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ABSTRACT

Observations reveal that the North Atlantic Oscillation (NAO) exhibits a strong asymmetry: large amplitude, long
persistence, and westward movement in its negative phase (NAO™) and conversely in its positive phase (NAO™).
Further calculations show that blocking days occur frequently over the North Atlantic (Eurasia) after the NAO™
(NAO™) peaks, thus indicating that North Atlantic blocking occurs because of the retrogression of the NAO ™,
whereas blocking occurs over Eurasia because of enhanced downstream energy dispersion of the NAO™.

Motivated by a unified nonlinear multiscale interaction (UNMI) model, the authors define dispersion,
nonlinearity, and movement indices to describe the basic characteristics of the NAO. On this basis, the
physical cause of the strong asymmetry or symmetry breaking of the NAO is examined. It is revealed that the
strong asymmetry between the NAO™* and NAO™ may be associated with the large difference of the North
Atlantic jet in intensity and latitude between both phases. When the NAO™ grows, the North Atlantic jet is
intensified and shifts northward and corresponds to reduced nonlinearity and enhanced energy dispersion because
of an increased difference between its group velocity and phase speed related to enhanced meridional potential
vorticity gradient. Thus, the NAO™ has smaller amplitude, eastward movement, and less persistence. Opposite
behavior is seen for the NAO ™ because of the opposite variation of the North Atlantic jet during its life cycle. Thus,
the above results suggest that the NAO™ (NAO™) tends to be a linear (nonlinear) process as a natural consequence

of the NAO evolution because of different changes in the North Atlantic jet between both phases.

1. Introduction

The North Atlantic Oscillation (NAO) is one of the
most dominant and robust atmospheric low-frequency
modes occurring in the North Atlantic. The NAO was
first explicitly found by Exner (1913) and Walker (1923)
from correlation maps and then widely studied by many
modern meteorologists (Namias 1950; Lorenz 1951;
Kutzbach 1970; Barnston and Livezey 1987; Ambaum
and Hoskins 2002). The impact and mechanism of the
NAO has been an important research topic, in part be-
cause changes in climate and extreme weather events in
the Northern Hemisphere (NH) are often linked to the
variability of the NAO (Hurrell 1995; Rogers 1997;
Rodwell et al. 1999; Hurrell et al. 2003). In more recent
years, a number of studies have focused on exploring the
dynamics of the NAO, and significant progress has been
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made (Feldstein 2003; Vallis et al. 2004; Jin et al. 2006;
Luo et al. 2007a,b, 2015; Riviere and Orlanski 2007,
Woollings et al. 2008; Jiang et al. 2013; Dai et al. 2016;
Song 2016). For example, it has been recognized that the
NAO arises from Rossby wave breaking (Benedict et al.
2004; Franzke et al. 2004), is maintained by an eddy
feedback (Hurrell 1995; Robinson 2000; Jin et al. 2006;
Riviere and Orlanski 2007), and has a time scale of
10-20 days as seen from observational (Feldstein 2003)
and theoretical (Luo et al. 2007a,b,c) aspects.

Using an idealized model, Luo et al. (2007a, 2015)
showed that the occurrence of the NAO results from the
evolution of preexisting synoptic-scale eddies and its phase
is determined by the spatial structure of the preexisting
planetary-scale dipole wave (Luo et al. 2007a, 2015). This
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viewpoint has been shown with numerical models by Song
(2016). While the NAO shows an asymmetry in the oc-
currence frequency of North Atlantic blocking between its
two phases (Scherrer et al. 2006; Croci-Maspoli et al. 2007),
its two phases also exhibit a strong asymmetry at the de-
cadal or interdecadal time scale in its zonal movement
(Jung et al. 2003; Peterson et al. 2003; Cassou et al. 2004).
In particular, Cassou et al. (2004) examined the asymmetry
of the winter NAO pattern from a monthly mean per-
spective and attributed the interdecadal eastward shift of
the positive NAO to increased greenhouse gas concen-
trations, supporting the finding of Ulbrich and Christoph
(1999). However, in previous studies, less attention was
focused on examining the physical cause of the zonal
movement asymmetry for individual NAO life cycles
with a 10-20-day time scale, although Watanabe (2004) has
examined the asymmetric impact of the NAO on the
Eurasian continent.

For individual NAO events with a 10-20-day time
scale, Benedict et al. (2004) and Franzke et al. (2004)
noted that there is an asymmetry of the wave breaking
between both phases of the NAO during its life cycle. By
extending the blocking model of Luo (2000, 2005), Luo
et al. (2007a) proposed the unified nonlinear multiscale
interaction (UNMI) model of NAO events, which
showed that the daily evolution of individual NAO
event exhibits strong asymmetries for the upstream and
downstream circulation anomalies between the two
phases of the NAO. Other studies also revealed that
there is a strong asymmetry of the NAO persistence
between the two phases of the NAO and attributed such
persistence asymmetry to a large difference in the eddy
vorticity forcing (Barnes and Hartmann 2010). Un-
fortunately, no previous studies have presented a unified
viewpoint on the physical mechanism of the NAO
asymmetry in persistence, zonal movement, and ampli-
tude during the NAO life cycle. In this paper, we will
first provide observational evidence to support that
there is a strong asymmetry of the NAO amplitude and
zonal movement during the NAO life cycle, as the
anomalies associated with the negative NAO (NAO™)
are of large amplitude and move westward, and con-
versely for the positive NAO (NAO™). For conve-
nience, we will refer to the asymmetry of the NAO
phases in terms of the flow pattern, persistence, zonal
movement, and amplitude during the NAO life cycle as
the symmetry breaking of NAO events. Such a defini-
tion is reasonable because the asymmetry of the NAO
corresponds essentially to the breaking of its symmetry
between both phases. On this basis, a new unified per-
spective is presented to account for the physical cause
of the symmetry breaking of NAO events by defining
dispersion, nonlinearity, and zonal movement indices,
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motivated by the UNMI model proposed by Luo et al.
(2007a,b,c; 2015), and using reanalysis data. These in-
dices defined from the daily evolution perspective can
better represent the time variation of the NAO asym-
metry than has been the case in previous studies, which
can deepen our understanding of the physical cause of
the symmetry breaking of the NAO.

This paper is organized as follows: In section 2, we
describe the data, method, and model. In section 3, ob-
servational evidence is presented to support the per-
spective that the NAO has a strong energy dispersion
asymmetry between its two phases through performing a
composite analysis and defining an energy dispersion
index. In section 4, we examine how the energy disper-
sion and nonlinearity vary with changes in the North
Atlantic westerly wind to reveal the possible physical
cause of the symmetry breaking of the NAO between its
two phases. The conclusions and discussion are sum-
marized in the final section.

2. Data, method, and the model description
a. Data

In this study, we use daily mean European Centre of
Medium-Range Weather Forecasts (ECMWF) interim
reanalysis (ERA-Interim) data for the winter season
[from December to February (DJF)], for the period
from December 1979-February 1980 to December 2015—
February 2016 (1979-2015) (Dee et al. 2011). The ERA-
Interim data are used to calculate NAO parameters such
as the group velocity, zonal movement speed, dispersion,
and nonlinearity. The primary variables that we use in-
clude daily 500-hPa geopotential height and zonal wind.

