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Abstract
Previous observational and modeling studies indicate that the wintertime North Pacific
Oscillation (NPO) could significantly impact the following winter El Niño-Southern
Oscillation (ENSO) variability via the seasonal footprinting mechanism (SFM). This
study explores climate projections of this winter NPO-ENSO relation in a warming
climate based on a 50-member large ensemble of climate simulations conducted with
the second-generation Canadian Earth System Model (CanESM2). The ensemble mean
of the 50 members can well reproduce the observed winter NPO pattern, the NPO-ENSO
relationship, and the SFM process over the historical period 1950–2003. These 50
members are then employed to examine climate projections of the NPO-ENSO connec-
tion over the anthropogenic forced period 2020–2073. Results indicate that there exists a
large spread of projected NPO-ENSO connections across these 50 ensemble members
due to internal climate variability. Internal climate variability brings uncertainties in the
projection of the winter NPO-ENSO connection originally seen in projected changes of
the subtropical center of the winter NPO. The spread of projections of winter NPO-
associated atmospheric anomalies over the subtropical North Pacific further results in
various responses in the projections of winter and spring precipitation anomalies over the
tropical North Pacific, as well as spring zonal wind anomalies over the tropical western
Pacific, which eventually lead to uncertainties in the projection of the sea surface
temperature anomalies in the tropical central-eastern Pacific from the following summer
to winter.
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1 Introduction

The El Niño-Southern Oscillation (ENSO) is the dominant mode of the atmosphere-ocean
coupled climate variability in the tropical Pacific on the interannual timescale (Bjerknes 1969;
Philander 1990; Alexander et al. 2002). ENSO exerts considerable impacts on variations of
weather and climate, marine ecosystems, and agriculture, as well as human health over many
portions of the world (e.g., Gray 1984; Chiang and Sobel 2002; McPhaden 2002; Kovats et al.
2003; Huang et al. 2004; Chan 2005; Graf and Zanchettin 2012; Chen et al. 2013; Oluwole
2015; Song et al. 2017; McGregor and Ebi 2018; Chen and Song 2019; and references
therein). For instance, the catastrophic Yangtze River floods in the summer of 1998, which
have been attributed largely to the strong 1997/1998 El Niño, resulted in substantial economic
loss and many casualties (Huang et al. 1998; Lau and Weng 2001). The strong 2015/2016 El
Niño was also reported to exert pronounced influences on the crop growth and occurrences of
extreme precipitation and temperature events over many regions (Zhai et al. 2016). More than
60 million people worldwide were affected by this strong El Niño event, as reported by the
World Health Organization (http://www.who.int/news-room/feature-stories/detail/el-niño-
affects-more-than-60-million-people). During an El Niño (La Niña) winter, East Asian
winter monsoon tends to be weaker (stronger) than normal, leading to above (below)-normal
surface temperatures over many regions in East Asia (Wang et al. 2000; Wu et al. 2003; Huang
et al. 2004). Meanwhile, the winter El Niño-induced anomalous anticyclone over the western
North Pacific would maintain from winter to the following summer via positive air-sea
feedbacks, and through modulating sea surface temperature (SST) anomalies in the Indian
and Atlantic Oceans, which further influences the following summer East Asian climate
(Wang et al. 2000; Xie et al. 2009; He and Wang 2013; Wang et al. 2013; Chen et al. 2018
; Zhao et al. 2019). In addition, variations of weather and climate over North America, South
America, and Indian monsoon regions are also significantly modulated by ENSO events via
the ENSO-induced tropical circulation anomaly and atmospheric teleconnections (e.g., Mo
2000; Ashok and Guan 2004; Yu and Zwiers 2007). Given remarkable impacts of ENSO on
the global climate, it is of great importance to investigate the factors contributing to the ENSO
occurrence.

