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Abstract
Based on unfiltered daily Japanese 55 year reanalysis covering the 60 winters in 1958–2018, a new
teleconnection pattern called the zonal North Pacific Oscillation (ZNPO) pattern has been
detected. The ZNPO pattern describes a mass oscillation in the troposphere between the eastern
and western North Pacific, persisting for a week or so. It is shown that the ZNPO pattern is a
high-impact teleconnection pattern that brings the wintertime North Pacific and North America
severe weather and hydroclimate events. It may cause rapid surface air temperature drop or rise
over the northern North Pacific and North America, remarkable sea ice concentration anomalies
over the northeastern Bering Sea, and strong convective anomalies in the lower troposphere over
the eastern and western midlatitude North Pacific. The ZNPO pattern arises from two
westward-moving geopotential height disturbances over the North Pacific and North America and
is driven mainly by baroclinic energy conversion and feedback forcing by transient eddies. The
baroclinic energy conversion acts to overcome the available potential energy (APE) loss caused by
the heat flux of transient eddies and at the same time acts as a major kinetic energy (KE) source to
maintain the ZNPO pattern. The barotropic feedback forcing by transient eddies acts as a major
KE source to drive the ZNPO pattern during the growing stage of the ZNPO pattern and as a major
KE sink to heavily damp the ZNPO pattern during the decaying stage.

1. Introduction

For the Earth’s turbulent atmosphere, the existence
of the teleconnection patterns brings meteorolo-
gists hope for weather/climate prediction beyond
one week or an even longer time period. The winter-
time North Pacific is a place where the atmospheric
teleconnection patterns, such as the Pacific/North
American (PNA) pattern (Wallace and Gutzler 1981),
the North Pacific Oscillation (NPO) pattern (Walker
and Bliss 1932) or the western Pacific (WP) pattern
(Horel 1981, Wallace and Gutzler 1981, Barnston and
Livezey 1987, Linkin and Nigam 2008), and the east-
ern Pacific (EP) pattern (Athanasiadis et al 2010, Tan
et al 2015), are mostly active and have been studied
extensively for the past four decades or so. Early stud-
ies focused mainly on the internal dynamics of these
teleconnection patterns and their relationship with
the El Niño–Southern Oscillation (ENSO)-related

sea surface temperature (SST) anomalies over the
tropics (Hoskins and Karoly 1981, Rogers 1981, Ren-
wick and Wallace 1996, Mo et al 1998, Chu et al
2019, Sung et al 2019). These studies serve as a solid
basis for improving climate prediction on seasonal
and interannual timescales (Kumar et al 1996, Straus
and Shukla 1997, Shukla et al 2000, Derome et al
2001). Recently, many studies concentrated on the
PNA, WP and EP patterns on sub-seasonal times-
cale and their relationship to tropical convection,
particularly Madden-Julian Oscillation (MJO)- and
ENSO-associated deep convection (Feldstein 2002,
Franzke and Feldstein 2005, Linkin and Nigam 2008,
Mori and Watanabe 2008, Johnson and Feldstein
2010, Rivière 2010, Franzke et al 2011, Riddle et al
2013, Yuan et al 2015, Dai et al 2017, Dai and Tan
2019a, 2019b). Now, it is possible to predict PNA and
WP pattern-associated weather by up to three to four
weeks in advance (Younas and Tang 2013, Black et al
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2017), which creates the hope for us to break through
the one-week upper bound of state-of-the-art oper-
ational numerical models. Due to the importance of
skillful subseasonal forecasts in decision-making in
agriculture and food security, water and energy man-
agement, and disaster risk reduction, the improve-
ment of skills and promotion of the utility of sub-
seasonal weather and climate forecasts now becomes
a main research task of governmental agencies
and the scientific community (https://www.wcrp-
climate.org/s2s-overview; www.cpc.ncep.noaa.gov/
products/predictions/WK34).

