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ABSTRACT

This study investigates the modulation of North Pacific Oscillation (NPO) variability upon initiation of
the East Asian winter monsoon (EAWM). The data show that the initiation of EAWM in the Philippine
Sea strongly connects to the southern lobe variability of the NPO in January followed by a basin-scale
oceanic Victoria mode pattern. No apparent connection was found for the northern lobe of the NPO when
the ENSO signals are removed. The strengthening of the EAWM in November interacts with the Kuroshio
front and generates a low-level heating source in the Philippine Sea. Significant Rossby wave sources are
then formed in the lower to midtroposphere. Wave ray tracing analyses confirm the atmospheric tele-
connection established by the Rossby wave propagation in the mid- to upper troposphere. Analyses of the
origin of wave trajectories from the Philippine Sea show a clear eastward propagating pathway that affects
the southern lobe of the NPO from the southern lobe of the western Pacific pattern at 500 hPa and above on
the time scale of 20 days. No ray trajectories from the lower troposphere can propagate eastward to in-
fluence the central-eastern subtropical Pacific. The wave propagation process is further supported by the
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Could the North Pacific Oscillation Be Modified by the Initiation of the East Asian

coupled model experiments.

1. Introduction

The North Pacific Oscillation (NPO) is the second
leading mode of winter sea level pressure anomalies
over the North Pacific (Walker and Bliss 1932; Rogers
1981; Vimont et al. 2003; Linkin and Nigam 2008). It
consists of a meridional dipole in the sea level pressure
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anomalies with its southern lobe centered near Hawaii
and northern lobe over Alaska. The NPO significantly
influences downstream weather and climate conditions
over North America during the boreal winter (e.g.,
Rogers 1981; Linkin and Nigam 2008). Hereafter, the
seasons referred to are those occurring in the Northern
Hemisphere. Recent studies reported that the spring
Victoria mode (VM)—the second empirical orthogonal
function mode (EOF2) of North Pacific sea surface
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temperature anomalies poleward of 20°N (Bond et al.
2003)—is a direct oceanic footprint of the NPO vari-
ability (Ding et al. 2015a). The NPO is strongest in
winter (Rogers 1981), and the VM reaches a peak
around spring as a delayed response to the NPO forces
(Ding et al. 2015a). The impacts of the NPO have been
examined in many studies. However, its cause and the
associated dynamical processes modulating its variabil-
ity are not completely understood.

Most previous studies have stated that the variability of
the NPO is due to stochastic processes in the atmosphere
(e.g., Rogers 1981; Furtado et al. 2012). Some recent
studies have suggested the nonstationary variability of
NPO and its possible connection with the East Asian
climate. Wang et al. (2007) found that, before 1975, the
NPO was mainly influenced by the El Nifio—-Southern
Oscillation (ENSO) teleconnection with anomalous sta-
tionary wave propagation from the subtropical-central
Pacific to the northern Pacific. However, after 1975, the
NPO was associated with a winter circumglobal wave
train pattern over the extratropical region in the Northern
Hemisphere, which has been closely linked to the East
Asian climate. Pak et al. (2014) further found another
nonstationary relationship between the NPO and the
East Asian winter monsoon (EAWM) with a sudden
change after 1988. This can be associated with the pro-
nounced decadal weakening of the Siberian high system
over the Eurasian continent and the eastward migration
of the NPO dipole. A strong correlation was found during
the 1973-87 strong EAWM epoch, but this vanished
during the 1988-2002 weak winter monsoon epoch. These
studies suggested the dynamics associated with the origin
of NPO and how the NPO may be modulated by the
EAWM variability.

The EAWM significantly affects the East Asia and
western North Pacific’s winter surface climate. This was
characterized by a Siberian high, an Aleutian low, and
low-level northeasterly monsoon wind blowing from East
Asia to the low latitudes over the Asian Marginal Seas
(Chen et al. 2000; Wang 2006). Due to the equatorward
intrusion of cold air, the enhanced deep convection is
often found over the Maritime Continent during winter,
leading to an intensified East Asian Hadley circulation as
well as the Walker circulations associated with cold air
outbreak events (Compo et al. 1999). This suggests that
the interannual variability of EAWM may be an atmo-
spheric pathway bridging the tropics and the midlatitude
of East Asia.

Here, we explore the relationship between the EAWM
and the NPO variability as suggested in many previous
studies (e.g., Wang et al. 2007; Pak et al. 2014). More
specifically, we focus on the pathway modulating the NPO-
like atmospheric variability (specifically the southern lobe
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of the NPO) initiated by the EAWM, which has not yet
been investigated. The main objective is to isolate the
dominant role of the EAWM initiation (originating pri-
marily from the Philippine Sea) and its downstream in-
fluence on the southern lobe of the winter NPO variability
from the observation (no link with the northern lobe of
the NPO). The driving mechanism and pathway modu-
lating the NPO are addressed via the Rossby wave ray
tracing analyses and the coupled general circulation model
(CGCM). Our results confirm that although the EAWM is
not directly related to the NPO, the modulation of the
NPO variability may be partially deterministic and asso-
ciated with the initiation of EAWM from the western
North Pacific. Section 2 introduces the observational data,
the Rossby wave ray tracing method theory, and the
modeling experiments. Section 3 investigates the modu-
lation of the NPO variability resulting from the EAWM
initiation in the observation. Sections 4 and 5 further
validate the associated pathway using the Rossby wave
ray tracing and the coupled model experiments. Finally,
sections 6 and 7 offer discussion and conclusions.

2. Data, analysis method, and theory
a. Observational data

Three observational datasets for 19582017 (60 years)
are used here. The monthly sea level pressure, surface
wind components, surface latent heat flux, geopotential
height, and wind vectors are obtained from the National
Centers for Environmental Prediction (NCEP) reanalysis
project (Kalnay et al. 1996; Kistler et al. 2001) on a 2.5° X
2.5° horizontal grid resolution. The vertical pressure levels
range from 1000 to 100 hPa. The climatology of 1986-2015
is removed. The divergence is obtained directly from the
velocity fields. We also verify the dynamical processes
discussed in this paper using the Twentieth Century
Reanalysis (20CR; Compo et al. 2011) from 1958 to 2014.
Some minor differences can be found in the amplitude;
however, there is no significant difference in terms of the
patterns comparing with the NCEP reanalysis product.
Therefore, for the sake of consistency, we present all ob-
servational results based on NCEP reanalysis.

