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ABSTRACT

In this study, using the ECMWF reanalysis data, the possible linkage between the Pacific-North American
teleconnection pattern (PNA) and the North Atlantic Oscillation (NAO) during boreal winter (December–
February) is investigated. The PNA and the NAO pattern are obtained by performing Rotated Empirical
Orthogonal Function (REOF) analysis on an anomalous daily mean 300-hPa geopotential height field. The
composite daily NAO indices show that the NAO indices are prone to be negative (positive) when the
contemporary PNA indices are extremely positive (negative). The correlation coefficients between the daily
PNA and NAO indices also confirm that, indeed, there is a significant anti-correlation between the PNA
and NAO indices. The correlation peaks at a lag of 0 days (meaning contemporary correlation), and its
value is 0.202. Analyses of a newly defined Rossby wave breaking index and diagnostics of the stream
function tendency equation indicate that the anti-correlation between PNA and NAO may be caused by the
anomalous Rossby wave breaking events associated with the PNA pattern.
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1. Introduction

Many low-frequency variability modes have been
discovered in the Northern Hemisphere (NH) extrat-
ropics, including the Pacific-North American telecon-
nection pattern (PNA) and the North Atlantic Oscil-
lation (NAO), being the two most prominent modes
among them (Wallace and Gutzler, 1981; Barnston
and Livezey, 1987). The PNA has a typical wave-like
pattern and covers almost half of the NH. The PNA
pattern can modify NH planetary wave amplitudes,
perturb the paths of the Pacific storm-track, and also
strongly impact the strength and location of the East
Asian jet stream. Generally, the PNA is considered as

a local phenomena and it has some local influences on
the temperature and precipitation anomalies over the
north Pacific and North America, especially during the
NH cold season (Leathers et al., 1991). Although on
an interannual time scale, El Niño/ Southern Oscilla-
tion (ENSO) events can impact the variability of the
PNA (Trenberth et al., 1998), some studies indicate
that the PNA is an essential internal mode of the NH
atmospheric variability. The growth of PNA is mainly
due to the stationary eddy advection, whereas tran-
sient eddy vorticity fluxes also play an important role
during some stages of the PNA life cycle (Feldstein,
2002).

The North Atlantic Oscillation (NAO) denotes a
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seesaw pattern of sea level pressure (SLP) between the
Azores and Iceland (Walker, 1924; Walker and Bliss,
1932; van Loon and Rogers, 1978; Hurrell, 1995; Hur-
rell et al., 2003). Unlike the wave-like PNA pattern,
the NAO is a north-south “dipolar” mode and it refers
to an out of phase redistribution of atmospheric mass
between the Arctic and the subtropical Atlantic as well
as the north-south displacement of the mid-latitude jet
in the Atlantic sector. The NAO has a strong climatic
impact not only on North America/the Atlantic and
European regions but also on almost the whole NH do-
main (Hurrell et al., 2003). The fundamental dynam-
ical processes of the growth and maintenance of the
NAO are dominated by the nonlinear processes and
the high-frequency (period less than 10 days) tran-
sient eddy fluxes that are the main “engine” which
drive the growth of the NAO (Feldstein, 2003). Re-
cently, a number of studies considered that the NAO
straightly originated from synoptic wave breaking in
the north Atlantic (Benedict et al., 2004; Rivière and
Orlanski, 2007; Woollings et al., 2008). The anticy-
clonic (cyclonic) wave breaking corresponded to the
positive (negative) phase of the NAO. Some studies
also suggested that the variability of the NAO could
be affected by the anomalies of the atmospheric cir-
culation in the eastern Pacific, which is the upstream
region of the NAO. The composite cycle of positive
NAO events show that after an anomalous wave-train
propagation across the north Pacific to the east coast
of North America, the positive NAO phase develops
(Feldstein, 2003). Franzke et al. (2004) pointed out
that the latitudinal position of the Pacific storm track
was crucial for determining the phase of the NAO. In
Woollings et al. (2008)’s analysis, a number of wave
breaking events in the Atlantic were preceded by a
quasi-stationary Rossby wave train emanating from
the eastern Pacific. Rivière and Orlanski (2007) also
underscored the important role of the upstream effect
in determining the phase of the NAO. Rivière and Or-
lanski (2007) regional model’s results showed that the
sign of the NAO indices could be recovered when their
regional model was forced with real data at the western
boundary (eastern Pacific), which indicated that the
phase of NAO was determined by the waves coming
from the eastern Pacific.