It is well known that the ocean-atmosphere interaction and oceanic dynamics play crucial
roles in modulating the ENSO variability. In particular, a small perturbation of SST warming
(cooling) in the tropical central-eastern Pacific could maintain and develop into an El Niño (La
Niña) event through a positive atmosphere-ocean feedback process (Bjerknes 1969). Mean-
while, oceanic dynamics in the tropical Pacific, in particular, the equatorial eastward propa-
gation of Kelvin waves and westward propagation of Rossby waves, are crucial for the phase
transition of an ENSO cycle (Battisti and Hirst 1989; Jin 1997).

In addition to processes within the tropical Pacific, studies indicated that atmospheric
forcings over the extratropics also play non-negligible roles in the ENSO occurrence (Li
1990; Vimont et al. 2001, 2003a, b; Nakamura et al. 2006, 2007; Chen et al. 2014, 2016, 2017;
Ding et al. 2015; Yeh et al. 2015; Wang et al. 2019a, b). Among them, the boreal winter North
Pacific Oscillation (NPO), a dominant mode of atmospheric variability over the extratropical
North Pacific (Wallace and Gutzler 1981), has been found to be a significant contributor to the
subsequent winter ENSO occurrence through the so-called seasonal footprinting mechanism
(SFM; Vimont et al. 2001, 2003a; Alexander et al. 2010; Wang et al. 2019a, b). Previous
studies indicated that the impact of the winter NPO on the following winter ENSO is
independent of the ENSO cycle (Vimont et al. 2001, 2003a). Furthermore, Vimont et al.
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(2003b) found that the winter NPO would explain approximately 20–40% of the interannual
ENSO variability by analyzing climate model simulations conducted with a coupled genera-
tion circulation model from the Commonwealth Scientific and Industrial Research Organiza-
tion (CSIRO). Several other studies have also evaluated the ability of the 5th phase of the
Coupled Model Intercomparison Project (CMIP5) climate models in reproducing the NPO-
ENSO relation and associated SFM processes (e.g., Deser et al. 2012a; Wang et al. 2019a). Yet
the future climate change projection of the NPO-ENSO relationship in a warming climate has
not been explored.

In this study, we explore the projected change of the winter NPO-ENSO relation using a
50-member ensemble of climate simulations conducted with the second-generation Canadian
Earth System Model (CanESM2) (Kirchmeier-Young et al. 2017; Rondeau-Genesse and
Braun 2019). The performance of the NPO-ENSO relationship in CanESM2 has been
examined in a recent study using its historical simulations (Chen and Yu 2019, manuscript
submitted). It is found that the multi-member ensemble (MME) mean of the 50-member
ensemble simulations can well reproduce the observed winter NPO-ENSO connection. The
SFM process linking the winter NPO to the following winter ENSO can also be well simulated
by the MME. However, there exists a large diversity in the NPO-ENSO relation across
ensemble members due to internal climate variability. In this follow-up study, we use these
50 ensemble members to explore projections of the NPO-ENSO connection in a warming
climate, the role of internal climate variability on this projected relationship, and potential
factors leading to the projected uncertainty.

2 Data and methods

This study employs the monthly mean sea level pressure (SLP) from the National Centers for
Environmental Prediction-National Center for Atmospheric Research reanalysis (NCEP-
NCAR) with a horizontal resolution of 2.5° × 2.5° (Kalnay et al. 1996) and monthly mean
SST data from the National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version 3b (ERSSTv3b) dataset (Smith et al. 2008) on a 2.0° × 2.0° grid.
The analysis period is from January 1950 to December 2003. For convenience, the ERSSTv3b
SST and NCEP-NCAR reanalysis data are referred to as “observational” data in the following.