We also notice that the correlation increases and the
pattern strengthens if the data start from 1948 or from 1979.
However, the time-dependent unstable relation will not be
addressed in this manuscript. The Extended Reconstructed
Sea Surface Temperature version 4 (ERSST.v4) data are
taken from the National Climatic Data Center on a2° X 2°
horizontal grid (Smith et al. 2008). All relevant sea surface
temperature indices are calculated from the ERSST.v4
data based on the standard definition. The linear trend
is removed for all datasets and indices used here. The
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FIG. 1. The second CEOF mode of (a) sea level pressure (hPa) and (b) sea surface tem-

perature anomalies in the North Pacific and tropical Pacific from 1958 to 2017. The two black
boxes denote the locations of the area-averaged sea level pressure anomalies used to define the
two NPO lobes (northern box: 55°-65°N, 180°-150°W; southern box: 15°-30°N, 180°-140°W).
The red box is used to define the southern tip of the NPOyg (represented as NPOy, ); see text for

detailed information.

statistical significance of the correlations is assessed
using a two-sided Student’s ¢ test with the degrees of
freedom reduced based on the lag-1 autocorrelation
following Bretherton et al. (1999).

b. Climate indices

The representation of the NPO is defined according to
the second leading mode of sea level pressure anomalies
in the combined empirical orthogonal function (CEOF)
analysis of the sea level pressure and sea surface tem-
perature anomalies in Fig. 1 (Tseng et al. 2017). Both
fields are normalized by their individual standard devia-
tions before performing the CEOF analysis. Tseng et al.
(2017) suggested that this second mode over the North
Pacific can better represent the ocean—atmospheric in-
teraction associated with NPO (Ding et al. 2015a). This
pattern resembles the NPO’s meridional dipole used in
Furtado et al. (2012). The two loading centers of the
NPO are identified and used to define the NPO’s north
lobe (NPOy) and southern lobe (NPOyg) indices (i.e., the

area-averaged monthly-mean sea level pressure anoma-
lies within the black boxes in Fig. 1a). Furtado et al.
(2012) found that the NPO’s individual lobes played dif-
ferent roles in the Pacific climate variability. Therefore,
these two indices are considered independently.

Several methods have been proposed to define the
EAWM index (EAWMI). Wang and Chen (2010) com-
pared the performance of 18 different EAWMI and
classified them into four categories. Here, the EAWMI is
defined based on the 10-m mean meridional wind within
5°-25°N and 120°-140°E (blue box in Fig. 2) where the
meridional component of the northeasterly wind along
the coasts of East Asia is emphasized (Chen et al. 2000).
Many previous studies have documented the vertical
structure of EAWM and its connection with the East
Asian jet in the midtroposphere (e.g., Leung and Zhou
2015). Although the EAWMI is defined using the north-
erly wind in the surface layer here, this index reflects the
three-dimensional structure of the EAWM system ac-
cording to a previous study (Yang et al. 2002).
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FI1G. 2. Climatological sea level pressure (contours, pressure of 1000 hPa is subtracted) from October to March and the corresponding
surface winds. The meridional gradients are shown as color shading. The EAWMI is defined by the blue box.

Other common EAWMI are also examined. Our re-
sults and conclusions are quite robust as long as the
subtropical along-coast northeasterly low-level wind is
considered in the indices (mainly reflecting the ocean—
land contrast). This also suggests that the EAWM indi-
ces used in this study relate closely to the southern mode
of the EAWM defined in Wang et al. (2010), which is
connected to the ENSO variability. The connection
found in this study disappears when the Siberian high—
related EAWM indices are used suggesting the inde-
pendence of the northern mode. We will not address
different impacts and relations of EAWM in this study.

Figure 2 shows the climatological sea level pressure
(contours) from October to March with the correspond-
ing surface winds (vectors). The meridional pressure
gradients (color shading in Fig. 2) associated with the
EAWM are intensified after November and become
matured later in December and January. The regression
of sea level pressure anomalies (p < 0.1 is shaded) onto
the EAWMI (Fig. 3a) looks very similar to that in Chen
et al. (2000). Here, the EAWMI is defined by the aver-
aged EAWMI of November to March as used in Chen

etal. (2000). An intense tropical-extratropical interaction
associated with the EAWMI can be identified. The re-
gression suggests an obvious contrast between East Asia
and the Philippine Sea as well as between the tropics and
the midlatitude. Positive regression values are found over
Siberia and the Aleutians. The associated surface wind
regression confirms the enhanced northeasterlies in the
western North Pacific along the East Asian coast (Fig. 3a).
An anomalous cyclonic circulation appears over the
Philippine Sea. This is associated with a strong confluence
over the Maritime Continent and a strong divergence
over the eastern Pacific in the tropics consistent with the
typical EAWM responses (Chen et al. 2000).

Many previous studies have suggested direct impacts
of ENSO on the EAWM (e.g., Wang et al. 2000), and the
Nifo-3.4 index was linearly removed from the EAWMI
hereafter. The removal of the Nifio-3.4 index from the data
ensures that the EAWMI is linearly independent of trop-
ical Pacific variability. The same regression map of sea
level pressure and surface velocity onto the ENSO re-
moved EAWMI can be found in Fig. 3b. Without the lin-
ear influence of ENSO, the surface circulation anomalies
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FIG. 3. (a) The regression of sea level pressure (p < 0.1 is shaded) and surface wind (p < 0.1 is
black) anomalies onto the EAWMI. (b) As in (a), but the ENSO signal is removed.

associated with the EAWM are clearly weakened in
magnitude—particularly the north lobes of the NPO and
the North American dipole (Wang et al. 2015; Ding et al.
2017,2019). However, the general features of EAWM still
exist, and the meridional dipole remains similar to the
NPO pattern.

