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Part I observational study on a new mechanism for
North Pacific Oscillation influencing the tropics
Jiuwei Zhao 1,2, Mi-Kyung Sung 3✉, Jae-Heung Park 2, Jing-Jia Luo1 and Jong-Seong Kug 2,4✉

The North Pacific Oscillation (NPO), a representative midlatitude atmospheric variability, plays an important role in the development
of the El Niño-Southern Oscillation (ENSO). To explain this extratropical–tropical linkage, previous studies have focused on the
atmospheric boundary layer processes coupled with the mixed-layer ocean. Different from the existing hypothesis, in this study, we
propose a new mechanism to link the NPO to ENSO via upper-tropospheric teleconnections. Analyses of the wave activity flux show
that wave energy associated with the NPO directly propagates from midlatitude to the tropics, modulating the tropical circulation.
During the NPO event, this equatorward energy flux becomes pronounced after the NPO peak phase and persists for more than
two weeks. As a result, when a positive NPO grows (here, north anticyclonic–south cyclonic circulation), upper-level easterly wind
anomalies are situated along the equatorial Pacific. Accordingly, anomalous lower-level westerly winds simultaneously occur in the
equatorial Pacific, contributing to the development of El Niño events. To demonstrate the wave energy propagation via the upper-
level troposphere, a stationary wave model experiment was performed with an NPO-like barotropic vorticity forcing. The results
show equatorward wave propagation consistent with the observation.
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INTRODUCTION
The North Pacific Oscillation (NPO) is an important internal
atmospheric variability of the climate system over the North
Pacific during boreal winter (for convenience, in this study,
seasons follow those of the northern hemisphere) that drives the
North Pacific Gyre Oscillation as the oceanic expression1.
Analogous to the North Atlantic Oscillation2,3, the NPO is
characterized by a north–south dipole of sea level pressure
(SLP) anomalies, which is conventionally represented by the
second empirical orthogonal function (EOF) mode of SLP over
the North Pacific4–6, and it usually bears a quasi-barotropic
structure7,8 over the extra-tropics. Recent studies identified that
the NPO has both upstream and downstream impacts on winter
climate extremes over East Asia9 and North America10,11, high-
lighting its cruciality for adjacent regional climates. When the
northern lobe of the NPO is anticyclonic (referred to as the
positive NPO phase in this study), North America experiences
colder than normal conditions, as the northerly wind prevails
across the central to eastern parts of the continent.
Meanwhile, it has been suggested that the circulation of the

NPO southern lobe has a profound effect on tropical variability.
Numerous studies have shown that the NPO during winter can
trigger El Niño-Southern Oscillation (ENSO) events in the
subsequent winter5,12–14. A previous study15 first proposed a
dynamical mechanism, the so-called seasonal footprinting
mechanism (SFM), focusing on the lower-level zonal wind
anomalies related to the NPO. During the positive NPO phase,
the westerly wind anomalies in the subtropics, accompanied by
the cyclonic southern lobe of the NPO, weakened the climato-
logical trade winds to warm the local sea surface temperature
(SST) by reducing upward latent heat flux16,17. This leaves a
“footprint” of SST anomalies over the subtropical eastern

North Pacific during spring in conjunction with the Pacific
Meridional Mode as its crucial conduits18–20. Thereafter, the
positive SST anomalies persist into the following summer,
intensifying equatorial westerly wind anomalies to trigger the El
Niño event through the Bjerknes feedback. These SFM processes
primarily manifest within the boundary layers of the tropical
atmosphere and oceanic mixed layer.
In addition to the contributions by the wind-evaporation-SST

(WES) feedback, the NPO influences ENSO variability via oceanic
heat content charging/discharging by trade wind stress20–22. The
low SLP anomalies over the southern lobe of the positive NPO
phase accompany lower-level westerly wind anomaly in the
subtropical North Pacific, which acts to accumulate oceanic heat
content within the equatorial Pacific by Sverdrup transport. Such
accumulated heat contents facilitate ENSO initiation.
The abovementioned studies attribute the extratropical–tropical

Pacific linkages by the NPO mostly to the boundary layer
processes, which suggests the gradual progress of the NPO-
related SST signals beginning from the midlatitudes to reach the
equatorial Pacific. However, the observational result does not
always show continuous footprints of the NPO-induced signals
that extend into the equator23,24 (also shown in Fig. 2b, d); namely,
the NPO-related SST anomalies are observed in both subtropical
and equatorial Pacific separately, not being connected to each
other. Such discontinuous feature raises the possibility of another
pathway linking the extratropical–tropical circulations. Therefore,
we investigated energy propagation aloft in the upper tropo-
sphere and suggested a new mechanism to explain how the NPO
impacts tropical climate.
Several previous studies have examined the upper-level Rossby

