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ABSTRACT

This study analyzes the impact of the winter North Pacific Oscillation (NPO) on the surface air temperature (SAT)
variations over Eurasia and North America based on six different NPO indices. Results show that the influences of the
winter NPO on the SAT over Eurasia and North America are sensitive to the definition of the NPO index. The impact of the
winter NPO on the SAT variations over Eurasia (North America) is significant (insignificant) when the anticyclonic anomaly
associated with the NPO index over the North Pacific midlatitudes shifts westward and pronounced northerly wind anomalies
appear around Lake Baikal. By contrast, the impact of the winter NPO on the SAT variations over Eurasia (North America)
is insignificant (significant) when the anticyclonic anomaly over the North Pacific related to the NPO index shifts eastward
and the associated northerly wind anomalies to its eastern flank extend to North America. The present study suggests that the
NPO definition should be taken into account when analyzing the impact of the winter NPO on Eurasian and North American
SAT variations.
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1. Introduction
The North Pacific Oscillation (NPO) is a crucial atmo-

spheric internal variability over the extratropical North Pa-
cific (Walker and Bliss, 1932; Wallace and Gutzler, 1981).
The spatial distribution of the NPO is characterized by
an oscillation in sea level pressure (SLP) and geopotential
height anomalies between the midlatitudes and subtropics of
the North Pacific (Kutzbach, 1970; Rogers, 1981; Linkin
and Nigam, 2008). Previous studies have demonstrated that
change in the NPO is closely connected with the anomalous
westerly winds and storm track over the North Pacific extrat-
ropics (Rogers, 1981; Linkin and Nigam, 2008).

Studies have found that the weather and climate over
the North Pacific, Eurasian continent, North America, and
the Southern Hemisphere can be influenced by the NPO
(Hameed and Pittalwala, 1991; Li and Li, 2000; Guo and
Sun, 2004; Wang et al., 2007a, 2007b; Zhou et al., 2008; Yu
and Kim, 2011; Baxter and Nigam, 2015; Chen et al., 2015a;
Song et al., 2016). For instance, Guo and Sun (2004) sug-
gested that the East Asian winter monsoon activity, surface
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air temperature (SAT) anomalies over China, and precipita-
tion over the middle and lower reaches of the Yangtze River
and South China are significantly impacted by the NPO.
Wang et al. (2007b) also indicated that the NPO has a pro-
nounced influence on the East Asian winter monsoon activ-
ity and SAT variations over East Asia. Yan et al. (2005)
reported that NPO variation is significantly correlated with
the summer precipitation variation over China on the inter-
decadal timescale. Linkin and Nigam (2008) demonstrated
that SAT and precipitation anomalies over North America
are significantly influenced by the winter NPO. Song et al.
(2016) showed that the winter NPO can exert a notable in-
fluence on the following Australian spring rainfall variation
through air–sea interaction in the tropical Pacific. Several
previous studies have demonstrated that the winter NPO is an
important extratropical factor in triggering the outbreak of an
El Niño event in the following winter through the seasonal
footprinting mechanism (Vimont et al., 2001, 2003a, 2003b;
Alexander et al., 2010; Chen et al., 2013).

Several different ways were employed to define the NPO
index in previous studies. For example, in Wallace and Gut-
zler (1981) the NPO index was defined as the standardized
SLP anomaly difference between two grid points, i.e., (25◦N,
165◦E) and (65◦N, 170◦E). By contrast, in Guo and Sun
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(2004) the NPO was defined as the region-averaged SLP
anomaly difference between two selected areas, i.e., (50◦–
65◦N, 130◦–170◦W) and (25◦–40◦N, 130◦E–170◦W). In ad-
dition, several studies have employed the empirical orthogo-
nal function (EOF) technique to define the NPO index. For
instance, in Linkin and Nigam (2008), Yu and Kim (2011)
and Wang et al. (2007b) the NPO index was defined as the
principal component time series corresponding to the second
EOF mode of SLP anomalies over the North Pacific. Note
that the regions selected for the EOF analysis were different
among these studies.

