
4674 VOLUME 17J O U R N A L O F C L I M A T E

q 2004 American Meteorological Society

Asian Jet Waveguide and a Downstream Extension of the North Atlantic Oscillation

MASAHIRO WATANABE

Division of Ocean and Atmospheric Science, Hokkaido University, Sapporo, Hokkaido, Japan

(Manuscript received 18 July 2003, in final form 10 February 2004)

ABSTRACT

Anomalous atmospheric fields associated with the North Atlantic Oscillation (NAO) are analyzed on interannual
and intraseasonal time scales in order to examine the extent to which the NAO is a regional phenomenon.

Analyses on the interannual time scale reveal that the NAO signal is relatively confined to the Euro–Atlantic
sector in December while it extends toward East Asia and the North Pacific in February. The difference is most
clearly seen in the meridional wind anomaly, which shows a wave train along the Asian jet, collocated with an
anomalous vorticity source near the jet entrance. Diagnoses using a linear barotropic model indicate that this
wave train is interpreted as quasi-stationary Rossby waves trapped on the Asian jet waveguide, and effectively
excited by the anomalous upper-level convergence over the Mediterranean Sea. It is found that, when the NAO
accompanies the Mediterranean convergence (MC) anomaly, most frequently seen in February, the NAO indeed
has a much wider horizontal structure than the classical picture, rather similar to the Arctic Oscillation. In such
cases interannual variability of the NAO is tied to the East Asian climate variability such that the positive NAO
tends to bring a surface warming over East Asia.

Similar results are obtained from an analysis of individual NAO events based on low-pass-filtered daily fields,
which additionally identified that the downstream extension occurs at the decay stage of the NAO event and
the MC anomaly appears to be induced by the Ekman pumping associated with the NAO. The signal of the MC
anomaly can be detected even at 5 days before the peak of the NAO, suggesting that the NAO influence to East
Asia is predictable to some extent; therefore, monitoring the developing NAO event is useful to the medium-
range weather forecast in East Asian countries.

1. Introduction: AO or NAO?

Atmospheric low-frequency variability, often called
the teleconnection pattern, has long been one of the
major targets in studies for large-scale weather and cli-
mate variations. In particular, the North Atlantic Oscil-
lation (NAO), which has been identified many decades
ago (Walker and Bliss 1932; van Loon and Rogers 1978;
Wallace and Gutzler 1981; Barnston and Livezey 1987),
is focused on during recent years in order to understand
its dynamical origin, regional impact, and causes for the
fluctuations on decadal to centennial time scales.

One of the reasons why the NAO is actively reex-
amined is the Thompson and Wallace (1998, 2000)
work, which advocated a presence of the principal mode
of variability that consists of hemispheric-scale anom-
alies in sea level pressure (SLP) or geopotential height
fields, referred to as the Arctic Oscillation (AO). Since
the anomalies associated with the AO over the North
Atlantic considerably resemble those associated with the
NAO and, indeed, indices for these two are highly cor-
related, the proposal of the AO concept gave rise to
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confusion about the relationship between the NAO and
AO, namely, which phenomenon would be more ade-
quate in understanding the atmospheric low-frequency
variability. Since the AO is defined by the leading em-
pirical orthogonal function (EOF) of the wintertime
monthly SLP anomalies (Thompson and Wallace 1998),
which automatically tends to favor the largest scale of
patterns that best explain the hemispheric covariance,
several studies point out some doubt of its physical rel-
evance by showing a lack of temporal coherence be-
tween the atmospheric anomalies over the Pacific and
Atlantic sectors associated with the AO (Deser 2000;
Ambaum et al. 2001; Monahan et al. 2001; Itoh 2002).
While these studies suggest the traditional NAO being
more adequate than the AO, there are also counterar-
guments (Wallace and Thompson 2002; Christiansen
2002), therefore this issue is still controversial.

As part of the above debate, it seems that the NAO
is recognized as a regional mode of variability, in con-
trast to the AO that emphasizes a hemispheric-scale spa-
tial coherence. Thus the controversy may also be inter-
preted as a question whether the principal low-frequency
modes of the dynamical atmosphere have a regional
scale or a hemispheric scale. On the other hand, it is
known that the NAO, which is indeed regional in the
SLP field, accompanies hemispheric-wide surface tem-
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perature anomalies, in particular over Eurasia (Hurrell
1995, 1996; Xie et al. 1999). In addition, a recent work
by Branstator (2002, hereafter B02) shows that a set of
zonally oriented circulation anomalies along the Asian
jet stream emerges in concert with the NAO, though it
is found only on the intraseasonal time scale. Given
these observational results, this study aims to clarify the
extent to which the NAO is actually regional. Since the
NAO pattern is known to dominate on multiple time
scales, we will examine the above question on two dif-
ferent time scales: interannual and intraseasonal bands.
The former time scale, in which the NAO has larger
variance (Kushnir and Wallace 1989; Feldstein 2000),
can be discussed with monthly mean observations as in
the literature (van Loon and Rogers 1978; Wallace and
Gutzler 1981) while the latter with daily fields. Even
though the teleconnection patterns such as the NAO
have been identified as the most persistent, recursive
circulation anomalies, therefore alternatively called per-
sistent anomalies (Dole and Gordon 1983), weather re-
gimes (e.g., Kimoto and Ghil 1993), and growth/decay
life cycles (Feldstein 2003), all of these studies point
out relatively short decorrelation time of individual
events of less than 2 weeks. The NAO signature found
on the interannual time scale may thus be a stochastic
representation of those events, leading to an expectation
that similar features on which we focus are detected
both in monthly and daily fields if we can assume no
specific external forcing such as the tropical heating
strongly affecting the interannual variability of the
NAO.

By means of a simple linear regression analysis to
observed monthly anomalies, we show that the NAO
does have a wider horizontal scale in a certain month,
contributing to high correlation with the AO index dur-
ing that period. The nearly hemispheric scale of the
NAO is due to a downstream extension toward East Asia
and the North Pacific by a zonally oriented pattern in
circulation anomalies, which appears the same as the
‘‘circumglobal teleconnection’’ described in B02. Such
a pattern in monthly mean fields can be interpreted as
quasi-stationary Rossby waves on the Asian jet wave-
guide (Hoskins and Ambrizzi 1993), so we then use a
linear barotropic model to detect vorticity sources that
effectively excite the Rossby waves and hence link the
NAO signal over the Atlantic with the downstream cir-
culation anomalies. Composite analysis to daily, low-
pass filtered anomalies reveals finer temporal evolution
of the downstream extension of the NAO, in which the
circumglobal pattern is established during 2–4 days fol-
lowing the peak of the NAO. Propagation of wave pack-
ets, but not the wave itself, on the Asian jet is quite
evident in the daily anomalies, indicating that the Ross-
by wave argument appears relevant for individual NAO
events as well, although the anomalies are not stationary
anymore.