wave energy propagation associated with the NPO25–28. None-
theless, they mainly considered the northward and eastward
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propagation of wave energy, focusing on the downstream impacts
of the NPO on the North American climate. In this study, by
examining both seasonal and subseasonal evolutions of the NPO
events, we show that the upper-level wave activity flux (WAF)
induced by the NPO can significantly transport energy from the
midlatitude to tropics, modulating the equatorial winds in both
the upper and lower troposphere.
The rest of this article is organized as follows. The main finding

of the NPO impact on tropical variability and its associated
mechanism are presented in “Results” part. A brief conclusion and
discussion are given in Conclusions and discussion part. The
Methods and data, as well as the statistics are introduced lastly.
This is our Part I study; our Part II study will further substantiate the
WAF impact on the tropics in models of the Coupled Model
Intercomparison Project Phases 5 and 6 (CMIP5/6).

RESULTS
The NPO impact on the tropics on a monthly timescale
In this study, it should be introduced first that the subseasonal
variability of the NPO was examined using the daily NPO index,
which is constructed by projecting the daily SLP anomalies onto
the second EOF pattern of November-March (ND0JFM1) averaged
SLP (Fig. 1a). The daily NPO timeseries are shown in Fig. 1b. Then,
the anomalies of SLP, lower- and upper-level wind, and stream
function (SF) are regressed upon the daily NPO index to show the
NPO evolution.
We examined the evolution of variables based on monthly

mean data over the north and equatorial Pacific during positive
and negative NPO winters. Figure 2 shows the composite
difference of wind and geopotential anomalies at 300 and
850 hPa, as well as the SST anomalies, between the positive and
negative NPO years from December to February (D0JF1) and
March. We separately presented the D0JF1 anomaly patterns to
show early growth features of the NPO-induced signals. In
D0JF1, a strong cyclonic circulation anomaly associated with
the positive NPO phase dominates over the midlatitudes,
whereas the high-latitudes are overwhelmed by anticyclonic
circulation anomaly (Fig. 2a). Besides these, the tropical

circulation is featured by an anomalous anticyclonic circulation
and positive geopotential height anomalies that accompany
easterly wind anomalies at 300 hPa along the equator, although
the geopotential signal is weak (Fig. 2a). In the lower level,
strong cyclonic wind anomalies prevail over the North Pacific,
and significant westerly wind anomalies are observed over the
equatorial western Pacific, indicating a weakening of the Pacific
Walker circulation (Fig. 2b). The westerly winds are crucial as
they act to initiate the development of ENSO events. These
equatorial westerly wind anomalies are concurrent with the
upper-level easterly wind anomalies, constructing a vertically
baroclinic structure. Moreover, the NPO-induced horseshoe-like
SST anomalies (shading in Fig. 2b), which are reckoned
to be the SFM signal, are confined to the subtropical eastern
North Pacific region, being separated from the equatorial
positive SST anomalies. Notably, positive precipitation anoma-
lies are observed over the western Pacific warm pool region,
which is unlikely to be involved with the SFM signal. It seems
that the equatorial positive SST anomalies are rather tightly
connected with the lower-level westerly and upper-level
easterly winds anomalies.
In March, the extratropical NPO signals become weaker, but the

upper-level geopotential height and wind anomalies are further
intensified in the subtropics (Fig. 2c). In particular, the anticyclonic
anomalies overwhelm the entire subtropical Pacific so that the
equatorial easterly anomalies are dominant. In the lower level, the
equatorial westerly anomalies are extended and intensified,
showing a clear vertically baroclinic structure at the equator,
with the enhanced equatorial SST anomalies (Fig. 2d). The
horseshoe-like SST anomalies in the subtropics also become
stronger in March, having the positive SST anomalies extended
from the eastern North Pacific to the equator, which is a key
feature of the SFM process (Fig. 2d). However, the wind and SST
anomalies are not well-connected between subtropical and
equatorial signals. In addition, the westerly anomalies over the
equatorial Pacific at the lower level appear to precede the SFM-
related SST anomalies; later on, the positive SST anomalies extend
from the eastern North Pacific to the tropics, which suggests that
the equatorial wind anomalies are not only contributed by the
boundary layer processes but also possibly promoted by the
upper-level NPO-related processes.
Figure 3 shows the WAF during the NPO events. To show the