The daily NAO index in winter, based on the National
Centers for Environmental Prediction—-National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
data, has been found to exhibit a correlation of 0.84 with
that constructed from the daily 500-hPa geopotential
height field of the ERA-Interim data using the first
empirical orthogonal function (EOF1) in the domain
90°W—-40°E and 20°-85°N (not shown). As noted below,
80% (78%) of the number of NAO™ (NAO™) events
based on the daily NAO index from the ERA-Interim
data overlaps with that for the NOAA/CPC daily NAO
index. This suggests that using ERA-Interim data to
perform composites and to calculate the spatial varia-
tions of associated parameters is reasonable for the
NAO even when the calculations are based on the daily
CPCNAO index. Itis preferable to use the NOAA/CPC
NAO index, as that index has been used in numerous
previous studies, and to use ERA-Interim data, which
have a higher resolution than the NCEP-NCAR reanalysis
data. Positive phase NAO (NAO™) and negative NAO
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(NAO™) phase events are defined as having taken place
when the daily NAO index exceeds one standard deviation
(1.0 STD) above and below its mean value for at least three
consecutive days. The NAO events are discarded when the
growth and decay of their NAO indices are nonmonotonic
(Benedict et al. 2004). We also define anomalies of 500-hPa
geopotential height and zonal wind field as their deviation
from the climatological mean field for each calendar day at
each grid point.

b. Blocking identification method

An important feature of NAO variability is that the
evolution of the NAO™ (NAO™) event is often followed
by changes in the frequency of downstream blocking
events. To identify the spatial distribution and temporal
variation of blocking events over Eurasia, we use the
one-dimensional (1D) blocking index of Tibaldi and
Molteni (1990), which is referred to as the 1D-TM index.
The 1D-TM index is based on the meridional gradients
of the 500-hPa geopotential height field at three fixed
latitudes and has been extended in recent years to a two-
dimensional (2D) blocking index by many investigators
such as Diao et al. (2006), Scherrer et al. (2006), and
Davini et al. (2012). Here, we also used the 2D-TM in-
dex of Scherrer et al. (2006) and Davini et al. (2012) to
examine the spatial distribution of blocking events from
North Atlantic to Eurasia. The details of the 1D- and
2D-TM indices can be found in Tibaldi and Molteni
(1990) and Davini et al. (2012), respectively. The
1D-TM index is convenient for the identification of the
blocking events in a given domain, whereas the 2D-TM
index of Scherrer et al. (2006) and Davini et al. (2012) is
used to examine how the blocking is distributed over a
wider region. For Ural (European) blocking, the calcu-
lation domain of the blocking ranges from 40° to 80°E
(0° to 40°E) when the 1D-TM index is used to identify
the blocking events. For the spatial distribution of the
blocking frequency from the North Atlantic to Eurasia,
we confine the calculation region to the latitude and
longitude ranges of 30°-75°N and 90°W-90°E when the
2D-TM index is used.

c¢. UNMI model description

Although previous models can capture the time-mean
NAO pattern (Vallis et al. 2004; Jin et al. 2006), they are
unable to represent the life cycle of an NAO event
with a time scale of 10-20 days (Feldstein 2003). Thus,
these models cannot be used to investigate the asym-
metry of the NAO between its two phases, especially its
persistence and zonal movement. This motivates us to
use the UNMI model (Luo et al. 2007a,b,c, 2015) to
describe the life cycle of an NAO event. The UNMI
model is an extension of the nonlinear multiscale

LUO ET AL.

1957

interaction (NMI) model of blocking events, proposed
in Luo (2000, 2005), Luo and Li (2000), and Luo et al.
(2014). This UNMI model provides a useful tool for
examining why the NAO exhibits a strong asymmetry
between its two phases during its evolution.

The UNMI model is based on the zonal-scale sepa-
ration assumption between the NAO anomaly with its
low zonal wavenumber and synoptic-scale eddies with
higher zonal wavenumbers (Luo 2000, 2005; Luo and Li
2000). Because the NAO pattern is approximately
equivalent barotropic in the troposphere (Feldstein
2003; Vallis et al. 2004; Jin et al. 2006), it is reasonable to
use the equivalent barotropic potential vorticity (PV)
model as used in Luo and Li (2000), Luo (2005), and Luo
et al. (2007a, 2015) to examine the problems mentioned
in introduction.

We decompose the nondimensional barotropic at-
mospheric streamfunction ¢ into three parts: prior
basic flow (y) = —ugy (up is the basic westerly wind
prior to the NAO onset and assumed to be a constant),
large-scale streamfunction anomaly ¢ with zonal wave-
number k, and synoptic-scale eddies ¢/ with zonal wave-
number k; (j = 1,2, 3,...) in the form of ¥ = (y) +
¢ + /. Here, ¢ is assumed to include two parts: mean
westerly wind change and NAO anomaly. When the
scale separation assumption k < IE,- (Luo 2000, 2005) is
made, the planetary- and synoptic-scale PV equa-
tions of the UNMI model derived from a nondimen-
sional barotropic PV equation are obtained as (Luo
and Li 2000; Luo et al. 2001, 2014; Luo 2005; Luo et al.
2007a,b,c, 2015)

d d d
(5 g ) 720 F) + J 720 + 3 + Fi) 5
- _V. (v/q/)P’ (13)
) d 240 / ("hp/
(5 g ) 720 = Py + 8+ Fu) B
= —JW, V) — I, V) + V&, (1b)

where the characteristic scale L = 10°km and wind
speed Uy = 10m s~ ! have been used in the derivation of
Eq. (1), F = (L/R,)* B = BoL*/Uy, By is the meridional
gradient of the Coriolis parameter at a given latitude
b0, and R; ~ L is the radius of Rossby deformation.
Note that terms involving F denote the divergence term
associated with barotropic motions when R, is finite
and is close to zero and represents a nondivergent flow
when R, — . The quantity V - (V'q')p = J( ', V*Y/)p
denotes the planetary-scale component of V - (v'q’)
induced by synoptic eddies, which has a zonal wave-
number close to that of the NAO anomaly, v/ = («/,v") =
(—ay//ay, ay//ox) is the horizontal wind vector of the
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synoptic-scale eddies with its relative vorticity ¢’ = V2,
and V*y¥ is the synoptic-scale vorticity source term
(i.e., a high-frequency wavemaker) and is designed to
maintain preexisting synoptic-scale eddies prior to the
NAO onset. The mathematical expression of &= §(x,
y, t) can be found in Luo (2005). Remaining notations
can be found in Luo et al. (2014, 2015). The merit of this
UNMI model is that it is able to describe under what
conditions NAO™ orNAO™ events can occur and why
these events show 10-20-day variability (Luo et al.
2007a). This model shows that the occurrence of an
NAO™ or NAO™ event depends crucially on if the PV
field of the initial NAO matches the spatial structure
of =V - (v'q')p, induced by preexisting synoptic-scale
eddies. When the preexisting planetary-scale di-
pole anomaly has a positive-over-negative pattern
and the preexisting structure of —V - (v/¢')p shows a
negative-over-positive dipole pattern, Eq. (1) can

at

where the overbar denotes a time average.

It is difficult to obtain an analytical solution of Eq. (2)
unless V- (v/q’) is given, because it is a time-mean
quantity. Also, this equation cannot tell us what is the
difference between the persistence and zonal movement
for the two phases of the NAO because s shows only a
time-mean structure. In this case, it is difficult to use Eq.
(2) to examine the asymmetry of the circulation, zonal
movement, and persistence for the NAO. It is also seen
that Eq. (2) reduces to the form used by Haines and
Marshall (1987) when J(/, V2/) = V - (Vi¢’) is assumed.
To obtain the solution of Eq. (2a),V - (v/¢’) can be pa-
rameterized as a known function as in Vallis et al. (2004)
and also as a function proportional to i as in Jin et al.
(2006). For these cases, the solution is time independent
and cannot be used to explore the daily evolution of the
NAO. However, using Eq. (1) in a UNMI model can
avoid this difficulty because V - (v¢')p is time de-
pendent. In the previous studies of Luo (2000, 2005) and
Luo et al. (2001, 2007a), the NMI model, or its extended
form (the UNMI model), obtained from Eq. (1), has
been used to examine the daily evolution of blocking
and NAO events by deriving an analytical solution
under the assumptions that the synoptic transient
eddy and blocking or NAO anomaly are zonally

JOURNAL OF THE ATMOSPHERIC SCIENCES

(5 g ) 0 F) + ST + B + Fi) 5 = - 7).

VOLUME 75

describe the life cycle of a blocking dipole orNAO™
pattern. This model is the so-called NMI model (Luo
2000, 2005; Luo and Li 2000; Luo et al. 2014). When we
include the NAO™ component in the NMI model, this
model becomes an extended form of the NMI model and
is referred to as the UNMI model (Luo et al
2007a, 2015).