The climate model data we employed are 50-member ensemble climate simulations from
the CanESM2, which is a fully coupled atmosphere-ocean-land-sea ice general circulation
model (Christian et al. 2010; Arora et al. 2011; Sigmond and Fyfe 2016). Specifically, five
simulations are firstly performed for the period of 1850–1950 to produce five different oceanic
states in 1950. Ten experiments are then run from each of the above five historical simulations
with slightly different initial conditions in 1950, generating a total of 50 ensemble members of
150-year simulations for the period of 1950–2100. Due to the chaotic natures of the climate
system, the slightly different initial condition in 1950 can quickly lead to different atmospheric
states a few days later (Deser et al. 2012a; Wallace et al. 2014; Kay et al. 2015). Each of the
simulations is forced with the same historical greenhouse gas concentration, sulfate aerosols,
and other radiative forcings from 1950 to 2005. From 2006 to 2100, the simulations are forced
by the representative concentration pathway 8.5 forcing (RCP8.5, van Vuuren et al. 2011). The
CanESM2 simulations have a horizontal resolution of about 2.8° × 2.8° in longitude-latitude
grids.
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Following previous studies (Linkin and Nigam 2008; Yu and Kim 2011; Park et al. 2013;
Chen and Wu 2018), the NPO index is defined as the principal component (PC) time series
corresponding to the second empirical orthogonal function (EOF) mode of SLP anomalies
over the North Pacific region (20–60° N, 120° E–120° W). Slight changes of the domain used
in the EOF analysis would not change the NPO pattern and its variability. The positive phase
of the NPO pattern is associated with positive SLP anomalies over the mid-latitude North
Pacific and negative SLP anomalies over the subtropical North Pacific. The Niño-3.4 index,
which is the regional mean SST anomalies over 5° S–5° N and 120–170° W, is employed to
represent the tropical ENSO variability.

In this study, projected changes are defined as differences between the two periods of
2020–2073 and 1950–2003 (both containing 54 years as in the observation). MME is
calculated as the average of variables of interest from each ensemble member with equal
weight. Since the analysis focuses on the interannual NPO-ENSO relationship, all time series
considered are subjected to a 2–9-year bandpass filter to remove their interdecadal variations
and long-term trend. Significance levels of regression and correlation coefficients are assessed
based on a two-tailed Student’s t test. In addition, following previous studies (Deser et al.
2012c; Kucharski and Joshi 2017; Zheng et al. 2018; Joshi and Ha 2019), MME anomalies
obtained from regression analyses are significant at the 95% confidence level when they meet
the following criterion:

MME varj j≥ std var � λ
ffiffiffiffi

N
p

where MME _ var denotes the absolute value of MME anomalies, std _ var is the standard
deviation of the anomalies among the multi-members considered, λ is equal to 2, and N
indicates the number of ensemble members.

Furthermore, we employ the Fisher’s r-z transformation method (Fisher 1921; Meng et al.
1992; Chen et al. 2020) to estimate the significance level of the correlation differences between
two group members.

3 Winter NPO-ENSO relationship in CanESM2 historical simulations

Figure 1a shows correlation coefficients between the winter (ND(−1)JFM(0)) NPO index and
its following winter (D(0)JF(+1)) Niño-3.4 index from 1950/1951 to 2003/2004 for the 50
CanESM2 ensemble members. Here “− 1,” “0,” and “+ 1” denote the preceding, simultaneous,
and following years, respectively. Majority of the ensemble members (i.e., 39 members) can
produce a significant relation of the winter NPO with the following winter ENSO (Fig. 1a).
The MME of the correlation coefficients between the winter NPO index and following winter
Niño-3.4 index for the 50 members is about 0.35, which is statistically significant at the 95%
confidence level (Fig. 1a). The observed winter NPO and its associated ENSO-like patterns in
the following winter (Figs. 2a, b) are also reasonably well simulated by the MME of these 50
members over the historical simulation period (Figs. 2c, d). In addition, ND(−1)JFM(0) SLP
anomalies in association with the D(0)JF(+1) Niño-3.4 in most of the 50 members and their
MME display an NPO-like dipole pattern over the North Pacific (please see Supplementary
Fig. S1). The above evidences indicate that the MME of the 50 members can well reproduce
the observed significant relation of the winter NPO with the following winter ENSO.
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Figure 3 further presents the simultaneous winter SLP anomalies regressed upon the
normalized winter NPO index over 1950–2003 for the 50 individual members and their
MME. Spatial distributions of the winter SLP anomalies for all these 50 members bear
resemblance to the observed NPO pattern (Fig. 2a), and those described in previous studies
(Vimont et al. 2001, 2003a, b; Linkin and Nigam 2008; Yu and Kim 2011; Park et al. 2013;
Song et al. 2016). In particular, all these members capture the dipole SLP anomaly pattern over
the North Pacific related to the NPO, with significant positive SLP anomalies over mid-
latitudes of the North Pacific, Alaska, and northwest part of Canada, and pronounced negative
SLP anomalies over the subtropical North Pacific. Pattern correlation coefficients between the
observed and simulated winter SLP anomalies over the North Pacific domain (20–70° N, 120°
E–120° W) are above 0.65 for the 50 ensemble members (see Supplementary Fig. S2). This
implies that all the ensemble members can well reproduce the observed NPO pattern (Fig. 2a).
Nevertheless, differences, mainly in magnitude of the SLP anomalies, exist across the 50
members (Fig. 3).