NPO-related WAF, we separately calculated the WAF for the
positive and negative NPO composites and took the average, as
the wave energy of the two different polarities of the NPO is
headed in the same direction. In D0JF1, the WAF exhibits
northward and eastward propagation in the extratropics, which
agrees with previous studies that suggested the NPO-induced
WAF could affect North America4,11,29. Notably, there is also clear
southward wave propagation in the subtropics, which can reach
deep tropics over the central Pacific (Fig. 3a). To the best of our
knowledge, this southward propagation has never been reported
regarding tropical modulation of the NPO.
The southward wave propagation can induce subtropical

anticyclonic (cyclonic) flow at the upper level during the
positive (negative) NPO events, which can explain the
significant equatorial wind anomalies at the upper level
during the NPO events (Fig. 2a). In March, the southward
WAF becomes more prevalent over the central Pacific region,
which induces stronger equatorial easterly anomalies in the
upper troposphere. It is conceived that the lower-level westerly
anomalies are concomitant with the upper-level easterly
anomalies in the tropics due to the baroclinity accompanied
by the tropical convection. From previous studies, the lower-
level westerly anomalies in spring are crucial for the following
ENSO development by triggering the equatorial westerly
wind30–34 (Fig. 2b, d).

Fig. 1 Spatial pattern and daily time series of the NPO. a Spatial
pattern of the second EOF analysis of ND0JFM1-averaged SLP
anomalies; b normalized daily NPO index by projecting the daily SLP
anomalies onto the second EOF mode shown in (a).
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Mechanism of the NPO impact on the tropics on a daily
timescale
In the previous subsection, we revealed a clear southward
propagation of the NPO-related extratropical circulation into the
subtropics. As for the positive NPO phase, the southward WAF is
linked to the upper-level subtropical anticyclonic circulation,
which is suggested to be responsible for the lower-level westerly
anomalies along the equator. However, the monthly or seasonal
mean data are results of various complex interactions; hence, it is

difficult to draw a strong conclusion on causality. For example, the
equatorial westerly and SST anomalies in Fig. 2c might be results
of their mutual interaction; therefore, it is difficult to determine
which one precedes the other from the seasonal mean data. To
resolve this issue and support the role of the WAF further, we
check the daily evolution of NPO-related atmospheric circulations.
First, using the daily NPO index, we calculated the lead–lag

regression of the upper- and lower-level circulation and associated
WAF. Figure 4 shows the wind and SF anomalies at 300 hPa,
computed from November to March. We presented SF anomalies
instead of geopotential, as they better display subtropical features.
On the −10 day (i.e., 10 days before the peak NPO phase),
significant cyclonic circulation anomalies appeared in the upper
troposphere around 30°N over the North Pacific, whereas the wind
anomalies were tenuous over lower latitudes (Fig. 4a). On the
−5 day, the NPO developed; both the SF and wind anomalies
intensified. Concurrently, a weak anomalous anticyclonic circula-
tion grew over the lower latitudes accompanying easterly wind
anomalies over the equatorial region, consistent with the positive
SF (Fig. 4b). On 0 day, namely, when the NPO reached the mature
phase, a strong tripole pattern was observed across the North
Pacific (Fig. 4c). At this time, significant easterly wind anomalies
occupied over the equatorial western Pacific and southwesterly
wind anomalies over the eastern Pacific region. From +5 to
+15 days, the NPO slowly decayed (Fig. 4d–f).
Interestingly, the developing and decaying stages are not

symmetric, especially over the tropics; during the NPO decaying
stage, the circulation anomalies over the extratropics gradually
weakened and moved westward. Nonetheless, the easterly
wind anomalies over the equatorial region continued intensify-
ing and even extended further northeastward (Fig. 4d, e). In
addition, the tropical anticyclonic branch sustains longer than
two weeks and helps the equatorial easterly wind anomalies to
be maintained.
These upper-tropospheric circulation anomalies changed the

lower-level circulation. Figure 5 shows the lead–lag regression of
850-hPa wind and SLP anomalies onto the daily NPO index. Over
the midlatitudes, it shows a barotropic vertical structure char-
acterized by the cyclonic southern circulation anomalies in both
the upper and low troposphere (Figs. 4a, 5a). On the −10 day, the
850-hPa westerly wind anomalies were observed only within the

Fig. 2 Composite of winds, geopotential height, and SST associated with positive NPO in monthly average. Composite difference of
D0JF1-averaged a 300 hPa winds (vector; unit: m s−1) and geopotential (shading; unit: 10 gpm), and b 850 hPa winds (vector; unit: m s−1),
precipitation (represented by dots) and SST (shading; unit: °C) anomalies between 10 positive and 10 negative NPO events. c, d are the same
as (a) and (b), except that they are for March. The areas with shades represent anomalies significant above 90% confidence level, and the areas
with black arrows represent the zonal wind above 90% confidence level based on the Student’s t-test. The red (blue) dots in (b) and (d)
represent the positive (negative) precipitation anomalies significant at 90% confidence level, whereas the size represents the magnitude.