¢. Rossby wave source and ray tracing analyses

We used the linearized Rossby wave source to inves-
tigate the Rossby wave source that triggers the Rossby
wave patterns in the extratropical regions (Sardeshmukh
and Hoskins 1988):

AL V -V V¢ —VX-V(.
\_\,_./ \.\,__/ \.\,_./ N’
S1 S2 S3 S4

)

In the equation above, the overbar and primes represent
the climatological mean and perturbation, respectively.
The first two terms on the right-hand side indicate the
stretching of climatological absolute vorticity by the di-
vergence of anomalous flow (—¢V - V;() and the stretching
of anomalous vorticity by the climatological divergence
(=¢'V - V,). The last two terms on the right side denote

the advection of climatological absolute vorticity by the
anomalous divergent flow (—V;( - VZ) and the advection
of anomalous vorticity by the climatological divergent
flow (—V, - V).

Rossby wave ray tracing theory can also provide com-
prehensive insight into the wave evolution and can char-
acterize the subsequent evolution of the Rossby wave
train excited by the tropical heating source (Hoskins and
Karoly 1981; Shaman and Tziperman 2005; Zhao et al.
2015; Zhao et al. 2019). Following Li et al. (2015) and
Zhao et al. (2015), the dispersion equation for propaga-
tion of Rossby wave on a horizontally nonuniform flow
with the inclusion of the meridional component may be
written as follows:

+ loglox — k aq/ay.

v, l e

M 2
Here, o is the frequency, (71y, Uy ) = (4, U)/cosg is the
Mercator projection of the base-state zonal and meridio-
nal winds, § =2Qsing + V*¢ is the base-state absolute
vorticity, ¢ is latitude, ) is the rotation rate of Earth, and
i is the base-state streamfunction. The term K = Vk2 + 2
is the total wavenumber, and k and [/ are the zonal and
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meridional wavenumbers, respectively. The wave ray is
defined as a trajectory that is locally tangential to the
group velocity. Using Eq. (2), the group velocity of the
Rossby wave packet takes the following form:

u, =7, + [(k* — I)agloy — 2kl oq/ox]/K*

(3a)
and
v, =, + [2kl 9g/9y + (kK> — 1) aglox]/K*. (3b)

The evolutions of wavenumbers k and / along a trajectory
are determined by kinematic wave theory (Whitham
1960) as follows:

dk  ou, [ou , k*qlayox —15°q/ox
dt ax ox K?

(4a)

Al
dt ay ay

k 0%qlay* — 1 9°Gloxdy
K? ’

(4b)

where dy/dt = 9/0t + u,d/dx + v,3/dy represents the
material derivative moving with the group velocity.

For each initial zonal wavenumber k and an initial
position within the region where the wave source has
been perturbed, we use Eq. (2) to solve for the initial
meridional wavenumber / by assuming w = 0 (stationary
waves). Equations (3) and (4) were then integrated to
derive the ray trajectory; they were terminated when the
spatial scale of the Rossby waves was less than 1000 km.
The background climatological mean wind flow is based
on the November—January (NDJ) NCEP reanalysis for
the period of 1963-2015. Since the Wentzel-Kramers—
Brillouin approximation used in the Rossby wave theory
also requires a slow-varying background flow (Li et al.
2015), we also smoothed the background flows of 7 and v
by multiplying a spherical harmonic component with
total wavenumber n by exp{—&[n(n + 1)]?} where the
coefficient ¢ has been set such that the harmonic com-
ponent of n = 16 was reduced by 37%. This reduced the
potential impacts of the small-scale structures in the
basic state. Further studies indicate that the results
are not sensitive to the smoothing method applied.
Further details can be found in Li et al. (2015) and Zhao
et al. (2015).

d. Coupled general circulation model and wave
activity flux diagnosis

The CGCM used in this study is the Community
Atmosphere Model version 5 (CAMS; Neale et al. 2012)
coupled with a slab (thermodynamic mixed layer) ocean
model under the framework of NCAR Community Earth
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System Model version 1.2.1 (Danabasoglu and Gent
2009; Hurrell et al. 2013). The spatial resolution of CAMS
is approximately 0.9° in latitude and 1.25° in longitude.
Thirty layers are discretized vertically with increasing
thickness. CAMS can simulate important large-scale at-
mospheric circulation features in both the tropics and the
midlatitudes (Neale et al. 2012). The resolution of the slab
ocean model is nominal 1°, and the model is forced by a
monthly-varying ocean heat transport via a Q-flux ac-
counting for the effects of horizontal advection and ver-
tical entrainment (Danabasoglu and Gent 2009). The slab
ocean model has an active thermodynamic process so
that the thermodynamic feedback such as the wind-
evaporation-sea surface temperature feedback can be
included in the model simulation.

To explore the role of the stationary wave in linking
EAWM variability to NPO, we calculated quasi-stationary
wave activity fluxes (WAFs) following Takaya and
Nakamura (2001). The WAF in spherical coordinates
can be formulated as follows:

_pcose U (8_1//)2 3 w,azlp’
x 2|U| (g COS(}’))Z oA 8)\2
vV [awey Py 5
a? cos¢ {ﬁ% aAaA )
_pcosp| U [of oy oy
¥ 2|U| ) a’cosd {K@ v a/\aqb}
1AV AL 4
#|(G) - ﬂ} ©

Here, p denotes the pressure divided by 1000 hPa; U = (U,
V, 0) where U is the mean zonal wind, V is the mean
meridional wind, a is Earth’s radius, f is the Coriolis pa-
rameter, ¢ is the latitude, A is the longitude, z = —HInp
(scale height H = 8km), and N? is the buoyancy fre-
quency. The WAF calculation following Takaya and
Nakamura (2001) considers a zonally varied background
flow. This is a general form of the WAF derived in Plumb
(1985). Because the spatially varied jet serves as a wave-
guide to affect the Rossby wave propagation (Hoskins and
Ambrizzi 1993), we show the WAF results following
Takaya and Nakamura (2001) in this study although con-
sistent results can also be obtained using Plumb’s method.