In section 2, observational data and a barotropic mod-
el are described. Monthly mean fields are analyzed in

section 3, in which the interannual variability of the
NAO is investigated and compared during winter
months, demonstrating that the eastward extent of the
circulation anomalies associated with the NAO varies
month by month. Also in section 3, dynamics respon-
sible for the eastward extension of the NAO is examined
by means of linear barotropic model diagnosis. Both
observational and numerical analyses suggest a vital
role of the anomalous upper-level convergence over the
Mediterranean Sea in leading to the downstream exten-
sion of the regional NAO signal. Daily mean fields are
then used in section 4 in order to verify that those pro-
cesses are indeed identified in intraseasonal NAO
events. Conclusions and some remarks are finally pre-
sented in section 5.

2. Data and model

a. Observational data

Observed atmospheric fields used in this study are
derived from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis (Kalnay et al. 1996), which
spans from January 1948 to December 2002. Most of
the data are available on a 2.58 3 2.58 grid at standard
pressure levels.

For monthly mean fields, the monthly climatology
was first subtracted for each variable and deviations
from the climatology; that is, anomalies are used in the
analysis. Since the AO/NAO is prevailing in boreal win-
ter, we mainly focus on the monthly anomalies from
December to February. The anomalies on interannual
time scale associated with the NAO and AO are obtained
by linear regressions onto the monthly indices for the
NAO and the AO, respectively. The NAO index is a
conventional one, defined by a normalized SLP differ-
ence between Lisbon, Portugal, and Stykkisholmur, Ice-
land, (Hurrell 1995) while the AO index is adopted from
the principal component associated with the leading
EOF of the monthly 1000-hPa height (equivalent to
SLP) anomaly, provided by the Climate Prediction Cen-
ter. Regressed anomalies corresponding to one standard
deviation of each index are hereafter referred to as either
the monthly NAO or AO anomalies.

As for daily average fields, the climatology is defined
by a 55-yr mean value for each calendar day, then daily
anomalies are obtained as in the monthly anomalies. A
four-pole, Butterworth low-pass filter, which retains pe-
riods longer than 10 days, is applied to daily anomalies
in order to remove transient synoptic disturbances. Then
the EOF analysis is performed on the filtered SLP anom-
alies over the Atlantic sector of 208–908N, 1208W–308E
during 1 November through 30 April in order to extract
the NAO signature in the daily low-frequency fields. As
will be shown in section 4, the leading EOF well rep-
resents the NAO pattern, and the associated principal
component (referred to as the PC1) reveals quite high
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FIG. 1. Correlation coefficient between the NAO and AO indices
for each month. Correlation using the winter Dec–Feb (DJF) mean
time series is indicated by a dashed line.

coherence with the conventional NAO index such that
the correlation coefficient of the December–February
average of this PC1 time series with the Hurrell index
exceeds 10.87. All analyses of daily filtered data are
made with PC1 as a reference time series. While vari-
ables that we analyze contain upper-level irrotational
and nondivergent flow fields as calculated from the ve-
locity potential and streamfunction on a sigma surface
in addition to geopotential height and zonal and merid-
ional winds at pressure levels, only some of them are
presented in the present paper.

b. Barotropic model

The model follows a barotropic vorticity equation lin-
earized about the observed 300-hPa climatological flow,
as expressed by

2 2 2] ¹ c9 1 J(c , ¹ c9) 1 J(c9, ¹ c 1 f )t

2 61 a¹ c9 1 n¹ c9 5 S9, (1)

where J denotes a Jacobian operator and and c9 arec
respectively the basic state and perturbation stream-
functions; f is the Coriolis parameter, while an anom-
alous vorticity source induced by the divergent part of
the circulation is symbolically represented by S9. The
model includes a linear damping that represents the Ray-
leigh friction and a scale-selective biharmonic diffusion.
The coefficient n is determined such as to damp the
smallest-scale eddy in 1 day while the coefficient a is
set at (10 days)21, which ensures that the system is
marginally stable.

Equation (1) can be solved with a given S9 on a spher-
ical domain in which the perturbation streamfunction is
represented by spherical harmonics of T42 horizontal
truncation.

3. Interannual variability

As mentioned in the introduction and also reported
in many articles (e.g., Deser 2000; Wallace 2000; Am-
baum et al. 2001; Kodera and Kuroda 2003), winter
NAO and AO indices are highly correlated although the
former (latter) is thought to represent a regional (hemi-
spheric) pattern of variability. Before examining month-
ly anomalies related to each phenomenon, it will be
worth validating the steadiness of the correlation on a
monthly basis. Figure 1 shows the simultaneous cor-
relation coefficients between those indices during 1950–
2000 for each month from October to April. The cor-
relation is significant at the 95% level for all months
displayed, but is lower (higher) than the correlation
based on a seasonal mean (December–February) time
series during the early (late) winter. The maximum ap-
pears in February when the correlation reaches 10.89,
suggesting that the NAO anomalies in this month reveal
a wider spatial extent than those in other winter months.

a. Downstream extension of the NAO

Monthly NAO anomalies in the 300-hPa geopotential
height and 925-hPa temperature from December to Feb-
ruary are presented in Fig. 2, together with the corre-
sponding AO anomalies. Among these anomaly maps
a common feature is found over the Atlantic and sur-
rounding regions: north–south dipole in the height
anomalies that characterizes the NAO, low-level warm-
ing over the eastern half of the United States and Scan-
dinavia, and cooling over the Labrador Sea and northern
Africa. The AO anomalies reveal another center over
the North Pacific where positive height anomalies ex-
tend from East Asia, which is connected with the low-
level warming over the region through the hydrostatic
constraint (Figs. 2d–f). It is this pattern of the AO that
has been recognized as the hemispheric variability. On
the other hand, the NAO anomalies in December are
confined to the Euro–Atlantic sector as they match the
regional nature of the NAO (Fig. 2a). It should be noted,
however, that the NAO anomalies in February show a
wider horizontal structure that is quite similar to the AO
anomalies (Fig. 2c). This ‘‘downstream extension’’ of
the NAO is subtle in January (Fig. 2b) but clear in March
as well (not shown), consistent with the high correlation
between the AO and NAO indices during the months
(Fig. 1). The similarity between Figs. 2c and 2f indicates
that there exist NAO-covariant interannual fluctuations
over East Asia and the North Pacific during a certain
month, contrasting with previous arguments that point
out the lack of such an interbasin connection associated
with the AO/NAO.