This study will focus on teleconnection patterns
overwintertimeNorth Pacific on a subseasonal times-
cale. In view of the fact that all three known tele-
connection patterns, the PNA, WP and EP patterns,
take the form in the middle and upper troposphere of
meridionally orientated wave trains across the Pacific
jet and/or its exit region, this study, instead, will
explore whether some teleconnection patterns exist
in the form of zonally orientated wave trains along
the Pacific jet and its downstream region. This kind
of teleconnection pattern has been observed over
Eurasia (such as the Scandinavian pattern, Barnston
and Livezey 1987; the Eurasian Pattern, Wallace and
Gutzler 1981; the Silk Road pattern, Lu et al 2002,
Enomoto 2004; the British–Baikal Corridor pattern,
Xu et al 2019), over the Asia–North America region
(the Asia–North America teleconnection, Lau and
Weng 2002, Zhu and Li 2016), or over the middle-
latitude Northern Hemisphere (the Circumglobal
teleconnection, Branstator 2002, Ding and Wang
2005). It turns out that a new teleconnection pattern
called the ‘zonal North Pacific Oscillation’ (ZNPO)
pattern does exist. The ZNPO pattern describes a
mass oscillation in the troposphere between the east-
ern and western North Pacific and has a lifespan of a
week or so. The spatial and temporal features of the
ZNPO pattern and its climate impact are examined
systematically. In particular, the formation, mainten-
ance, and decaymechanisms of the ZNPO pattern are
examined from the perspective of energetics.

2. Data andmethodology

2.1. Data sets
This study uses daily (0000UTC) data from the
Japanese 55 year Reanalysis (JRA-55) (Ebita et al
2011, Kobayashi et al 2015) for winters (December–
February, DJF) from 1958 to 2018. The National Cen-
ters for Environmental Prediction (NCEP)-National
Center for Atmospheric Research (NCAR) reanalysis
data (Kalnay et al 1996) has been used to study
the ZNPO pattern-related circulations, while sea ice
data from both the JRA-55 and European Center
for Medium-Range Weather Forecasts interim daily
reanalysis data set (ERA-Interim) have also been used
to study the ZNPOpattern’s influence on sea ice cover
over the North Pacific. The results are not sensitive

to the data sets, and in this manuscript, we report
the results with JRA-55 reanalysis only. To examine
the modulation of the ZNPO patterns by ENSO, we
use the monthly (1958–2018) extended Reconstruc-
ted Sea Surface Temperature version 4 (ERSST.v4)
data (Huang et al 2015, Liu et al 2015, Huang et al
2016). The ENSO phases are defined based on the
ERSST.v4 ST anomalies in the Nino-3.4 region (5◦N–
5◦S, 170◦–120◦W). For El Niño (La Niña) winters,
the winter mean Nino-3.4 index must surpass the
+0.5◦C (−0.5◦C) threshold. Based on this threshold,
there are 21 El Niño winters, 19 La Niña winters and
20 ENSO-neutral winters in total, as shown in table
S1 (available online at stacks.iop.org/ERL/16/074007/
mmedia). This study also uses daily SST anomalies
which are constructed from linear interpolation of the
monthly ERSST.v4 data.

Anomalies for daily variables at each grid point
are derived by removing the long-termmean seasonal
cycle from the data. The long-term mean seasonal
cycle is defined as the 60 winter mean value for each
calendar day. Apart from the removal of the seasonal
cycle, the data are not filtered in any other way in the
analyses.

2.2. Composite analysis
To examine the formation features and associated cli-
mate impact of the ZNPO pattern, lagged-composite
analysis is performed based on the ZNPO events of
large amplitude. A positive (negative) ZNPO event is
defined as when the ZNPO index reaches 1.0 (−1.0)
standard deviations and subsequently stays above
(below) that threshold for at least four consecutive
days. The day of the peak ZNPO index is denoted as
day 0. Taking the lifespan of the ZNPO pattern into
consideration (about one week, see the next section),
two ZNPO events of the same phase must be at least
15 days apart. Otherwise, the weaker event is dis-
carded. Based on the above criteria, we obtain 73 pos-
itive and 79 negative ZNPO events in total from the 60
winters in 1958–2018.