A recent study reported that the influence of the winter
NPO on the following winter’s ENSO activity is sensitive to
the definition of the NPO index (Chen and Wu, 2017). The
study found that a significant NPO–El Niño connection can
only be obtained when the NPO-associated cyclonic anoma-
lies in the North Pacific subtropics extend to near-equatorial
areas. Hence, a question naturally arises as to whether the in-
fluence of the winter NPO on the SAT variations over Eura-
sia and North America is also sensitive to the definition of
the NPO index. With this in mind, the primary goal of the
present study is to examine the sensitivity of the influence of
the winter NPO on the Eurasian and North American SAT to
different definitions of the NPO index.

The rest of the paper is arranged as follows: section 2
describes the data and methods; section 3 compares differ-
ent NPO indices and their impacts on the Eurasian and North
American SAT; section 4 discusses our findings; and section
5 provides a summary.

2. Data and methods
This study uses the monthly mean horizontal winds, SLP,

and daily mean geopotential height from the ERA-Interim
(Dee et al., 2011). The ERA-Interim dataset is available from
1979 to the present day and has a horizontal resolution of
1.5◦×1.5◦. The daily mean geopotential height is used to cal-
culate the synoptic-scale eddy (storm track). Also employed
is the monthly mean SAT from the University of Delaware
(Willmott and Matsuura, 2001). This SAT dataset is avail-
able from 1900 to 2014 and has a horizontal resolution of
0.5◦×0.5◦.

We compare six NPO indices based on different defini-
tions; one is based on grid-point SLP, two on area-mean SLP,
and three on the EOF technique. Detailed definitions are as
follows:

(1) Difference in standardized SLP anomalies between
(65◦N, 170◦E) and (25◦N, 165◦E), following Wallace and
Gutzler (1981). Hereafter, we refer to this index as W81
for short. Note that Wallace and Gutzler (1981) identified
five major teleconnection patterns during boreal winter, one
of which represents the NPO. They found a strong negative
correlation between centers of action at (65◦N, 170◦E) and
(25◦N, 165◦E) in the SLP field, representing the points for
the NPO index.

(2) Difference in region-averaged SLP anomalies be-

tween (50◦–65◦N, 130◦–170◦E) and (25◦–40◦N, 130◦–
170◦E), according to Guo and Sun (2004). Hereafter, we
refer to this index as G04 for short.

(3) Difference in region-averaged SLP anomalies be-
tween (55◦–72.5◦N, 180◦–140◦W) and (15◦–27.5◦N, 175◦E–
147.5◦W), according to Furtado et al. (2012). Hereafter, we
refer to this index as F12 for short.

(4) The principle component (PC) time series correspond-
ing to the second EOF mode of SLP anomalies over (20◦–
60◦N, 120◦E–80◦W), following Yu and Kim (2011). Here-
after, we refer to this index as Y11 for short.

(5) The PC time series corresponding to the second EOF
mode of SLP anomalies over (20◦–85◦N, 120◦E–120◦W),
following Linkin and Nigam (2008). Hereafter, we refer to
this index as L08 for short.

(6) The PC time series corresponding to the second EOF
mode of SLP anomalies over (0◦–90◦N, 100◦E–120◦W), fol-
lowing Wang et al. (2007b). Hereafter, we refer to this index
as W07 for short.

The method of W81 was the first proposed and is the eas-
iest way to calculate the NPO index. However, it uses only
two grid points, which may bring some problems—especially
for low-resolution SLP data. G04 has the potential to partially
solve this problem, but it may not capture the spatial distribu-
tion well. F12 employs EOF analysis to firstly decide the two
loading centers of the NPO. The remaining methods (Y11,
L08, W07), all employ EOF decomposition based on differ-
ent regions. The EOF method is orthogonal and can capture
the spatiotemporal distribution features of SLP anomalies,
but using different regions may lead to different behaviors of
the NPO.

In this study, the positive NPO phase refers to anomalous
positive SLP over the midlatitudes and anomalous negative
SLP over the subtropics of the North Pacific. The reverse is
true for the negative phase of NPO. The study period is from
1979 to 2014. Statistical significance is estimated based on
the two-tailed Student’s t-test.