The PNA, as the most distinct pattern of atmo-
spheric variability located in the eastern Pacific, has
dramatic influences on the circulation of the eastern
Pacific. Therefore, it is reasonable to hypothesize that
there is a linkage between the PNA and the NAO.
In fact, some studies have suggested that there is a
possible linkage between these two low frequency pat-
terns. Pozo-Vázquez et al. (2001, 2005) examined the
SLP anomalies in the north Atlantic region during the

different phases of ENSO (El Niño or La Niña). In
Pozo-Vázquez et al. (2001, 2005) composite analysis,
they found that during La Niña there was a significant
anomalous pattern resembling the positive phase of the
NAO in the north Atlantic. Besides that, simulations
by various ocean-atmosphere coupled models showed
that the eastern tropical Pacific SST anomalies are as-
sociated with the anomalous SLP, which partly resem-
bles the NAO pattern over the north Atlantic (Zhou
et al., 2006, and the references therein). Mokhov and
Smirnov (2006) applied a nonlinear method to esti-
mate the coupling between ENSO and the NAO. They
inferred that ENSO could affect the variability of the
NAO with a confidence probability higher than 95%
during the previous half century. Pozo-Vázquez et al.
(2001, 2005) suggested that the PNA pattern could
be a “bridge” connecting the NAO-like SLP anomaly
pattern and the tropical forcing. Reyers et al. (2006)
investigated the possible link between the PNA and
the NAO in the results of ECHAM4 and ECHAM5
GCM long control runs. Reyers et al. (2006) found
that, in the GCMs, there was indeed a significant anti-
correlation between the PNA and the NAO (correla-
tion coefficient r=−0.37 in ECHAM4; correlation coef-
ficient r=−0.22 in ECHAM5). They failed, however,
to find any significant correlation between the PNA
and the NAO in the reanalysis datasets, except for
the period of 1973–1994.

Those aforementioned studies have given us a hint
that the two most prominent low-frequency modes in
the NH, the PNA and the NAO, have some kind of
linkage. However, the linkage between the two pat-
terns in observations is still controversial and unclear.
Therefore, in this study, our primary aim is to clar-
ify whether there is a significant linkage between the
PNA and the NAO in the reanalysis data. If indeed
there is a linkage between them, the possible physical
explanation will be discussed. This paper is organized
as follows: Datasets and methodology are described
in section 2. Observational relationship between the
PNA and the NAO indices is presented in section 3 and
then a possible mechanism responsible for this linkage
is discussed in section 4. Section 5 gives discussion and
summary.

2. Data and methodology

In this study, the daily 300-hPa geopotential height
fields and Potential Vorticity (PV) at the 350 K isen-
tropic level from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-40 reanal-
ysis data (Uppala et al., 2005) are used. The horizontal
resolution of data is 2.5◦×2.5◦. The data spans the
years from 1957 to 2002 for the months of October to
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Fig. 1. The North Atlantic Oscillation (NAO, top) and
the Pacific-North American teleconnection (PNA, bot-
tom) patterns. The fractional variance is shown in the
upper right corner. Full (dashed) contours are positive
(negative) and the zero contour is omitted. The interval
of the contour is arbitrary.

April. The PNA and the NAO pattern are evident
throughout the years, but they are strongly seasonally
dependent. During the NH cold season (December–
February), their patterns are the most prominent.
Hence, in this study, only the relationships between
the NAO and the PNA in the cold season are exam-
ined, while October, November, March, and April also
need to be included if the periods before, or after, an
event are to be used.