2.3. Statistics
In most cases, the statistical significance of lagged-
composites is assessed with aMonte Carlo simulation
with 1000 randomly generated composites, while the
Student’s t-test is used to evaluate the statistical sig-
nificance for linear regressions with the number of
effective degrees of freedomNeff calculated by follow-
ing Kosaka et al (2012), with the formula:

Neff =
N

1+ 2
∑τ=τmax

τ=1

(
1− τ

N

)[
rx (τ) ry (τ)

] .
Here, N is the length of time series x and y, and rx
and ry are the autocorrelation functions for x and y,
respectively, with a lag of τ days. The maximum lag
τmax is set to be the maximum number that does not
exceed N/2.
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2.4. Budget analysis of energetics
To understand the dynamics of the formation and
maintenance of the ZNPO pattern, day-to-day kin-
etic energy (KE) and available potential energy (APE)
balances of the NPO pattern are analyzed. The KE
equation used in this study takes the form:

∂KE

∂t
=−∇ ·

(
⇀
VKE

)
−∇ ·

(
⇀

v ′l φ
′
l

)
+CKEP +CKB +CKE +CKF. (1)

The term on the lhs of equation (1) is the KE tend-
ency. The first two terms on the rhs of equation (1)
are the horizontal convergence of the KE flux asso-
ciated with the climatological-mean flow and geopo-
tential height flux associated with ageostrophic flow,
respectively. The terms CKEP, CKB, CKE and CKF are
the KE-APE conversion, barotropic energy conver-
sion, feedback forcing by transient eddies and damp-
ing by turbulent eddies, respectively.

The APE equation used is of the form:

∂APE

∂t
=−∇ ·

(
⇀
VAPE

)
+CPB +CPE −CKEP

+CPQ. (2)

The term on the lhs of equation (2) is the APE tend-
ency. The first term on the rhs of equation (2) is
the horizontal convergence of the APE flux associ-
ated with the climatological-mean flow. The terms
CPB, CPE, −CKEP and CPQ are the baroclinic energy
conversion, APE gain due to transient eddy heat
flux, KE-APE conversion with a minus sign and
the APE generation by anomalous diabatic heating,
respectively.

For KE (APE) conversion/generation terms, pos-
itive (negative) values indicate KE (APE) gain (loss)
for the ZNPO pattern. The detail of the formula for
each term in the KE and APE equations is given in
the supplementary material.

3. Results

3.1. Definition and spatial-temporal features
of the ZNPO pattern
To detect the wintertime (December to February)
North Pacific teleconnection patterns on a sub-
seasonal timescale, we apply Empirical Orthogonal
Function (EOF) analysis to unfiltered daily Sea
Level Pressure (SLP) anomalies over the domain
(20◦–60◦N, 120◦E–120◦W). Shown in figure 1 are the
first, second and third EOFs, which are well separ-
ated by the criterion byNorth et al (1982) and explain
24.5%, 13.5% and 11.9% of the total daily variance,
respectively. The first EOF is a monopole centered
south of the Aleutian Islands describing an intens-
ity oscillation of the Aleutian Low. This is a surface
feature of the well-known PNA pattern (Wallace and

Gutzler 1981). The third EOF is a meridional dipole
describing an SLP oscillation between the northern
and southern North Pacific, and is the NPO pattern
(Walker and Bliss 1932) or surface feature of the WP
pattern (Linkin andNigam 2008). The second EOF of
the daily SLP anomalies, shown in figure 1, is a zonal
dipole with two extrema located over the eastern and
westernNorth Pacific, respectively. This EOFwas pre-
viously unknown and is termed the ‘ZNPO’ pattern
hereafter in the sense that it describes an SLP oscilla-
tion between the eastern and western North Pacific.,
This is in obvious contrast to the well-known NPO
pattern that describes an SLP oscillation between the
northern and southern North Pacific. In this study,
the standardized daily principal components of the
second EOF are defined as the ZNPO index, with
the positive phase of the ZNPO pattern referring
to a positive SLP anomaly over the western North
Pacific.