3. Link between the EAWM and the NPO

The NPO and its accompanying ocean surface foot-
print, the VM, have been connected with ENSO vari-
ability (e.g., Chang et al. 2007; Ding et al. 2015a; Tseng
et al. 2017). These surface expressions can be explained
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using the second dominant CEOF of sea level pressure
and sea surface temperature anomalies in the Pacific
(Figs. 1a,b). This meridional dipole of NPO pattern is
very similar to that reported earlier (Linkin and Nigam
2008; Furtado et al. 2012) and is a robust winter atmo-
spheric feature. The oceanic footprint of the VM in
Fig. 1b shows a region of cold sea surface temperature
anomalies extending from the western North Pacific to
the Kuroshio Extension. This is encircled by warm sea
surface temperature anomalies around the North Pacific
coast reaching the central tropical Pacific (Bond et al.
2003; Di Lorenzo et al. 2008; Ding et al. 2015a; Tseng
et al. 2017). The most recent warm blob observed in the
northeastern Pacific evolved from late 2013 to 2016. This
is a typical example connecting the VM with the ENSO
evolution (Di Lorenzo and Mantua 2016; Tseng et al.
2017). However, these recent studies only address the
evolution of the VM in the El Nifio events and the
multiyear persistence restrengthened by the NPO. They
did not address any process potentially related to the
development of the NPO.

The EAWM connects with the variability of the NPO
although the linkage is not stationary (e.g., Wang et al.
2007; Pak et al. 2014). Previous studies also suggested that
the winter sea surface temperature in the western North
Pacific may affect the NPO/VM (e.g., Wang et al. 2012;
Tseng et al. 2017). The relationship between the EAWM
and the NPO should be re-examined. Figure 4 shows the
observed lead-lag correlation between the EAWMI and
the NPO-related sea level pressure anomalies (see Fig. 1
for the regions). Similar to the EAWMI, the Nifio-3.4
index is also linearly removed from all fields to avoid any
ENSO impact. Moderate correlation can be found for the
sea level pressure anomalies in the regions of NPOg and
NPOy, suggesting the potential link between the EAWM
and the NPO discussed earlier. However, the largest
correlation can be found when the November EAWMI
leads the southern tip of the NPOg anomalies (defined as
NPOyg,; 5°-20°N, 170°-140°W, the red box in Fig. 1) by
two months (R = 0.50). This region is just above the
southern branch of the VM in Fig. 1b and is the region
where the southern lobe of the NPO starts to initiate the
VM or so-called meridional mode through the seasonal
footprinting mechanism (Chang et al. 2007; Ding et al.
2015a). The correlations are generally higher after 1979.

Due to the observed lead-lag correlation, the initia-
tion of the EAWM might influence the development of
the NPO through atmospheric teleconnection during
the early winter (NDJ). The mechanism and the se-
quential teleconnection may be initiated from the early
stage of the EAWM variability (further discussed in
section 6). Figure 5 shows the correlation map of the
monthly EAWMI with several lags of sea level pressure
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and wind anomalies over North Pacific (0-3 months).
During November (no lag), the EAWMI is associated
with a pair of cyclonic and anticyclonic circulations
above the subtropical western North Pacific and South
China Sea, respectively. The simultaneous large corre-
lation can be found along the coast of China from the
South China Sea (SCS) to the Yellow Sea (maximum
correlation R = 0.73), indicating the strong geostrophic
wind structure. This is consistent with the strengthening
of the EAWM characterized by a clear contrast above
the land and the ocean separated by the strong north-
easterly. Another comparable large correlation can be
found when the November EAWMI leads the sea level
pressure anomalies by 2 months in the region just above
the southern branch of the VM. This is consistent with
the observed lead-lag correlation in Fig. 4. The north-
eastward surface wind is also favorable for the devel-
opment of the VM.

The time series of November EAWMI, January NPOyg,
and January NPOyg, are shown further in Fig. 6a. There
is very good correspondence between the November
EAWMI and January NPOg,, especially after 1980. This
is consistent with the increased correlation shown in the
bottom panel of Fig. 4. The high correlation can be fur-
ther extended to December EAWMI with a 3-month lag
in March. This extended impact is associated with the
spring footprint of the VM resulting from the NPO
forcing. Furtado et al. (2012) suggested a large distinction
in the dynamics between the northern and southern lobes
of the NPO, with the southern lobe of the NPO likely
linked to the central tropical Pacific at the decadal time
scale. This viewpoint is supported by the significant cor-
relation in Fig. 4 while the moderate lead-lag correlation
differs for the northern and southern lobes of the NPO.
They also showed that the southern lobe of the NPO
contains both high- and low-frequency modes. Our re-
sults suggest the direct impact of the EAWM in modu-
lating the NPO within two months consistent with the
high-frequency peaks shown in Furtado et al. (2012). The
correlation is even higher if the NCEP reanalysis data are
extended to 1948.

The two-month lag near the southern lobe of the NPO
(i.e., the NPOsg, ) and the extended lag to spring are not a
coincidence. Our results suggest that the November initi-
ation of the EAWM can induce the low-level convergence/
divergence change in the Philippine Sea generating a po-
tential heating source associated with the simultaneous
response to sea surface temperature (Wang et al. 2012)
and modulating the central-subtropical Pacific dynamics
two months later. Figure 7 shows the correlation map
between the November EAWMI with the geopotential
height anomalies (top to bottom: 200, 500, and 1000 hPa,
respectively) for November and two consecutive lag
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FIG. 4. Observed lead-lag correlation between the EAWMI and (a) the NPOyg, (b) NPOy, and (c) NPOg,, respectively. The NPOg and
NPO, represent the averaged sea surface pressure anomalies in the black box shown in Fig. 1. Significant correlation can be found in
January NPOyg, lagging November EAWMI (2 month later) in (c). (d)—(f) As in (a)—(c), but for 1979-2017. See text for the detailed

definition. Here p < 0.1 is shaded. The ENSO signal is removed.

