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Abstract The North Pacific Oscillation (NPO), which is characterized by a north-south dipole-like pattern of
sea level pressure (SLP) in the North Pacific, is an atmospheric circulation that is a key to understanding
tropical-extratropical interactions in the Pacific. We show that the center of the southern lobe SLP in the NPO
during boreal winter (December-January-February) is shifted to the east after the mid-1990s compared to
before the mid-1990s. This leads to the change in the relationship between the NPO and El Nifio and the
Southern Oscillation (ENSO). The NPO is closely associated with the convective forcing in the tropical Pacific
during boreal winter before the mid-1990s. After the mid-1990s, in contrast, the simultaneous relationship of
the NPO and ENSO during boreal winter becomes weak. However, an eastward shift of the NPO's southern
lobe SLP during boreal winter causes a close relationship with the ENSO in the winter of the following year
through atmosphere-ocean coupled processes after the mid-1990s. These results indicate that atmospheric
circulation in the North Pacific characterized by the NPO becomes more influential in the tropical Pacific with
a lagged time after the mid-1990s, likely due to the eastward shift in the NPO's structure. We also briefly
discuss which processes cause an eastward shift in the NPO’s southern lobe SLP.

Plain Language Summary Understanding the North Pacific Oscillation (NPO), which is
characterized by a north-south dipole-like pattern of sea level pressure (SLP) in the North Pacific, is a key
to understanding tropical-extratropical interactions in the Pacific. This study examines the decadal changes
in the NPO's spatial structure and its consequent change in the relationship with El Nifio and the Southern
Oscillation (ENSO) for 1979-2016. It is found that the center of the southern lobe SLP in the NPO during
boreal winter (December-January-February) is shifted to the east after the mid-1990s compared to before the
mid-1990s. This leads to the change in the relationship between the NPO and ENSO. An eastward shift

of the NPO's southern lobe SLP during boreal winter causes a close relationship with the ENSO in the winter
of the following year through atmosphere-ocean coupled processes after the mid-1990s.

1. Introduction

The North Pacific Oscillation (NPO) is defined as the second empirical orthogonal function (EOF) of sea level
pressure (SLP) variability and is characterized by a north-south seesaw pattern in the North Pacific. The
northern lobe of SLP in high latitudes extends from eastern Siberia to western Canada, while the southern
lobe of SLP at lower latitudes includes the subtropics and extends equatorward to 20°N (Linkin & Nigam,
2008; Rogers, 1981; Walker & Bliss, 1932; Wallace & Gutzler, 1981). Recently, several studies have documented
the influence of the NPO on the climate over East Asia, North America, and the tropical Pacific (Chen & Wu,
2017; Pak et al.,, 2014; Wang et al., 2007; Yeh & Kim, 2010; Yu et al., 2012). Furthermore, Song et al. (2016) found
that the boreal winter NPO has a pronounced influence on the subsequent Australian spring rainfall via
air-sea coupled processes over the tropical Pacific. Therefore, it is useful to understand the variability in the
NPO and its associated interactions in terms of extended-range predictions of weather and climate over
the Pacific rim.