Further inspection of the height anomalies in
the pressure-longitude cross-section along 50◦N
(figure 2(a)) indicates that the two Pacific centers
of the ZNPO pattern are deep in the vertical direc-
tion, extending from the surface to the lower stra-
tosphere. In addition to the two Pacific centers, the
ZNPO pattern has a third center located over North
America (figure 2(a)). Obviously, the North Amer-
ican center is weaker in intensity than the two Pacific
centers and remains its main body at higher levels,
not extending to the surface. One remarkable feature
of the ZNPO pattern is the westward phase tilt of the
three centers with height, with the most significant
tilt being observed from the lower to middle tropo-
sphere (figure 2(a)). The phase of the western Pacific
center also simultaneously tilts southwards in the tro-
posphere (figure 2(b)), while the other two centers of
the ZNPO pattern have no obvious phase tilt, neither
northwards nor southwards (figures 2(c) and (d)).
Westward and/or southward phase tilt of the ZNPO
centers suggests a baroclinic energy conversion from
the climatological mean flow to the ZNPO pattern, as
will soon be seen. A similar situation also occurs with
the winter WP pattern where the two centers of the
WP pattern tilt in phase southwards and westwards
with height, and the baroclinic energy conversion is a
major APE source for the maintenance of the pattern
(Tanaka et al 2016).

To determine the dominant timescale of the
ZNPO pattern, a power spectrum analysis is applied
to the ZNPO index shown in figure S1(a) of the
supplementary material. From figure S1(a), it is
clear that the spectrum reveals a prominent peak at
the intraseasonal timescale at 2–20 days. This sug-
gests that the ZNPO pattern mainly consists of both
high-frequency eddies with periods of 2–10 days
and low-frequency eddies of intermediate times-
cale with periods of 10–20 days. Previous studies
indicate that teleconnection patterns of intermediate
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Figure 1. EOF1, EOF2 and EOF3 of unfiltered daily SLP anomalies over the domain (20◦–60◦N, 120◦E–120◦W) for winters
during 1958–2018. Red (blue) contours indicate positive (negative) values with contour intervals of 1 hPa and zero lines omitted.
Gray shading indicates a 95% confidence level as determined with a two-tailed Student’s t-test.

timescale of 10–30 days usually take the form of
zonally orientated wavetrains along preferred wave
guides (Blackmon et al 1984). This is the case for
the ZNPO pattern, the three centers of which also
run zonally along the Pacific jet and its downstream
region.

The autocorrelations of the ZNPO index indic-
ate that the ZNPO pattern has an e-folding timescale
of three days or so (figure S1(b)). This suggests that
the ZNPO pattern has a lifespan of one week or so.
In contrast, the autocorrelations of the time series of
the EOF1 and EOF3 of SLP anomalies correspond-
ing to figure 1 indicate that PNA and WP patterns
have an e-folding timescale of five days, implying that
the subseasonal PNA andWP patterns have a lifespan

of ten days, somewhat longer than that of the ZNPO
pattern.

3.2. Evolutionary features
To see how the ZNPOpattern forms, we now examine
the lagged-composites of anomalous 250 and 500 hPa
geopotential height (Z250 and Z500), and anomalous
sea-level pressure based on the ZNPOevents (figure 3,
contours). The arrows in figure 3 (left two columns)
are the wave activity fluxes that indicate the direction
of energy propagation of the wave train (Plumb 1985,
Karoly et al 1989). Since only some minor asymmet-
ries are observed between the positive and negative
ZNPO patterns, we will mainly report the results for
the positive ZNPO pattern.
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Figure 2. (a) Height-longitude cross-section regressions of height anomalies for 50◦N against the ZNPO index. (b)–(d) Same as
(a) but for height-latitude cross-section regressions of height anomalies for 180◦E, 135◦W and 90◦W, respectively. Red (blue)
contours indicate positive (negative) values with contour intervals of 1 hPa and 10 m, and zero lines omitted. Gray shading
indicates a 95% confidence level as determined with a two-tailed Student’s t-test.