In the models of Shutts (1983) and Haines and
Marshall (1987), the general method used to derive the
mean flow—eddy interaction is the time decomposition
with two different time scales. If one uses the time
decomposition in the form of rr = —ugy + & + ¥, where
1 is the same as above, i is a time-mean streamfunction
anomaly averaged over a duration longer than 7, and
¢/ is the streamfunction anomaly of the synoptic tran-
sient eddy with a short period of 7, then the PV equa-
tions of the NAO anomaly-transient eddy interaction
can be obtained as

v (2a)

i)
ax

<a + uO%) (VY — Fy/) + (B + Fu,) % +J(W VA

=V-(Vq) = I, V) = I, V) + Vi,

(2b)

separated and the synoptic-scale eddies are composed
of preexisting incident synoptic-scale eddies ¢/, and
deformed synoptic-scale eddies ¢, (Luo 2000, 2005;
Luo and Li 2000; Luo et al. 2014). In this UNMI
model, ] is prespecified in the form of a known
function independent of the NAO evolution, whereas
W, is not prespecified and corresponds to deformed
eddies induced by the NAO feedback, which depends
on the temporal evolution of the subsequent NAO
pattern. The analytical solution of the UNMI model
can be obtained by using the multiple-scale method
(Luo et al. 2007a,c, 2015), and the model solution
can be used to describe how the NAO pattern
changes with time if its initial condition is pre-
specified. This model provides an efficient tool for
examining why the NAO shows strong asymmetry
between its two phases. Below, we only briefly de-
scribe the analytical solution of the UNMI model and
use it to construct the dispersion, nonlinearity, and
zonal movement indices to represent the basic features
of the observed NAO.

Here, we consider a quasi-stationary planetary-scale
anomaly having a meridional dipole structure with both
meridional wavenumber m and zonal wavenumber k as
the NAO anomaly, and the preexisting synoptic-scale
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eddies ¢ are assumed to have a meridional monopole 5
structure and consist of two zonal wavenumbers k; and Uyao = B, /L— expli(kx — wt)]sin(my) +cc,  (3c)
k, corresponding to two different frequencies of @; and y
@,, respectively. In this case, the analytical solution of . 1
the total atmospheric streamfunction () of an NAO ¢, = ~|B| n; 4,8, €08 (n + 5) my, (3d)
event derived from Eq. (1) can be expressed as in Luo S, 3
et al. (2007a, 2015); that is, V=l (3¢)
/ / W = Fyo{expliCk,x — 1)
p=—uy g+ =g, + ¢, (3a) > i m 5
Yp=—uy tp=~—uy+ibyao t ¥, (3b) T aexplilkyx — @]} sin (5}/) tee, (3D
, m |2 2 T . . (3m . /m
o = 7 fnyO in Qjaj{expz[(kj +k)x — (wi +w)t]} X p;sin| ==y +r,;sin (?y)
+ 2 2B*i 1(E.— k)x — (@ — )]} X |s.sin (27 ) + hsin(Ty) | + 3
Z L_y foj:1 Q/.a].{exp l[( i )x (w]. w)t]} S]. sin Ty i51n(5y> cc, ( g)
OB oB &’B
i<— +C —> +A—— +8|B'B + Gf,” exp[—i(Akx + Awt)] =0, (3h)

ot 89x dx?

where Aw = @; — @ — 0, w = upk — [(B + Fuo)k]/(k2 +
m2 + P)],&)] = Ll()]gj - [(B + FM())]EJ]/(IEJZ + m2/4 + F), j: 1
and2, Ak =k — (ky — ki), |B]> = BB, C, = uo — (B + Fug)
(m*+ F— I)/(IZ + m* + FY*, k = 2ko, ko = 1/(6.371 coseyy),
A = [3(m* + F) — K*](B + Fug)/(m* + F + k?)?,
8 = dn/(B + Fup), Sy = kmy.._ qn,&[k* + m* —
m*(n +11)?)/(m* + F+ k%), G = a(L,/2)"*(ki + ky)*
(ky—k)/[4(m* + F + k)], m = *2a/L,, g, =
8/im[4 — (n +'1)|L,}, qn,= 4k°m/(L {1 — (m* + F — k%)
[F+ m*(n + »)*)/(m* + F + k»)?)),6 > 0,8y > 0, and cc
denotes the complex conjugate of its preceding term.

In Eq. (3), w is the frequency of the NAO pattern with
meridional wavenumber m, ¢ is the reference latitude,
L, is the width of the nondimensional beta plane chan-
nel, @y = 1 and ay = @ = =1, and fy(x) is the spatial
distribution of the amplitude of the preexisting synoptic-
scale eddies with two frequencies @; (j = 1, 2). The re-
maining details of the other coefficients and the notation
can be found in Luo and Li (2000), Luo (2005), and Luo
et al. (2007a,b, 2014). Moreover, ¢nao is the NAO
streamfunction anomaly, and ¢,, is the streamfunction
of the mean zonal wind change due to the presence of
the NAO anomaly, while the zonal wind prior to the
NAO onset is assumed to be a constant. Note that
B represents the complex amplitude of the NAO anom-
aly with its complex conjugate B", which varies in time
and in the zonal direction and is described by a forced
nonlinear Schrodinger (NLS) Eq. (3h). It is worth
pointing out that in Eq. (3h), C, is the group velocity, A

denotes the linear dispersion term, and & is positive for
uy > —B/F and is the nonlinearity coefficient as a mea-
sure of the nonlinearity strength.

When a < 0 and m < 0, the solution (3) describes the
life cycle of a blocking event (Luo 2000, 2005; Luo et al.
2014; Luo and Li 2000) or anNAO™ event (Luo et al.
2007a,b,c). Thus, the solution (3) with @« < 0 and m <
Orepresents a blocking or NAO™ flow and its interaction
with synoptic-scale eddies and is referred to as an NMI
model as noted above. But when a > 0 and m > 0, the
solution (3) represents the life cycle of an NAO™ event
(Luo et al. 2007a,b,c). In this case, Eq. (1) actually
represents a UNMI model when « and m are chosen as
positive and negative values in the solution (3).

One merit of this UNMI model is its ability to unify
blocking and NAO events into a single model. Another
advantage of the UNMI model is its ability to describe
the relationship between the phase of the NAO and down-
stream blocking. For this UNMI model, we can rewrite
Eq. (1a) as ag/ot + J(—ug + ¥, V3 + By) = =V - (v'q')p,
where V. = Vi+vVv,, ¢ = q\+q¢, ;= Vzl//;, and
v; =i(—ayi/dy) + j(9i/ox)(j = 1,2). Because J(—uo + i,
V2 + By) ~ 0 holds for blocking (Shutts 1983) and the
NAO (Luo et al. 2007b), one obtains dg/dt ~ —V - (V'q')p.
During the initial stage (¢ ~ 0) of the NAO, we have
v, =~ 0 and g}, =~ 0 because its amplitude is extremely small.
In this case, it is found that dg/ot =~ —V - (v q})p. Thus, it is
clear that the initial growth of the NAO is mainly de-
termined by the preexisting incident synoptic-scale eddies /|
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rather than by the deformed eddies ,. When —V - (v{g})p
induced by the preexisting incident synoptic-scale eddies ¢/,
matches the PV field of the incipient NAO anomaly with a
small nonzero initial amplitude, the preexisting incident
synoptic-scale eddies ¢ can amplify the incipient NAO
to excite an NAO with a realistic amplitude. This is the
so-called eddy-NAO matching mechanism proposed by
Luo et al. (2007a, 2015). This mechanism is different
from the eddy-straining mechanism of Shutts (1983) and
wave-breaking viewpoint of Benedict et al. (2004),
Franzke et al. (2004), and Woollings et al. (2008). This
result has been verified by using the conditional non-
linear optimal perturbation (CNOP) method of Mu and
Jiang (2008) and the recent numerical experiment of
Song (2016). On the other hand, we mention that the
synoptic-scale eddy variation tends to have the same
low-frequency time scale as that of the NAO because
the deformed eddies include the amplitude of the NAO.
This means that the time scales of the synoptic-scale eddies
and NAO anomaly cannot be separated, though their
spatial scales are separated. This also suggests that the time
decomposition used to derive Eq. (2) is likely problematic
once the synoptic-scale eddies and NAO anomaly interact
with each other. This is a main reason why we use the
UNMI model to examine the physical mechanism that
drives the symmetry breaking of the NAO in this study.