In order to examine the possible linkage between

the PNA and the NAO, clear and exact definitions of
the PNA and the NAO patterns are necessary. Un-
fortunately, there is no “standard” way to define the
PNA and the NAO. We follow the definition given by
Feldstein (2002, 2003). The spatial structure of NAO
and PNA are obtained by applying REOF analysis to
the boreal winter (December–January–February, DJF
hereafter) daily, unfiltered 300-hPa geopotential height
anomalies poleward of 20◦N from 1957 to 2002. The
term anomaly refers to a deviation from the seasonal
cycle, which is defined as every calendar day’s climatic
average. The first and second REOF are defined as the
NAO and the PNA pattern (See Fig. 1). Before we
perform the REOF analysis, the data fields will be
weighted by the square root of the cosine of the lati-
tude. For the REOF calculation, 15 unrotated EOFs
are retained. Also, we found that the NAO and the
PNA spatial structures are insensitive to the number
of retained unrotated EOFs (retained 12–20 unrotated
EOFs are tested). The REOF1 and REOF2 pattern
shown in Fig. 1 clearly represent the typical “NAO”
and “PNA” spatial structure. The NAO is a north-
south out of phase dipole mode with one center over
southern Greenland and another very broad center lo-
cated in the mid-latitude of the north Atlantic. For
the PNA, the wave-like four centers are also explicit
from the east-central tropical Pacific to North Amer-
ica. The normalized daily NAO and the PNA dur-
ing the cold season (October–April) are constructed by
projecting ECMWF daily unweighted 300-hPa geopo-
tential height field anomalies poleward of 20◦N onto
the corresponding NAO (REOF1) and PNA (REOF2)
loading patterns, respectively. The positive (negative)
NAO index polarity refers to the positive (negative)
anomaly in the mid-latitude of the North Atlantic and
the negative (positive) anomaly over southern Green-
land. As for the PNA, the positive (negative) indices
indicate that the centers of action over the eastern-
central tropical Pacific and northwestern North Amer-
ica are positive (negative), and the other two centers
of action have opposite signs.

3. The relationship between the PNA and the
NAO

In the presented study, composite and correlation
analyses are used to examine the relationship between
the NAO and the PNA indices. Any relationship found
between the two modes’ indices are considered as that
between the NAO and the PNA pattern. For the
composite analysis, we selected the extremely posi-
tive (PNA index�2,268 events) and negative (PNA
index�−2,378 events) PNA events during the north
winter (DJF). We then averaged the NAO indices cor-
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responding to extremely positive and negative PNA
events for a lag ranging from −60 to +60 days (0 day
means the day of the selected extremely positive or
negative PNA event, lag −x days means the NAO in-
dex leading the extremely positive or negative PNA
event x days, lag by +x days means the NAO index
lagging the PNA event by days) that were obtained
through a composite procedure, respectively (shown
in top panel of Fig. 2). In the composite results,
we found that the PNA and the NAO indeed have a
linkage, that is, the NAO indices are prone to be ob-
viously negative (positive) when the PNA indices are
extremely positive (negative), especially during a lag
ranging from −10 to +10 days. Some studies have
revealed that ENSO has an influence on the variabil-
ity of the PNA as well as the NAO (Trenberth et al.,
1998; Pozo-Vázquez et al., 2001, 2005). In order to
consolidate the results of the top panel of Fig. 2 and
exclude the possibility that the linkage between the
PNA and the NAO is an artifact produced by ENSO,
the relationship between the NAO and the PNA in the

 

  

       

 

Fig. 2. Composite daily North Atlantic Oscillation
(NAO) indices during the extremely positive and neg-
ative Pacific-North American teleconnection pattern
(PNA) events for a lag ranging from −60 to +60 days
in 1957–2002 (top) and in the normal years (bottom).
For details see the text.

normal yearsa is also examined (Shown in the bottom
panel of Fig. 2). Basically, the total form of results
is unchanged except for some minor differences, which
indicates that the results of the composite NAO index
(top panel of Fig. 2) are substantial and the linkage
between the PNA and the NAO is not an artifact cre-
ated by ENSO.