Month-to-month change in the interannual variability
of the NAO has also been reported by Barnston and
Livezey (1987). Hurrell (1996) shows that the NAO has
the largest influence on the hemispheric surface tem-
perature variance among various teleconnection pat-
terns. It turns out from Fig. 2 that the influence was
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FIG. 2. (a)–(c) Monthly mean anomalies in 300-hPa geopotential height (contour) and 925-hPa temperature (color) from Dec to Feb,
respectively, regressed onto the monthly NAO index. The contour interval is 20 m while negative contours are dashed (the zero contour
omitted). (d)–(f ) As in (a)–(c) but for regressed anomalies onto the AO index.

mainly due to the downstream extension occurring in
late winter. Then, how can the NAO induce the near-
surface warming over a wide area of Eurasia? A process
which likely happens is horizontal temperature advec-
tion, more specifically the zonal advection of the cli-
matological temperature gradient by the anomalous zon-
al-mean zonal wind. With respect to the AO, Thompson
and Wallace (2000) depict that this advection term gen-
erates an anomalous temperature tendency quite similar
to the low-level temperature anomaly pattern shown in
Figs. 2d–f. For example, the zonal-mean wind associ-
ated with the positive phase of the AO (cf. Fig. 2d)
shows an enhanced westerly around 558N, which ad-
vects warm climatological temperature over the Atlantic
Ocean deeper into the Eurasian continent. It is well
known that the pronounced zonally uniform components
characterize the AO, and dynamical modeling work sug-
gests the AO-like structure originated by a coupling
between zonal-mean anomalies and the climatological
zonal asymmetry, which involves the aforementioned
temperature advection (Ting et al. 1996; DeWeaver and
Nigam 2000; Kimoto et al. 2001; Watanabe and Jin
2004).

The anomalous zonal-mean wind associated with the

NAO has a meridional profile nearly identical to that
associated with the AO except for slightly smaller mag-
nitude (not shown). Nevertheless, low-level temperature
anomalies in the NAO regressions are confined, com-
pared to the AO anomalies, to early winter, suggesting
that the advection due to anomalous zonal-mean zonal
wind is not a unique process that brings the near-surface
warming over Eurasia although it does work (Xie et al.
1999). We explore another possibility for the temper-
ature anomalies: an upper-level circulation anomaly that
is dynamically induced, which balances the temperature
field beneath. Since the January fields exhibit a mixture
of December and February anomalies in terms of the
downstream extension (Fig. 2b), a comparison is made
in the following analysis between December and Feb-
ruary anomaly maps in order to distinguish the NAO
without and with the downstream extension.

As noted above, the AO/NAO-covariant circulation
anomaly has a substantial projection on the zonally uni-
form field. The anomalous circulation as indicated by
the zonal wind or the streamfunction anomalies often
masks the regional feature because of their pronounced
zonal mean components. Therefore we analyze the cir-
culation anomalies as represented by the meridional
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FIG. 3. Monthly mean anomalies in 300-hPa meridional wind (thick contour) regressed onto the monthly NAO index in (a) Dec and (b)
Feb. The contour interval is 1 m s21 while the anomalies significant at the 95% level are shaded. Superimposed is the climatological zonal
wind at 300 hPa (thin contour) with the interval of 10 m s21. (c) Time–longitude section of the 300-hPa climatological zonal wind along
308N. The contour interval is 5 m s21.

wind, which may be a good indicator for the zonally
asymmetric teleconnection patterns (cf. B02).

Figures 3a and 3b show the monthly NAO anomalies
in the 300-hPa meridional wind in December and Feb-
ruary, respectively. It is evident that the meridional wind
anomalies are mostly confined to the Atlantic region in
December whereas they extend to the entire midlatitude
band in February. The anomalous northerly and south-
erly wind near Greenland corresponding to the deepened
Icelandic low is similarly found in both regression maps.
In February, they are continuous toward the Middle East
besides emanating to East Asia and the North Pacific
along the axis of the subtropical jet (thin contours in
Fig. 3b). Such a zonally oriented wave train is identified
as one of the dominant teleconnection patterns at sub-
seasonal time scales (Kushnir and Wallace 1989; B02).
B02 further interprets the pattern shown in Fig. 3b as
quasi-stationary Rossby waves trapped on the Asian jet,
which acts as waveguide (Hoskins and Ambrizzi 1993).
Although it should be again emphasized that the anom-
alous meridional wind in Fig. 3b is found on interannual
time scale, analysis in the next section shows that it
does happen on an intraseasonal time scale as well. The
climatological zonal wind at 300 hPa along 308N (Fig.
3c) illustrates a seasonal evolution of the Asian jet
around 608E which is weaker in early winter and stron-
gest in February. Thus the February basic flow may
provide more favorable conditions than that in Decem-
ber in terms of the establishment of the Asian jet wave-
guide.

b. Anomalous Rossby wave source

Since the wave train in Fig. 3b is quite similar to the
‘‘waveguide pattern’’ found by B02 and, furthermore,
it has an equivalent barotropic nature (not shown), pro-
cesses that generate the anomalies are conceivably un-
derstood in a barotropic vorticity equation. For this pur-

pose, the Rossby wave source is computed following
Sardeshmukh and Hoskins (1988):

S 5 2= · (v j),x (2)

where j [ z 1 f is the absolute vorticity while vx is
the divergent wind vector calculated from the velocity
potential field. Note that the wave source S is computed
by means of monthly mean fields so that it excludes a
contribution from submonthly perturbations. As in the
other variables, the anomalous S is regressed upon the
NAO index for each month, denoted as S9.

Figure 4 displays S9 at 300 hPa associated with the
NAO in December and February, respectively, super-
imposed on the climatological mean zonal wind. The
anomalous Rossby wave sources are similar to each
other over the Atlantic basin, namely, positive and neg-
ative sources to the west and east of Greenland, positive
anomaly around the Azores and negative anomaly on
the equatorial band. However, conspicuous differences
are found over continents from Africa to East Asia.
While few significant anomalies are observed in De-
cember, there are a number of significant anomalies
along the Asian jet in February. In particular, S9 over
southern Europe to the Middle East appears to dominate
the others, and it is the region where the Asian jet is
established.

The anomalous Rossby wave source in Fig. 4 can be
decomposed into several terms, each of which is cal-
culated from monthly NAO anomalies as

S9 5 2= · (v z9) 2= · (v9z ) 2= · ( fv9) 2 = · (v9z9),x x x x

| || || |
| | |

S9 S9 S91 2 3

(3)

where the primes denote anomalies regressed upon the
NAO index while overbars are climatological quantities.
The anomaly is not so huge that the nonlinear term can
be neglected, then we can specify the leading term be-
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FIG. 4. As in Figs. 3a,b but for the Rossby wave source anomalies,
S9. The contour interval is 2 3 10211 s22.