As one can see, the ZNPO pattern arises from two
weakwestwardmoving height disturbances of oppos-
ite signs over the northern North Pacific and North
America (figure 3, day −8 to day −6). The two dis-
turbances observed in the whole troposphere with
the Pacific center are considerably stronger than the
North American center. Around day−4, the two dis-
turbances move to the western and eastern Pacific,
respectively, and a perfect ZNPO pattern thus forms.
The ZNPO pattern matures on day 0, and begins to
decay afterwards with apparent downstream energy

dispersion. A new height anomaly forms over North
America just downstream from the ZNPO pattern,
and then another new height anomaly forms just
downstream from the newly formed North Amer-
ican anomaly over the ocean near the southwest-
ern US coast. The North American anomaly is huge,
extending from northeastern North America south-
westwards into the eastern tropical North Pacific,
with its main body over northeastern North America
reaching the surface. The North American anomaly
may persist for more than a week. Together with the

5
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Figure 3. Lagged-composites of (left) 250 hPa, (middle) 500 hPa height anomalies, and (right) surface pressure anomalies based
on positive ZNPO events from lag day−8 to day+6 with an interval of two days. Red (blue) lines indicate positive (negative)
anomalies with contour intervals of 20 m for left and middle, and 1 hPa for right panels with zero lines omitted. Gray shading
indicates the values that are statistically significant at p < 0.10 level for a two-tailed Monte Carlo test. Arrows represent the wave
activity fluxes. Scaling for the wave activity fluxes is given at the bottom-right corner of each panel (units: 10 m2 s−2).

eastern Pacific center of the ZNPO pattern, the Amer-
ican anomaly brings severe weather episodes toNorth
America, as will be seen below.

3.3. Weather and hydroclimate impacts
In the lower-tropospheric wind field over the North
Pacific/North American sector, the ZNPO pattern
manifests itself as a strong anomalous cyclone–
anticyclone pair, as shown in figure 4. For a pos-
itive ZNPO pattern (figure 4 left), strong anomal-
ous northerlies blow directly from the Arctic into the
northern North Pacific, which causes a rapid surface
air temperature (SAT) drop over the northern North
Pacific and surrounding regions (figure 4 left, from
days−2 to+8). Concurrently, strong southwesterlies
bring warm air from the Pacific into the North Amer-
ican continent, causing a rapid SAT rise over North
America. The strongest SAT anomalies occur on day
+2 with the lowest SAT drop of near −9 ◦C being

observed over the Bering Sea Strait and the largest
SAT rise of about +6 ◦C being observed over central
North America. Clearly, the easterlies blowing from
the Atlantic towards the North American continent
also contribute to the SAT rise over North America
(figure 4 left, days+2 to+8). The SAT anomalies for
negative ZNPO events (figure 4 right) assume similar
structure and evolutionary features as positive ZNPO
events except with opposite sign. One significant dif-
ference is that the SAT anomaly over the northern
North Pacific extends further westward and south-
ward into northeastern Asia for negative rather than
positive ZNPO events.

The dipole-like SAT anomaly appears as the lead-
ing EOF of the daily SAT anomaly over the North
Pacific/NorthAmerican sector (figure 5(a)). The PNA
pattern and ZNPO pattern are closely correlated with
this dipole-like SAT anomaly, with the highest cor-
relation of 0.45 being observed on day +2 for the

6



Environ. Res. Lett. 16 (2021) 074007 A Zhuge and B Tan

Figure 4. Lagged-composites of the SAT anomalies (lines) and 850 hPa wind anomalies (arrows) based on (left) positive and
(right) negative ZNPO events from lag day−2 to day+8 with an interval of two days. Red (blue) lines indicate positive (negative)
anomalies with intervals of 1 K. Gray shading indicates the values that are statistically significant at p < 0.10 level for a two-tailed
Monte Carlo test, and the wind anomalies displayed are statistically significant at p < 0.10 level at least for one component on a
two-tailed Monte Carlo test. Scaling for wind anomalies is given at the bottom-right corner of each panel (units: 5 m s−1).

ZNPO pattern and of 0.35 on day +4 for the PNA
pattern. This suggests that both PNA and ZNPO pat-
terns make important contributions to the formation
of the SAT dipole, while the contribution of the WP
pattern is relatively weak (figure 5(b)). Lin (2015)
once examined the subseasonal variability of SAT
anomalies over North America and found that SAT
anomalies over the North Pacific and North America
take the form of a dipole, similar to ours. However,
Lin (2015) attributed the formation of the SAT dipole
only to the PNApattern and failed to identify the con-
tribution of the ZNPO pattern.