While the NPO is regarded as a purely stochastically driven phenomenon intrinsic to the North Pacific
atmosphere (Rogers, 1981), sea surface temperature (SST) forcing in the central tropical Pacific might
influence the NPO at low-frequency timescales through atmospheric teleconnections and air-sea interactions
(Di Lorenzo et al., 2010; Furtado et al., 2012; Park et al., 2012, 2017). It has been suggested that the southern
lobe of NPO on the low-frequency variations are intimately tied to the variability in central equatorial Pacific
SST (Furtado et al., 2012). In contrast, there are other studies arguing that the boreal winter SST in the North
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Pacific generated by the concurrent NPO is able to force El Nifio and Southern Oscillation (ENSO) during the
subsequent winter via a so-called “seasonal footprinting mechanism” (Anderson, 2004; Anderson et al., 2013;
Chiang & Vimont, 2004; Vimont et al., 2001, 2003; Yeh et al.,, 2015; Yu et al,, 2012; Yu & Kim, 2011). More spe-
cifically, cyclonic circulation of the NPO's southern lobe can induce wind anomalies opposing the trade
winds. Concurrently, upward latent heat is reduced by the reduced wind speed and hence causes warming
in the upper ocean during the boreal spring (Chiang & Vimont, 2004). Such NPO-driven anomalous SST per-
sists until summer in the subtropics and potentially impacts equatorial zonal wind stress anomalies, which
play a role in triggering ENSO via Bjerknes feedback processes (Alexander et al, 2010; Bjerknes, 1969).
These studies indicate that understanding the NPO is a key to understanding tropical-extratropical interac-
tions in the Pacific. The purpose of this study is to examine the decadal changes in the NPO'’s spatial structure
and its consequent change in the relationship with ENSO for 1979-2016. We also briefly discuss the dynami-
cal processes behind the change of NPO'’s spatial structure.

Section 2 provides a brief description of the data and methodology used in this study. The general features of
the NPO are examined through composite and EOF analyses and are described in section 3. A summary and
discussion are provided in section 4.

2. Data and Methods

We analyze atmospheric data sets from the National Centers for Environmental Prediction/National Center for
Atmospheric Research reanalysis 1 (Kalnay et al., 1996). SST data are gathered from the Objectively Analyzed
air-sea Fluxes (OAFlux) project with a horizontal resolution of 1°x1° longitude and latitude (Yu et al., 2008).
Outgoing longwave radiation (OLR) data are collected from the Climate Prediction Center (Liebmann &
Smith, 1996). Net heat flux data are taken from the European Centre for Medium-Range Weather
Forecasts (Dee et al., 2011). Note that climatological winter mean is calculated from the monthly data during
winter (December-January-February) for 1979-2016 and the same method is applied to obtain climatologi-
cal mean for spring (March-April-May). Winter (spring) seasonal anomalies are obtained by subtracting cli-
matological seasonal mean from the individual winter (spring) means. Our analysis covers the satellite
period of 1979-2016 to minimize the effects of changes in the observing system. All data sets were linearly
detrended in an effort to remove global warming signal. Note that 1979 winter indicates December 1979,
January 1980, and February 1980. To identify a regime shift, the regime shift test (Rodionov, 2004) is applied.

The NPO is defined as the second EOF of SLP in the North Pacific (120°E-120°W, 20°N-60°N) for the corre-
sponding period by season (winter and spring). The NPO index is defined as the principal component time
series for the corresponding period by season. The NINO3 index, which is defined by SST anomalies in winter
averaged in the tropical Pacific center (150°W-90°W, 5°S-5°N), is also used to analyze the relationship
between the NPO and tropical Pacific. To examine the changes on low-frequency timescales, a 15-year run-
ning window is used. Unless stated otherwise in the text, the results are for the winter season only.