3. Results
3.1. Different NPO indices

Firstly, we compare the boreal winter NPO indices based
on the different definitions (Fig. 1). Note that 1980 DJF refers
to the boreal winter of 1979/80. The six NPO indices in DJF
from 1980 to 2015 display significant interannual variation
(Fig. 1). Large positive values in 1984, 1991, 2005 and 2011,
and extreme negative values in 1983, 1992, 1998 and 2007,
can be captured by the six NPO indices (Fig. 1). In contrast,
large spreads among the six NPO indices appear during the
period from 1993 to 1996.

The correlation coefficients among the different DJF NPO
indices are shown in Table 1, all of which are significant at
the 95% confidence level according to the Student’s t-test.
Nevertheless, large spread exists in the correlation between
different pairs of DJF NPO indices (Table 1). In particular,
the largest correlation is 0.93 between the L08 and Y11 NPO
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Fig. 1. Time series of normalized winter (DJF-averaged) NPO index on the ba-
sis of different definitions. Detailed definitions of the NPO indices (i.e., W07,
L08, Y11, F12, G04 and W81) are provided in section 2.

Table 1. Correlation coefficients among the different DJF NPO in-
dices. An asterisk indicates the correlation coefficient is significant
at the 95% confidence level.

W81 G04 F12 Y11 L08 W07

W81 – 0.92∗ 0.67∗ 0.68∗ 0.81∗ 0.75∗
G04 – – 0.58∗ 0.65∗ 0.78∗ 0.77∗
F12 – – – 0.92∗ 0.90∗ 0.53∗
Y11 – – – – 0.93∗ 0.47∗
L08 – – – – – 0.73∗
W07 – – – – – –

indices. This indicates that the L08 and Y11 NPO indices
share about 86% of the common variance. In addition, the
correlations between G04 and W81, Y11 and F12, and L08
and F12, are larger than 0.9. In contrast, the correlations of
the W07 NPO index with the other NPO indices are less than
0.77. Specifically, the correlation coefficient is only 0.47 be-
tween the W07 NPO and Y11 NPO indices. This implies that
the W07 and Y11 NPO indices only share about 22% of their
common variance.

We further examine the spatial distribution of the NPO re-
lated to the six NPO indices. Here, the spatial pattern of the
NPO is represented by the SLP anomalies obtained by regres-
sion upon the normalized NPO index (Fig. 2). A significant
meridional dipole SLP anomaly pattern can be observed over
the North Pacific for the six NPO indices (Fig. 2). However,
the strength and location of the negative SLP anomalies over
the subtropical North Pacific display significant differences
among the six NPO indices (Fig. 2). For example, negative
SLP anomalies over the subtropical North Pacific related to
W81, G04 and W07 (Figs. 2a, b and f) are located more west-
ward compared to those associated with F12, Y11 and L08
(Figs. 2c–e). Pronounced negative SLP anomalies can be ob-
served over the tropical North Indian Ocean for W81, G04
and W07 (Figs. 2a, b and f). By contrast, the SLP anomalies
over the tropical Indian Ocean related to F12, Y11 and L08
are not obvious (Figs. 2c, d and e). The amplitude of the neg-
ative SLP anomalies related to W07 over the North Pacific

subtropics is the weakest among the six NPO indices (Fig.
2).

The positive SLP anomalies over the midlatitudes of the
North Pacific also show substantial differences among the six
NPO indices. For instance, the centers of the positive SLP
anomalies over the North Pacific related to F12, Y11 and L08
(Figs. 2a, b and f) shift eastward compared to those related to
W81, G04 and W07 (Figs. 2c, d and e). In addition, signifi-
cant and positive SLP anomalies associated with W81, G04,
L08 and W07 extend westward into the Eurasian continent
(Figs. 2a, b, e and f). In particular, significant and large pos-
itive SLP anomalies can be observed over the Arctic region
for the W07 NPO index. This is likely because the area used
for the EOF analysis extends more northward in W07, which
may contain atmospheric variability signals over the high lat-
itudes.