We also calculated the correlation coefficients be-
tween the PNA and the NAO indices for a lag rang-
ing from −60 to +60 days in all years (Shown in the
top panel of Fig. 3). In the correlation analysis, 0
days mean that both the PNA and the NAO daily
indices are based on 1 December–28 February. Lags
−x (+x) days mean the NAO index leads (lags) the
PNA index by x days. For example, when the correla-
tion is a lag of −10 days (+10 days), the PNA indices
are still based on 1 December–28 February, while the
NAO indices are based on 21 November–19 February
(11 December–10 March). Consistent with the com-
posite results, the correlation shows that there is a
significant anti-correlation between the PNA and the

 

    

 

 

Fig. 3. Correlation coefficients between the daily Pacific-
North American teleconnection pattern (PNA) and the
North Atlantic Oscillation (NAO) index for a lag rang-
ing from −60 to +60 days in 1957–2002 (top) and in the
normal years (bottom). For details see the text.

aThe normal years are picked out based on the monthly Cold Tongue Index (CTI). The criterion for normal years is to use half
a standard deviation (|CTI| < 0.5) of a northern winter (DJF averaged) CTI as the threshold. Therefore, there are 21 normal
years from 1957/58 to 2001/02 (58/59, 59/60, 60/61, 61/62, 64/65, 66/67, 71/72, 74/75, 78/79, 79/80, 80/81, 81/82, 83/84, 85/86,
87/88, 89/90, 90/91, 92/93, 93/94, 96/97, and 01/02). The monthly cold tongue index (CTI), defined as the area-averaged (over
6◦S–6◦N, 180◦–90◦W) SST anomalies, reflects the variation of the ENSO cycle and is downloaded from the Joint Institute for the
Study of the Atmosphere and Ocean at the University of Washington (http://jisao.washington.edu).
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NAO indices from a lag −10 to +10 days and the cor-
relation coefficient peaks at a lag of 0 days, with a
value of 0.202. For the correlation in the normal years
(bottom panel of Fig. 3), the results are basically
unchanged, but the number of days that the corre-
lation coefficients exceed the 95% confidence level is
decreased dramatically. The anti-correlation between
the PNA and the NAO, at least, is still statistically
significant at 0 days. We notice that the differences
between the correlation coefficients in all years (top
panel of Fig. 3) and in the normal years (bottom panel
of Fig. 3) are negligible. Therefore, a stricter 95%
confidence level, corresponding to a smaller number of
effective sample sizes in the normal years, is the reason
for the decrease in number of days that the correlation
coefficients exceed the 95% confidence level.

4. A possible physical explanation

The simple statistical results presented above con-
firm that there is a significant linkage between the
PNA and the NAO in observations. In this section, a
possible physical explanation responsible for the link-
age between the PNA and the NAO is discussed.

Noting the fact that most literatures mentioned in
section 1 drew the same conclusion: the NAO pattern
is closely related to the Rossby wave breaking over the
North Atlantic region. From a physical viewpoint, the
location of the eddy-driven jet is determined by the
eddy momentum fluxes, and so, effectively, the phase
of the NAO. The eddy momentum fluxes mainly oc-
cur in the later stages of a baroclinic wave’s life cy-
cle with an irreversible enstrophy cascade to smaller
scales, also known as wave breaking. Therefore, the
phases of the NAO are closely related to the wave
breaking, or in other words, the NAO can be driven by
the wave breaking. Some studies also indicated that
the circulation anomalies in upstream regions (east-
ern Pacific) could impact the variability of the NAO.
These results give us a physical basis in explaining
the linkage between the PNA and the NAO. We hy-
pothesize that the linkage between the PNA and the
NAO could be due to the anomalous upstream Rossby
wave breaking events produced by the PNA pattern.
From the “PV-θ” viewpoint (Hoskins, 1991), Rossby
wave breaking means that the quasi-horizontal ampli-
tude of the Rossby wave is so large that PV contours
are irreversibly deformed (McIntyre and Palmer, 1983,
1985). Thorncroft et al. (1993) identified two differ-
ent kinds of ideal wave breaking, anticyclonic (LC-1)
and cyclonic (LC-2). The LC-1 (LC-2) wave breaking
is characterized by tongues of high PV air being ad-
vected anticyclonically (cyclonically) and then insert-
ing equatorward. In order to depict the Rossby wave

