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Abstract

The first two leading modes of the North Pacific atmospheric variability, the Aleutian Low (AL) and North Pacific Oscilla-
tion (NPO), in boreal winter and their relations to the North American and Eurasian surface temperature, El Nifio-South-
ern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and Victoria Mode (VM) are explored in 20 coupled climate
models which participated in the sixth Assessment Report of the Intergovernmental Panel on Climate Change. The histori-
cal simulations of these models can well reproduce spatial structures and amplitudes of the winter AL and NPO, as well
as their associations with North American and Eurasian surface air temperatures. The close connections of the winter AL
with ENSO and PDO, as well as the linkage between the NPO and VM could also be well simulated. However, most of the
models lack the capability in simulating the impact of the winter ENSO on the NPO. This deficiency is mainly attributed to
westward shifts of the ENSO-related sea surface temperature and precipitation anomalies in the tropics and ENSO-induced
atmospheric teleconnections over the North Pacific in the models. Spread in the ENSO’s amplitude also contributes partly
to the diversity of the ENSO-NPO relation among the models. Under the SSP2-RCP4.5 forced climate change projection,
projected changes in the amplitudes and centers of the AL and NPO exhibit large uncertainties across the 20 models. The
close connections of the AL with ENSO and PDO, and the NPO with VM are still robust in the warming climate. Most
models project an increase (a decrease) in the AL-PDO (NPO-VM) relationship. However, there exists a large uncertainty
in the projected changes of the AL-ENSO relationship, which is partly attributed to the large divergence in the projected
changes of the ENSO’s amplitude among the models.

Keywords IPCC-ARG6 - Aleutian Low - NPO - ENSO - PDO - Victoria mode - Historical simulation - Climate change
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1 Introduction

North Pacific atmospheric variations and their close con-
nections with the underlying sea surface temperature (SST)
variability provide important sources of predictability for
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the Pacific North American teleconnection pattern (PNA)
(Wallace and Gutzler 1981; Yu et al. 2007; Yu and Kim
2011; Song and Duan 2015; Yu and Lin 2019; Chen et al.
2020). AL could be regarded as a surface manifestation of
the PNA (Wallace and Gutzler 1981; Terada and Hanzawa
1984; Alexander et al. 2002; Chen et al. 2020). An enhanced
(a weakened) AL is featured by negative (positive) SLP
anomalies and an anomalous cyclone (anticyclone) around
the Aleutian Islands (Yu and Kim 2011; Song and Duan
2015; Chen et al. 2020). AL is one of the most important
components of the East Asian winter monsoon (EAWM)
system (Chen et al. 2000; Zhou et al. 2007). It has close
relations with the Arctic Oscillation (Thompson and Wal-
lace 1998, 2000), the El Nifio—Southern Oscillation (ENSO;
Wang et al. 2000; Alexander et al. 2002), and the Pacific
Decadal Oscillation (PDO; Latif and Barnett 1996; Man-
tua et al. 1997; Pierce et al. 2001). ENSO exerts impacts
on the AL variation via triggering a PNA-like atmospheric
teleconnection originated from the tropical Pacific convec-
tion anomaly (Gershunov and Barnett 1998; Alexander et al.
2002; Yu and Kim 2011; Leung et al. 2017). On the other
hand, the formation of the PDO, the leading mode of North
Pacific decadal SST anomalies, is found to be attributed
mainly to the AL-related atmospheric forcing (Latif and
Barnett 1996; Mantua et al. 1997, Pierce et al. 2001). Hence,
AL plays a crucial role in connecting the ENSO and PDO
and in relaying impacts of the tropical SST on extratropical
climate anomalies. In addition, the AL variation influences
the interaction between the low frequency mean flow and
synoptic-scale eddies over the North Pacific (Lau 1988;
Chen et al. 2020).

The second EOF mode of the atmospheric variability over
the North Pacific represents the North Pacific Oscillation
(NPO) (Linkin and Nigam 2008; Yu and Kim 2011; Chen
and Song 2018; Chen et al. 2020). NPO is characterized
by a meridional dipole structure of SLP anomalies between
the subtropical and mid-latitude North Pacific (Wallace and
Gutzler 1981; Linkin and Nigam 2008; Yu and Kim 2011).
Linkin and Nigam (2008) demonstrated that NPO is the sur-
face manifestation of the western Pacific (WP) pattern. The
WP pattern is generally defined as the second EOF mode
of 500-hPa geopotential height anomalies over the North
Pacific (Linkin and Nigam 2008). NPO is an important
atmospheric intrinsic mode, whose formation and mainte-
nance are due largely to the interaction between the low-fre-
quency mean flow and synoptic-scale eddies (Rogers, 1981;
Lau 1988; Wettstein and Wallace 2010; Linkin and Nigam
2008). The positive phase of the NPO, featured by positive
SLP anomalies over the northern subtropics, is associated
with a northward movement of the Asian-Pacific Jet and a
downstream intensification of the North Pacific storm track
activity (Lau 1988; Wettstein and Wallace 2010). Besides
the eddy-related process, studies indicated that the tropical
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ENSO-related SST anomalies could also influence the NPO
via atmospheric teleconnections (Di Lorenzo et al. 2010;
Furtado et al. 2012; Pak et al. 2014).

