
following nondimensional barotropic potential vorticity
(PV) equations of the nonlinear planetary-to-synoptic-
scale interaction in a uniform westerly wind u, and in a
beta-plane channel with the width of L, (Luo 2000, 2005;
Luo and Li 2000; Luo et al. 2001; 2014):

AV R
(5t e ) 0= )+ 5 T0)

+ (B + Fuo)g—i’ =-V.(vVq), and (Ala)
d d 240 / ad’,

(&+ uoa> VY —Fy)y+(B+ F”o)g
= —J(W, V) — T, V) + Vg, (A1b)

where V - (vV'¢')p = J('q’)p is a planetary-scale com-
ponent that has a zonal wavenumber close to that of the
projection of the planetary-scale blocking flow (Luo
2000, 2005; Luo and Li 2000; Luo et al. 2001) or the
NAO pattern (Luo et al. 2007), v/ = (=ad'/dy, o¢'/ox),
q = V*', F = (L/IR,)*, and ¢ and ¢’ are planetary- and
synoptic-scale anomalies, respectively. Here, R, is the
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radius of Rossby deformation that satisfies F = 1,
B = [(2 X 7.29)/6.371]cos(¢y) is the nondimensional
meridional gradient of the Coriolis parameter at a given
reference latitude ¢y, and V4§ is the synoptic-scale
wavemaker designed to maintain the preexisting
synoptic-scale eddies prior to the block onset. Also note
that in Eq. (Al) all the variables have been non-
dimensionalized by characteristic length L = 10°m and
velocity U = 10ms ™', If we set L, =5, thenitrepresents
the meridional width of 5000 km. The two-scale interaction
equations of planetary- and synoptic-scale motions in
baroclinic and barotropic flows were first obtained by Luo
(2000), Luo and Li (2000), and Luo et al. (2001) and then
further simplified into Eq. (A1) by Luo (2005) under some
assumptions. When V2y# vanishes and when J(i! ¢')s is
included [where J(i, ¢')s denotes synoptic-scale compo-
nent of J(; q')], Eq. (Al) reduces to the planetary-to-
synoptic interaction equation derived by Luo and Li
(2000), which was also extended to include the horizontal
shear of the basic flow (Luo et al. 2001). This NMI model is
clearly different from the low-to-high-frequency in-
teraction equation presented by Haines and Holland
(1998), which cannot be analytically solved. Our model is
also different from the previous eddy-mean flow in-
teraction models (Hoskins et al. 1983) because the time-
mean eddy forcing V- (v/¢’) is only included in those
models. In this NMI model, the blocking evolution and
its associated mean flow variation can be described by
Eq. (Ala) because V - (v'q’), in this equation is time vary-
ing. Moreover, because Eq. (Alb) includes the feedback of
the time-varying blocking flow , the synoptic eddies will
exhibit the same low-frequency variation as that of the
blocking flow during their interaction process. Obviously,
the previous models cannot describe such low-frequency
variations of the blocking pattern and synoptic-scale
eddies during their interaction because a time average is
often used to derive the large-scale PV equation.

Different from previous blocking theories (McWilliams
1980; Shutts 1983), the NMI model (Luo 2000, 2005; Luo
et al. 2001, 2014) can describe the life cycles of observed
blocking flows (Berggren et al. 1949; Holopainen and
Fortelius 1987). Thus, it is feasible to use the NMI model
to examine how the blocking duration, strength, and
position depend on changes in the background parame-
ters in response to Arctic warming associated with the
BKS sea ice loss.

The basic idea of the NMI model is that the devel-
opment of a meandering blocking flow is determined by
the spatial structure of preexisting synoptic-scale eddies
(Luo 2000, 2005; Luo and Li 2000; Luo et al. 2014) rather
than by the eddy straining or wave breaking (Shutts
1983). The merit of this theory is that it is able to give us
some useful information about how the duration,
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strength, and position of a blocking event depend on
changes in atmospheric background parameters.
It is also useful to rewrite Eq. (Ala) as
a(] I
o T = uy, Vi + By) = =V - (Vq),,
where g = V?) — Fis. In general, a blocking flow satisfies
J(y —ugy, V2 + By) ~ 0. In this case, one can obtain

aq
e v.Vq),.
o '),

Thus, whether the blocking anomaly can grow or decay
depends on the sign and spatial structure of =V - (vV'¢')p.
The blocking can be formed only when —V - (v'¢')p
matches its PV field. This is the so-called eddy-blocking
matching mechanism proposed by Luo et al. (2014).
According to the work of Luo (2000, 2005), synoptic-scale
eddies can be decomposed into two parts: preexisting
synoptic-scale eddies i and deformed eddies ¢/, induced
by the intensified blocking in the form of /' = | + ¢%,.
During the initial stage (¢ ~ 0) of a blocking flow, the
growth of the blocking is determined by the spatial
structure of —V - (V| q})p because dg/dt =~ —V - (v|q})p as
a result of ¢, ~ 0 for an initial blocking flow being weak.
This indicates that the blocking formation is dominated
by preexisting synoptic-scale eddies, rather than by de-
formed eddies. In other words, the eddy straining or wave
breaking is unimportant for the blocking establishment.
Thus, the eddy straining mechanism of Shutts (1983) may
be inappropriate for the generation of blocking and its life
cycle. In our NMI model, the spatial structure of preex-
isting synoptic-scale eddies is crucial for the blocking
generation (Luo 2000, Luo and Li 2000; Luo et al. 2001,
2014). Based on the above considerations, the analytical
solution of Eq. (Al) can be derived for an eddy-driven
blocking flow by using an asymptotic expansion method as
used in Luo (2000, 2005) and Luo et al. (2007, 2014).