Fig. 1 a Correlation coefficients between the ND(−1)JFM(0) NPO index and its following winter (D(0)JF(+1))
Niño-3.4 index over 1950–2003 for the 50 members and their MME (yellow bar). The blue line indicates the
correlation significant at the 90% level. The error bar indicates one standard deviation of the correlation
coefficients among the 50 members. The green bar represents the observed result. b as in a, but for the period
over 2020–2073. c Differences in the correlations of the winter NPO with its following winter Niño-3.4 between
2020–2073 and 1950–2003 for the 50 members and their MME. The error bar indicates one standard deviation of
the differences among the 50 members
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The observed physical process (i.e., the seasonal footprinting mechanism) linking the
winter NPO to its following winter ENSO is also reasonably well reproduced in the ensemble
mean of these 50 members. Figure 4 displays the ensemble means of the winter NPO-
associated 850-hPa wind and precipitation anomalies from the simultaneous winter to the
following winter. Figure 5 shows the corresponding NPO-associated SST anomalies. At
ND(−1)JFM(0), a meridional dipole pattern of atmospheric anomalies appears in the North
Pacific, with a significant anticyclonic anomaly over mid-latitudes and a pronounced cyclonic
anomaly over the subtropics (Fig. 4a). Correspondingly, a marked dipole pattern of precipi-
tation anomalies is observed over the North Pacific (Fig. 4a, color shading). The centers of
positive and negative precipitation anomalies correspond well to the centers of anomalous

Fig. 2 aWinter (ND(−1)JFM(0)) SLP (unit: hPa) and b following winter (D(0)JF(+1)) SST (unit: °C) anomalies
obtained by regression upon the normalized ND(−1)JFM(0) NPO index based on observational data during
period 1950–2003. c, d and e, f As in a, b, but for ensemble mean of the ND(−1)JFM(0) SLP and D(0)JF(+1)
SST anomalies regressed on the normalized ND(−1)JFM(0) NPO index for the 50 members of CanESM2 over
1950–2003 and 2020–2073, respectively
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cyclone and anticyclone, respectively. Meanwhile, a tripole SST anomaly pattern is found in
the simultaneous winter (Fig. 5a). As has been demonstrated in previous studies, the formation
of the winter NPO-associated SST anomalies in the North Pacific is mainly attributed to the
forcing of the overlying atmospheric circulation anomalies (Vimont et al. 2001, 2003a, b;
Alexander et al. 2010). In particular, the southwesterly wind anomalies over the subtropical
North Pacific reduce their climatological northeasterly winds (Fig. 4a) and contribute to SST
warming there (Fig. 5a) via reducing upward surface net heat fluxes (Xie and Philander 1994;
Vimont et al. 2001). The easterly wind anomalies over the mid-latitude North Pacific also reduce
their climatological westerly winds (Chen et al. 2000), which result in SST warming there via
reducing surface net heat flux. In addition, the anomalous easterly winds over the mid-latitude
North Pacific would bring warmer ocean water northward via the Ekman transportation, which
also contributes to SST warming there (Wu and Kinter 2010). By contrast, the northwesterly
wind anomalies over the subtropical western North Pacific carry colder air southward from
higher latitudes, increasing the surface evaporation and leading to SST cooling (Figs. 4a and 5a).