months (December and January). The simultaneously
large positive (negative) correlation in November is clear at
1000 hPa over the western North Pacific (East Asia), con-
sistent with Fig. 5. The zonally oriented dipole at 1000 hPa
changes to a meridionally oriented dipole at higher levels.
The meridional dipole is more evident at 500 and 200 hPa.
The meridional structure is similar to the typical barotropic
western Pacific (WP) teleconnection pattern (Linkin and
Nigam 2008; Chow et al. 2017), but the location shifts
slightly southward. The large correlation of the EAWMI

with November outgoing longwave radiation (OLR)
anomalies and divergence fields further suggested that the
Rossby wave sources are generated above the Philippine
Sea along the coast of East Asia in Figs. 8a and 8&c.
The strong negative OLR is not only confined within the
coastal region but also extends offshore. Particularly, the
low-level divergence field in November (Fig. 8c) shows a
strong low-level convergence just above the Kuroshio
front: This is also associated with a downstream low-level
divergence in the climatologically warm pool. A strong
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FIG. 5. Correlation map of the November EAWMI with several lags of surface pressure and wind anomalies (0-3 months);
(a) November (no lag), (b) December, (c) January, and (d) February. The contour lines correspond to R = 0.6 (bold black), 0.5 (thin
black), and 0.4 (gray). The sea surface temperature index defined in Wang et al. (2012) is shown as the gray box in (a). Additional thick
dashed contours represent similar lag correlations of sea level pressure anomalies with the November sea surface temperature index

(Wang et al. 2012) for R = 0.5 (blue) and 0.4 (red). The ENSO signal is removed.

and extended divergence can also be found above the
Kuroshio front at 200 hPa suggesting a typical deep con-
vection in the Philippine Sea connected to the southern
lobe of the NPO in January.

This atmospheric teleconnection may likely result from
the development of Rossby wave train. In December, the
remote atmospheric teleconnection associated with the
November EAWMI starts to emerge and evolve in
the eastern North Pacific (middle panel in Fig. 7) with an

enhanced WP pattern at 200hPa in the western North
Pacific. This suggests a propagation speed of one month
for the teleconnection pattern. However, the largest cor-
relation occurs in the correlation map of January over the
southern branch of the VM in the lower troposphere (right
panel in Fig. 7), suggesting a continuously enhanced pro-
cess to strengthen the winter NPO that matures in January
(Ding et al. 2015a). The surface wind—evaporation—sea
surface temperature feedback may further enhance the
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FIG. 6. (a) Time series of November EAWMI, January NPOg, and January NPOyg,, re-
spectively. All time series are aligned with their corresponding months. (b) 13-yr running
correlation coefficient between November EAWMI and the NPOyg,,. The horizontal line in-
dicates the 90% confidence level. ENSO signal is removed.
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ocean—atmosphere interaction in this particular region
(Chang et al. 2007; Ding et al. 2015a), and it is not sur-
prising to see that high correlation decreases with height.
This provides additional evidence of the tight relation be-
tween the NPO and VM (Ding et al. 2015a). Furthermore,
the completed process is also associated with a band of
convergence in the 200hPa (Fig. 8f) and positive OLR
(Fig. 8b) above the southern branch of the VM in January,
suggesting a strong top-down response on the sea level
pressure anomalies and the lack of upper troposphere re-
sponse in the geopotential height. These results show a
propagating atmospheric teleconnection in the mid- to
upper troposphere that affects the southern lobe of the
NPO. We will further examine the Rossby wave train de-
velopment in the next section.

4. Rossby wave train mechanism

The observational data in section 3 suggest a link
between the initiation of the EAWM and the southern
lobe of the NPO. This link may involve the heating
source above the Kuroshio front and the divergence/
convergence in the upper troposphere. The propagation
is also within a month (Fig. 7). To further explore the
described pathway from the Philippine Sea, we exam-
ined the potential Rossby wave source that may trigger
the Rossby wave patterns in the extratropical regions.

Figure 9 shows the regressed Rossby wave source in the
upper, middle, and lower troposphere onto the EAWMI.

With strengthening of the EAWM, there are significant
Rossby wave sources (local positive vorticity tendency) in
the lower (850hPa) and middle (500hPa) troposphere
over zonally oriented regions from southern China and
the northern Philippine Sea (20°-40°N, 110°~140°E). This
region is consistent with the large negative OLR region
shown in Fig. 8a confirming the previous speculation. We
found that the Rossby wave source is dominated by the
stretching of climatological absolute vorticity by the
EAWMo-related divergence anomalies (—ZV - V;() and
the advection of climatological absolute vorticity by the
anomalous EAWM-related divergent flow (V- Vo)
(figures not shown).

A theoretical wave ray tracing approach was next used
to analyze the potential atmospheric teleconnection dur-
ing NDIJ. These theoretical analyses examine if the sub-
sequent evolution of the Rossby wave train excited by the
heating source from the Philippine Sea can further infiu-
ence the eastern North Pacific (and thus the strength of
the NPOg). Figure 10 shows the wave ray trajectories
initiated by the heating sources (crosses) under the cli-
matological NDJ basic flows in the troposphere and in-
tegrated for 20 days. The initial position arrays (5°-30°N,
110°-140°E) are selected by the significant Rossby wave
source region (also large negative OLR anomalies; Figs. 8
and 9). The wave source is not very effective at generating
the poleward Rossby waves since the basic flow is easterly
without significant meridional flow (Li et al. 2015; Zhao
et al. 2015). The results shown here are for both positive
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F1G. 8. Correlation maps between the November EAWMI and the (a) November and (b) January OLR anomalies and the November
divergence at (c) 1000 and (d) 200 hPa, respectively. (e),(f) The correlation maps between the November EAWMI and 200-hPa diver-
gence in the following December and January. The plus shading represents p < 0.1. Correlation R = 0.4 is shown as green. The ENSO

signal is removed.

and negative initial meridional wavenumber / to reflect
initially northward and southward propagation of sta-
tionary waves, respectively.