According to Luo et al. (2007), the analytical solution
of Eq. (A1) can be expressed as follows:

V= —uy+y+y¢ =y, +y, (A2a)
bp=—uytib=—-uy+iy,+y ., (A2b)
Y,=B Li expli(kx — wt)]sin(my) +cc, (A2c)
y
¥, =—|B] i q,8,cos(n +1/2) my, (A2d)
n=1
W~ W+ ed) = v+, (A2e)
W, = &P = f,(x){e, expli(k,x — @,1)]
+a, exp[i(lgzx — @,1)]} sin (% y) +cc, (A2f)
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W= —% \/Lznyo ; Q. expil(k, + k)x — (&, + w)]} {pj sin (37’" y) + 7,sin (% y)]

2 2 - . (3 . (3
+ % \/L:yB*fo EI O, exp{i[(k]_ —k)x — (&)}. —o)t]} [sj sin (Tmy) +hysin (Tmy)] +cc, and (A2¢)

dB 0B 3’B
i(—+C—)+Ax— +8|BI’B
at 80x ax?

+ Gf} exp[—i(Akx + Awt)] =0, (A2h)

where Ak=k—(ky—ki), Aw=a;— & —w, @ =
uoki— (B + Fug)ki/(k? + m*/4 + F) (j=1,2), o= uok —
(B+ Fuo)k/(k2 + m2 + F), a1 = 1, a) = o, Cg =Up— (B +
Fug)(m?* + F — kK2)/(K* + m? + F)*, A = [3(m* + F) — k%]
(B + Fug)kl(l> + m* + F)’,6=kmY.,_ q,g> [K>+m?—m>
(n+12)2) /(K> +m2+F), q,, = 4k*m/ L, {B + Fuy — (uo — C;)
[F+m2(n+1/2)°]}, g.=8/m[4—(n+1/2)’]L,, and other
coefficients can be found in Luo and Li (2000), Luo
(2005), and Luo et al. (2007). Here, we assume
fo(x)=aoe’€2“("”‘l)Z to represent the amplitude of pre-
existing eddies having two close zonal wavenumbers k;
and k, with the corresponding frequencies @; and @,
that satisfy Igz — Igl ~k. Moreover, ¢ is the blocking
dipole anomaly with zonal and meridional wave-
numbers k and m. As in Luo (2000, 2005) and Luo et al.
(2007), we may fix the parameters uw = 1.2, ¢ = 0.24, and
xo = 2.87/2 to make preexisting eddies locate in the
upstream side of the initial blocking flow but allow
the preexisting eddy strength a to be a variable. In the
model given in Eq. (A2), « = —1 and m = —2a/L
represent a blocking flow or a negative NAO phase with
the complex amplitude B(x, ), and B* is the complex
conjugate of B(x, f). Equation (A2h) is a nonlinear
Schrodinger equation with an eddy forcing term that
describes the space-time evolution of a blocking dipole.
It should be pointed out that W is the total field of the
blocking flow, while p (/) is the planetary- (synoptic-)
scale field of the blocking flow. The detail description of
the model equation can be found in Luo et al
(2007, 2014).

It is clear that in this NMI model both the blocking
anomaly and synoptic-scale eddies possess the same low-
frequency time scale because the solution of deformed eddies
contains the blocking amplitude. The most key parameters of
the NMI model are the preexisting eddy strength ay, mean
zonal wind w4y, and amplitude B(x, 0) of the initial blocking.
The solution to Eq. (A2h) can be obtained by a numerical
solution (Luo 2005) if the three parameters are given. Except
for the three parameters, the other parameters are chosen to
be the same as in Luo et al. (2014).

APPENDIX B

Phase Speed of the Soliton Block

The soliton can preserve its shape if the eddy forcing
is a small perturbation to a soliton solution of Eq. (A2h)
(Hasegawa and Kodama 1995). In other words, the eddy
forcing does not distort the soliton shape, while the
amplitude and phase of this soliton can be changed with
time. In this case, we can approximate the soliton solu-
tion of Eq. (A2h) as a solution of an unforced equation.
While the phase speed of the soliton is the same for
forced and unforced equations, the soliton amplitude
is a time function for a forced case. Naturally, the phase
speed of the soliton blocking obtained by Luo [2000, C4
in his Eq. (36)] is time dependent and applicable to the
explanation of the blocking movement. Correspond-
ingly, the phase speed of the time-dependent soliton
blocking can be approximately expressed as (Luo 2000)

B+Fu,  SM(t)

A % Sy (R TR

P

(B1)

where Cpis the phase velocity of the blocking dipole, and
M(¥) = max|B(x, )| denotes the maximum amplitude of
the blocking dipole anomaly at every day. The calculation
shows that for zonal wavenumbers ~(1-3), there are
A > 0and é > 0 for a dipole mode. Thus, the blocking
amplitude can cause a westward shift of the blocking di-
pole itself because of § > 0. Equation (B1) can also be
derived from the combination of Eq. (A2c) and Eq. (2b).

It is seen that the phase speed of the soliton block
depends on the wavenumber (k, m) and amplitude M(¢)
of the blocking as well as the strength of the background
westerly wind u.

Thus, for a given wavenumber, the phase speed from
Egq. (B1) of the soliton blocking can be used to explain the
zonal movement of the blocking dipole under different
background conditions and different blocking amplitude.
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