In this paper, we will use the reanalysis data to ex-
amine what causes the asymmetry of the NAO between
its two phases by defining indices motivated by the NAO
amplitude Eq. (3h). This will be done in the following
sections.

3. Analysis results on the symmetry breaking of
the NAO

Before examining the features of the symmetry breaking
of the NAO, it is useful to determine the number of NAO
events during 1979-2015. This calculation shows that for a
one standard deviation definition of the NOAA/CPC
NAO index, which is based on NCEP-NCAR reanalysis
data, there are 55NAO™ and 27NAO~ events in winter
during 1979-2015 and 94NAO™ and 67NAO~ events
during 1950-2015. It is also found that there are S2NAO™
and 33NAO™ events during 1979-2015 based on the
ERA-Interim data if the EOF1 of the daily 500-hPa geo-
potential height anomaly in the domain 90°W-40°E
and 20°-85°N is used to define the daily NAO index.
The calculation shows that 80% (78%) of the number of
NAO™ (NAO") events overlaps for the two reanalysis
datasets. In this paper, we use the NAO events selected
based on the NCEP-NCAR data during 1979-2015 to
examine the basic features of the NAO pattern between its
two phases, though the composite of the geopotential
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height anomaly is based on the ERA-Interim data. We
also show the composite daily 500-hPa geopotential height
anomalies in Fig. 1 for the two phases of the NAO event. It
is found that the NAO™ (Fig. 1b) has larger maximum
amplitude than the NAO™ (Fig. 1a). Here, we only con-
sider the zonal movement of the northern pole of the NAO
because the amplitude of the northern pole is much larger
than that of the southern pole. Such an approach has been
used in Wang and Magnusdottir (2012). Moreover, the
NAO™ (NAO™) is also seen to undergo clear westward
(eastward) movement as shown in Fig. 2 for its time—
longitude evolution when performing a meridional aver-
age of the daily 500-hPa geopotential height anomaly
between 50° and 80°N. This feature has been noted by
Luo et al. (2012), which is different from the result of
Baxter and Nigam (2013), who found a westward shift of
the NAO™ based on the EOF analysis by assuming
the two NAO phases were symmetric. In particular, the
westward movement of the NAO™ is slightly faster than
the eastward movement of the NAO™ (Fig. 2). This re-
flects the asymmetry of the NAO movement between its
two phases. It needs to be pointed out that the zonal
movement of the southern pole of the NAO is less evident
because its amplitude and associated zonal wind change
are smaller (not shown). In summary, the above results
reflect a strong asymmetry of the NAO pattern in ampli-
tude and longitudinal movement between its two phases.

As further seen in Fig. 1, the occurrence of the NAO™
(NAO") dipole originates from the growing of an east-
ward (westward)-moving cyclonic (anticyclonic) circula-
tion centered over Greenland (Northern Europe) (see
Fig. 1 for lag —8 days). An interesting result we find
here is that for the NAO™, the wave train structure from
the North Atlantic to the Barents—Kara Seas tends to be
more evident after its peak (Fig. 1a from lag O to 4 days)
rather than before. Especially after lag 4 days, the NAO™
rapidly decays. In contrast, a wave train structure
for the NAO™ is hardly seen during its life cycle.
This suggests that the NAO™ more easily disperses its
energy in a downstream direction than does the NAO ™.
Figures 3a,b show the time series of the composite daily
NAO index for NAO'" and NAO~ events during
1979-2015 (Fig. 3a) and 1950-2015 (Fig. 3b). Here, the
duration of the NAO is defined based on the e-folding
time scale of the daily NAO index, which is the days when
the amplitude of the NAO index exceeds the NAO index
value divided by e. It can be seen for 1979-2015 that
NAO™ events are more persistent than NAO™ events
(Fig. 3a) as the mean duration of the NAO™ and NAO™
events are 10 and 13 days, respectively. Furthermore,
the difference between the mean duration (i.e., 3 days)
is statistically significant at the 95% confidence level
for a Monte Carlo test with 5000 simulations. During
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FIG. 1. Instantaneous fields of composite daily 500-hPa geopotential height anom-
alies (CI = 20 gpm) for (a) NAO™ and (b) NAO™ events during 1979-2015 from lags
—8to +8 days; lag 0 denotes the peak day of the NAO anomaly for its two phases. The
gray shading denotes the region above the 95% confidence level for the two-sided
Student’s ¢ test.
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FIG. 2. Time-longitude evolution of latitude-averaged composite daily 500-hPa geopotential height anomalies
(gpm) over 50°-80°N during the NAO life cycle for (a) NAO™ and (b) NAO™ events during 1979-2015. Lag
0 denotes the peak day of the NAO. The dotted regions are significant above the 95% confidence level for the
two-sided Student’s ¢ test, and the arrow represents the movement direction of the NAO anomaly.

1950-2015,NAO™* (NAO™) events have a mean duration
of 9 (11) days, and the mean duration difference between
the NAO™' and NAO™ is statistically significant at the
90% confidence level (Fig. 3b), again based on a Monte
Carlo test. Moreover, the NAO™ has larger amplitude
(blue line in Figs. 3a,b) than the NAO™ (red lines in
Figs. 3a,b). The amplitude difference between the two
phases of the NAO is statistically significant at the 95%
confidence level for a Monte Carlo test. This indicates
that the NAO shows a strong asymmetry between its two
phases in duration and amplitude. Moreover, we also
tested the sensitivity of the results to the selection criteria
of the NAO events. For example, during 1950-2015, there
are 45 NAO™ and 41 NAO™ events, when an NAO*
(NAO") event is defined to take place if the daily NAO
index exceeds the threshold of the upper 95th (lower Sth)
quantile (Palmer and Réisdnen 2002; Yiou and Nogaj
2004) for at least three consecutive days. When using
NAO events based on the percentile approach, the dif-
ference between the durations of the NAO™ and NAO ™~
(10 and 12 days, respectively) is statistically significant at
the 90% confidence level for a Monte Carlo test (not
shown). Below, we will indicate that the NAO asymmetry
is likely attributed to a large difference in the dispersion
and nonlinearity between the NAO™* and NAO ™ because
of North Atlantic westerly wind changes.

To further see the change in dispersion during the
evolution of the NAO, we show the time-mean com-
posite of the daily 500-hPa geopotential height anoma-
lies averaged from lag —5 to 0 days (growth) and from
lag 0 to 5 days (decay) in Fig. 4 for NAO™ and NAO™

events during 1950-2015 (lag 0 denotes the peak of the
NAO). For both phases of the NAO, it is seen that
the wave train structure is more pronounced during the
decay phase (Figs. 4b and 4d) than during the growth
phase (Figs. 4a and 4c¢). In fact, whether the NAO shows
strong dispersion is mainly determined by the relative
strength between the northern anomaly of NAO dipole
and the closest anomaly downstream of the NAO re-
gion. To quantify this dispersion change, here we define
D;= (H4 — Hp)/H 4 as a daily energy dispersion index
for the NAO, where H,4 denotes the absolute value of
the domain-mean daily 500-hPa geopotential height
anomaly averaged over an area of 4° latitude X 4° lon-
gitude around the anticyclonic (cyclonic) center of the
NAO™ (NAO")in the North Atlantic (i.e., the northern
anomaly of the NAO dipole). But in the expression for
Dy, Hp is defined as the domain-mean daily geopotential
height anomaly averaged over an area of 4° latitude X
4° longitude around the cyclonic (anticyclonic) center in
the downstream side (Eurasia) of the North Atlantic for
the NAO™ (NAO™). How the D, index is constructed is
described in the appendix for the NAO™. This index
reflects the change in magnitude of the geopotential height
anomaly from the upstream NAO region to farther
downstream and the energy dispersion of the NAO. The
NAO is understood to be weakly dispersive if Dy is
strongly positive. In contrast, the NAO is strongly disper-
sive if D, is weakly positive or strongly negative. In this
case, it is straightforward to use the value of D; to judge
whether the NAO exhibits strong dispersion. While D; is
almost the same for both the NAO™ and NAO™ before
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FIG. 3. (a),(b) Composites of daily NAO indices for NAO™ (red solid line) and NAO™ (blue solid line) events
during (a) 1979-2015 and (b) 1950-2015, where the dashed line represents the e-folding line of the NAO ™ index and
the blue dots denote the lag when the difference of the NAO amplitude between the two phases of the NAO is statistically
significant at the 95% confidence level for a Monte Carlo test with a 5000-times simulation. (c),(d) The time-mean daily
composite 500-hPa geopotential height anomalies (CI = 20 gpm) averaged from lag —5 to 5 days for (c) NAO* and
(d) NAO™ events during 1979-2015. Lag 0 denotes the day of the NAO peak for its two phases. The black dashed lines in
(a),(b) represent the e-folding value of the NAO™ index, and the black solid line denotes the zero line. In (c) and (d), the
gray shading denotes the region above the 95% confidence level for the two-sided Student’s ¢ test.