3. Results

Figure 1a shows the NPO index for 1979-2016, and its corresponding EOF pattern is represented in Figure 1b.
The NPO index for 1979-2016 (Figure 1a) is characterized by a variability on interannual-to-multidecadal
timescales. A typical NPO structure (Figure 1b), which is characterized by a north-south dipole structure over
the North Pacific basin, is obtained, and the center of the southern (northern) lobe of the SLP is located in the
central North Pacific (Alaska). We refer to this pattern as a positive NPO phase that includes anomalous low
pressure over Alaska and anomalous high pressure near Hawaii in the central North Pacific. To characterize
the NPO structural change in detail, we calculate the second EOF of North Pacific SLP during each of the
six overlapping 15-year periods (1979-1993, 1984-1998, 1989-2003, 1994-2008, 1999-2013, and 2002-
2016). Figures 1c-1h indicate that the center of the southern lobe of the NPO shifts to the east as time
progresses. In particular, the center of the southern lobe of the NPO shifts significantly from the west to
the east around the mid and late 1990s. To further support this notion, we also calculate the NPO structures
in relatively short periods of 1989-1993, 1990-1994, and 1993-1997, respectively, around the mid-1990s.
(Figure S1). It is also found that a center of the southern lobe of the NPO is located to the central and eastern
North Pacific in the periods including 1994, indicating that the NPO pattern changed after the mid-1990s.
Conversely, a similar calculation is applied to the first EOF of SLP in the North Pacific, that is, the Pacific
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Figure 1. (a) Time series of the second principal component of winter mean (December-January-February) sea level pressure (SLP) anomalies in the North Pacific
(120°E-24°E, 20°N-60°N) for 1979-2016. (b) The second empirical orthogonal function mode of winter mean SLP anomalies in the North Pacific for 1979-2016.
Figures 1c-1h are the same as in Figure 1b except that they cover the periods of 1979-1993, 1984-1998, 1989-2003, 1994-2008, 1999-2013, and 2002-2016,
respectively. The number in a parenthesis in Figures 1c-1h indicates the explained variance of North Pacific Oscillation.

North American (PNA) mode, for 1979-2016 (Figure S2). It is found that the spatial structure of the PNA is not
much changed as time progresses, which is in contrast to the second EOF of SLP, that is, the NPO. However, it
should be noted that the PNA mode is slightly shifted westward after the late-1990s, which might be
associated with the westward shift in the location of the tropical convective heating around the dateline
(Jo et al,, 2015).

To examine further the eastward shift of the NPO, we display the time series of longitude where the maxi-
mum variance of the southern lobe of SLP in the NPO defined by a 15-year window is located (Figure 2a).
The center of the southern lobe of the NPO oscillates between 160°E and 190°E in the central North Pacific
before the mid-1990s; however, it shifts to the east and oscillates between 200°E and 230°E after the
mid-1990s. Here we note that the interdecadal change, seemingly occurred before and after 2001 in
Figure 2, actually indicates a shift around the year 1994, as the year 2001 is a representative of a 15-year time
window spanning from 1994 to 2008. It is thus obvious that the center of the southern lobe of the NPO is sig-
nificantly shifted to the east after the mid-1990s, as evidenced by the climate regime shift analysis (Rodionov,
2004; Figure 2b), which is also consistent with the results in Figure 1. Figure S3 also displays the spatial struc-
ture of NPO and its index before and after the mid-1990s, respectively. There is a clear eastward shift of the
center of the southern lobe of the NPO after the mid-1990s compared to before the mid-1990s. The center of
the southern lobe was located around 167.3°E during 1979-1993 but shifted eastward by about 45° to
212.5°E during 1994-2016.

To examine the relationship of an eastward shift in the NPO southern lobe and ENSO, we first plot the
regressed SST anomalies against the NPO index before and after the mid-1990s, respectively (Figures 3a