FIG. 5. As in Fig. 4b but for the linearized components: (a) , (b)S91
, and (c) as defined by Eq. (3). Note that the contour intervalS9 S92 3

is 1 3 10211 s22 and shading denote positive anomalies greater than
1 3 10211 s22.

tween and resulting in S9 shown in Fig. 4b. TheS9 S91 3

three terms are illustrated in Fig. 5, with a denser con-
tour interval than in Fig. 4. Note that their sum is nearly
identical to Fig. 4b. It is obvious that the first two terms
(Figs. 5a,b), the convergence associated with the relative
vorticity, are less dominant than the third term (Fig. 5c),
which is mostly the same as a commonly used divergent
forcing, 2 fD9 (e.g., Branstator 1985), where D9 is the
divergence anomaly. Sardeshmukh and Hoskins (1988)
notice that one should correctly evaluate the Rossby
wave source using Eq. (4) but not by a simple 2 fD9
term in order for accurate diagnosis of the rotational
flow. In the present case, however, the 2 fD9 approxi-

mation seems valid, which tells us that most of the
anomalous Rossby wave source in Fig. 4b comes di-
rectly from the divergence anomaly associated with the
NAO. In the subsequent section, diagnoses using the
linear barotropic model are made for the Rossby wave
source and circulation anomalies associated with the
NAO.

c. Steady solutions in a barotropic model

Regressed NAO anomalies in February showing the
zonally oriented wave train along the Asian jet (Fig.
3b) concurrent with the anomalous Rossby wave source
near the jet entrance region (Fig. 4b) suggest that the
downstream extension of the NAO is accomplished by
energy propagation due to stationary Rossby waves ex-
cited by the vorticity source, perhaps, associated with
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FIG. 6. (a) Monthly mean anomalies in 300-hPa streamfunction
(zonal mean removed) in Feb, regressed onto the Feb NAO index.
The contour interval is 1 3 106 m2 s21 while the anomalies greater
(less) than 21 3 106 m2 s21 are light-shaded (dark-shaded). (b) Steady
streamfunction response in a barotropic model forced by the vorticity
source shown in Fig. 4b. A thick rectangular box indicates the target
region for the optimal vorticity source (see text).

the NAO. This inference is encouraged by a theoretical
consideration of the Rossby wave reflection (Hoskins
and Ambrizzi 1993), which depicts that the region where
the meridional gradient of the absolute vorticity, ] /]y,j
is large, and hence stationary wavenumber Ks is also
large, tends to trap stationary Rossby waves. Because
of the meridional curvature, subtropical jet streams such
as the Asian jet have local maxima in Ks and therefore
act as waveguides for quasi-stationary Rossby waves.
Following this theory, the vorticity source around the
Mediterranean Sea and Middle East may be capable of
exciting quasi-stationary waves with a zonal wavenum-
ber larger than Ks, which is roughly 5–7 along the winter
Asian jet.

In this section, by means of a barotropic model we
test whether the above processes do occur. The ability
of the barotropic model is first validated in terms of the
reproducibility of observed NAO anomalies. By assum-
ing that the tendency term in Eq. (1) can be neglected
on the time scale discussed in this section, a steady
streamfunction response is calculated with the February
climatological flow as a basic state and the anomalous
vorticity source depicted in Fig. 4b, then compared to
the observed counterpart (Fig. 6). For both the observed
and simulated streamfunction anomalies the zonal mean
component has been removed in Fig. 6 so as to visualize
the waveguide patterns. Since the vorticity source anom-
aly is less reliable in higher latitudes due to larger errors
in the divergent wind, the forcing is restricted between
08 and 608N in computing the steady response. The
observed 300-hPa streamfunction anomaly in February,
denoted as (asterisk stands for the deviation fromc*300

zonal average), reveals a zonally elongated pattern over
most parts of the Eurasian continent whereas a wavelike
feature from East Asia to the North Pacific (Fig. 6a).
The steady response with given observed S9 repro-c*300

duces such patterns well (Fig. 6b) although several dis-
crepancies exist, for example, too strong anticyclonic
response over the North Pacific and response to the north
of the Aleutian Islands with sign opposite to the ob-
servation. These shortcomings must be caused by the
following reasons: lack of the forcing due to submonthly
Rossby wave source anomalies, steady state assumption,
errors in high-latitude vorticity source, and simple rep-
resentation of nonlinear dissipation included by the lin-
ear damping, in which the first two may be the principal
causes. Nevertheless, the overall feature in Fig. 6b is
similar enough to the observed anomalies in Fig. 6a,
indicating that the barotropic model is capable of sim-
ulating the NAO-covariant circulation anomalies over
Eurasia. It should be noted that the NAO pattern itself
is not well reproduced in the steady response due to
lack of transient eddy vorticity forcing, which has been
shown to be dominant in driving the NAO pattern (cf.
Hurrell and van Loon 1997; Feldstein 2003).

The barotropic response captures two anomalous
ridges over East Asia and the North Pacific, which ac-
company a wave train in the meridional wind as ob-

served (not shown, but similar to Fig. 3b). A question
is raised here: which part of the Rossby wave sources
in Fig. 4b is most responsible for the downstream re-
sponse? To answer the question it is useful to employ
the so-called Green’s function approach as introduced
by Branstator (1985). Namely, we define the Green’s
function as

21G(l, w, l9, w9) 5 L d(l, w, l9, w9),

f for l 5 l9, w 5 w90
d 5 (4)50 elsewhere,

where l and w are longitude and latitude, respectively.
The linearized operator of the model, that is, the left-
hand side of Eq. (1), with the tendency term neglected,
is symbolically represented by L and the function G is
obtained as a steady vorticity response to the forcing d,
which is a delta function having the value f0 only at l
5 l9 and w 5 w9. The forcing position is actually given
on discretized grid points corresponding to the T42 hor-
izontal resolution, then G consists of 128 3 32 5 4096
steady response patterns (no forcing over the Southern
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FIG. 7. Optimal vorticity source to the target region (denoted by
a thick rectangular box) obtained by the barotropic model linearized
about (a) Dec and (b) Feb climatological flow. The contour interval
is 1 nondimensional unit. Shading indicates the climatological zonal
wind in the corresponding month, as shown in Figs. 3a,b.

Hemisphere). We set f 0 5 1 3 10210 s22 multiplied by
sin w to mimic the divergent forcing that dominates in
S9 (Fig. 5).