Fig. 3 Winter (ND(−1)JFM(0)) SLP anomalies (unit: hPa) regressed upon the normalized simultaneous winter
NPO index during 1950–2003 for each of the 50 members of CanESM2 and their MME. Stippling regions
indicate SLP anomalies significant at the 95% confidence level
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At MAM(0), the significant SST warming in the subtropical North Pacific and tropical
central Pacific is accompanied by pronounced positive precipitation anomalies, indicating
enhanced atmospheric convection and heating, which in turn leads to strong westerly wind
anomalies over the tropical western-central Pacific via a Gill-type atmospheric response (Figs.
4b and 5b). These spring westerly wind anomalies over the tropical western-central Pacific
would contribute to SST warming in the tropical central-eastern Pacific in the following
summer by triggering eastward-propagating equatorial warm Kelvin waves, as demonstrated
in previous studies (Barnett et al. 1989; Huang et al. 2001; Vimont et al. 2001; Nakamura et al.
2006; Chen et al. 2014). Subsequently, the SST warming in the tropical central-eastern Pacific
would maintain and develop via the Bjerknes positive air-sea feedback mechanism in the
following seasons (Figs. 4c–f and 5c–f). An El Niño-like pattern is eventually generated in the
following winter (Figs. 4f and 5f). Through the above-described processes, the wintertime
NPO exerts an influence on the following winter ENSO occurrence. In addition, it should be
mentioned that the SST anomalies at ND(−1)JFM(0) in the tropical central-eastern Pacific are
weak (Fig. 5a). This suggests that the impact of the winter NPO on the following winter ENSO
is not due to the ENSO cycle. In general, results from the CanESM2 historical simulations are

Fig. 4 Ensemble mean of the precipitation (shadings; unit: mm day−1) and 850 hPa wind (vectors; unit: m s−1)
anomalies at aND(−1)JFM(0), bMAM(0), c JJA(0), d SON(0), and eD(0)JF(+1) regressed upon the normalized
ND(−1)JFM(0) NPO index during 1950–2003 for the 50 members of CanESM2. The stippling region indicates
precipitation anomalies significant at the 5% level
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consistent with previous observational and modeling findings (Vimont et al. 2001, 2003a, b;
Alexander et al. 2010).

Overall, the MME of the 50 members has a good ability in reproducing the observed winter
NPO pattern as well as the seasonal footprinting mechanism for the impact of winter NPO on
the following winter ENSO. Hence, in the following, we will explore projected changes of the
winter NPO-ENSO relation in a warming climate based on their RCP8.5 forced simulations.

4 Projected changes of the winter NPO-ENSO relationship

Figure 1b compares correlation coefficients between the winter NPO index and its following
winter Niño-3.4 index over 2020–2073 for the 50 members and their MME. The correlation
coefficients are positive for all members over 2020–2073. The wintertime NPO-like atmo-
spheric anomalies also have a close relation with an ENSO-like SST anomaly pattern in its
following winter over 2020–2073 (Figs. 2e, f). These suggest that the significant NPO-ENSO
relationship is still robust in a warming climate under the RCP8.5 scenario. In addition, the
MME of the NPO-ENSO correlations for the 50 members over 2020–2073 is about 0.46,