YEH ET AL. 6656



Geophysical Research Letters 10.1029/2018GL078671

20 and 3b). Note that the NPO index is defined as the principal component
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Figure S3). The most striking differences in the regressed SST anomalies
] before and after the mid-1990s are in the spatial pattern of regressed
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with the ENSO before the mid-1990s (Figure 3a), such a simultaneous
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the mid-1990s. Note that the simultaneous correlation coefficient
Figure 2. (a) Time series of the longitudinal center of the southern lobe in ~ Petween the NPO index and the NINO3 SST index during winter is
the North Pacific Oscillation (NPO) with a 15-year running window for 0.50 for 1979-1993, which is statistically significant at the 90% confi-
1979-2016 and (b) the estimated regime shift index. The black filled bar dence level. In contrast, the NPO index is poorly correlated with the
means that the statistically significant above the 90% level. Years on the NINO3 SST index for 1994-2016; that is, the simultaneous correlation
X axis in Figures 2a and 2b indicate the middle year of the period when the . . i . Lo L. L.
NPO is calculated. For example, 2001 indicates the longitudinal center coefficient is 0.22, which is statistically insignificant. Similarly, we also
of the southern lobe in the NPO for 1994-2008. calculate the simultaneous correlation coefficient between the NPO
index and the OLR anomalies averaged in the central-to-eastern tropical
Pacific (165°W-90°W, 5°N-5°S) during winter. Consistent with the result in the NPO index and the NINO3
SST index, a correlation for 1979-1993 is 0.57, which is higher than that for 1994-2016 (i.e., 0.36). While the
correlation does not imply the causality, a reduced correlation coefficient indicates that the NPO is largely
independent of tropical forcing after the mid-1990s.
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Figure 3. Regression maps of SST (°C, shaded) and surface wind (m/s, vectors) against the North Pacific Oscillation (NPO) index in boreal winter for (a) 1979-1993 and
(b) 1994-2016. Figures 3c and 3d are the same as in Figures 3a and 3b except that OLR anomalies (W/m2) are regressed against the NPO index for (c) 1979-1993
and (d) 1994-2016, respectively. Stippled areas in Figures 3a-3d exceed the 90% confidence level.

YEH ET AL. 6657



AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Geophysical Research Letters 10.1029/2018GL078671

20°N

| EOF

2(26.0%) y EO.FZ(ZG.I%) N
\ e 20°Ng 4 , :/\\

N

120°E

T

T T

180° 150°W 120°W 120°E 150°E 180° 150°W 120°W

40°N

105°E 135°E 165°E 165°W 135°W 105°W

40°N

105°E 135°E 165°E 165°W 135°W 105°W

Figure 4. The North Pacific Oscillation (NPO) structure in boreal spring (March-April-May, MAM(0)) for 1979-1993 (a) and 1994-2016 (b). Lagged regressed maps of
(c) Qnet (W/mz, shaded, JJA(0)), SST (contour, June-July-August, JJA(0)), (d) surface zonal wind (m/s, shaded, JJA(0)), OLR (W/mz, contour, JJA(0)) against the

NPO in spring (MAM(0)) for 1994-2016. Stippled areas in Figures 4c and 4d exceed the 90% confidence level, and the number in a parenthesis in Figures 4a and 4b
indicates the explained variance of NPO.

These results indicate that the relationship of the tropical Pacific-North Pacific associated with the NPO has
been changed since the mid-1990s. Figure 3c is the same as in Figure 3a, except the regressed OLR against
the NPO index. Significant negative anomalies of OLR, which represent strong convective forcing, are domi-
nant in the central-to-eastern tropical Pacific. This might indicate that the NPO is associated with convective
forcing in the tropical Pacific via atmospheric teleconnections before the mid-1990s. In contrast, there are
little significant OLR anomalies associated with the NPO after the mid-1990s (Figure 3d). This indicates that
the simultaneous relationship between the NPO and ENSO as well as its associated tropical convective
forcing becomes weak after the mid-1990s, which could be explained by two possibilities. One is that the
eastward shift of the NPO'’s southern lobe after the mid-1990s results in poor correlation between them.
The other is that the changes in ENSO statistics as well as its associated convective forcing after the mid-
1990s (Chen et al.,, 2017; Hu et al, 2017; Jo et al, 2015; Li et al, 2014; Yeo et al,, 2012) may cause the
weakening of simultaneous relationship between the NPO and ENSO. We briefly discuss this in section 4.