In the midtroposphere (500 hPa), the sources over the
northern region (north of 15°N) can indeed excite two
branches of waves that propagate eastward to the North
Pacific sector: The northern branch is poleward and re-
flected equatorward at midlatitudes (about 60°N for k = 2).
The other southern branch is equatorward and reflected
poleward at the latitudes where the zonal winds equal
zero (U = 0; about 15°-20°N). A major part of the
northern branch finally arrives in the central-eastern
North Pacific over the southern branch of the VM be-
fore moving eastward to the Americas. Trajectories
based on the initial zonal wavenumbers k = 4 and k = 6
exhibit qualitatively similar paths except that waves
with a smaller zonal wavenumber can propagate to
higher latitudes before equatorward reflection. These
two branches of waves confine the wave activity to the
North Pacific sector and confirm that the specified
sources can potentially modulate the NPO variability

after 20 days—specifically the southern lobe over the
southern branch of the VM. This central-eastern North
Pacific region is also consistent with the largest corre-
lation between November EAWMI and the January
geopotential height at 500 hPa shown in Fig. 7 (this is
also seen in December but is weaker). Based on the NDJ
climatological winds, our integration of wave ray equa-
tions indicates that the energy transfer from the source
locations can reach the south lobe of NPO in 20 days or
within the 1-2-month lag shown above (see more dis-
cussion in section 6). Although the trajectories cover a
wide range of the North Pacific, the large convergence
over the southern branch of the VM at 200 hPa (Fig. 8f)
suggests a direct top-down impact on the low levels only
when the trajectories reach this area.

In contrast, the southern sources (south of 15°N) cannot
excite the waves that can spread eastward. All trajectories
are moving westward into the tropical western Pacific. This
suggests that the meridional locations in the Philippine Sea
critically matter. Only the sources within the southern lobe
of the WP teleconnection pattern—that is, north of about
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FIG. 9. Regressed Rossby wave source at (a) 200, (b) 500, and
(c) 850 hPa onto the EAWMI. The contour interval is 10-11s2
(ms~ 17!, Regression coefficients with p < 0.1 is shaded as green
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15°N (Wallace and Gutzler 1981; Chow et al. 2017), which
is also over the warm Kuroshio recirculation (Tseng et al.
2012)—can influence the southern lobe of the NPO, con-
sistent with the strong connection between the WP and
NPO patterns (Linkin and Nigam 2008).

Similar wave ray trajectories can also be found at
250hPa (top panel of Fig. 10), but the number of trajec-
tories reaching the central-eastern North Pacific is re-
duced. More trajectories recirculate anticyclonically at
250 hPa than 500 hPa for k = 2 (i.e., belonging to the
southern sources). This is mainly because the vertical
structure of the WP tilts northeastward with increased
altitudes (similar to the November correlation map shown
in the left panel in Fig. 7). Further, the wave trajectories
affecting the southern lobe of the NPO are also reflected
more strongly at lower latitudes (250 vs 500 hPa), mainly
due to the stronger jet stream in 250 hPa.

The trajectories are entirely different in the low tro-
posphere. Nearly all rays propagate westward and cannot
propagate to the central-eastern North Pacific under the
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850-hPa circulation condition (bottom panel in Fig. 10).
This is due to the enhanced southwestward EAWM. In
general, our wave ray tracing analysis, consistent with the
NDJ observation shown in section 3, provides evidence
that the specified sources can significantly contribute to
the variability of the NPO pattern via the Rossby wave
propagation. This impact is strongest between 600 and
400 hPa during the NDJ background flow configurations
and is directly related to the southern lobe of winter WP
pattern. We note that only the stationary waves are dis-
cussed here because of the climatological winds. The
disturbances develop at the group velocity with a zero
phase stationary velocity.

5. Coupled general circulation model sensitivity
experiments

The results from previous section (in addition to the
observations in Figs. 5-8) suggest that there may be a deep
convective heating source associated with EAWM initia-
tion (as discussed in section 6). This likely results from the
cold EAWM air blowing over the warm Kuroshio front.
We conducted CGCM sensitivity simulations to further
support the findings in the reanalysis datasets as well as the
potential pathway suggested in section 4. A control CGCM
simulation was integrated for 30 years forced by the
monthly Q flux initially derived from a fully coupled sim-
ulation. A control run and a sensitivity forced experiment
(O flux is enhanced by 10% in the defined EAWM region)
are run for another 45 years from the end of the control
simulation above as the initial condition. The control run
continues to use the default Q flux while the forced sim-
ulation uses the same forces except an enhanced Q flux in
the EAWM region defined in section 2b from November
and December. The 10% increase in the Q flux magnitude
(negative value indicates heat release from the ocean into
the atmosphere above) is included to mimic the enhanced
heating source associated with the EAWMI (Figs. 11a,b)
where a large OLR correlation is found (Fig. 8).

The simulated November differences of the mean
geopotential height at 500 and 200 hPa between the en-
hanced heating experiment and control run are shown in
Figs. 12a and 12b while the corresponding OLR differ-
ence is presented in Fig. 12c. Consistent with the obser-
vations of geopotential height in Fig. 7 and OLR in Fig. 8,
the footprint in the northeastern Pacific quickly emerged
in the model differences in the mid- to upper troposphere
as a result of the heating associated with the EAWMI
although the patterns differ. These minor differences in
the patterns can be attributed to the missing interactive
ocean dynamics in the current slab ocean coupled model
(not the main focus of this study). Our CGCM sensitiv-
ity experiments confirm that the observed heating in the
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Philippine Sea indeed serves as a local Rossby wave source
in the western North Pacific and impacts the southern lobe
of NPO within the time scale of a month. However, the
footprint of sea level pressure appears late in the north-
eastern Pacific during January (see the large January mean
sea level pressure differences between the enhanced heat-
ing experiment and control run in Fig. 12d). The enhanced
heating causes clear low pressure anomalies in the north-
eastern Pacific consistent with the observations in Fig. Sc.
These anomalies result from the Rossby wave propaga-
tion and the amplification of typical wind—evaporation—-sea
surface temperature feedback in the southern lobe of the
NPO as discussed in the previous sections. The ocean—
atmosphere interaction in the northeastern Pacific requires
time to evolve. We note that the observed low pressure
anomalies extend more southwestward toward the central
Pacific than the modeled differences. This is also due to the
missing ocean dynamics.