Fig. 3 The composite of SF and WAF in DJF and March. The
composite differences of SF (shading; unit: 106 m2 s−1) between the
positive and negative NPO years and calculated WAF (vector; unit:
m2 s−2) based on SF anomalies for a D0JF1 and b March. Only the
magnitude of the WAF larger than 0.1 is displayed. The area with red
dots means that the SF anomalies are significant above 90%
confidence level based on Student’s t-test.
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region over the extratropics (Fig. 5a). Over time, these westerly
wind anomalies intensified over the central Pacific and extended
equatorward (Fig. 5b). On 0 day, when the upper-level easterly
wind anomalies became strong (Fig. 4c), promoting the westerly
wind anomalies in the lower level intensified in the southern lobe
of the NPO and extended to the equator. The strong upper-level
circulation anomalies also induced easterly wind anomalies over
the equatorial eastern Pacific (Fig. 5c). During the decaying period
(+5 to +15 days), the southern SLP anomaly of the NPO
weakened, but the equatorial westerly wind anomalies sustained
until the +15 day over the central Pacific (160°E-120°W).
A natural question arises: why can equatorial wind persist after

the NPO decays. To answer this, we further speculated the WAF at
300 hPa to provide the pathway of the NPO impact on the tropics.
Figure 6 shows the WAF evolution calculated from the lead–lag
regression of the SF anomalies. From −10 to −5 day, the wave
energy only propagated northward (Fig. 6a, b). Accordingly,
cyclonic and anticyclonic wind anomalies were intensified over

the mid- and high-latitudes (Fig. 4a, b), as well as the lower-level
wind anomalies in Fig. 5a, b. However, the equatorial wind
anomalies were not yet significantly strong due to the lack of
southward propagation of the WAF (Fig. 6a). On 0 day, the WAF
shows both northward and southward propagation. That is, the
southward WAF was established after the extratropical circulation
was sufficiently developed and meridionally expanded. The
southward WAF (Fig. 6c) could induce significant anticyclonic
anomalies (Fig. 4c) in the upper troposphere over the tropics,
leading to strong easterly wind anomalies over the equator. The
tropical anticyclonic circulation developed with a delay compared
with the extratropical circulation, eventually leading to the lower-
level westerly anomalies over the tropical western Pacific (Fig. 5c).
After the peak phase of the NPO, the upper-level northward

WAF largely weakened from +5 to +15 day. However, the WAF
still shows strong southeastward propagation to the central-
eastern Pacific (Fig. 6d, e). As a result, the upper-level
anticyclonic circulation over the tropical region further

Fig. 4 Lead–lag regression of 300-hPa winds and SF onto the daily NPO index. a Regressed 300 hPa wind (unit: m s−1) and SF (unit: 106m2 s−1)
anomalies with 10 days leading the NPO index; b the same as (a) but for a 5-day lead; c simultaneously regressed wind and SF anomalies onto the
daily NPO index; d–f regressed 300 hPa winds and SF anomalies with 5- to 15-day lags, respectively. The area with black arrows shows the zonal
winds above 90% confidence level based on Student’s t-test.

Fig. 5 Lead–lag regression of 850-hPa winds and SLP onto the daily NPO index. (a) Regressed 850-hPa wind (unit: m s−1) and SLP (unit: hPa)
anomalies with 10-day leading the NPO index; (b) the same as (a) but for 5-day lead; (c) simultaneously regressed wind and SLP pattern; (d–f)
regressed 850-hPa winds and SLP anomalies with 5- to 15-day lag, respectively. The area with black arrows shows the zonal winds above 90%
confidence level based on Student’s t-test.
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intensified and exhibited northeast–southwest tilt, distinct from
the developing stage of the NPO. On account of the continuous
impact of the WAF (Fig. 6e, f), the 300 hPa easterly wind
anomalies over the equatorial western Pacific sustained until the
+15 day (Fig. 4e, f), and significant westerly anomalies occurred
at the lower level (Fig. 5e, f).
The temporal evolution of the WAF can be seen more clearly in

Fig. 7, which shows the cross-section of SF anomalies and the
meridional WAF averaged over 150°E–120°W. The meridional
WAF first showed a strong northward propagation 10 days earlier
than the NPO peak. By contrast, the NPO-induced southward WAF
propagation lags the northward energy propagation. It started to
propagate southward and affected the tropics when approaching
the peak NPO phase. Then, it reached the peak intensity around
+5 days and sustained for about two weeks. This process should

be crucial for inducing the upper- and lower-level wind anomalies
over the equatorial regions. The persistence of the southward
wave energy propagation in subseasonal scale resulted in the
asymmetric evolution of wind anomalies that persisted after the
peak NPO phase at both upper and lower levels (Figs. 4 and 5),
which implied that the wind anomalies accumulated in sub-
seasonal scales could also contribute to the seasonal mean
circulation changes (Figs. 2 and 3). We found that the seasonal
averaged upper-level easterly wind anomalies in Fig. 2 agreed
with the accumulated impacts of the WAF on the subseasonal
scale (Fig. 7).
Although the WAF analysis showed apparent southward energy

propagation from the midlatitude to the tropics during the NPO
events, we further unraveled contributing processes to the
southward pathway by decomposing each term in the WAF
equation. Focusing on the meridional component from Eq. (4) (see
“Methods”), we separated the meridional terms into two: one
related to the climatological zonal wind (Fy1) and the other carried
by the climatological meridional wind (Fy2). These terms can be
rewritten with the anomalous wind as follows:

Fy1 ¼ U
a2 cos2 ϕ

∂ψ0

∂λ

∂ψ0

∂ϕ
� ψ0 ∂

2ψ0

∂λ∂ϕ

� �
¼ U �u0v0 � cosϕψ0 ∂v

0

a∂ϕ

� �

(1)

Fy2 ¼ V
a2

∂ψ0

∂ϕ

� �2

�ψ0 ∂
2ψ0

∂ϕ2

" #
¼ V u02 þ ψ0 ∂u

0

a∂ϕ

� �
(2)

The top panels of Fig. 8 show the meridional WAF at −5, 0, and
+5 day, and the middle and bottom panels show its subcompo-
nents related to Fy1 and Fy2, respectively. On −5 day, the total
value of the meridional WAF mainly showed northward propaga-
tion (Fig. 8a) since the NPO was initialized over the middle and
high latitudes. The southward component was feeble at this time,
although it was weakly generated by Fy2, the term associated with
mean meridional wind (Fig. 8c). On 0 day, it shows both strong
northward and southward propagation, mostly due to Fy2 (Fig. 8f).
Five days later, the contribution by Fy2 slightly attenuated (Fig. 8i),
but the total southward energy propagation escalated over wider
regions (Fig. 8g). Unlike the early period, this escalation was
mainly contributed by Fy1, the term associated with mean zonal
wind (Fig. 8h).

Fig. 6 Lead–lag regression of 300-hPa SF on the daily NPO index and the WAF calculated based on the regressed SF anomalies. a 300 hPa
WAF (unit: m2 s−2) and SF (unit: 106 m2 s−1) anomalies with 10-day leading the NPO index; b the same as (a) but for −5-day lead;
c simultaneous regressed stream function anomalies and calculated WAF; d–f 300 hPa WAF and SF anomalies from +5 to +15 day,
respectively. The area with black arrows shows the WAF magnitudes larger than 0.1 m2 s−2.

Fig. 7 The lead–lag cross-section of MWAF and SF anomalies
averaged over 160°E–120°W. The SF (shading; unit: 106 m2 s−1)
anomalies are regressed onto the daily NPO index and the
meridional WAF (contour; unit: m2 s−2) is calculated based on the
SF anomalies.
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These temporal changes of the relative contributions by Fy1 and
Fy2 can be better understood from the spatial structure of
climatological winds shown in Fig. 9. Basically, the northward and
southward transports of the WAF arose from the climatological
meridional flow that comprised meridional energy flux. Over the
Pacific region, the climatological meridional wind was southerly
over the low latitudes, which yielded a favorable condition for

transporting energy southward (notably, in Fy2, both eddy kinetic
energy component u02 and anomalous meridional shear compo-
nent ψ0 ∂u0

a∂ϕ are positive).
Contrariwise, energy propagation by Fy1 depends on the

horizontal structure of the eddy. Since the background U is
positive at the upper level, the energy propagation is determined
by �u0v0 and �ψ0 ∂v0

∂ϕ, which corresponds to the horizontal
structure of the eddy. Under a westerly background flow condition
(U > 0), the wave energy does not propagate southward when an
eddy has an isotropic structure (i.e., u0v0 � 0 and ψ0 ∂v0

∂ϕ � 0).
However, when it is deformed to have a northeast–southwest tilt
(i.e., u0v0>0 and ψ0 ∂v0∂ϕ >0), its energy is headed southward—in
Fig. 6, the horizontal shape of the cyclonic southern lobe of the
NPO is in nearly isotropic structure on the −10 day, but gradually
turns to have its eastern (western) edge shifted northward
(southward). Strong shear in the southern flank of the North
Pacific jet (Fig. 9a) can act to deform the southern lobe of the NPO
and its subtropical branch to realize a northeast–southwest tilt. This
horizontal deformation by the jet is pronounced after the peak
NPO phase; thus, southward energy propagation by Fy1 becomes
prominent for this period. Eventually, the enhanced southward
energy flux intensifies the equatorial easterly winds in the upper
troposphere, followed by westerly anomalies in the lower level.
To address the importance of meridional shear, we checked the