breaking events well, a new Rossby wave breaking in-
dex is introduced in this study (Appendix A gives a
detailed description of the Rossby wave breaking in-
dex). Figure 4 shows the anomalous LC-1 (top panel)
and LC-2 (bottom panel) Rossby wave breaking in-
dices regressed on the daily NAO index at a lag of
0 days (contemporary regression) during the north-
ern winter (DJF) from 1957 to 2002. The anomalous
wave breaking index means a deviation from every cal-
endar day’s climatic average of the wave breaking in-
dex. The numerical value of regression is multiplied
by 100, and a positive (negative) value means that
the LC-1 or LC-2 wave breaking events occur more
(less) frequently there. Consistent with recent studies,
the regressive results of Fig. 4 show that the positive
and negative phases of the NAO are closely related
to anticyclonic and cyclonic wave breaking events, re-
spectively. The positive (negative) phase of the NAO
is associated with a significantly more (less) frequent
occurrence of the LC-1 wave breaking event over the
mid-latitude of the Atlantic, and a less (more) frequent
occurrence of the LC-2 wave breaking event over the
North Atlantic. Figure 5 is the same as Fig. 4 but for
the PNA index. The positive PNA is associated with
a dipole (tripole)-like anomalous LC-1 (LC-2) wave
breaking event pattern over the eastern Pacific. In
a sense, these patterns reflect the Pacific storm track
twisted by the PNA. Obviously, the anomalous wave
breaking events associated with the PNA are mainly
situated in the eastern Pacific, while the PNA also has
an influence on the occurrence of the wave breaking
in the North Atlantic/North America. The positive
phase of the PNA corresponds to less LC-1 wave break-
ing events in the mid-latitude (20◦–30◦N) of the North
Atlantic/North America and more LC-1 wave break-
ing events in the middle-high latitude (30◦–55◦N) of
the North Atlantic/North America. Consulting the re-
sults of Fig. 4, this kind of anomalous wave breaking
distribution makes against (for) the formation of the
positive (negative) phase of the NAO. Therefore, this
is a possible explanation for the observed fact that the
NAO indices tend to have opposite signs during the
extreme phases of the PNA (see Figs. 2 and 3).

The regressive results of the wave breaking index
give us a qualitative explanation of the anti-correlation
relationship between the PNA and the NAO. In order
to validate our suggestion that the anomalous Rossby
wave breaking events aroused by the PNA can impact
the variability of the NAO, the stream function ten-
dency equation diagnostic method is used. The stream
function tendency equation (see Appendix B) was first
presented by Cai and van den Dool (1994). Feldstein
(1998, 2002, 2003) analyzed the temporal evolution of
the PNA and the NAO pattern in a GCM by using
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Fig. 4. The anomalous LC-1 (top panel) and LC-2 (bottom panel) Rossby wave
breaking indices contemporarily regressed on the daily North Atlantic Oscillation
(NAO) index. Areas encircled by the solid and dashed lines denote statistic signifi-
cance exceeding the 95% confidence level based on the t-test.

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Same as Fig. 4 but for the Pacific-North American teleconnection pattern (PNA) index.
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this diagnostic method. This method, in fact, uses
a nearly complete vorticity equation to diagnose the
tendency components of the low-frequency anomalies,
quantitatively, including the linear and nonlinear pro-
cesses. Figure 6 shows the nonlinear high-frequency
wave interaction term (ξ6) forcing (the term ξ6 can
represent the eddy vorticity forcing corresponding to
wave breaking events approximately), expressed by a
stream function tendency regressed on the daily PNA
index at a lag of 0 days (contemporary regression)
during the northern winter (DJF) from 1957 to 2002.
The regressive results show that there is a notable
high-frequency transient eddy vorticity forcing asso-
ciated with the PNA in the north Pacific. A sub-
stantial negative stream function tendency center in
the north-eastern Pacific strongly projects onto one
of the PNA action centers, which is located south of
the Aleutian Islands. The PNA can be explained as
a Rossby wave train triggered by the tropical forcing
and propagating into the middle latitudes, due to lin-
ear dispersion (Hoskins and Karoly, 1981). The results
of Fig. 6 indicate that the forced Rossby wave train
tends to perturb the synoptic waves (high-frequency
transient eddy) in the middle latitudes where the ac-
tivities of the synoptic waves are very intense. On
the other hand, the disturbed transient eddy can also
significantly enhance the remote response in the mid-
latitudes. This is a well known two-way interaction
between the transient eddy and the low-frequency pat-
tern, which plays an important role in the formation
of mid-latitude circulations. From Fig. 6, we notice
that the high-frequency transient eddy forcing asso-
ciated with positive phase of the PNA produces an
anomalous positive stream function tendency in the
high latitudes of the North Atlantic. It is plainly dis-
advantageous (advantageous) for the formation of the
positive (negative) phase of the NAO. Therefore, the

results of Fig. 6 are helpful to explain why there is an
anti-correlation between the PNA and the NAO.