lag +2 days (Fig. 4e), it becomes strongly negative for the
NAO™ after lag +2 day. Thus, the downstream energy
dispersion is more pronounced for the NAO™ than for the
NAO™ during the NAO decaying phase. This difference
can be further explained in terms of the indices defined
below. We also tested the sensitivity of D; to the size of the
average area for H,4 and Hp,. It is found that the obtained
results are held for other choices (not shown). It should be
pointed out that there is a limitation that the D, index fails
to capture the movement of wave trains related to the
NAO, though it can describe the energy dispersion of
the NAO.

An indicator characterizing the dispersion of the
NAO is to look at changes in the downstream blocking
frequency before and after the NAO peak day. This is
particularly apparent for the NAO™ (Luo et al. 2007a).
We calculate the time-mean blocking frequency (days)
distributions before and after the peak day of the NAO
and their difference by using the 2D-TM index and show
the results in Fig. 5 for the NAO™* and NAO ™. Here, the
time before (after) the NAO peak day is defined as a

time interval from the beginning day of the NAO event
to its peak day (the peak day of the NAO to its disap-
pearance day).

It is found for the NAO™ that blocking days are more
frequent over Eurasia after than before the NAO™ peak
day (Figs. 5a and 5b). This can be clearly seen from their
difference (Fig. 5c). This suggests that Eurasian blocking
arises mainly from intensified downstream energy dis-
persion of the NAO™ during its decay phase. In contrast,
for the NAO™, blocking days are less frequent over
Eurasia after the NAO™ peak day (Fig. 5d) than before
(Fig. Se), probably because a large-scale trough occurs
over Eurasia or the blocking itself shifts westward. The
above results also suggest that the NAO™ and NAO~
exhibit a strong asymmetry in their downstream circu-
lation structures (Luo et al. 2007a), although there is a
strong anticorrelation between blocking occurrence and
the phase of the NAO (Croci-Maspoli et al. 2007). Be-
low, we will further examine what causes the circulation
asymmetry by exploring what factor influences the dis-
persion strength of the NAO.
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FIG. 4. Time-mean fields of composite daily 500-hPa geopotential height anomalies (CI = 20 gpm) averaged from
(a),(c) lag —5 to 0 days and (b),(d) lag 0 to 5 days for (a),(b) NAO™ and (c),(d) NAO™ events. (¢) Time series of the
dispersion index during the NAO life cycle for NAO™ (red) and NAO™ (blue) events during 1979-2015. Lag
0 denotes the day of the NAO peak. In (a)-(d), the gray shading denotes the regions above the 95% confidence level
for the two-sided Student’s ¢ test with a 5000-times simulation. In (e), the error bars indicate the upper 90th quartile
and lower 10th quartile distribution
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FIG. 5. Time-mean composite daily blocking frequency (contour interval = 0.3 days) (a) after (from lag 0 to disappearance day) and
(b) before (beginning day to lag 0) the NAO™ peak day and (c) the (a) — (b) difference; (d) after and (e) before the NAO™ peak day and
(f) the (d) — (e) difference. The red (blue) shading denotes a positive (negative) blocking frequency anomaly. The gray shading in
(c),(f) denotes the region above the 90% confidence level for a Monte Carlo test with a 5000-times simulation.

Another indicator of the NAO™ dispersion is a large
change in the longitudinal position of the Eurasian
blocking from Europe to the Ural Mountains. Here, we
define blocking events occurring in the domains 0°~40°E
and 40°-80°E as the European blocking (EB) and Ural
blocking (UB) events, respectively. The number of EB
and UB events is calculated by using the 1D-TM index.
It is found that there are 70 EB and 43 UB events in
winter during 1979-2015. We further define an NAO™-EB
(NAO™-UB) event to have taken place if the peak of the
EB (UB) event occurs over the life cycle of the NAO™
event. For a 1.0-STD definition of an NAO™ event, there
are 33NAO™-EB and 18NAO'-UB events during
1979-2015. We also find that blocking events related to
the NAO™ are infrequent (not shown). Here, we show
the time mean of the composite daily 500-hPa geo-
potential height anomalies averaged from lag —5 to
0andlag0to 5 days for NAO™-EB or NAO"-UB events
in Figs. 6a—d (where lag 0 denotes the NAO™ peak day),
as well as the time variation of the dispersion index D, in
Fig. 6e for NAO"-EB and NAO"-UB events.

It is found that the blocking intensity is distinctly dif-
ferent between the UB (Figs. 6¢,d) and EB (Figs. 6a,b),
which reflects a large difference in the dispersion strength
of the NAO™ between both cases. This result is not sen-
sitive to the sample size of the NAO events (not shown).
As further seen from Fig. 6e, the energy dispersion of the
NAO™ is stronger for the UB than for the EB. This is
likely related to the stronger North Atlantic westerly
wind for the NAO™-UB than that for the NAO™-EB

(Fig. 6f). Thus, it is inferred that the stronger North
Atlantic westerly wind is easily followed by the excitation
of the UB, whereas the EB requires a relatively weak
North Atlantic westerly wind (red line in Fig. 6f). Thus, it
is speculated that the strength of the North Atlantic
westerly winds may also affect the dispersion of the
NAO™. This will be further quantified in the next section.

As shown in Luo et al. (2007c), the North Atlantic
westerly jet is distinctly different between the NAO ™
and NAO™. In this case, it is natural to hypothesize
that the strong asymmetry of the NAO is likely related
to the large difference of the North Atlantic westerly
winds between the NAO™* and NAO ™. To examine
this problem, we show the time-latitude evolution of
the composite daily zonal wind averaged over the
region 50°W-0° for NAO™ and NAO~ events in Fig. 7.
It is seen that the meridional position of the jet core of
the North Atlantic jet is distinctly different between
the NAO™ and NAO™, which varies with the strength
of the NAO (Figs. 7a,b) (Luo et al. 2007c; Strong and
Davis 2008; Woollings et al. 2014). Especially, the jet
core is located more northward for the NAO™ than
for the NAO™ prior to the NAO onset (before
lag —10 days) as the time-mean jet core from lag —20
to —10 days is located at 50°N (46°N) for the NAO™
(NAO™). This difference is also evident in Fig. 7c.
As mentioned by Luo et al. (2008b), the north-
ward (southward) position of the preexisting North
Atlantic jet may be considered as a precondition of
the NAO™ (NAO™) events. In fact, the meridional
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FIG. 6. Time-mean fields of composite daily 500-hPa geopotential height anomalies (CI = 20 gpm) averaged from
(a),(c) lag —5 to 0 days and (b),(d) lag 0 to 5 days for (a),(b) NAO™-EB and (c),(d) NAO™*-UB events.(e) Time
series of the daily dispersion index during the NAO life cycle for NAO™-EB (red) and NAO™-UB (blue) events,
where lag 0 denotes the peak day of the blocking; (f) latitudinal profiles of time-mean composite daily westerly
winds from lag —5 to +5 days and averaged over 50°W-0° for NAO™-EB (red) and NAO*-UB events, where lag
0 denotes the NAO™ peak. The gray shading denotes the region above the 95% confidence level for the two-sided
Student’s r test in (a)—-(d) but for a Monte Carlo test with a 5000-times simulation in (f). In (e), the error bars indicate

the upper 90th quartile and lower 10th quartile distribution.

position of the preexisting North Atlantic jet is more
likely dominated by the sea surface temperature (SST) in
the Gulf Stream (O’Reilly et al. 2017) rather than by the
synoptic-scale eddy forcing before the NAO onset be-
cause the eddy forcing is extremely weak before
lag —10 days (Barnes and Hartmann 2010).