Concurrent with the variation of SAT over the
northern North Pacific, a significant change in sea ice
cover also occurs over the northeastern Bering Sea, as

shown in figure 6. An increase in sea ice cover occurs
from day +3 to around day +25 for positive ZNPO
pattern and a decrease in sea ice cover occurs from
day +3 to day +15 for negative ZNPO pattern. It
should be noted that a week longer persistence of sea
ice cover anomaly for positive than negative ZNPO
patterns may be due to the thermal inertia of the ice.
Clearly, a significant sea ice cover anomaly over the
Bering Sea occurs around day +3, while significant
SAT anomaly occurs around day −2, about five days
earlier than the sea ice cover anomaly. This suggests
that the sea ice cover changemay be in response to the
ZNPO-associated strong anomalous northerlies and
cold/warm advection of air temperature by the strong
anomalous northerlies (southerlies) (figure 4).
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Figure 5. (a) EOF1 of unfiltered daily SAT anomalies over the domain (20◦–75◦N, 180◦–45◦W) for winters during 1959–2018.
Red (blue) contours indicate positive (negative) values with contour intervals of 1 K and zero lines omitted. Gray shading
indicates a 95% confidence level as determined with a two-tailed Student’s t-test. (b) Lagged correlation between SAT-EOF1 and
SLP EOFs and positive lags indicate SLP leading SAT. Bold lines indicate a 99% confidence level as determined with a two-tailed
Student’s t-test.

Displayed in figure S2 is the regressed pattern
of SST onto the daily ZNPO index. In addition to
the weak SST anomalies over the eastern, western
and tropical North Pacific, a long band of positive
SST anomaly occurs over the central/eastern equat-
orial Pacific, implying a possible ZNPO-equatorial
SST link. Further calculation indicates that the ZNPO
pattern is correlated with ENSO (the Niño-3.4 index)
on an interannual timescale (r = 0.37, calculated by
taking a DJF average, significant at the p < 0.01 con-
fidence level), and the frequency of occurrence of
ZNPO events is significantly modulated by ENSO, as
shown in table S1 of the supplementarymaterial. Pos-
itive ZNPO events tend to occur more often during El
Niño winters (1.57 events per winter), and less often
during La Niña winters (0.95 events per winter), with
respect to the climatology (1.22 events per winter),
while negative ZNPO events tend to occur more
often during ENSO-neutral winters (1.65 events per

winter) with respect to its climatology (1.32 events
per winter).

At the same time, the ZNPO pattern-associated
anomalous cyclone/anticyclone pair may also heavily
influence the convective activity over the midlatit-
ude North Pacific (figure 7). As indicated by the
anomalous convective heating rates, the convective
anomaly also takes the form of a dipole-like struc-
ture with its two extrema overlapped with the two
centers of action of the ZNPO pattern (figure 7). The
convection is significantly enhanced in the southern
region of the anomalous cyclone, while it is signific-
antly reduced in the southern region of the anom-
alous anticyclone. Further inspection shows that the
anomalous convective heating rates are restricted to
be mainly within the lower troposphere, with max-
imum convective heating rate anomalies occurring
at around the 850 hPa level. This type of convection
is termed ‘shallow convection’ (Minobe et al 2010),
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Figure 6. Lagged-composites of the sea ice cover (shading) on (left) positive and (right) negative ZNPO events at days 0,+3,+6,
+9,+15 and+25. Stippling indicates values that are statistically significant at p < 0.10 for a two-tailed Monte Carlo test.

which is frequently observed over the mid-latitude
North Pacific during winter (Ling and Zhang 2013)
and spring (Zhuge and Tan 2021).