5. Conclusions and discussion

The possible linkages between the PNA and the
NAO are examined in the present study. The results
of composite and correlation analyses show that there
is a significant anti-correlation between the PNA and
the NAO from a lag of −10 to +10 days. When the
PNA index is extremely positive (negative), the corre-
sponding NAO index tends to be negative (positive).
The results reported in this study validate the sugges-
tions proposed by recent studies that there are some
linkages between the PNA and the NAO. In fact, the
anti-correlation between the PNA and the NAO could
also be detected from the 300-hPa zonal wind anoma-
lies patterns associated with the PNA. Figure 7 shows
the 300-hPa zonal wind anomalies regressed on the
daily PNA index at a lag of 0 days (contemporary re-
gression) and it has a typical quadruple pattern from
the eastern Pacific to North America. There are nega-
tive zonal wind anomalies poleward of 50◦N and posi-
tive zonal wind anomalies equatorward of 50◦N in the
eastern Pacific (negative over positive). On the con-
trary, anomalous zonal wind fields in North America
are positive over negative and extend to the North At-
lantic region. This kind of anomalous zonal wind pat-
tern corresponds to the negative phase of the NAO. A
possible mechanism that can account for this relation-
ship is also discussed. The anomalous Rossby wave
breaking events in the North Atlantic/North Amer-
ica, triggered by the PNA, are considered as the rea-
son explaining the anti-correlation between the PNA
and the NAO. It is found that the positive phase
of the PNA is associated with more frequent anti-
cyclonic wave breaking events occurring in the high

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. The high-frequency wave interaction term (ξ6) forcing expressed by a stream
function tendency regressed on the daily Pacific-North American teleconnection pat-
tern (PNA) index at a lag of 0 days during winter (DJF) from 1957 to 2002. Shading
denotes statistical significance exceeding the 95% confidence level estimated by a stu-
dent t-test. Contour intervals are 2 m2 s−2, zero contours are omitted, and negative
contours are dashed.
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Fig. 7. The 300-hPa zonal wind anomalies regressed on the daily Pacific-North American
teleconnection pattern (PNA) index at a lag of 0 days during winter (DJF) from 1957 to
2002. Shading denotes statistical significance exceeding the 95% confidence level estimated
by a student t-test. Contour intervals are 1 m s−1, zero contours are omitted, and negative
contours are dashed.

latitudes of the North Atlantic/North America and
less frequent anticyclonic wave breaking events occur-
ring in the middle-low latitudes of the North Atlantic.
This kind of anomalous wave breaking distribution fa-
vors the growth of the negative phase of the NAO
instead of the positive phase of the NAO. More de-
tailed calculation of the high-frequency wave interac-
tion term (ξ6, also known as transient eddy vorticity
forcing), which roughly represents the eddy vorticity
forcing produced by anomalous wave breaking events
in the stream function tendency equation, shows that
the anomalous wave breaking triggered by the positive
(negative) phase of the PNA give rise to an anomalous
positive (negative) stream function tendency pattern
in the high latitudes of the North Atlantic. This will go
against (for) the emergence of the positive (negative)
phase of the NAO.