The above analyses show that the structures of the NPO
based on different definitions display pronounced differences
over the North Pacific. Specifically, the SLP anomalies re-
lated to W07 NPO index show large-scale significant posi-
tive anomalies over high latitudes. This implies that W07
may have a significant correlation with the Arctic Oscillation
(AO), which is the dominant mode of atmospheric variability
over the Northern Hemisphere extratropics (Thompson and
Wallace, 1998; Chen et al., 2013). To confirm this specula-
tion, we calculate the correlations of the DJF AO index with
the simultaneous DJF NPO indices. Following previous re-
search (e.g., Chen et al., 2014, 2015b), the DJF AO index
is defined as the PC time series corresponding to the first
EOF mode of anomalous SLP over the extratropical North-
ern Hemisphere. It is found that the correlation coefficient
between the DJF AO index and the DJF W07 NPO index
reaches 0.67, significant at the 99% confidence level accord-
ing to the Student’s t-test. This is because the geographical
domain used for the EOF analysis extends more northward in
W07, which may include the atmospheric variability over the
high latitudes. By contrast, the correlations of DJF AO with
DJF W81, G04, F12, Y11 and L08 are weak (r = 0.23, 0.25,
0.09, and 0.02, respectively) and do not pass the t-test at the
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Fig. 2. SLP anomalies in DJF regressed on the normalized DJF index for (a) W81, (b) G04, (c) F12, (d) Y11, (e) L08
and (f) W07. Those anomalies in (a–f) that are significantly different from zero at the 95% confidence level are stippled.
Units: hPa.

95% confidence level. This indicates that, when the region
over the North Pacific employed in the EOF analysis extends
too far north, the second EOF mode of SLP anomalies may
not represent the real NPO pattern, but may be a mixture of
the NPO and AO.

3.2. Impact of the NPO on SAT
To examine whether the impacts of the winter NPO on

the SAT over Eurasia and North America are sensitive to the
definition of the NPO index we display the DJF SAT anoma-
lies obtained by regression upon the normalized DJF NPO in-
dices in Fig. 3. Substantial differences in SAT anomalies can
be observed over the Eurasian continent and North America
related to the six NPO indices (Fig. 3). Significant negative
SAT anomalies appear over northwestern Canada, extending

southeastward to southeastern America, and significant pos-
itive SAT anomalies occur over the Chukotka peninsula, in
association with the F12, Y11 and L08 NPO indices (Figs. 3–
e). By contrast, the SAT anomalies related to W81, G04 and
W07 over North America and the Chukotka peninsula are rel-
atively weak and insignificant (Figs. 3a, b and f). In addition,
pronounced negative SAT anomalies related to W81, G04,
L08 and W07 are apparent over the region to the southwest
of Lake Baikal (Figs. 3a, b, e and f). In particular, significant
negative SAT anomalies can also be observed to the north-
west of Lake Baikal related to the W07 NPO index (Fig. 3f).

To quantitatively compare the SAT anomalies over the
Eurasian continent and North America, we calculate the SAT
anomalies over four selected regions, which are outlined in
Fig. 3. These regions are selected because their SAT anoma-
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Fig. 3. SAT anomalies in DJF regressed on the normalized DJF indices for (a) W81, (b) G04, (c) F12, (d) Y11, (e) L08
and (f) W07. Those anomalies in (a–f) that are significantly different from zero at the 95% confidence level are stippled.
Units: ◦C.

lies display significant differences among the six NPO in-
dices. The four regions selected for comparison are in the
northern part of East Siberia (60◦–70◦N, 80◦–120◦E), the
southern part of East Siberia (45◦–55◦N, 70◦–120◦E), the
Chukotka peninsula (60◦–70◦N, 160◦E–170◦W), and North
America (42◦–60◦N, 82◦–110◦W). The SAT anomalies av-
eraged over these four selected regions, regressed upon the
normalized NPO indices, are presented in Fig. 4.