Rossby wave ray paths35 forced by the southern lobe of the NPO
as shown in Fig. 10. The Rossby wave energy is easily trapped in
zonally symmetric flow based on previous studies36,37. However,
when considering the meridional shear in real situation (Fig. 9a),
we found that the Rossby wave energy can propagate to both
northward and equatorward in wavenumber (WN) 1 (Fig. 10a). The
WN1 energy can affect deep tropical region over the whole Pacific
basin, which is delivered by both zonal jet and meridional winds
(Fig. 9). However, the Rossby energy mainly shows southward
propagation in WN3, and it displays a downstream effect over the

Fig. 8 The lead–lag MWAF and contributions of different terms. a The MWAF (unit: m2 s−2) calculated based on regressed SF anomalies on
−5 day; b MWAF related to the mean zonal flow (Fy1) on −5 day; c MWAF related to the mean meridional flow (Fy2) on −5 day; d–f the same as
(a–c) but for 0 day; g–i the same as (a, b) but for +5 day.

Fig. 9 Climatological zonal and meridional winds. Climatological
a zonal and b meridional NDJFM-averaged winds (unit: m s−1) at
300 hPa from 1979 to 2020.
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eastern Pacific in WN5. So, the southward propagation of Rossby
wave energy is reflected from WN1 and WN3, which is crucially
contributed by the meridional shear of zonal wind and the strong
basic state of southerly wind.
To further verify the gradual changes in the tropics induced by

the midlatitude NPO, a nonlinear stationary wave model
experiment was performed. To confirm the influence of
midlatitude forcing, two anomalous forcings with different signs
were superimposed over the winter mean background flow at
(35°N, 170°W) and (60°N, 170°W). These vorticity forcings with
zonal 10° length and meridional 10° width were similar to typical
NPO-induced vorticity anomalies, although their spatial structures
were further simplified. From the stationary SF response given in
Fig. 11, the NPO-like vorticity induced a significant positive SF
anomaly over the tropical Pacific region by the southward energy
propagation, which quite resembles those in Figs. 3 and 6. This
reaffirmed that the NPO could directly modulate deep tropical
circulations through energy propagation, even without the aid of
boundary layer processes.

DISCUSSION
Various observational and modeling results have shown a
pronounced tendency of the NPO that proceeds ENSO events,
which suggests that the extratropical internal atmospheric
variability can affect tropical circulation. So far, the linkage
between the NPO and ENSO was explained by the SFM that
mediates the NPO impact on tropical circulations through the SST
footprints12,17,38. In this study, we proposed a new mechanism to
explain how the NPO-related extratropical circulation modulates

the tropical Pacific circulation and equatorial air–sea interaction.
Different from the SFM that manifests through the WES feedback
in relaying the NPO impact, we found a direct modulation
through the southward Rossby wave energy propagation. Daily
evolutions of the NPO corroborated that the southward WAF
could induce wind anomalies in the upper troposphere over the
tropical Pacific, which lead to lower-level wind anomalies. We
further delineated the conditions that facilitate the southward
WAF, arising from the climatological southerly wind and zonal
wind shear that deformed the NPO structure to have a
northeast–southwest tilt. A simple wave model experiment
consistently showed that the atmospheric wave propagation
could convey the extratropical signal into the tropics without the
aid of the WES feedback. However, our findings do not mean that
only the NPO-induced WAF can induce ENSO. Although we
highlighted the NPO-induced WAF impact on tropical circulation,
many processes were presumed to cooperate to affect tropical
variability. In addition to the SFM and WAF, previous literatures
also documented the impacts of Arctic Oscillation39–42, Aleutian
Low43,44 and tropical North Atlantic SST anomalies45–47 on
following winter ENSO. Regarding the relative contributions of
these processes, more studies are required.
As we have substantiated, the extratropical circulation can lead

to equatorial Pacific wind anomalies in the upper troposphere
through wave energy propagation. However, it may not be
sufficient to draw a concrete conclusion on how the upper-level
easterly anomalies induce the lower-level westerly anomalies,
although we simply attributed it to a tropical baroclinic structure.
The baroclinic vertical structure in the tropics is often formed by
mid-tropospheric diabatic heating. The initial upper-level antic-
yclonic circulation directly induces upper-level easterly anomalies,
and ensuing anomalous convection and lower-level westerly
anomalies lead to the baroclinic structure. A previous study48

theoretically showed that easterly vertical shear can induce
baroclinic structure response stronger in the lower troposphere
than that in the upper troposphere through convection-low level
convergence feedback. In addition, the upper-level easterly
anomalies provide a background easterly vertical shear, which
yields a favorable condition for an enhanced short-term atmo-
spheric and convective activity48–51. For example, in the idealized
AGCM experiment51, the equatorial high-frequency variabilities,
such as the westerly wind burst, were enhanced when the easterly
vertical shear was imposed on the background flow. It is obvious
that stronger convective activity contributes to forming baroclinic

Fig. 10 Rossby wave ray paths and the evolution of different
wavenumbers. a The Rossby wave ray paths in WN1, b same as (a)
but for WN3, and c same as (a) but for WN5. The mean state is
derived from 300 hPa climatological winds in NDJFM from 1979 to
2020 as shown in Fig. 8. The forcing is over 180°–140°W, 20°–40°N,
which basically represents the southern lobe of NPO-induced
forcing.