The anomalous wave breaking in North Amer-
ica/North Atlantic associated with the PNA could be
due to different baroclinic waves’ life cycles influenced
by many physical processes. The barotropic merid-
ional shear has been proven to have notable effects
on the baroclinic waves’ life cycles, that is, the anti-
cyclonic (cyclonic) wave breaking events tend to oc-
cur in the regions where anticyclonic (cyclonic) shear
is prevalent (Simmons and Hoskins, 1980; Thorncroft
et al., 1993; Hartmann and Zuercher, 1998). Actu-
ally, in North America, there is anomalous meridional
shear brought by the anomalous zonal wind associ-
ated with the PNA: anticyclonic shear appears in the
high latitudes (means more frequent anticyclonic wave
breaking events might occur there) and cyclonic shear
appears in the middle-low latitudes (less frequent an-
ticyclonic wave breaking). This is consistent with the
results of Fig. 5. Therefore, we hypothesize that the
barotropic meridional shear associated with the PNA
pattern plays an important role in the formation of

the anomalous wave breaking. However, we cannot
rule out the effect of other factors on the baroclinic
waves’ life cycles, such as, changes in the upstream
baroclinicity through the advection of warm and moist
air from the Gulf of Mexico and cold air from Canada
by the PNA (Reyers et al., 2006), or simply the steer-
ing effects of the low frequency pattern on the synop-
tic waves (Branstator, 1995). Recently, the results of
a theoretical model proposed by Luo et al. (2008) in-
dicated that the low frequency pattern (in their study
the low frequency pattern is the NAO or the blocking
circulation) is an outcome through the interaction be-
tween synoptic scale waves (high frequency transient
eddy) and planetary scale waves. In the evolutional
progress of the low frequency pattern, the synoptic
waves interact with the planetary waves and the wave
breaking inevitably takes place. Hence, there is also
a possibility that the anomalous wave breaking events
shown in Fig. 5 are a spontaneous result of the inter-
action between the synoptic waves and the planetary
waves associated with the PNA. Whatever, the cause
of the anomalous wave breaking, is a topic that needs
further research.

The anti-correlation between the PNA and the
NAO reported in this study, in fact, also provides a
number of potential targets that deserve further re-
search. We are especially interested in investigating
the role that tropical forcings, such as SST and con-
vection anomalies, play in the variability of NAO. Hur-
rell et al. (2004) and Hoerling et al. (2004) argued that
the well known linear trend of the NAO index over the
last half of the 20th Century (e.g., Hurrell, 1995) was
a response to the historical evolution of the SST forc-
ing, especially the tropical Indian Ocean forcing. In
their ensembles of numerical experiments, they found
that the warm tropical Indian Ocean SST anomalies
gave rise to a negative phase PNA-like response in the
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eastern Pacific/North American region and then an
appreciable positive phase NAO-like response emerged
in the North Atlantic. The Madden-Julian oscillation
(MJO) is also an important tropical atmospheric phe-
nomenon (Madden and Julian, 1971), whose influence
on extratropical circulations have also been extensively
examined (Li and Qin, 1991; Hsu, 1996). Does the
MJO, like the tropical SST anomalies, influence the
variability of the NAO? This question is intriguing and
is a future research plan. We believe that, for examin-
ing the relationship between the MJO and the NAO,
the emphasis should be put on the understanding of
synoptic eddy feedbacks associated with changes in the
Pacific/Atlantic storm tracks.
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APPENDIX A

Rossby Wave Breaking Index

In this study, the basic idea of the Rossby wave
breaking index is derived from the work of Woollings et
al. (2008). Here we extend their index simply by divid-
ing a wave breaking event into LC-1 and LC-2 types.
The Rossby wave breaking index is constructed as fol-
lows. First, we search for the reversal in the sign of the
meridional gradient of the PV at the 350 K isentropic
level on every point of the grid. In order to avoid the
disturbance caused by small scale waves (smaller than
Rossby waves), the PV field is filtered by performing
a Fourier transform, so that, only the information of
0–15 waves is retained. Here, the 350 K isentropic
level is chosen because this level is located in the cen-
ter of the so-called “middle world” where isoentropes
crossing the tropopause have not struck the Earth’s
surface yet (Hoskins, 1991). We define a wave break-
ing event occurring in this grid when there is a rever-
sal in the sign of the meridional gradient of the PV,
namely, ∂(PV)/∂(latitude)<0. Then, the wave break-
ing event is divided into two classes: anticyclonic (LC-
1) and cyclonic (LC-2). When the latitudinal gradient
of the PV, namely, ∂(PV)/∂(longitude)>0, the wave
breaking event is defined as the LC-1 type, otherwise
if ∂(PV)/∂(longitude)<0, the wave breaking event is
defined as the LC-2 type. The climatic distribution
of the LC-1 and LC-2 Rossby wave breaking events
during the cold season (October–April) from 1957 to
2002 in the NH (not shown) indicates that anticyclonic
(LC-1) wave breaking events mainly occur at the equa-
torward region of the climatological jet, where anti-
cyclonic shear is prevalent. For the cyclonic (LC-2)