In the northern part of East Siberia, negative SAT anoma-
lies related to the W07 NPO index reach −1.6◦C, and these
anomalies are significant at the 95% confidence level (Fig.
4a). The negative SAT anomalies related to the W81, G04,
F12 and L08 NPO indices are −0.4◦C, 0.5◦C, 0.3◦C and
0.6◦C, which are much weaker in amplitude compared to
those related to the W07 NPO index. In particular, the SAT

anomalies related to Y11 are extremely weak and positive. In
the southern part of East Siberia, the negative SAT anoma-
lies related to W81, G04, L08 and W07 are larger and much
more significant compared to those related to F12 and Y11
(Fig. 4b). In the Chukotka peninsula, the SAT anomalies re-
lated to F12, Y11 and L08 (W81, G04 and W07) are signifi-
cant (non-significant) at the 95% confidence level, according
to the Student’s t-test (Fig. 4c). In addition, the magnitude
of the SAT anomalies related to the F12, Y11 and L08 NPO
indices reaches 1◦C, 0.9◦C and 0.85◦C, respectively, which
are much larger than those related to W81, G04 and W07
(Fig. 4c). In North America, the negative SAT anomalies re-
lated to F12, Y11 and L08 are larger and more significant
than those related to the other three indices (Fig. 4d). For ex-
ample, the amplitude of the negative SAT related to the F12
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Fig. 4. Anomalies of DJF SAT (units: ◦C) averaged over (a) (60◦–70◦N, 80◦–120◦E), (b) (45◦–55◦N, 70◦–120◦E), (c)
(60◦–70◦N, 160◦E–170◦W) and (d) (42◦–60◦N, 82◦–110◦W) regressed on the normalized W81, G04, FLA12, Y11,
L08 and W07 NPO indices. Stippling denotes SAT anomalies that are significantly different from zero at the 95%
confidence level.

NPO index reaches −1.5◦C. By contrast, the amplitude of the
SAT anomalies related to the G04 NPO index is only around
−0.3◦C. The above analyses strongly indicate that the influ-
ences of the NPO on the SAT over the Eurasian continent
and North America are sensitive to the definition of the NPO
index.

But why is the influence of the NPO on the SAT sensitive
to its definition? One possibility is that it may be attributable
to change in the structure of atmospheric circulation anoma-
lies related to the different NPO definitions. To confirm this
assertion, we compare the spatial structures of DJF 850-hPa
winds anomalies obtained by regression upon the different
NPO indices (Fig. 5). A significant meridional dipole at-
mospheric circulation anomaly can be seen over the North
Pacific related to the six NPO indices, with an anomalous
cyclone over the subtropics and an anomalous anticyclone
over the midlatitudes (Fig. 5), consistent with the structure
of anomalous SLP (Fig. 2). However, the zonal locations of
the anomalous dipole atmospheric circulation pattern related
to the six NPO indices display substantial differences.

The anomalous anticyclone over the midlatitudes and the
anomalous cyclone over the subtropical North Pacific related
to the F12, Y11 and L08 NPO indices (Figs. 5c–e) are lo-
cated more eastward compared to those related to W81, G04
and W07 (Figs. 5a, b and f). This is consistent with the differ-
ences in the DJF SLP anomalies among the six NPO indices
(Fig. 2). As a result, large and significant northerly wind
anomalies are apparent over North America, and southerly
wind anomalies can be observed around the Russian Far East,
related to the F12, Y11 and L08 NPO indices (Figs. 5c–e).

The significant anomalous northerly winds over North Amer-
ica related to F12, Y11 and L08 (Figs. 5c–e) bring colder air
from higher latitudes, and explain the formation of signifi-
cant negative SAT anomalies over North America (Figs. 3c–
e). By contrast, the anomalous northerly winds over North
America related to the W81, G04, and W07 NPO indices are
much weaker and less significant (Figs. 5a, b and f). As a
result, the induced negative SAT anomalies related to these
three NPO indices are much weaker (Figs. 3a, b and f; Fig.
4d). In addition, the pronounced southerly wind anomalies
related to F12, Y11 and L08 (Figs. 5c–e) around the Russian
Far East carry warmer and moister air from lower latitudes,
which contributes to the significant positive SAT anomalies
there (Figs. 3c–e).