Fig. 11 Steady response of SF anomaly and calculated WAF forced
by NPO-like vorticity forcing. The steady response of SF anomaly
(unit: 105 m2 s−1) and WAF (unit: m2 s−2) was given from the
average from 1- to 30-day in a nonlinear stationary wave model.
The red and blue dots represent the positive and negative
vorticity centers superimposed on the background flow in the
model, respectively.
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structures in the equatorial region. In addition, general features of
short-term convective and wind responses that are highly
positive-skewed in the tropics underpin that strong convective
activity itself can induce low-level westerlies. Nonetheless, a more
detailed understanding of how the upper-level easterly anomalies
led to the lower-level wind and further verification using
numerical experiments are required.
Our conclusion on the role of the NPO-induced WAF is mostly

based on the modulations in the equatorial wind variability
during boreal winter, which is implicitly linked to ENSO
development. However, we did not address in detail how the
NPO-related process affects ENSO variability, given that several
studies have already shown a close relationship between the NPO
and ENSO in observations. It is not quite easy to quantify the
influence of the NPO-induced WAF on the ENSO. The ENSO
development is largely controlled by oceanic conditions over the
tropical Pacific, such as recharge/discharge conditions52. In
addition, the WAF is affected by the teleconnection induced by
the equatorial diabatic heating associated with the ENSO. This
complexity prevents quantifying the effect of the WAF process in
the observational data. To complement this issue, the WAF impact
on tropical variability needs to be further supported by modeling
results. To this end, in Part II, we will show that there are diverse
WAF magnitudes across the models of CMIP5/6 and that
equatorward WAF by the NPO is crucial for tropical circulation
anomalies during winter–spring, which is essential for triggering
the ENSO events in the following winter.

METHODS
Observational analysis and definitions
In this study, to explore the NPO variability on subseasonal to
seasonal time scales, both daily and monthly climate variables
were analyzed from 1979 to 2020, focusing on winter. Zonal and
meridional winds, temperature, geopotential height, surface
pressure, and SLP data were obtained from the National Centers
for Environmental Prediction/National Centers for Atmospheric
Research reanalysis I (NCEP/NCAR I) with a horizontal resolution
of 2.5° latitude and 2.5° longitude53. The monthly Extended
Reconstructed SST version 5 (ERSSTv5) data with a 2° × 2°
horizontal resolution were downloaded from the National
Oceanic and Atmospheric Administration54 (NOAA). The monthly
and daily anomalies of atmospheric variables were calculated by
removing the monthly or daily climatology for the past 42 years
from the raw data.
We used the EOF analysis to obtain an intrinsic NPO spatial

pattern based on the NDJFM averaged SLP anomalies over
20°N–70°N; 110°E–120°W11. Figure 1a shows the second EOF
mode that was considered as the NPO pattern. For convenience,
when the pattern has negative SLP anomalies to the south and
positive to the north, it is defined as the positive NPO phase.
Previous studies have suggested that the ENSO can influence
the NPO55–58. To minimize the possible simultaneous ENSO impact
on NPO, we linearly removed the ENSO signal59,60, which is
represented by the Niño3.4 index, from both NPO and circulation
fields, before conducting further analyses. To examine the NPO
connection to tropics on the seasonal mean time scale, we
selected 10 positive NPO years (1981, 1984, 1986, 1995, 1996,
1997, 2011, 2014, 2015, and 2017) and 10 negative NPO years
(1985, 1987, 1988, 1990, 1998, 1999, 2000, 2001, 2012, and 2016)
based on a threshold of 0.7 standard deviation of the principal
component timeseries of the second EOF. Moreover, we also
tested to remove the simultaneous La Niña cases from the 10
positive NPO years and El Niño events from the negative NPO
years. The results are similar.
A statistical significance of lead–lag regression and correla-

tion coefficients between the daily NPO index and daily

anomalous atmospheric circulation is estimated based on the
Student’s t-test with an effective number of degrees of
freedom. In this study, the effective number of degrees of
freedom is calculated using the approximation following the
previous studies:61–63