As the NAO grows, the North Atlantic jet is further
intensified (weakened) for the NAO™ (NAO™), and its
jet core undergoes a northward (southward) shift from
its mean position (Fig. 7d). We can see in Fig. 7d that

during the NAO mature phase (from lag —5 to 5 days),
the time-mean jet core shifts to 52° (36°)N from its initial
position at 50° (46°)N for the NAO™ (NAO"). It is in-
teresting to find that the NAO~ (NAO™) corresponds
to a large (small) southward (northward) shift of the
North Atlantic jet core. The NAO alone cannot satis-
factorily explain the variability in speed and latitude of
the North Atlantic jet (Woollings et al. 2010), probably
because the North Atlantic jet describes a more complex
spatial pattern of the large-scale circulation than that of
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50°W-0° for NAO™* and NAO™ events during 1979-2015, respectively, in which the solid line represents the
time-mean value from lag —20 to —10 days. (c),(d) The variation of time-mean zonal-averaged zonal winds
(c) from lag —20 to —0 days and (d) from lag —5 to +5 days with the latitude for NAO™ (red line) and NAO~
(blue line) events, where the solid line represents the mean position of the North Atlantic jet for its two
phases. The red (blue) dashed line represents the maximum position of the composite North Atlantic jet for
the NAO™ (NAO™) events. In (c) and (d), the gray shading denotes the 95% confidence level for a Monte

Carlo test with a 5000-times simulation.

the NAO alone, and it is modulated by the North
Atlantic SST (O’Reilly et al. 2017). But the phase of
the NAO pattern can in large part explain the variabil-
ity of the North Atlantic jet on a 10-20-day time scale
(Luo et al. 2007c). Moreover, it is seen that the maxi-
mum strength of the time-mean North Atlantic westerly

wind changes from 15.8 (17.2)ms ' during the prior
phase (from lag —20 to —10 days) of the NAO to 24.2
(21.0)ms™" during its mature phase for the NAO™"
(NAO") as the NAO intensifies. Thus, the strength and
position of the North Atlantic westerly wind show a strong
asymmetry between the NAO™ and NAO™. Below, we
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will indicate that the asymmetry of the North Atlantic
westerly jet is the main cause of the symmetry breaking of
the NAO between its two phases.

4. Asymmetries of the dispersion and nonlinearity
of the NAO and the basic physics of symmetry
breaking

a. Definitions of dispersion and nonlinearity indices

Although some studies attempted to explain the asym-
metry of the NAO persistence (Barnes and Hartmann
2010), no complete theory was proposed to account for
the asymmetries of the NAO in zonal movement, am-
plitude, persistence, and flow pattern. Motivated by the
UNMI model, here we present new indices to account
for why the NAO shows strong asymmetry in amplitude,
persistence, and zonal movement between its two
phases. The definition of these indices is based on the
evolution equation of the NAO amplitude described
by Eq. (3h). Here, we do not present the theoretical
result of the UNMI model because it has been pre-
viously used to examine the dynamics of blocking and
NAO events (Luo 2000, 2005; Luo et al. 2007a,b,c,
2014, 2015). Instead, we only examine the physical
cause of the NAO asymmetry from a reanalysis data
perspective.

However, it must be pointed out that the derivation of
Eq. (3h) for the NAO amplitude is based on an impor-
tant assumption that the mean zonal wind is fixed as a
constant. In fact, the mean zonal wind changes in time
and space and are coupled together with the NAO
anomaly once the NAO occurs (Luo et al. 2007¢). In this
case, C,, A, B + Fuy, and 6 in Eq. (3h) change in space
and time, and their corresponding mean zonal wind
should be replaced by the local zonal wind (as defined
below) because Cg, A, B + Fuy, and & change with the
strength and spatial distribution of the local zonal wind.

The solution (3d) shows that the mean zonal wind will
change once an NAO occurs. For this case, the mean
westerly wind is uy; = ug — d,,,/dy, which is proportional
to the NAO amplitude squared | B For this case, the local
zonal wind of the NAO system can be written as u = uy, +
UNAO, Where unao = —dPnao/dy is the geostrophic zonal
wind of the NAO and is proportional to the NAO ampli-
tude B in Eq. (3d). It is clear that we are also able to
consider the effect of the zonal wind change on the NAO
pattern if uo in Cg, A, B + Fuo, and 6 in Eq. (3h) is replaced
by the local zonal wind u. Moreover, 8 in all the mathe-
matical expressions should be replaced by 8° = 0,=B+gqy
in our real calculation, where Q = By + ¢ and g = V%) are
the absolute and relative vorticity, respectively, and the
subscript y denotes the meridional gradient. This allows us
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to examine how changes in the dispersion and non-
linearity related to the zonal wind change affect the
evolution of the NAO and its asymmetry.

We define the difference between the group velocity
and phase speed C,, = C, — C, as a dispersion index,
which measures the linear energy dispersion of the NAO
system, where C, = w/k is the phase speed. The NAO
system is nondispersive if Cg, ~ 0. But it becomes dis-
persive if Cg, # 0. As noted below, Cgp, C,, and A have
consistent variations. Thus, our emphasis below is placed
on the variation of Cgp, though the results of Cg and A are
also given. In particular, when C,, and A are larger and
when & is smaller in Eq. (3h), the NAO tends to be a
linear process because there is i(9B/dt + C,0B/dx) + A
B/9*x ~ 0 in the absence of forcing. In contrast, the NAO
pattern tends to be a strongly nonlinear process. This
strongly nonlinear process implies that a large-amplitude
and long-lived NAO easily forms because of the vanish-
ing of strong energy dispersion.

In terms of the asymptotic solution to Eq. (3h), the nonlinear
phase speed Cyp of the NAO anomaly can be approxi-
mately obtained as Cp = u— (B + Fu)(;i* +n+ F)—
SM3/(2k) (Luo 2000; Luo et al. 2011), where u is the local
zonal wind, B has been replaced by the local 8” as defined
above, and M = |B|max denotes the maximum amplitude
per day. The value of Cnp reflects the zonal movement of
the NAO anomaly per latitude. When Cnp > 0 (Cnp < 0),
the NAO shifts eastward (westward).

We also define V = & |B|* in Eq. (3h) to describe the
strength of the nonlinearity even though 8 measures
the nonlinearity in Eq. (3h). In fact, V = & | B|* reflects
the combination of the nonlinearity 6 and the amplitude
effect of the NAO because the large amplitude often
corresponds to strongly nonlinear behavior. In this
case, Eq. (3h) can be rewritten in the form of i(dB/dt +
C,dBlox) + Xo’B/o’x + V(B)B +Gf?exp[—i(Akx +
Awt)] = 0. Here, we refer to V = §|B|* as the non-
linearity index of the NAO anomaly. It should be
mentioned that V = &|B]> depends not only on
the magnitude of the nonlinear coefficient 6 but also on
the amplitude |B| of the NAO anomaly. When V =
8|B|* is larger, Eq. (3h) becomes a strongly nonlinear
equation. But when V = §|B|? is smaller, Eq. (3h) tends
to be a linear equation with a forcing term. To some
extent, the magnitudes of Cy, and V = 8|B|? reflect
linear and nonlinear behavior of the NAO pattern.
This will be quantified in the following subsections. In
our calculation below, we choose the parameters L = 5
(5000 km in a dimensional form) and ¢ = 55°N. Here,
we further define M, as the maximum amplitude of
the NAO height anomaly yya 0 per latitude. For this
case, the maximum amplitude M, of the NAO
anomaly should be M, divided by 2(2/L,)"? in that
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FIG. 8. The distributions of time-mean nondimensional (a) C,, (b) Cyp, (¢) A, (d) 8, (¢) V, and (f) Cnp averaged over the region 50°W—0° from
lag —20 to —10 days with the latitude for the NAO™ (red) and NAO~ (blue) events during 1979-2015. The gray shading denotes the 95%
confidence level for a Monte Carlo test with a 5000-times simulation.