Next, we calculate the WAF differences to further
examine the EAWM-related wave pathway identified in
the observational datasets between the control and
forced CGCM simulations (see section 2d for details).
Figures 11c—f compare the WAF differences at 200 and
500hPa, respectively. At 500hPa in November, the
WATPF differences show a waveguide pathway from the
forcing region in the southeast of Japan, which then
turns northeastward to the Gulf of Alaska. The WAF is

mainly initiated from the warm side of the Kuroshio
front consistent with the significant OLR in Fig. 12c.
This suggests that enhanced low-level heating in the
WNP may enhance the pathway discussed above. The
WAF differences at 200 and 500 hPa show very similar
results and suggest the strong barotropic structure.

In December, the WAF differences look quite similar
but the strength and the direction vary from November
as a cyclonic WAF is nearly formed in the northeastern
Pacific. We note that the significant WAF can be found
over the Kuroshio Extension region possibly due to the
prevailing background mean westerlies in the model
(shading is the zonal mean speed in Figs. 11c—f). These
results are largely consistent with the Rossby wave
pathway suggested by the ray tracing theory and further
support our observations.

6. Discussion

A new pathway is proposed to modify the NPO-like
atmospheric variability (specifically the southern lobe)
resulting from the initiation of EAWM. This offers a new
perspective on the assumed stochastic dynamics of NPO
and tightly connects the EAWM with the NPO variability.
Prior studies on the NPO have mainly focused on the
impacts of its teleconnection patterns on the weather and
climate of North America (Linkin and Nigam 2008) and
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FIG. 11. (a) The O-flux forcing (color shading) added in the experiment run in November. (b) Asin (a), but in December. The contour lines

denote the Q-flux fields in control simulation (ranging from —400 to 100 W m 2 with interval 50 W m~2); the dashed lines indicate negative
values and the solid line positive values (positive is downward). (c) The 200-hPa WAF differences (arrows) between the experiment and
control runs in November. Background zonal velocity in the control run is superimposed (color shadings). (d) As in (c), but in December.

(e),(f) As in (c),(d), but for 500-hPa WAF differences and background zonal velocity. Note that p < 1 is shown as black arrows.

how the NPO initiates ENSO through the seasonal foot-
printing mechanism (Chang et al. 2007; Ding et al. 2015a;
Ding et al. 2015b). Here, we identified how equatorward
cold air associated with the November EAWM initia-
tion can generate diabatic heating anomalies above the
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Kuroshio. These anomalies are due to the atmospheric
boundary layer response to the ocean front and generate
a significant Rossby wave source. The evolution of the
Rossby wave train in the middle to upper troposphere
then affects the NPO’s southern lobe (near Hawaii over
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FI1G. 12. Simulated differences between the heating experiment and control run. (a) The mean geopotential height differences at 200 hPa
in November. (b) Asin (a), but for 500 hPa. (c) The OLR difference in November. (d) The sea level pressure differences in January. Note

that p < 0.1 is shown as dots.
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the southern branch of the VM). This leads to the growth
of a winter NPO southern lobe (maximum in January).
Finally, the southern lobe of the NPO forces the surface
sea surface temperature footprint of VM in the following
spring (Ding et al. 2015a).

The Kuroshio plays a crucial role with regard to the
heating source discussed above. The Kuroshio is a strong
poleward warm ocean current in the western North Pacific
with a large transfer of heat from the ocean to the atmo-
sphere (Tseng et al. 2012; Yang et al. 2015). The large
temperature gradient near the edge of the current produces
significant atmospheric changes when the EAWM is initi-
ated, and the strong northerly starts to intrude into the
Philippine Sea from cold to warm air. The air-sea interface
changes from stable to unstable across the Kuroshio front,
producing a significant heating source just downstream
of the Kuroshio front (divergence/convergence at lower/
upper-level atmosphere with strong negative OLR anom-
alies in Fig. 8). The negative OLR anomalies indicate a
strong and deep convection. The other strong convergence
can also be found further downstream of the Kuroshio front
at the lower troposphere. This confirms the typical frontal
air-sea interaction of the ocean front interacting with the
atmosphere (Chelton et al. 2004; Small et al. 2008).

Our results provide additional evidence that the marine
boundary layer structure can be systematically modified
across the Kuroshio due to changes in surface stability as
the cold air flows across the SST gradient. Instability over
the warm water leads to an increased vertical exchange of
momentum as well as to the establishment of winds and
the sea level pressure dipole (Fig. 5a). The stronger
northeasterly winds and larger heat fluxes from the ocean
to the atmosphere over the warm Kuroshio can gen-
erate heating sources in the Philippine Sea leading to
further atmospheric changes in the eastern North Pacific.
This pathway is further evaluated by the observations and
the theoretical wave ray tracing analyses.

The modeling experiments also confirm the underlying
Rossby wave propagation and show the direct impact of
the additional heating in modulating the southern lobe of
the NPO through the Rossby wave train development
on the time scale of one month or less (time scale within
20 days). However, we note that the maximum correla-
tion is seen in January due to the continuous evolving.
Indeed, the triggering of the EAWM initiation already
starts in December. A significant correlation in the cen-
tral Pacific can be found at 500 and 1000 hPa (Fig. 7), but
the correlation continuously increases and reaches its
maximum in January when the NPO is mature or even
later (Fig. 4). This suggests that the wave propagation
occurs in the mid- to the upper troposphere.

Other local processes (e.g., Fig. 8) are continuous and
can enhance the local convergence/divergence including
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the continuously generated Rossby wave sources trig-
gered by the EAWM initiation’s sudden change in the
Philippine Sea and potential development of barotropic
structure in the southern lobe of the NPO. These pro-
cesses also require time to evolve—specifically the in-
teraction with the sea surface temperature leading to the
spring VM [see Ding et al. (2015a) for more discussion]
or the heating source in the Philippine Sea.