wave breaking events, the maximum is situated in the
North Pacific and the North Atlantic, also at the pole-
ward region of the climatological jet where cyclonic
shear is prevalent. Diao et al. (2006) indicated that
the blocking events are closely related to the cyclonic
wave breaking events. Therefore, it is not surprising
to notice the North Pacific and the North Atlantic
as the locations where the LC-2 wave breaking events
are prevalent are also the locations where the block-
ing events occur, predominantly. The spatial distri-
bution of wave breaking events is also consistent with
the results of Thorncroft et al. (1993). The LC-1 (LC-
2) wave breaking tends to occur in the equatorward
(poleward) region of the main westerly jet, which in-
dicates that our definition of the wave breaking events
is reasonable.

APPENDIX B

Stream Function Tendency Equation

The stream function tendency equation is written
as follow,

∂ψl

∂t
=

8∑

i=1

ξi +R

and

ξ1 =∇−2

[
−(vr,l + vd,l)

1
a

df

dθ

]
,

ξ2 =∇−2(−[Vr] · ∇ξl − Vr,l · ∇[ξ])+

∇−2(−[Vd] · ∇ξl − Vd,l · ∇[ξ]) ,

ξ3 =∇−2(−V ∗
r · ∇ξl − Vr,l · ∇ξ∗)+

∇−2(−V ∗
d · ∇ξl − Vd,l · ∇ξ∗) ,

ξ4 =∇−2{−(f + ξ)∇ · Vd,l − ξl∇ · Vd} ,
ξ5 =∇−2(−Vr,l · ∇ξl)l + ∇−2{−∇ · (Vd,l)ξl}l ,

ξ6 =∇−2(−Vr,h · ∇ξh)l + ∇−2{−∇ · (Vd,hξh)}l ,

ξ7 =∇−2(−Vr,l · ∇ξh)l + ∇−2{−∇ · (Vd,lξh)}l+

∇−2(−Vr,h · ∇ξl)l + ∇−2{−∇ · (Vd,hξl)}l ,

ξ8 =∇−2{−K · ∇ × (ωl∂V /∂P )}+
∇−2{−K · ∇ × (ω∂Vl/∂P )}+
∇−2{−K · ∇ × (ω′∂V ′/∂P )}l ,

where ψ is the stream function, ξ is the relative vortic-
ity, v is the horizontal wind vector, ν is the meridional
wind component, ω is the vertical wind component, a
is the earth’s radius, f is the Coriolis parameter, and
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θ is the latitude. The term R corresponds to a resid-
ual, including physical progresses that have been ne-
glected. The subscripts r and d denote the rotational
and divergent components of the horizontal wind, re-
spectively. The subscripts h and l indicate the data is
10-day high- and low-pass filtered, respectively. The
seasonal cycle, which is defined as the time mean of
each calendar day, is removed when the low-pass filter
is applied. The time mean is denoted by an overbar
and the deviations from time mean are represented by
a prime. The zonal average is denoted by square brack-
ets and deviations from the zonal mean are denoted by
an asterisk.

The dynamic meaning of each term ξi is briefly il-
luminated as follow. ξ1 corresponds to planetary vor-
ticity advection by the anomalies, ξ2 (ξ3) correspond
to relative vorticity advection of the interaction of the
anomalies with the zonally symmetric (asymmetric)
climatological flow, ξ4 correspond to the divergence
term, ξ5 (ξ6) correspond to the interaction among low-
(high-) frequency transient eddies. ξ7 and ξ8 represent
the interaction between high- and low- frequency tran-
sient eddies and the tilting terms. The last two terms
make a negligible contribution to the stream function
tendency.
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