In the Eurasian continent, significant northerly wind
anomalies can be observed around Lake Baikal related to the
W81, G04, L08 and W07 NPO indices (Figs. 5a, b, e and
f). In particular, the northerly wind anomalies related to the
W07 NPO index are stronger and extend more northward.
By contrast, the wind anomalies around Lake Baikal related
to F12 and Y11 are weak and insignificant. This is consistent
with the fact that the positive SLP anomalies over the midlati-
tudes of the North Pacific related to W81, G04, L08 and W07
can extend into the Eurasian continent (Figs. 2a, b, e and f).
The significant northerly wind anomalies related to the W81,
G04, L08 and W07 NPO indices around Lake Baikal bring
colder air from high latitudes, leading to the significant nega-
tive SAT anomalies there. In comparison, the influence of the
F12 and Y11 NPO indices on the SAT anomalies over Eura-
sia is weak and insignificant due to the weak wind anoma-
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Fig. 5. Anomalies of 850-hPa wind (units: m s−1) in DJF regressed on the normalized DJF indices for (a) W81, (b)
G04, (c) F12, (d) Y11, (e) L08 and (f) W07. The red (blue) shading represents southerly or westerly (northerly or
easterly) anomalies that are significantly different from zero at the 95% confidence level.

lies. Hence, the above analyses indicate that the influences of
the winter NPO on the SAT over the Eurasian continent and
North America are sensitive to the definition of the NPO in-
dex. Also, this sensitivity is likely attributable to the change
in the structure of the atmospheric circulation anomalies re-
lated to the different indices.

4. Discussion
As an important atmospheric internal variability over the

North Pacific, the mechanisms underpinning the formation
and maintenance of the NPO are not yet fully documented.
Generally, previous studies indicate that the maintenance of
the atmospheric circulation anomalies over the northern ex-
tratropics may be related to the wave-mean flow interaction
and the associated eddy feedbacks—especially the synoptic-
scale eddy feedback (e.g., Hoskins et al., 1983; Lau, 1988;

Branstator, 1995; Cai et al., 2007). Furthermore, studies have
revealed that the NPO is closely associated with synoptic-
scale eddy activity (storm tracks) (e.g., Linkin and Nigam,
2008; Pak et al., 2014). This suggests that the interaction
between synoptic-scale eddy and low-frequency mean flow
may play a crucial role in maintaining the NPO-related atmo-
spheric circulation anomalies (Lau, 1988; Cai et al., 2007).

The 300-hPa zonal wind anomalies in DJF related to the
different NPO indices are compared in Fig. 6. Significant
easterly wind anomalies appear over the midlatitudes of the
North Pacific at around 40◦–50◦N, and pronounced westerly
wind anomalies occur over the subtropics of the North Pacific
(Fig. 6). Marked anomalous westerly winds can also be found
around the Bering Strait for the F12, Y11 and L08 NPO in-
dices. Note that the spatial structures of the 300-hPa zonal
wind anomalies related to the W81, G04 and W07 NPO in-
dices shift northwestward compared to those related to F12,
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Fig. 6. Anomalies of 300-hPa zonal wind (units: m s−1) in DJF regressed on the normalized DJF indices for (a) W81,
(b) G04, (c) F12, (d) Y11, (e) L08 and (f) W07. Those anomalies in (a–f) that are significantly different from zero at
the 95% confidence level are stippled. Units: m s−1.

Y11 and L08 (Fig. 6), which is consistent with the differences
in anomalous SLP (Fig. 2). In particular, significant easterly
wind anomalies are seen over Eurasia at around 60◦N for the
W81, G04 and W07 NPO indices (Fig. 6).

Similar differences can be observed for the 300-hPa
storm-track anomalies (Fig. 7). Following previous studies
(Lee et al., 2012a; Chen et al., 2015b), the storm track (i.e.,
synoptic-scale eddy) is defined as the root-mean-square of
the 2–8-day band-pass filtered 300-hPa geopotential height.
As demonstrated by previous studies (Lau, 1988; Cai et
al., 2007), a weakening (strengthening) of the westerly jet
stream is accompanied by a weakened (enhanced) storm
track. From Fig. 7, significant negative storm-track anoma-
lies can be observed over the midlatitudes of the North Pa-
cific at around 40◦–50◦N, corresponding to the easterly wind