Fig. 5 Ensemble mean of the SST (unit: °C) anomalies at a ND(−1)JFM(0), b MAM(0), c JJA(0), d SON(0),
and e D(0)JF(+1) regressed on the normalized ND(−1)JFM(0) NPO index during 1950–2003 for the 50 members
of CanESM2. The stippling region indicates SST anomalies significant at the 95% confidence level
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which is larger than that over 1950–2003 (0.35). Furthermore, seasonal evolutions of the
MME SST, 850-hPa winds, and precipitation anomalies related to the winter NPO during
2020–2073 (see Supplementary Fig. S3 and Fig. S4) are very similar to those during 1950–
2003 (Figs. 4 and 5). This indicates that the physical processes for the impact of the winter
NPO on the following winter ENSO are similar between the current and warming climates.
We have also examined running correlations of the winter NPO index with the following
winter Niño-3.4 index with a length of a 31-year window over 1950–2100 (see Supplementary
Fig. S5). The MME of the running correlations shows a slight enhancement of the NPO-ENSO
connection with global warming (Fig. S5 in the Supplementary). However, there exist large
diversities of correlation changes among the 50 members (Figs. 1a, b, and Fig. S5).

Figure 1c further shows differences in the correlation of the NPO-ENSO relationships between
2020–2073 and 1950–2003 for the 50 members. The difference series is referred to as the
CC_Diff index in the following of this analysis. The CC_Diff index reveals that 36 out of the
50 ensemble members project an increase of the winter NPO-ENSO connection, while the others
produce a weakened NPO-ENSO connection (Fig. 1c). Furthermore, the MME of the CC_Diff
index over the 50 members is 0.11, while the standard deviation of the CC_Diff index is
approximately 0.19 across the 50 members. This indicates that there exists a large uncertainty
in the projected change of the winter NPO-ENSO relation in a warming climate. As each of the
CanESM2 ensemble members is forced by identical external forcing and with only slight
differences in the initial condition, the spread of the projection of the NPO-ENSO connection
among the 50members is due solely to internal climate variability (e.g., Deser et al. 2012b, 2014).

What are the possible processes in association with this projected uncertainty? Previous
studies indicated that the subtropical center of the NPO plays a crucial role in relaying impacts
of the winter NPO on its following winter ENSO (Park et al. 2013; Chen and Wu 2018; Chen
and Yu 2019, submitted). Hence, we first examine the projected change of the winter NPO-
associated SLP anomalies over the North Pacific. For brevity, we focus on comparing the
members with large differences in the projection of the NPO-ENSO relationship in the
following analysis. Specifically, we choose 10 members with the highest values of the
CC_Diff index (denoted as group A) and 10 members with the lowest values of the CD_Diff
index (denoted as group B). Group A members project an increase in the NPO-ENSO relation,
whereas group B members project a weakened NPO-ENSO relation. Results obtained in the
following analysis are not sensitive to slight changes of the number of selected members used
in group A and group B.

Figure 6a shows differences in the projected changes of the winter NPO-related simulta-
neous winter SLP anomalies between group A and group B members. Significant negative
SLP anomalies are seen over the subtropical North Pacific around 10–22.5° N and 170° E–
130°W. Figure 6b further presents a scatterplot of the CC_Diff index versus projected changes
in the winter NPO-related ND(−1)JFM(0) SLP anomalies averaged over 10–20° N, 150–180°
W (box in Fig. 6a) among the 50 members. The correlation coefficient between the two
quantities in Fig. 6b is about − 0.54 among the 50 ensemble members, significant at the 99%
confidence level. This suggests that the uncertainty in the projection of the winter NPO-ENSO
relation has a close relation with the spread in the projection of the southern center of the
winter NPO pattern among the 50 members. The ensemble member with an enhancement (a
weakening) of the winter NPO’s southern center tends to project an increase (a decrease) in the
winter NPO-ENSO connection in a warming climate. Differences in the projected changes of
the NPO-related SLP anomalies over mid-latitudes of the North Pacific are statistically
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insignificant (Fig. 6a). This suggests that the uncertainty in the projection of the winter NPO-
ENSO relation is not related to the spread of the northern center of the winter NPO.