1
Neff

¼ 1
N
þ 2
N

XN
j¼1

N � j
N

rxðjÞryðjÞ (3)

where N is the sample size of the NPO index, and rx(j) and ry(j) are
the autocorrelations of the NPO and circulation fields at time lag j,
respectively.
Based on the daily regressed SF and winter climatological

winds, we could trace horizontal wave energy propagation
associated with the NPO by adopting the WAF64, which can
capture a snapshot of the wave propagation both in zonal and
meridional directions. Though the WAF analysis can include non-
negligible errors when QG approximation is not valid, this
limitation is inferred not to be crucial for our case dealing with
the NPO, a basin-scale quasi-stationary phenomenon. Given that
the formulation approximates beta-plane, it offers advantages in
our study for analyzing extratropical-tropical linkage. The WAF in
spherical coordinates can be written as follows:

WAF ¼ p cosϕ
2 Uj j

U
a2 cos2 ϕ

∂ψ0
∂λ

� �2
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∂λ2
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∂ψ0
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h i
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∂ψ0
∂ϕ

� �2
�ψ0 ∂2ψ0

∂ϕ2

� �
0
BBB@

1
CCCA

(4)

where U= (U, V) are, respectively, the climatological zonal and
meridional winds;ψ0 is the monthly or daily SF anomaly
associated with the NPO; a,ϕ, and λ are the Earth’s radius,
latitude, and longitude, respectively; p is the air pressure at
1000 hPa. Instead of using a quasigeostrophic approximation to
derive the SF based on geopotential height, we derive the SF
anomaly based on the zonal and meridional winds by solving
the Poisson equation fromu0 ¼ 1

a
∂ψ0
∂ϕ and v0 ¼ � 1

a cosϕ
∂ψ0
∂λ . However,

we checked if the spatial pattern of the SF anomalies is similar to
the geopotential height anomalies at 300 hPa. The WAF
equation delineates that the wave energy propagation is
determined by the climatological wind, wind anomalies, and
their zonal and meridional gradients. In this study, we quantify
how each component modulates the NPO energy propagation
toward the tropical Pacific.
The Rossby wave ray35, which represents the Rossby wave

energy propagation, is occupied in this study to reveal the Rossby
wave energy propagation and cross-validate the WAF impact.
Different from previous equations that assume the Rossby
wave propagation in a zonally symmetric flow36, the derived
equations allow the Rossby wave to propagate in a horizontally
nonuniform flow.

Model experiments
A nonlinear stationary wave model65,66 was used to validate our
findings. In the model, the climatological means (NDJFM-
average) of surface pressure, three-dimensional temperature, as
well as the zonal and meridional winds were used as background
conditions, wherein the NPO-like vorticity anomalies are
embedded as a forcing. First, we interpolated data from the
Cartesian coordinate to σ-coordinate. Then, the prognostic
equations were analyzed for the vorticity perturbation, and the
anomalous geopotential height and vertical velocity were
calculated from the hydrostatic balance and mass continuity
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equation. The basic equations are as follows:

∂ζ

∂t
¼ �∇ � f þ ζð Þ � Vf g � k � ∇ ´ RT∇lnPs þ _σ

∂V
∂σ

� 	
� εζ � ν∇4ζ

(5)

∂D
∂t ¼ k � ∇ ´ f þ ζð Þ � Vf g � ∇ � RT∇lnPs þ _σ ∂V

∂σ


 �
�∇2 1

2 u2 þ v2ð Þ þ ϕ

 �� εD� ν∇4D

(6)

∂T
∂t

¼ �V � ∇T� _σ
∂T
∂σ

þ kT
σ

_σ þ kT V� ~V
� 
 � ∇lnPs � ~D


 �� εT � ν∇4T

(7)

∂lnPs
∂t

¼ �~V � ∇lnPs � ~D (8)

∂ϕ

∂σ
¼ � RT

σ
(9)

∂ _σ

∂σ
¼ � V� ~V

� 
 � ∇lnPs � ðD� ~DÞ (10)

where ζ, D, T, lnPs, ϕ, and _σ represent the vorticity, divergence,
temperature, surface pressure, geopotential height, and sigma
coordinate vertical velocity, respectively; V represents the zonal
and meridional wind vector; the tiles represent the vertical
average; ε is the Rayleigh friction and Newtonian cooling
coefficients; ν is the biharmonic diffusion coefficient. All variables
in the above equations can be categorized into the basic-state
variables and deviations from the basic state, and we checked the
anomalous SF in the model. A detailed description of this model
can be found in a previous study65.

Statistical significance
In this study, we adopted the two-tailed Student’s t-test with a
significance level of 0.1 in all analyses. The degree of freedom of
the Student’s t-test in Figs. 2 and 3 is 18 based on the monthly
data. For the daily datasets, the degree of freedom of the
Student’s t-test used for regression analysis is adjusted based on
Eq. (1) introduced in “Methods”.

DATA AVAILABILITY
The monthly and daily NCEP/NCAR reanalysis data can be downloaded from
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