We found that significant Rossby wave sources are
generated and associated with the EAWM initiation in
the Philippine Sea. The heating source in the atmosphere
results from the ocean front-atmosphere interaction, and
we further confirm that the variability of November
EAWM s also highly associated with the local sea surface
temperature anomalies variability in the Philippine Sea
(R = 0.63). Similar lag correlation maps are based on the
November sea surface temperature index defined in
Wang et al. (2012) and superimposed in Fig. 5 as thick
dashed contours (blue and red dashes represent R = 0.5
and 04, respectively). The spatial patterns are quite
similar to the maps based on the November EAWMI
with very high correlations. The consistent relationship
with local sea surface temperature anomalies is not sur-
prising and results mainly from the atmospheric heating
changes due to the typical interactions of the ocean front
and atmosphere described above.

Wang et al. (2012) suggested that the surface winds in
the Philippine Sea occur almost at the same time as the
NPO from December to February (Fig. 4 in Wang et al.
2012). Based on our monthly observational data that
used wave ray tracking analyses and model sensitivity
experiments instead of a 3-month mean, we further
clarify that the southern lobe of winter NPO can be in-
tensified through the middle to upper tropospheric
Rossby wave propagation from the Philippine Sea. This
forces the following spring basin-scale VM in the North
Pacific over the southern branch of the VM. This is
consistent with the tight connection between the WP
and NPO and their vertical structure (Linkin and Nigam
2008). Thus, we conclude that the origin of the NPO and
WP variability is directly linked with the atmospheric
boundary layer heating changes in the Philippine Sea
related to the EAWM.

However, the EAWM may not be the only factor
influencing the NPO variability in general. Synoptic eddy—
mean flow interactions or transient eddies may also affect
the NPO variability (Linkin and Nigam 2008). Further
analysis of the 13-yr running correlation coefficient be-
tween the EAWM and NPOyg, variability confirmed that
the two indices were nicely correlated after late 1970s with
increasing correlation after the late 1980s (Fig. 6b); these
are poorly correlated during the mid-1970s consistent with
the nonstationary connection with the EAWM and the
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intensified circumglobal wave train activity after 1975
(Wang et al. 2007; Pak et al. 2014). Other stochastic pro-
cesses may also exist. Nevertheless, our results are quite
robust throughout the entire time period with significant
impacts for all time periods with increasing correlation
after 1979. The decadal-scale increasing trend is also
confirmed using an even lower-frequency running win-
dows (data not shown).

Further analysis suggests that the November EAWMI
varies simultaneously with the SCS winds and extends
northward to the east edge of the Ryukyu Islands with
a correlation larger than 0.85 (Fig. 5a). A one-month
lag correlation map of December suggests that the
November EAWM intensifies the local cyclonic circu-
lation over the Maritime Continent (Fig. 5b) thus lead-
ing to the eastern Pacific teleconnection pattern in
January (Fig. 5c). These results show that the strength-
ening of northeasterly winds associated with the EAWM
initiation flowing over the Kuroshio front during the
early winter may generate the heating anomalies to
modulate the NPO variability. Therefore, the ocean—
atmosphere interaction due to the Kuroshio front can be
identified as a key factor to modify the NPO’s south lobe
variability regardless of the nonstationary link between
the EAWM and NPO.

7. Conclusions and future work

We investigate the origin of the NPO variability and its
potential pathways linking directly to the initiation of
EAWM. This pathway is further confirmed via wave ray
tracing analyses and modeling experiments. The schematic
in Fig. 13 summarizes the underlying dynamical processes
triggered by the initiation of EAWM. The variability of
the southern lobe of the NPO can be initiated by the
November EAWM associated with the heating anoma-
lies above the Kuroshio front in the Philippine Sea (step 1
in November). This leads to the local deep convection
change in the western North Pacific in the following
months (step 2 in November and December). Therefore,
the NPO is not directly connected with the EAWM,; it is
only connected through its subtropical initiation interact-
ing with the Kuroshio (i.e., the sea surface temperature
gradient across the ocean front). The continuously gen-
erated Rossby wave sources propagate northeastward in
winter to enhance the subsidence near the southern branch
of the VM until the matured NPO (step 3 in December—
January). This is followed by a typical negative phase of
NPO forced VM in the Northern Hemisphere forming the
combined sea surface pattern of CEOF2 (step 4 in late
winter to spring; details are already given in prior works).
Our results nicely explain the previous precursor linkage
of the western North Pacific sea surface temperatures to
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FIG. 13. Schematic diagram of the dynamical processes linking
the initiation of EAWM and the southern lobe of NPO. The sea
level pressure (contours) and sea surface temperature anomalies
associated with the CEOF2 patterns are overlaid.

ENSO variability (Wang et al. 2012; Tseng et al. 2017) due
to the NPO-like teleconnection (specifically the southern
lobe of the NPO). These processes are robust regardless of
the length of the analysis years and the datasets. The wave
propagation is on a one-month time scale or less.

Our results identify the initiation of EAWM con-
nected directly to the local air-sea interaction between
the Kuroshio front and the atmosphere. This enhances
the deep convection. Both the wave ray tracing analyses
and CGCM experiments confirm the proposed pathway
influencing the southern lobe of the NPO. The origin of
the wave rays is the western North Pacific with a clear
eastward propagating trajectories reaching the central-
eastern subtropical Pacific over the southern branch of
the VM (near the southern lobe of the NPO) in the mid-
to upper troposphere. This is consistent with the WAF
differences in the modeling experiments and is different
from the wave ray trajectories in the lower troposphere
(flows are mostly westward and never reach the east-
ern Pacific).

The observations, wave raying tracing analyses, and
coupled modeling experiments show no obvious link
with the northern lobe of the NPO in the dynamical
processes: the atmospheric teleconnection primarily af-
fects the southern lobe of the NPO. Although the de-
scribed pathway due to the Rossby wave propagation is
within a month, the local processes require time to de-
velop the barotropic structure of the WP and NPO
patterns. The deep convection resulting from the initi-
ation of EAWM is continuously generated in winter
from the continuous ocean—atmosphere interactions;
therefore, the observation shows a maximum January
correlation in the central-eastern Pacific that relates to
the development of the southern lobe of the NPO rather
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than the NPO dipole. Further studies are needed to
identify the variability of the northern lobe of the NPO
in a follow-up study. Such a study will be directly related
to the Siberian high and Arctic variability.
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