Previous studies indicated that westerly wind anomalies over the tropical western Pacific, as
well as precipitation and SST anomalies in the tropical central North Pacific, in seasons
following the NPO winter are also important in linking winter NPO with its following winter
ENSO (e.g., Vimont et al. 2001, 2003a, b; Chen et al. 2013, 2014). Hence, we further examine
differences in the anomalies of projected changes in the winter NPO-associated precipitation
and 850-hPa wind anomalies at ND(−1)JFM(0), MAM(0), JJA(0), SON(0), and D(0)JF(+1)
between group A and group B members (Fig. 7). Figure 8 displays the corresponding
differences in the winter NPO-related SST anomalies. From Fig. 7, large anomalies in
association with the CC_Diff index are seen in the winter and spring precipitation changes
over the tropical Pacific, as well as spring westerly wind changes over the tropical western-
central Pacific. The scatterplots of the CC_Diff index versus projected changes in the winter
NPO-related winter precipitation anomalies averaged over 5–10° N, 155–175° W; spring
precipitation anomalies averaged over 0–5° N, 175° E–145° W; and spring 850-hPa zonal
wind anomalies averaged over 5° S–5° N, 160° E–160° W are further presented in Fig. 9a–c,

Fig. 6 a Differences (unit: hPa) in
the projected changes of the winter
NPO-related simultaneous winter
SLP anomalies between group A
and group B members. Stippling
regions in the figure indicate the
differences that are significantly
different from zero at the 95%
confidence level. b Scatterplot of
the CC_Diff index versus
projected changes in the winter
NPO-related ND(−1)JFM(0) SLP
anomalies averaged over 10–22.5°
N and 170° E–130° W (black box
in a). Definitions of group A and B
members are described in the text
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respectively. The regions used in these scatterplots are chosen according to the results in
Fig. 7a, b. The correlation coefficients between the two quantities in Fig. 9a–c, as marked with
each plot, are statistically significant at the 95% confidence level.

Differences in the projected SST changes between group A and group B members are weak
over most parts of the Pacific in winter and spring (Fig. 8a, b). A pronounced El Niño-like
pattern starts to appear in the tropical central-eastern Pacific in the following summer (Fig. 8c).
Figure 9d further shows a scatterplot of the CC_Diff index versus projected changes in the
winter NPO-related summer SST anomalies averaged over 5° S–5° N, 120–180° W (box in
Fig. 8c). The correlation coefficient between the two quantities in Fig. 9d is as high as 0.83.
Previous observational and modeling studies have demonstrated that spring westerly wind
anomalies over the tropical western Pacific can lead to SST warming in the tropical central-
eastern Pacific in the following summer via triggering eastward-propagating warm Kelvin
waves (Barnett et al. 1989; Huang et al. 2001; Vimont et al. 2003a, b; Nakamura et al. 2006;
Chen et al. 2014, 2017). This suggests that the appearance of the El Niño-like pattern in
summer (Fig. 8c) is likely related to the spring westerly wind anomalies over the tropical
western Pacific (Fig. 7b). The significant El Niño-like pattern sustains and enhances from

Fig. 7 Differences in the projected changes of the winter NPO-related precipitation (unit: mm day−1) and
850 hPa wind (unit: m s−1) anomalies at a ND(−1)JFM(0), b MAM(0), c JJA(0), d SON(0), and e D(0)JF(+1)
between group A and group B members. Stippling regions in the figure indicate differences in precipitation that
are significantly different from zero at the 95% confidence level
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summer to winter (Figs. 8d, e), mainly attributed to the positive Bjerknes feedback mechanism
in the tropical Pacific, as demonstrated in previous studies (e.g., Vimont et al. 2001, 2003a, b;
Chen et al. 2014).

From the above analysis, we conclude that internal climate variability may lead to large
spreads of the projected changes of the winter NPO-associated atmospheric circulation
anomalies over the subtropical North Pacific, the projection of the NPO-related winter and
spring precipitation anomalies over the tropical North Pacific, and spring zonal wind anom-
alies over the tropical western Pacific. The uncertainty in the projected springtime low-level
zonal wind anomalies over the tropical western Pacific further results in the formation of an El
Niño-like pattern during summer, which sustains and enhances into the following winter.