Green’s function, which depends not only on space
but also on the forcing position, is now used to evaluate
an optimal vorticity source for a specific streamfunction
response. Given a target region denoted as T, the optimal
source So is defined as

1 1
22S (l9, w9) 5 ¹ G , (5)o E1 2s A T

where A is the area extent of the target region and the
integral is taken in terms of l and w: So is obtained in
a sense of the streamfunction and normalized by a factor
s such as to have unit spatial variance. We choose the
anomalous ridge over East Asia as the target region,
which is indicated by a rectangular box in Fig. 6b, since
it is one of the major parts in the NAO downstream
extension. The region is slightly more southward than
the simulated anomalous ridge while it covers the ob-
served counterpart. It is found that the result is not very
sensitive to slight meridional change in the target region.

Shown in Fig. 7 are the distribution of So respectively
evaluated with December and February basic flow, su-
perimposed on the basic-state westerly as well as the
location of T. The optimal source defined by Eq. (5)
implies that the positive (negative) vorticity source at
centers of positive (negative) So is effective in exciting
the positive streamfunction response over the region T.
For both December and February basic flow So has dis-
tinctive positive maxima over the Mediterranean Sea,
Bay of Bengal, and Siberia while a minimum over the
Arabian Sea. The positive values over the Mediterranean
Sea are stronger in February, consistent with a stronger
Asian jet to the east, which manifests that even for the
same vorticity forcing over the region the East Asian
ridge is more strongly excited in February, possibly due
to the jet waveguide being solidly established. A com-
parison between Figs. 4 and 7 enables us to estimate
which part of the observed Rossby wave sources as-
sociated with the NAO plays a leading role for the east-
ward extension. It is easily identified that the positive
vorticity source over the Eastern Mediterranean Sea co-
incides with another in February while it is found only
in So during December, suggesting that the anomalous
wave source over the region is a key linking the NAO
to anomalous circulation over East Asia. The optimal
vorticity source reveals that the East Asian ridge can be
excited by the subtropical forcing over the Indian Ocean
and the western Pacific as well, but it is not found in
S9 associated with the NAO.

We also tested the sensitivity of the optimal source
pattern to the choice of the target region. If the region
T is defined by the average over 258–458N, 1458–1758E,
which corresponds to the anomalous trough in Fig. 6,
the optimal negative source emerges at the jet entrance
where the positive source is found in Fig. 7. On the

other hand, for T between 1208 and 1508E, the optimal
vorticity source reveals a quite similar distribution to
Fig. 7 but the positive source near the Asian jet entrance
is shifted eastward by 208 (not shown). This result im-
plies that the zonal phase of the wave train as observed
in Fig. 3b is determined by the position of the vorticity
source but not other processes such as the zonal inhomo-
geneity in the time-mean flow. In fact, B02 identified a
family of these wave trains, each of which has a different
zonal phase, consistent with the above interpretation.

Unauthenticated | Downloaded 08/22/22 10:15 PM UTC



4682 VOLUME 17J O U R N A L O F C L I M A T E

FIG. 8. Steady barotropic model response as represented by the
meridional wind forced by a pointwise vorticity source over the Med-
iterranean Sea (denoted by a closed circle). The basic state is (a) Dec
and (b) Feb climatological flow. The contour interval is 0.01 m s21.

Namely, the anomalous Rossby wave source near the
Asian jet entrance, when it is produced in association
with the NAO, will excite one of the waveguide tele-
connection patterns attributed to the spatially fixed vor-
ticity source.

The steady meridional wind response to the pointwise
vorticity forcing placed at the center of positive So over
the Mediterranean Sea is shown in Fig. 8. As expected,
a zonally oriented wave train is excited to the east of
the forcing, strictly along the Asian jet. The position of
southerly and northerly wind anomalies are in remark-

able agreement with those observed in February (Fig.
3b). It should be noted that the wind response in De-
cember is quite similar to that in February (Fig. 8a),
indicating that the vorticity source over the Mediter-
ranean Sea can be optimal in both months, as suggested
by Fig. 7. The above diagnosis implies that the lack of
the downstream extension of the NAO in December
results from the lack of S9 in an optimal region (cf. Fig.
4a), which is crucial for the waveguide teleconnection
as shown in Fig. 8. This automatically leads to a con-
clusion that the stronger Asian jet in February is of
secondary importance.

d. Mediterranean convergence and the NAO

In the previous subsections the convergence anomaly
over the Mediterranean Sea was shown to play a key
role in the NAO downstream extension. While detailed
analysis of how the NAO produces the Mediterranean
convergence anomaly will be performed in the next sec-
tion, preliminary results are shown here. We especially
focus on whether the February time mean state favors
it. In other words, the NAO extremes that accompany
the downstream extension are looked for in December
and January as well, using an analysis other than the
linear regression.

First, an index that measures the Mediterranean con-
vergence (denoted as MC) is defined by taking the
monthly convergence anomaly at 300 hPa averaged over
258–458N, 108–308E, referred to as the Mediterranean
convergence index (MCI). The time series of MCI in
each winter month are shown in Fig. 9, superimposed
on the Hurrell (1995) NAO index. Correlation coeffi-
cients between the two indices are negligible in Decem-
ber (r 5 0.14) while significantly increasing in January
and February (r 5 0.39 and r 5 0.41, respectively),
which support our hypothesis that the downstream ex-
tension appears when the MC is coherent with the NAO.
It is interesting to note that the MCI is stably correlated
with the AO index, ranging from r 5 0.46 in December
to r 5 0.50 in February, which again matches the re-
gression analysis that shows that the AO anomalies al-
ways accompany the signal over East Asia and the North
Pacific (Fig. 2).

The NAO extremes can be classified into two cate-
gories by taking the concurrence of the MC into account,
as summarized in Table 1. Although the NAO index and
MCI are almost uncorrelated in December, about half
of the positive NAO extremes as defined by the index
value exceeding one standard deviation accompanies the
positive phase in MCI. This ratio is roughly the same
in the other winter months for the positive NAO/MCI
extremes whereas the concurrence of negative NAO and
MCI extremes is hardly found in December and January.
While the cause of this phase asymmetry is not clear at
the moment, it might result in a low correlation between
the NAO index and MCI in December (Fig. 9a). The
categorized statistics also suggest that the downstream
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FIG. 9. Time series of Hurrell’s (1995) NAO index (bars) and the
Mediterranean convergence index (MCI) defined by the 300-hPa con-
vergence anomaly averaged over 258–458N, 108–308E (lines) for (a)
Dec, (b) Jan, (c) Feb. Long-term average has been removed. Cor-
relation coefficients between the time series are also shown at the
bottom right. The values in parentheses are the correlation between
the AO index and MCI.