UNaO = ZRe{B(Z/Ly)l/ 2 expli(kx — wt)]sin(my)} where —amplitude and longer persistence is likely due to a weaker
Re denotes the real part. prior North Atlantic westerly wind in high latitudes
(Fig. 7c). However, the difference of C,, Cops A, 8, V, and
Cnp becomes more significant once the NAO™ (NAO™)
occurs and strengthens, because the North Atlantic west-
erly wind is further weakened (intensified) (Fig. 7d). This
Before examining the above problem, we first show the  problem will be further quantified below.
time mean of the composite daily C,, Cgp, A, 8, V, and Cnp To establish a physical link between the asymmetries
averaged over the region 50°W-0° and over the time in- of the dispersion and nonlinearity of the NAO and
terval from lag —20 to —10 days (prior to the NAO onset)  westerly wind changes, we show the time-latitude vari-
in Fig. 8. The values of these variables may be considered ation of the composite daily Cg, Cyp, A, 8, V, and Cnp
as the background condition of the NAO onset. It is seen  averaged over the region (50°W-0°) during the NAO life
that C,, C,p,, and A (6 and V) prior to the NAO onset are  cycle in Figs. 9 and 10 for the NAO"' and NAO™,
smaller (larger) for the NAO ™ than for the NAO™ (Fig.8).  respectively. It is seen that while C,, Cgp, and A increase
Thus, it is concluded that an NAO™ anomaly with a larger  in the mid- to high-latitude region (Figs. 9a—c) because of

b. Dispersion and nonlinearity changes during the
NAO life cycle and their link to the asymmetry
of the NAO pattern
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FIG. 9. Latitude-time evolution of composite daily nondimensional (a) C,, (b) Cgp, (c) A, (d) 8, (e) V, and (f) Cyp averaged over the region
50°W-0° for the NAO™ events during 1979-2015.

the strengthening and northward shifting of the North
Atlantic jet during the NAO™ life cycle (Fig. 7a), both
6 and V decrease (Figs. 9d,e). This situation corresponds to
enhanced downstream energy dispersion and a reduced
nonlinearity of the NAO™, thus suggesting that the NAO™
tends to be a linear process. On the other hand, we see
that Cnp is also significantly increased (Fig. 9f) as
the North Atlantic westerly wind is intensified for the
NAO™ (Fig. 7a). This implies that the NAO™ shows a
pronounced eastward displacement during its life cycle.
These results may explain why the observed NAO™ has less
persistence, a smaller amplitude, and eastward movement.

As we find from Fig. 10, Cg, Cyp, A, and Cnp decrease
with the growth of the NAO™ in the mid- to high-latitude
region (Figs. 10a—c and Fig. 10f), while 8 and V increase
(Figs. 10d,e). These parameters show opposite variation
to those of the NAO™. Thus, the growth of the NAO™~
essentially corresponds to a weakened energy dispersion
and enhanced nonlinearity because the North Atlantic jet
is weakened and shifted southward (Figs. 7b and 7d). This
allows a large-amplitude and long-lived NAO™ to easily

form (Fig. 3), thus indicating that the NAO™ tends to be a
strongly nonlinear process. Moreover, the NAO™ is seen
to undergo a pronounced westward movement because
Cnp is largely negative during its life cycle.

To see whether the changes in Cg, Cyp,, A, 8, V, and Cnp
between the NAO~ and NAO™ are significant, it is useful
to show the meridional distribution of the time-mean
Cq, Cgp, A, 8, V, and Cyp averaged over 50°W-0° and
from lag —5 to 5 days (mature period) for the NAO™
and NAO™ (Fig. 11). It is interesting to see that the
differences of these parameters between the NAO™
(blue line in Fig. 11) and NAO™ (red line in Fig. 11) are
statistically significant at the 95% confidence level for a
Monte Carlo simulation. In other words, the symmetry
breaking or asymmetry of the NAO between its two
phases is closely related to their significant changes in
the dispersion and nonlinearity of the NAO between
its two phases because of large changes in the North
Atlantic westerly winds. Thus, it is concluded that the
symmetry breaking of the NAO is a natural outcome of
the NAO occurrence.
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FIG. 10. As in Fig. 9, but for NAO™ events during 1979-2015.

To isolate the different influences of the 8 variation
and large-scale wind on the NAO, we also consider
two cases: 1) B is varied with the latitude, and the
zonal wind is a constant and 2) B is a constant, and
the local zonal wind is changed. Here, we first examine
the dependence of C,;, and 6 on latitude by assuming
that the zonal wind is a constant and 8 changes with
latitude. It can be shown that & is larger in higher
latitudes than in lower latitudes, while Cyp, is smaller in
higher latitudes for the NAO~ than for the NAO™
(not shown). This indicates that the NAO™ more
likely becomes weakly dispersive or even non-
dispersive in higher latitudes than the NAO™. To
some extent, this can explain why the northern node of
the NAO™ has larger amplitude and longer persis-
tence. Moreover, we find that even for a constant S,
8 is strong (weak), and C,, is small (large) because of
the weakened (intensified) large-scale zonal wind re-
lated to the NAO~ (NAO™) (not shown). Thus, we
infer that the NAO~ (NAO™) becomes a nonlinear
(linear) system because of the latitude effect and the
large-scale wind changes within the NAO itself.

To help understand whether the dependence of NAO
dispersion on the amplitude of the NAO is distinctly
different between its two phases, it is useful to first define
the nondimensional amplitude of the NAO anomaly in
the form of A,, = agrZ,,, where ag= g/(fUyL) ~ 1/100
forg ~ 9.8ms 2, f~10"*s"! L = 10°m, R; = 10°m,
U, = 10ms™ ', and Z,, is the maximum value at the cy-
clonic (anticyclonic) center for the NAO" (NAO)
events. We show the scatterplot of the time-mean (from
lag —5 to 5 days) nondimensional NAO amplitude
against the time-mean, domain-averaged C,,, and zonal
wind u (Fig. 12) for the two phases of the NAO, where the
robust-fit function has been used to obtain the linear best-
fit line. It can be seen that the dispersion strengthens as
the amplitude of the NAO™ increases (Fig. 12a), because
the large-amplitude NAO™ corresponds to a strong zonal
wind (Fig. 12¢). This indicates that the larger the NAO™
amplitude, the stronger its energy dispersion. In contrast,
the dispersion of the NAO™ is weakened as its amplitude
is increased (Fig. 12b) because the zonal wind decreases
with the increase of the NAO™ amplitude (Fig. 12d).
Consequently, it is concluded from the above results that a
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F1G. 11. As in Fig. 8, but for lag —5 to 5 days (mature period).

large-amplitude NAO~ (NAO™) tends to be strongly
nonlinear (linear) process. We further calculate the
case of F = 0 for R; — . It is found that the above
results also hold for such a parameter choice (not
shown). The above results also explain why the ob-
served NAO shows strong asymmetry or symmetry
breaking between its two phases.

5. Conclusions and discussion

In this paper, observational evidence is presented to
indicate that there is strong asymmetry of the NAO
between its two phases in the amplitude, persistence,
and zonal movement. Our study here has revealed that
the NAO™ has a large amplitude, westward movement,
and longer persistence. The opposite feature is seen for
the NAO™. By defining and calculating an energy

dispersion index, we find that the NAO™ shows more
intense downstream energy dispersion than the NAO™
especially during the NAO decay phase. It is also seen
that blocking days occur more frequently over the North
Atlantic (Eurasia) after the NAO™ (NAO™) peaks, thus
suggesting that North Atlantic blocking occurs because
of the retrogression of the NAO™, whereas Eurasian
blocking occurs because of enhanced downstream en-
ergy dispersion of the NAO™.