Note that projected changes in the NPO-ENSO relation may also be affected by projections
of the ENSO’s characteristics, such as its amplitude, spatial pattern, and phase locking. ENSO
tends to reach its peak phase in boreal winter (e.g., Wang et al. 2000). The amplitude of an
ENSO event could be represented by SST anomalies averaged in the Niño-3.4 region (5° S–5°
N, 120–170° W) during boreal winter. Figure S6 (in the Supplementary) shows a scatterplot of
the CC_Diff index versus projected changes in the winter Niño-3.4 related simultaneous

Fig. 8 Differences (unit: °C) in the projected changes of the winter NPO-related SST anomalies at a
ND(−1)JFM(0), b MAM(0), c JJA(0), d SON(0), and e D(0)JF(+1) between group A and group B members.
Stippling regions in the figure indicate the differences that are significantly different from zero at the 95%
confidence level
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winter SST anomalies averaged in the Niño-3.4 region. The correlation between the two
quantities among the 50 members is very weak. In addition, spatial patterns and phase lockings
of the ENSO are generally similar between group A and group B over both periods of 1950–
2003 and 2020–2073 (Figs. S7–8 in the Supplementary). Hence, the spread of the projected
NPO-ENSO relations is not likely due to divergences of the projected changes of the
amplitude, spatial pattern, and phase locking of the ENSO.

5 Summary

Previous observational and modeling studies have indicated that the wintertime NPO is an
important extratropical atmospheric forcing for the following winter ENSO occurrence via the
seasonal footprinting mechanism. This study explores the climate change projection of the
winter NPO-ENSO connection using a 50-member large ensemble of climate simulations
conducted with CanESM2. It is shown that majority of the 50 CanESM2 ensemble members
can well capture the observed NPO-ENSO relationship over the historical simulation period
from 1950 to 2003. The MME of the 50 members have a good performance in simulating the

Fig. 9 Scatterplots of the CC_Diff index versus projected changes in the winter NPO-related a ND(−1)JFM(0)
precipitation anomalies averaged over 5–10° N, 155–175° W; bMAM(0) precipitation anomalies averaged over
0–5° N, 175° E–145° W; c MAM(0) zonal wind anomalies averaged over 5° S–5° N, 160° E–160° W; and d
JJA(0) SST anomalies averaged over 5° S–5° N, 120–180° W
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winter NPO pattern, as well as the SFM process linking the winter NPO to its following winter
ENSO.

These 50 ensemble simulations are further employed to investigate the projection of the
winter NPO-ENSO relation in a warming climate, based on their RCP8.5 forced simulations.
Results show that 36 out of the 50 members produce an enhancement of the winter NPO-
ENSO connection in a warming climate, while the other 14 members project a weakened
NPO-ENSO relation. The standard deviation of the correlation coefficient differences between
2020–2073 and 1950–2003 among the 50 members is also much larger than the MME
difference. Hence, there exists a large uncertainty in projection of the winter NPO-ENSO
connection in a warming climate due to internal climate variability. Further analyses indicate
that the uncertainty in the climate projection primarily results from discrepancies in projected
changes of the subtropical center of the winter NPO. Ensemble members with an enhancement
(a reduction) of the subtropical center of winter NPO tend to project a strengthening
(weakening) relation between the winter NPO and following winter ENSO. The large spread
of projections of the winter NPO-associated atmospheric anomalies over the subtropical North
Pacific would lead to various responses of projections of the NPO-related winter and spring
precipitation anomalies over the tropical North Pacific, as well as spring westerly wind
anomalies over the tropical western Pacific. These anomalies further contribute to the uncer-
tainty in the projected winter NPO-related SST anomalies in the following summer and winter.
Overall, internal climate variability largely influences the extratropical NPO impact on ENSO
and hence the NPO-ENSO relationship in climate simulations needs to be used with caution.
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