TABLE 1. Number of years that reveal positive or negative phase
of the NAO as measured by the NAO index greater or less than one
standard deviation. Numbers in parentheses denote years which si-
multaneously reveal positive or negative values, defined by the stan-
dard deviation as well, in the Mediterranean convergence anomaly
as shown in Fig. 9.

Phase of the NAO Dec Jan Feb

Positive
Negative

10 (4)
10 (1)

8 (4)
9 (1)

9 (5)
8 (3)

extension may be observed in December–January if we
choose positive NAO extremes adequately.

In a similar manner to Table 1, monthly composite
NAO anomalies that consist of 10, 8, and 9 extremely
positive years in December, January, and February (cf.
Table 1) are separated into two: one based on years
having positive MCI and another with negative or nor-
mal MCI years. Shown in Fig. 10 are those two com-
posite anomalies in the 300-hPa streamfunction for each
month (results are similar in the 500-hPa geopotential
height). Composite anomalies that accompany the pos-
itive MC anomaly (Figs. 10a–c) have some common
features for each of three months, that is, anticyclonic
anomalies over East Asia, the North Pacific, and the
Arabian Sea in which the former two correspond to the
anomalous ridges in the NAO downstream extension
(cf. Fig. 6a). Anomalous cyclonic circulation also tends
to occupy a wider region over the polar cap. In contrast,
the positive NAO composites that do not accompany
the positive MC anomaly (Figs. 10d–f) reveal a pattern
varying from month to month over those regions, al-
though large anomalies sometimes happen such as in
January. Although the statistical significance of anom-
alies is relatively tenuous except for the Atlantic sector,
which would be due to insufficient sample size, Fig. 10
clearly represents that the NAO anomalies look like the
hemispheric AO anomalies when the MC anomaly is
simultaneously taking place. Furthermore, the NAO

downstream extension identified in one category of the
composite (i.e., Figs. 10a–c) but not in another (Figs.
10d–f), which becomes clearer in the meridional wind
composites (not shown), indicates that it is not only
preferred by the February climatological flow but may
occur in the other winter months.

It is noted that the NAO itself shows a slightly dif-
ferent structure between Figs. 10a–c and 10d–f. The
former has a southern part (anticyclonic anomaly) split
into the upstream center over the U.S. east coast and
the downstream center over Europe, whereas the latter
has a center over the North Atlantic Ocean. The com-
posite anomalies that do not accompany the MC anom-
aly match the classical view of the NAO in terms of a
regional north–south dipole. The circulation anomalies
in Figs. 10a–c form an arching structure from North
America to Europe and farther downstream, suggesting
energy propagation along the path that may favorably
cause the anomalous convergence over the Mediterra-
nean Sea. The difference in the NAO structure visible
in Figs. 10a–c and 10d–f is somewhat consistent with
Kodera and Kuroda (2003) who point out the presence
of two ‘‘modes’’ over the Euro–Atlantic sector: a re-
gional pressure seesaw between Iceland and the Azores
and a hemispheric seesaw between the Mediterranean
and polar regions. However, it is hard to state the anom-
aly patterns, such as Figs. 10c and 10f, as a different
‘‘mode’’; rather we hypothesize that their Atlantic part
(i.e., NAO) is generated by a common dynamical pro-
cess but with a slight difference, for example, in the
forcing and the background state (e.g., Rodwell et al.
1999; Peng et al. 2002) that cannot be specified yet.
This serves as a condition whether the MC anomaly,
hence downstream extension, is accomplished.

4. Intraseasonal time scale, or the NAO events

As mentioned in the introduction, several recent stud-
ies tend to reemphasize the short time scale, approxi-
mately two weeks, of the dominant teleconnection pat-
terns, including the NAO (DelSole 2001; Feldstein
2002, 2003). Given this short lifetime, it is thought to
be useful that we extend our analysis to daily fields
which resolve individual events and hence enable us to
understand the downstream extension of the NAO in
terms of basic dynamics of the NAO life cycle. Before
carrying out the analysis, all daily mean fields are
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FIG. 10. (a)–(c) Monthly mean composite for the 300-hPa streamfunction anomalies in Dec, Jan, and Feb, respectively. Selected years for
composite maps are those having positive values (greater than 1 std dev) both in the NAO index and MCI. The contour interval is 3 3 106

m2 s21 while the shading denotes the composite anomalies significant at the 95% level. (d)–(f ) As in (a)–(c) but for the composites for years
having positive values only in the NAO index but not in MCI.

smoothed by a 10-day low-pass filter to remove syn-
optic, transient disturbances (see section 2a).

a. Detection of the NAO events

To define the NAO events we chose PC1 time series,
associated with the leading EOF to daily SLP anomalies
over the Atlantic sector, as an index of the NAO on an
intraseasonal time scale. The leading sectorial EOF ac-
counts for 23.8% of the total variance and clearly shows
the NAO pattern (Fig. 11a). This EOF pattern, in ad-
dition to the high correlation with the canonical NAO
index on an interannual time scale (cf. section 2a), al-
lows us to consider the PC1 as a good indicator of the
NAO events; therefore we refer it to as the daily NAO
index hereafter. The basic property of the NAO can be
represented by an autocorrelation function of the daily
NAO index as shown in Fig. 11b (black line), which
exhibits a decorrelation time of about six days. This is
relatively short but still longer than the other EOF pat-
terns as confirmed by the autocorrelation averaged for
the leading 30 PCs (white line in Fig. 11b). If the au-
tocorrelation function of the daily NAO index is cal-
culated with a 31-day moving window, it is found that
the decorrelation time of the NAO event is not uniform

during the cold months (Fig. 11c) such that the NAO
has the longest persistence in February.

The way to define the NAO events is similar to Feld-
stein (2002, 2003), and appears rather conventional.
Namely, we define a positive (negative) episode when
the positive (negative) spatial correlation between the
leading EOF and daily SLP anomalies over the Atlantic
sector (i.e., the EOF domain) exceeds the 99% signif-
icance level and prolong for 4 or more consecutive days.
Note that the results presented in this section are not
sensitive to the threshold of persistence. The peak, or
mature, day of each event is determined by the highest
correlation during the episode. Figures 12a and 12b in-
dicate the positive and negative NAO events during the
1949–2002 period, respectively, following the earlier
definition. The number of events are 168 and 146 for
positive and negative phases of the NAO, which seem
to be large enough for the composite analysis in the next
section. It is interesting to note that the positive events
are more frequent as well as persistent than the negative
events in the recent two decades, reflecting the well-
known upward trend in the NAO index.