Shown in figure S3 are the anomalous total
column precipitation (including convective precip-
itation and large-scale condensation precipitation)

anomalies (shading) and total column water vapor
flux anomaly (arrows). We observe that positive total
column precipitation anomalies are observed over
the eastern and western North Pacific, respectively,
which are closely coupled to the ZNPO-associated
anomalous total water vapor flux convergence over

9
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Figure 7. Lagged-composites of anomalous 850 hPa convective heating rate (shading, K d−1) and eddy streamfunction (contour)
for (left) positive and (right) negative ZNPO events from lag day−6 to day+6 with an interval of two days. Warming (cold)
shadings indicate positive (negative) values. Solid (dashed) lines indicate positive (negative) anomalies with contour intervals of
106 m2 s−2 and zero lines omitted. Stippling indicates eddy streamfunction anomalies that are statistically significant at p < 0.10
for a two-tailed Monte Carlo test. Only significant convective heating rate anomalies are plotted.

the regions. At the same time, negative total column
precipitation of a large area is observed over the cent-
ral North Pacific where an anomalous total water
vapor flux divergence is observed.

3.4. Energetics
To better understand the growth of and mechanisms
that maintain the ZNPO pattern, the day-to-day APE
and KE balances of the ZNPO pattern are analyzed.
To this end, the tendency of APE (KE) and each of the
APE (KE) conversion/generation terms are estimated
using the composited anomalies, similar to Tanaka
et al (2016). Then, they are integrated horizontally

over the domain (0◦–360◦W, 0◦–87.5◦N) and vertic-
ally from the surface to 100 hPa. Since the asymmetry
between positive and negative ZNPO events is only
minor, here we report the results for positive ZNPO
events only.

Figures 8(a) and (b) indicate that the sum of
the APE (KE) conversion terms is overall consistent
with APE (KE) tendency, suggesting that the energy
budgets can reasonably capture the essential dynam-
ics governing the evolution of the ZNPO pattern.
For the APE conversion/generation (figure 8(c)), the
baroclinic energy conversion from the climatological
mean flow (CPB, blue line), is always positive and acts
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Figure 8. (a) APE tendency (solid line) and the sum of CPB,−CKEP, CPE and CPQ (dashed line) for positive ZNPO events.
(b) KE tendency (solid line) and the sum of CKEP, CKB, CKE and CKF (dashed line) for positive ZNPO events. (c) Time series of
APE conversion/generation terms for positive ZNPO pattern integrated horizontally over the domain (0◦–360◦W, 0◦–87.5◦N)
and vertically from the surface to 100 hPa for positive ZNPO events: CPB (blue line),−CKEP (red line), CPE (solid black line)
and CPQ (dashed black line). (d) Same as (c) but for KE conversion/generation terms: CKEP (red line), CKB (blue line), CKE

(solid black line) and CKF (dashed black line) (units: 1013 kg ·m2 s−3).

as the APE source. From days −8 to −2, the CPB
term remains a relatively weak value, then increases
sharply and peaks on day +1. It then decreases rap-
idly till day +3, and then remains a relatively weak
positive value again till day +8. This implies that
the most efficient baroclinic energy conversion takes
place for the period from day −2 to day +3. This
is the key period when the ZNPO pattern becomes
strongest in its lifespan. The APE-KE conversion term
(−CKEP, red line) varies with time in a similar way to
CPB, but with opposite sign and considerably smal-
ler value. This suggests that part of CPB converts into
KE through the rising of warm air and sinking of cool
air to drive the ZNPOpattern. The APE generation by
total transient eddies (CPE, solid black line) is basic-
ally weak except for the period from day 0 to day +5
when CPE is negative and large in value. This sug-
gests that APE conversion by transient eddies acts as
an APE sink to heavily damp the ZNPO pattern after
the ZNPO pattern matures. Apparently, the APE gen-
eration by diabatic heating (CPQ, dashed black line) is
negative andweak, implying that the diabatic heating,
contributed mainly by convective heating and large-
scale condensation, acts as a weak APE sink.