anomalies there. Lau (1988) demonstrated that weakened
synoptic-scale eddy activity is accompanied by a negative
geopotential height tendency immediately to its south and
a positive geopotential height tendency to its north. Hence,
the above process may help in maintaining the NPO-related
dipole structure. Note that the structures of the storm-track
anomalies over the North Pacific shift northwestward for
W81, G04 and W07 compared to those related to F12, Y11
and L08, which is consistent with the 300-hPa zonal wind
anomalies and SLP anomalies (Figs. 2, 6 and 7). In particu-
lar, significant negative storm-track anomalies can be found
over Eurasia at around 60◦N for the W81, G04 and W07
NPO indices. Hence, the above analysis indicates that the dif-
ferences in the NPO-related atmospheric circulation anoma-
lies are closely related to the differences in the storm-track
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Fig. 7. Anomalies of 300-hPa storm track anomalies in DJF regressed on the normalized DJF indices for (a) W81, (b)
G04, (c) F12, (d) Y11, (e) L08 and (f) W07. Those anomalies in (a–f) that are significantly different from zero at the
95% confidence level are stippled. Units: m.

anomalies.

5. Summary
The present study investigates the impacts of the boreal

winter NPO on the SAT variations over the Eurasian conti-
nent and North America based on six different NPO indices
(W81, G04, F12, Y11, L08 and W07). W81 is a grid-point
SLP-based NPO index; G04 and F12 are area-mean SLP-
based NPO indices; Y11, L08 and W07 are SLP EOF-based
NPO indices. It is found that the influences of the winter
NPO on the simultaneous winter SAT over Eurasia and North
America are sensitive to the definition of the NPO index. The
impacts of F12, Y11 and L08 (W81, G04 and W07) on the
SAT variations over North America and the Chukotka penin-

sula are strong and significant (weak and insignificant). By
contrast, the influences of W81, G04, L08 and W07 on the
SAT variation over the southern part of East Siberia are no-
table. Only the W07 NPO index can exert a significant in-
fluence on the SAT variation over the northern part of East
Siberia.

The sensitivity of the effects of the NPO on the SAT over
Eurasia and North America to the definition of the NPO index
is related to the change in the structure of the atmospheric cir-
culation anomalies. The anomalous cyclone and anticyclone
over the North Pacific related to the F12, Y11 and L08 NPO
indices are located more eastward and can extend into the
North American region compared to those related to the W81,
G04 and W07 NPO indices. The accompanying significant
northerly wind anomalies related to the F12, Y11 and L08
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NPO indices over North America bring colder air from high
latitudes, resulting in the significant negative SAT anomalies
there. In addition, the significant southerly wind anomalies
related to the F12, Y11 and L08 NPO indices around the Rus-
sian Far East carry warmer and moister air from the lower
latitudes, leading to the significant SAT anomalies there. By
contrast, the meridional wind anomalies related to the W81,
G04 and W07 NPO indices are weak over North America and
around the Chukotka peninsula. As a result, the impacts of
these three indices on the SAT anomalies over North Amer-
ica and the Chukotka peninsula are weak and insignificant.

For the Eurasian continent, significant northerly wind
anomalies can be observed around Lake Baikal related to the
W81, G04, L08 and W07 NPO indices. As such, these four
NPO indices can exert influences on the SAT variations over
the southern part of East Siberia via wind-induced advection.
In addition, W07 can also exert substantial influences on the
SAT variations over the northern part of East Siberia, because
the anomalous northerly winds related to this index extend
more northward compared to the others.

This study indicates that the definition of the NPO index
should be taken into account when investigating the impacts
of the winter NPO on the SAT variations over the Eurasian
continent and North America. In addition, the results ob-
tained in the present study may provide several suggestions
as follows:

(1) Since the real nature of the NPO is unknown, it is hard
to decide which definition is the best. Hence, it is suggested
that multiple NPO indices are employed, rather than depend-
ing upon a single NPO index, when investigating the impact
of the NPO on surface climate variations.

(2) When investigating the interdecadal change in the
connection between the NPO and surface climate variations,
we recommend that the grid-point SLP-based or area-mean
SLP-based NPO indices are not used. This is because the
structures and centers of the climate systems over the North
Pacific may change over time (e.g., Lee et al., 2012b).

(3) When investigating the impact of the NPO in numeri-
cal climate models, we suggest using an EOF-based method
to define the NPO index (but the regions employed in the EOF
analysis should not extend too far north). This is because
the centers of the NPO may be different in different climate
model outputs.
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