Following the mature event dates identified in Figs.
12a and 12b we would like to perform a composite
analysis to various daily, low-pass filtered fields. Given
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FIG. 11. (a) Leading sectorial EOF to daily, low-pass-filtered SLP
anomaly, as represented by the regression of the SLP anomaly on
the principal component (PC1). The contour interval is 2 hPa. (b)
Autocorrelation of the PC1 time series (black line) as a function of
lag in days, superimposed on average (white line), one and three
standard deviations (dark and light shading, respectively) of auto-
correlations for leading 30 PCs. (c) Autocorrelation of the PC1 cal-
culated with a 31-day moving window. The contour interval is 0.1
while the dashed contour denotes decorrelation time scale.

the typical time scale of the NAO event, its time evo-
lution will be depicted by taking 10-day lags before and
after the peak day. For this purpose, the events are fur-
ther selected by a criterion that, if two or more peaks
are found with the interval less than 10 days, only the
one that reveals the largest value is retained. This pro-
cedure consequently reduces the total number of posi-
tive and negative events to 122 and 116, respectively,
as shown by Figs. 12c and 12d in which the duration
of each event is made uniform at seven days for con-
venience. The long-term change in the persistence found
in Figs. 12a and 12b, which is beyond the scope of the
present analysis, has been filtered out although the de-
cadal change in the frequency of occurrence is still vis-
ible in Figs. 12c and 12d. Since it was already shown
in the previous section that the NAO downstream ex-
tension is concurrent with the upper-level convergence
anomaly over the Mediterranean Sea, individual NAO
events are separated into two categories by referring to
the daily MCI as in section 3d but obtained from di-
vergent field at s 5 0.258. If the MCI exceeding one
standard deviation is observed during day 0–4 of an
event with the same sign (i.e., positive MCI with pos-
itive NAO event), such an event is categorized into the
NAO that accompanies the MC anomaly, and vice versa.
The choice of day 0–4 comes from the fact that the
preliminary analysis indicates, as will also be confirmed
later, that a waveguide pattern in daily anomalies slight-
ly lags the development of the NAO over the North
Atlantic.

With the definition described above, it turns out that
about one-third of the total events accompanies the MC
anomaly, as summarized in Table 2. Frequency of con-
currence of the MC anomaly with the NAO event is
generally higher in the positive phase, especially during
February when more than half the positive NAO ac-
companies the MC anomaly. This feature is consistent
with the similar statistics obtained with monthly mean
data (Table 1), so that pictures similar to Fig. 10 can
be drawn with daily fields as well (not shown).

b. Composite analysis

Results of analysis to the monthly mean fields let us
expect that the NAO events with (without) the MC
anomaly reveal (do not reveal) the downstream exten-
sion as represented by the waveguide pattern over Eur-
asia. This inference is tested by means of the lagged
composite of the low-pass filtered data in reference to
the NAO events shown in Figs. 12c and 12d. The com-
posites for the NAO with and without the MC anomaly
are calculated both for positive and negative phases, but
the results are quite similar to each other except for the
different number of samples (Table 2) and the sign re-
versed, so only the anomaly patterns for positive phase
are presented.

Figure 13 illustrates the time evolution of the positive
NAO events in terms of the 300-hPa meridional wind

Unauthenticated | Downloaded 08/22/22 10:15 PM UTC



4686 VOLUME 17J O U R N A L O F C L I M A T E

FIG. 12. (a) Positive and (b) negative NAO events identified with the leading EOF pattern (see
text for the definition of the NAO events). Gray bar and black mark indicate duration and peak
day of the individual event, respectively. (c)–(d) As in (a)–(b) but for selected positive and negative
events. Black (gray) bars denote NAO events which accompany (do not accompany) positive and
negative MCI values, respectively, exceeding one standard deviation. The length of each bar
corresponds to 7 days.

TABLE 2. Number of events that reveal positive or negative phase
of the NAO as indicated in Figs. 12c,d, counted for each month.
Shown in parentheses is the number of events that simultaneously
reveal positive or negative values in the daily MCI.

Phase of
the NAO Nov Dec Jan Feb Mar Apr Nov–Apr

Positive 18 (6) 16 (6) 26 (11) 19 (14) 25 (7) 18 (4) 122 (48)

Negative 14 (3) 19 (7) 19 (7) 17 (7) 22 (6) 25 (7) 116 (37)

anomaly. Since ‘‘day 0’’ coincides with the peak of
events, the evolution displayed corresponds to the decay
period of the NAO event. In the NAO composite anom-
alies that accompany the MC anomaly (Figs. 13a–d),
the waveguide pattern along the Asian jet is evident
after day 2. In the counterparts that do not accompany
the MC anomaly (Figs. 13e–h), however, a quadrapole
pattern is found over Europe throughout the period, but
no extension toward East Asia is observed. This result
supports our argument based on the monthly data and,
furthermore, identified that the establishment of the
waveguide pattern lags the peak of the NAO by two
days. Eastward propagation of wave packets associated
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FIG. 14. As in Fig. 13 but for the longitude–time cross section at
308N: composite for positive NAO events (a) with and (b) without
the Mediterranean convergence anomaly.

with the decay period of the NAO is seen more clearly
in the longitude–time section at 308N (Fig. 14). A set
of northerly and southerly wind anomalies over western
Europe exists irrespective of concurrence of the MC
anomaly. On the other hand, the NAO event with the
MC anomaly (Fig. 14a) accompanies a fast propagation
of wave packets, persistent even until day 10. These
wave packets, as well as the slow phase propagation,
are again consistent with the energy propagation of qua-
si-stationary, meridionally trapped Rossby waves (Hos-
kins and Ambrizzi 1993; B02). The slow phase prop-
agation visible in Fig. 14a may be the major reason that
the downstream extension can be identified in monthly
mean data.

Two sets of the positive NAO composites are cate-
gorized by the MCI, so we anticipate that there are
conspicuous differences in the upper-level divergent
field as well (Fig. 15). In the NAO composites with the
MC anomaly (Figs. 15a–d), a large positive anomaly in
the velocity potential and associated convergent flows
are found over the Mediterranean, which is exactly the
region of optimal vorticity source in a steady limit (Fig.
7). Compared to those anomalies, the convergence sig-
nals in the counterparts (Figs. 15e–h) are weak, less