For KE conversion/generation (figure 8(d)), the
most efficient KE conversion from APE conversion
(CKEP, red line) takes place for the period from day
−1 to day +3. This suggests that the CKEP term acts
as an important KE source to maintain the ZNPO
pattern for this period of time. Clearly, the feedback
forcing by transient eddies (CKE, black line) acts as a

major KE source to support the rapid growth of the
ZNPO pattern before day+1, and acts as a major KE
sink to heavily damp the ZNPO pattern after day+1.
As one can see, the barotropic conversion (CKB, blue
line) contributes only weak positive KE before day+1
and weak negative KE after day +1. As expected, the
friction term (CKF, dashed black line) always acts as
a KE sink to damp the ZNPO pattern.

It turns out that strong positive and negative CPB
maxima occur mainly in the middle and lower tro-
posphere from day −2 to day +4 along the back-
ground Pacific jet and downstream region where the
baroclinicity is strongest in the lifespan of the ZNPO
pattern. The positive and negative CPB centers occur
alternatively in the form of a wavetrain with the pos-
itive centers dominating the negative ones (figure S4).
In addition, strong CKE occurs over the midlatitude
North Pacific, mainly in the upper and middle tropo-
sphere (figure S5). Apparently, positive CKE maxima
dominate the negative CKE maxima before day +1,
and the reverse is true after day+1.

4. Discussion

In this study, a new atmospheric teleconnection pat-
tern, the ZNPO pattern, is detected based on reana-
lysis data. The ZNPO pattern describes a large-scale
mass oscillation in the troposphere between the east-
ern andwesternNorth Pacific and a strong large-scale
SAT oscillation between the northern North Pacific
and North America, which persist for about eight
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days. This SAT oscillation, as a leading EOF mode of
daily SAT anomalies, brings severe weather episodes
to the northern North Pacific and North America,
with maximum SAT drop reaching as low as −9 ◦C
and maximum SAT rise as high as+6 ◦C. The ZNPO
pattern can also significantly influence the sea ice
cover over the Bering Sea. The sea ice cover is signi-
ficantly increased over the northeasternBering Sea for
positive ZNPOpattern, and the reverse is true for neg-
ative ZNPOpattern. In addition, the convective activ-
ity is obviously influenced by the ZNPOpattern. Con-
vection is enhanced over the western North Pacific
and reduced over the eastern North Pacific for posit-
ive ZNPO pattern, and the reverse is true for negative
ZNPO pattern. This suggests that the ZNPO pattern
is one of the most important atmospheric telecon-
nection patterns one should take into account when
making weather and hydroclimate predictions for the
North Pacific and North America.

The energetics analysis indicates that the ZNPO
pattern is an internal atmospheric mode arising from
two disturbances over the northern North Pacific and
North America and driven mainly by the baroclinic
energy conversion from the climatological mean flow
and barotropic feedback forcing of the transient
eddies. The baroclinic energy conversion acts to over-
come APE loss caused by the heat flux of transient
eddies and acts as a major KE source to maintain
the ZNPO pattern. The feedback forcing by transient
eddies acts as a major KE source to support the rapid
growth and development of the ZNPO pattern and
a major KE sink to heavily damp the ZNPO pattern
during the decaying stage of the ZNPO pattern. This
suggests that to better describe the ZNPO pattern for
a numerical model, the background flow, wave-mean
flow interaction and interaction between high- and
low-frequency eddies should be accurately described
first.

This study also indicates that the ZNPO pat-
tern also appears in spring, summer and autumn
as the second EOF of unfiltered daily SLP anom-
alies over the North Pacific (figure S6). In addi-
tion, the ZNPO pattern can also appear as the third
EOF of monthly mean SLP anomalies for winter,
spring, summer and autumn(figure S7) or as the third
EOF of winter- or spring-mean SLP anomalies or
second EOF of autumn-mean SLP anomalies, but is
absent for summer-mean SLP anomalies (figure S8).
This suggests that the ZNPO pattern occurs assub-
seasonal, seasonal or interannual variability over the
North Pacific. The spatial and temporal features and
underlying dynamics of the ZNPO pattern at dif-
ferent timescales and different seasons are topics of
great scientific interest for future studies. In par-
ticular, this study indicates that ENSO significantly
influences the frequency of occurrence of positive
ZNPO events. However, the mechanism of ENSO
modulation remains unclear and deserves further
study.
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