We further argue that the eastward shift of the NPO southern lobe’s center acts to influence the tropical SST
with a lagged time via atmosphere-ocean coupled processes after the mid-1990s. First of all, such an east-
ward shift is also observed during the following spring (Figures 4a and 4b). The longitude of the center of
the southern lobe is 204.3°E for 1994-2016 during spring, which has been shifted to the east by about
19.3°E compared to that for 1979-1993, when the longitude of the center of the southern lobe is 185.0°E.
The eastward shift of the NPO's southern lobe during winter and successive spring after the mid-1990s
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may efficiently lead to wind-evaporation-SST interactions in the eastern subtropical Pacific where such air-sea
coupled feedback processes are well defined (Chiang & Vimont, 2004; Vimont et al., 2001, 2003). Figure 4c
displays the regressed net heat flux and SST during the following summer against with the NPO index in
spring for 1994-2016. Figure 4d is the same as in Figure 4c, except the regressed surface zonal wind and
OLR anomalies. Stronger northeasterly anomalies due to the eastward shift in the positive SLP of the
NPQO'’s southern lobe in spring cause an increased net heat flux into the atmosphere, leading to a cool
SST the following summer (Figure 4c). This cool SST in summer leads to a reduction in OLR as well as
enhanced easterly wind anomalies around the equator (Figure 4d), which plays a role to initiate Bjkernes
feedback processes (Bjerknes, 1969; Vimont et al.,, 2009), leading to La Nifia event in the winter of the follow-
ing year (Figure S5). In contrast, such a relationship is not observed for 1979-1993 (Figure S6); in addition,
the air-sea coupled feedback processes for 1979-1993 are not well defined compared with that for
1994-2016 (Figure S7). Note that the simultaneous correlation coefficient between the NPO index during
spring and the NINO3 SST index in the winter of the following year is —0.55 for 1994-2016, which is statis-
tically significant at the 90% confidence level. In contrast, the NPO index during spring is poorly correlated
with the NINO3 SST index in the winter of the following year for 1979-1993; that is, the simultaneous
correlation coefficient is 0.04.

4, Summary and Discussion

In this study, we examined changes in tropical-extratropical interactions in the Pacific associated with the
NPO for 1979-2016. We found that the center of the southern lobe SLP in the NPO is significantly shifted
to the east after the mid-1990s during winter. Concurrently, the NPO is associated with convective forcing
in the tropical Pacific via atmospheric teleconnections before the mid-1990s; in contrast, a simultaneous rela-
tionship of the NPO and ENSO as well as its associated convective forcing becomes weak after the mid-1990s.
The eastward shift in the NPO’s southern lobe after the mid-1990s caused enhanced air-sea interactions in
the eastern subtropical Pacific. That is, the NPO in winter and successive spring is associated with the occur-
rence of ENSO event in the winter of the following year after the mid-1990s in which wind-evaporation-SST
interactions played an important role in the eastern subtropical Pacific. Therefore, we argue that an eastward
shift of the NPO's southern lobe indicates that the NPO has played an active role in influencing the tropical
Pacific in the recent past.

We did not examine what causes such an eastward shift in the NPO'’s southern lobe in the present study.
According to the previous study Park and An (2014), however, the suppressed convection in the eastern tro-
pical Pacific may lead to the northward movement of a local Hadley circulation. Subsequently, the jet axis
over the eastern North Pacific moves to higher latitudes. This northward movement of the Jet axis over
the North Pacific can be reflected as the NPO-like atmosphere circulation whose center is located in the
eastern North Pacific, which may explain the eastward shift of NPO southern lobe’s center. This may suggest
that the change in the tropical Pacific mean state as well as its associated convective forcing after the mid-
1990s (see Figure S8) leads to a shift in the center of the NPO'’s southern lobe to the east. On the other hand,
we cannot exclude the possibility that changes in atmospheric circulation over the Arctic due to loss of sea ice
can act to shift the center of the NPO's southern lobe to the east by modulating the atmospheric circulation in
high latitudes (Chen et al., 2013; Paik et al., 2017). The sea ice in the Arctic is significantly reduced after the
early 1990s, which is earlier than an eastward shift of the southern lobe of the NPO after the mid-1990s
(Figure S9). It would be useful to examine this argument based on an idealized model experiment.
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