persistent, and shifted to the west by about 258. If the
quasi-stationary Rossby waves in Figs. 13a–d can only
be excited near the Asian jet entrance, as suggested in
section 3c, the westward shift in the convergence anom-
aly appears crucial for the presence/absence of the NAO
downstream extension. The anomalous convergence
during the decay period of the positive NAO events, as
shown in Fig. 15, has also been identified by Feldstein
(2003) who points out, based on vorticity budgets, that
the divergent term works to damp the NAO. We may
therefore conclude that the NAO downstream extension
is an energy dispersion accompanied by the decay of
some of the NAO events. Feldstein also argues that the
upper-level divergence anomaly results from the Ekman
pumping near the surface. Our analysis indeed supports
his argument, as revealed in Fig. 16, showing similar
composites in SLP and boundary layer (s 5 0.995)
divergent flows. The location of divergence (conver-
gence) anomalies agrees well with the high (low) pres-
sure anomalies in Fig. 16, consistent with the frictional
divergent flow. Again, the NAO composite with the MC
anomaly (Fig. 16a) reveals, at the peak stage, a center
of positive SLP and divergence anomalies over the Med-
iterranean, which are not clearly detected in the coun-
terpart (Fig. 16b). It is interesting to note that the high
pressure and divergence anomalies appear over the same
location, even at 5 days before the peak of the NAO
(Figs. 16c and 16d) collocated with the upper-level MC
anomaly (not shown), indicating that the signal of the
NAO downstream extension, established during the de-
cay stage (see Figs. 13a–d), is detectable even during
the growth stage of the NAO. While thorough analysis
of the whole NAO cycle is not in the scope of this study,
the above results suggest as a medium-range weather
forecast over East Asia that the NAO downstream ex-
tension, which affects surface temperature over the re-
gion, is to some extent predictable by carefully moni-
toring the developing stage of individual NAO events.

5. Concluding remarks

Motivated by the question to what extent the NAO
is a regional phenomenon, this study investigated the
anomalous atmospheric fields associated with the NAO
on multiple time scales, using monthly and daily mean
reanalysis data.

On interannual time scales, simple linear regressions
upon the NAO index for each winter month reveal that
circulation and temperature anomalies tend to concen-
trate on the Euro–Atlantic sector during early winter,
which might match a classical impression of the regional
NAO, whereas they extend toward East Asia and the
North Pacific in late winter when anomalous ridges ap-
pear over these regions. The anomalous meridional wind
was best in identifying such a hemispheric expansion,
termed the NAO downstream extension throughout the
paper, in which a zonally oriented wave train along the
Asian jetstream dominates. Regressed anomalies in the
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FIG. 15. As in Fig. 13 but for velocity potential (contour) and divergent wind (vector) at s 5 0.258. The contour interval
is 5 3 105 m2 s21. Dark (light) shading indicates position of the positive (negative) optimal vorticity source shown in
Fig. 7.

Rossby wave source show a significant vorticity source
near the jet entrance in February, mainly due to the
anomalous upper-level convergence over the Mediter-
ranean, suggesting that the downstream extension of the
NAO is accomplished by quasi-stationary Rossby waves
trapped on the Asian jet waveguide and excited by a
vorticity source associated with the NAO. Diagnoses
with the barotropic model support this idea and highlight
that a positive vorticity source over the Mediterranean
is optimal in exciting the wave train on the Asian jet,
hence forming the anomalous ridges over the Asia–Pa-
cific sector. It is further shown that even during Decem-
ber and January the downstream extension emerges
when the NAO signal accompanies the Mediterranean
convergence anomaly, which we conclude to be one of

the key processes in linking the NAO with the East
Asian Climate.

We extended our analysis to daily mean data in order
to relate the downstream extension to the basic dynamics
of the NAO, which actually has a relatively short time
scale of about two weeks. Lagged composite analysis
to the low-pass-filtered fields in reference to individual
NAO events reveals that the NAO downstream exten-
sion does occur both for positive and negative phases
of those events when they accompany the Mediterranean
convergence anomaly, roughly accounting for half of
the total number of events. We found that the wave train
along the Asian jet is rapidly established about two days
after the peak stage of the NAO event, indicating that
the downstream extension is associated with the decay
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FIG. 16. As in Fig. 13 but for SLP (contour) and near-surface (at s 5 0.995) divergent wind (vector) at (a)–(b) day 0 and
(c)–(d) day 25. The contour interval is 3 hPa while shading denotes anomalies significant at the 99% level.

FIG. 17. Schematic illustrating the NAO downstream extension.
The upper-level wave train along the Asian jet (thick arrow), which
affects surface condition over East Asia, is excited by the Mediter-
ranean convergence anomaly induced by surface frictional divergent
flow (thin arrows) associated with the NAO.

in the NAO life cycle. It is plausible that the Mediter-
ranean convergence anomaly results from the Ekman
pumping accompanied by the southern part of surface
pressure anomalies of the NAO. We thus conclude that
the NAO downstream extension is probably a part of

the fundamental dynamical property of the NAO itself,
as schematically illustrated in Fig. 17.

Indices of the AO and NAO show the highest cor-
relation in February, consistent with the pattern of the
NAO downstream extension that is quite similar to the
spatial structure of the AO. Taking this and the above
results into account, the following implication is ob-
tained for the AO/NAO debate (see introduction): a part
of the AO, at least from the North Atlantic to East Asia,
is interpreted as the extended NAO but not a simple
combination of regional teleconnection patterns. In this
regard, the hemispheric-wide structure of the AO ap-
pears to represent the physical nature in its own right,
as suggested by the previous numerical studies (e.g.,
Kimoto et al. 2001; Watanabe and Jin 2004). On the
other hand, the downstream extension is not likely to
contribute to the anomalous zonal-mean zonal wind of
the AO because of its zonally oriented structure. It is
rather consistent with previous studies (DeWeaver and
Nigam 2000; Kimoto et al. 2001) that show that the
zonal-mean zonal wind anomaly of the AO mostly re-
flects the zonal wind anomaly over the Atlantic sector.

While the present work concentrates on the North
Atlantic influence to the Asia–Pacific sector, an opposite
direction of the interbasin connection has also been
identified (Honda and Nakamura 2001). Interestingly,
they note that the Atlantic circulation anomaly stimu-
lated by changes in the Aleutian low over the Pacific
projects well on the AO/NAO, and the connection pre-
vails in late winter as in the NAO downstream extension.
Therefore, their work and ours may cojointly indicate
processes responsible to the hemispheric-scale, coherent
fluctuations at work in the extratropical atmospheric cir-
culation.
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Results in section 4 of the present study also appear
to have an implication for medium-range weather fore-
casts. While the NAO downstream extension occurs dur-
ing the decay stage of the NAO life cycle, the signal of
the wave source, that is, the Mediterranean convergence
anomaly, is detectable during the developing stage, sug-
gesting that the downstream extension is predictable to
some extent. Since the anomalous ridge/trough associ-
ated with the downstream extension accompanies sur-
face warming/cooling over northern East Asia (cf. Figs.
2 and 17), the Mediterranean convergence during the
developing NAO may be one of the adaptive targets for
the medium-range forecast in East Asian countries.
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