Motivated by the UNMI model (Luo et al. 2007a,b,
2014, 2015), we have defined dispersion, nonlinear, and
zonal movement indices to describe the basic charac-
teristics of the NAO. It is found that the strong asym-
metry or symmetry breaking of the NAO is closely
related to a large change in the North Atlantic westerly
wind between its two phases. In this highly idealized
model, because there is § « 1/(8 + Fuy) (F > 0 and
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B + Fugy # 0) in the nonlinearity coefficient é for a uni-
form basic flow as seen in the expression for 6 in
Eq. (3h), the nonlinearity strength of the varying NAO
flow should be & = 1/(Q,, + Fu) if Q, + Fu # 0. On the
other hand, because there is Cyp = C; — C,, = 2Kk%(B +
Fuo)l(kK* + m* + F)* < B + Fu, for a uniform basic flow,
the energy dispersion of the NAO system is positively
proportional to Q,, + Fu for a slowly varying flow.

Under conditions without topography and diabatic
heating, the nondimensional barotropic PV is PV =
By + V2 — Fy. Thus, we obtain the meridional gradient
of the PV asPV, = B8 + ¢, — Fu = Q, + Fu (PV, =
dPV/dy). The PV gradient is weak when both u and Q,,
are small. In this case, we have Cg, « PV, and 6 = 1/PV,,
Naturally, the energy dispersion (nonlinearity) of the
slowly varying NAO or blocking is proportional toPV,
(1/PV,, for PV, # 0). Thus, it is concluded that in the
presence of a weak PV gradient, the NAO may be a
strongly nonlinear and weakly dispersive system. In
contrast, the NAO system can disperse more energy and
have a weak nonlinearity when its PV gradient is large. For
this case, the NAO system tends to be a linear process. This
case is readily seen for the NAO™. For the NAO™ or
blocking flow, the PV gradient tends to be small or even
reversed because of both O, and u being small. Thus, it is
inevitable that the NAO™ or blocking flow attains larger
amplitude and is long lived because of its weak energy dis-
persion and strong nonlinearity. This case is also detected
under winter Arctic warming conditions because of the
small meridional PV gradient associated with the reduced
meridional temperature gradient and westerly wind. Fur-
ther study of this problem will be reported in another paper.

In previous studies (Benedict et al. 2004; Franzke et al.
2004), the NAO™ was shown to correspond to cyclonic
wave breaking (CWB), and NAO™ was shown to corre-
spond to anticyclonic wave breaking (AWB). The CWB
(AWB) is seen to have a reduced (enhanced) PV, (Luo et
al. 2008a). As a result, the energy dispersion (nonlinearity)
of the NAO™ is weakened (intensified) because of its
CWRB. For this case, the NAO™ does not easily disperse its
energy when CWB takes place. Instead, its long life can be
maintained because of its enhanced nonlinearity and re-
duced energy dispersion. The opposite case is seen for the
NAO™ in the presence of AWB. These results suggest that
the reduced energy dispersion and intensified nonlinearity
of the NAO™ are linked to CWB through the reduced
PV gradient, whereas the intensified energy dispersion
and weakened nonlinearity of the NAO™ are linked
to AWB through the enhanced PV gradient. Thus, the
CWB and AWB are more likely to lead to the asym-
metry of the NAO between both phases in persistence
and amplitude, rather than the generation origins of the
NAO™ and NAO™.
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The North Atlantic westerly wind is intensified (weak-
ened) and shifted northward (southward) to enhance (re-
duce) the meridional PV gradientPV, as the NAO"
(NAO") strengthens. The reduced meridional PV gradient
corresponds to weakened energy dispersion and an in-
tensified nonlinearity of the NAO™ that favor large-
amplitude and long-lived NAO™ events by suppressing its
energy dispersion. The westward movement of the NAO ™ is
also seen to be related to the reduced North Atlantic west-
erly wind. The opposite features are seen for the NAO™.
Because the NAO™ has much stronger downstream energy
dispersion than the NAO™, it tends to be a linear process.
Naturally, we conclude that the large difference of the North
Atlantic westerly wind strength between the positive and
negative NAO phases is likely the main cause of the sym-
metry breaking of the NAO. It is further found that the
nonlinear phase speed Cnp of the NAO™ (NAO™ ) is largely
negative (positive) in mid- to high latitudes because of the
weakened (intensified) North Atlantic westerly wind, thus
explaining why the NAO~ (NAO™) undergoes a marked
westward (eastward) movement. In short, the NAO™
(NAO") tends to be a linear (nonlinear) process during its
life cycle, and their zonal wind difference leads to a strong
asymmetry of the NAO between its two phases.

Moreover, because the change in the North Atlantic
westerly wind is closely related to the NAO itself, one can
infer that the symmetry breaking of the NAO between its
two phases is a natural outcome of the NAO evolution. The
above results are based on reanalysis data. However, it
must be pointed out that the results obtained here are based
on a highly idealized model that excludes the effects of
baroclinicity and stratification. Whether these conclusions
are held in complex models deserves further investigation
even though barotropic processes are dominant for the
NAO. This problem will be further examined in the future.
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APPENDIX

Dynamical Meaning of the Energy Dispersion Index

In this appendix, we describe the dynamical basis of the
energy dispersion index D; = (H4 — Hp)/H,4 in Fig. 4.
This index is defined based on the relative magnitudes of
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FIG. Al. Schematic diagram of the construction of the energy dispersion index D; =
(Ha4 — Hp)/H 4 of the NAO™ pattern for (a) weak and (b) strong dispersion cases, where
H, denotes the absolute value of the anticyclonic anomaly averaged over an area of
4° latitude X 4°longitude around its maximum center of the northern pole (red circle) of
the NAO™ in the North Atlantic (red box) and Hp denotes the absolute value of the
corresponding domain-averaged height anomaly (blue dashed circle) in the downstream
side (Eurasia) (blue box) of the North Atlantic.

the anticyclonic height anomaly (the absolute value
of H,) averaged over a domain with 4° latitude X
4° longitude centered on the northern center of the
NAO™ pattern in the North Atlantic and the same size
domain-averaged cyclonic height anomaly (the absolute
value Hp) over its downstream side (Eurasia) if the
NAO™ has a wave train structure as shown in Fig. Ala,
similar to the composite result (Fig. 1b).

Below, we will demonstrate that it is reasonable to
define D; as an index describing whether the NAO™ has
strong energy dispersion. For the case without forcing,

Eq. (3h) has a solution (Luo 2000):
.0
exp (z EB%I) ,

@Bo(x - Cgt)
(A1)

B=B, sech

where By is the constant amplitude at (x, ) = (0, 0)
From Eq. (3c), the streamfunction anomaly of the
NAO can be obtained as

/2 /8
Yno = By L—sech ﬁBO(x - Cgt)
y

2

X exp [i (kx - wt + SBOt)} sin(my) +cc, (A2)

2

where sech(®) = 2/(¢® + ¢~ ) for any variable 0.
Here, we consider the case of the NAO™. Equation
(A2) shows that yya 0 tends to decay from x = 0 as 6 /A is
positive. In this case, the NAO™ energy is mainly con-
centrated in a zonal region around x = 0. Thus, there is
H, > Hp in Fig. Ala so that Dy is positive. Especially,
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when D, is largely positive, we have H4 > Hp. For this
case, the NAO™ has a very large amplitude near x =
0in the North Atlantic, thus suggesting that the NAO ™~
is weakly dispersive or even nondispersive. However,
when 6 /A — 0, the streamfunction anomaly of the
NAO™ has almost the same amplitudes in the North
Atlantic and its downstream region (Eurasia) because
of sech[(8/21)*Bo(x — C,t)] — 1, thus indicating that
the NAO™ has strong dispersion. For this case, there is
H,4 ~ Hp so that D;is small (Fig. A1b). We also see that
D, isnegative when H 4 < Hp. Thus, the small or negative
value of D;implies that the NAO™ is strongly dispersive.
The value of D; has the same physical meaning for the
NAO™ as well. In summary, the value of D; can capture
the energy dispersion of wave trains related to the NAO.
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