Both the AL and NPO variations exert substantial impacts
on weather and climate over many regions of the globe. The
AL could impact the formations of pack ice around the Ber-
ing sea (Overland and Pease 1982; Rodionov et al. 2005),
surface air temperature and precipitation over North Amer-
ica (Ge and Gong 2009; Harding and Snyder 2015), pre-
cipitation over south China (Song and Duan 2015), tropical
cyclone activities over tropical western Pacific (Choi and
Cha 2017), and the EAWM (Chen et al. 2000) and Austral-
ian summer monsoon (Zhu and Wang 2010). A recent study
indicated that the variation in the AL intensity in March
has a significant influence on the following winter ENSO
outbreak (Chen et al. 2020). Regarding the NPO, studies
indicated that it could also exert impacts on the surface
air temperature and precipitation over Eurasia and North
America (Linkin and Nigam 2008; Chen and Song 2018). In
addition, NPO is found to be a dominant forcing in the for-
mation of the Victoria Mode (VM) (Bond et al. 2003; Ding
et al. 2015) and the North Pacific Gyre Oscillation (NPGO)
(Di Lorenzo et al. 2008; Chhak et al. 2009). VM is the sec-
ond EOF mode of SST anomalies in the extratropical North
Pacific, and the NPGO represents the second EOF mode of
sea surface height in the central and eastern North Pacific.
Furthermore, studies have demonstrated that the winter NPO
is an important trigger for the outbreak of ENSO events in
the following winter via the seasonal footprinting mecha-
nism (Vimont et al. 2001, 2003; Park et al. 2013).

Given the pronounced impacts of the AL and NPO on
the global climate and their close relationships with the
air—sea interaction over the North Pacific, characterizing
and understanding these two dominant atmospheric modes
over the North Pacific in the state-of-the-art climate mod-
els is of great importance for studies of climate variabil-
ity, change and predictability. Several studies have evalu-
ated performances of the climate models that participated
in Phases 3 and 5 of the Coupled Model Intercomparison
Project (CMIP) in capturing the AL and NPO (Furtado et al.
2011; Gan et al. 2017; Chen et al. 2018; Wang et al. 2019).
Based on CMIP3 simulations, Furtado et al. (2011) found
that CMIP3 has a relatively good ability in capturing the
AL-PDO relationship, whereas most models lack the capa-
bility in simulating the second atmosphere—ocean coupled
mode over the North Pacific, which represents the connec-
tion of the NPO and VM or NPGO. Chen et al. (2018) found
that most CMIP5 models could reasonably well reproduce
the spatial structures of the winter PNA and NPO. However,
the amplitudes of the simulated PNA and NPO in most mod-
els are much stronger compared to the observed.

A new suite of climate model simulations has been pro-
duced in CMIP6 for the latest sixth Assessment Report
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(AR6) of Intergovernmental Panel on Climate Change
(IPCC). One aim of the present study is to evaluate the per-
formance of these latest climate models in simulating the
AL and NPO and their relationships to the ENSO, PDO and
VM. Furthermore, we analyze climate change projections
of the winter AL and NPO in terms of their spatial distribu-
tion and amplitudes as well as the projected changes in their
connections with the ENSO, PDO, and VM in a warming
climate. The remainder of this paper is organized as follows.
Section 2 describes the methods and data employed in the
present study. Section 3 evaluates the performance of 20
CMIP6 models in capturing the observed wintertime AL
and NPO patterns, and their associations with the Pacific
SST and Eurasian and North American SAT anomalies. Sec-
tion 4 examines projected changes in the spatial patterns and
amplitudes of the winter AL and NPO, as well as responses
of the AL-ENSO/PDO and NPO-ENSO/VM connections
with global warming. Section 5 provides a summary and
discussion.

2 Data and methodology
2.1 Observational and reanalysis data
The monthly mean SLP data is obtained from the National

Centers for Environmental Prediction—National Center for
Atmospheric Research reanalysis (NCEP-NCAR; Kalnay

et al., 1996), which has a horizontal resolution of 2.5° X 2.5°
and is available from January 1948 to the present. The
monthly mean SST data is derived from the National Oce-
anic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version 5 (ERSSTv5) dataset (Huang
et al. 2017). The ERSSRvS5 SST dataset is available from
January 1854 to the present and has a horizontal resolution
of 2.0°x2.0°. The monthly mean surface air temperature
(SAT) is extracted from the University of Delaware Air Tem-
perature & Precipitation version v5.01, which is available
from January 1900 to December 2017 and on a 0.5°x0.5°
latitude—longitude grid (Matsuura and Willmott 2009). In
the following analysis, the SLP from the NCEP-NCAR rea-
nalysis, SST from the ERSSTvS and SAT from the Univer-
sity of Delaware are considered as “observational” data for
the convenience of description.

2.2 CMIP6 model outputs

This study employs the outputs from 20 global coupled
models currently available in CMIP6. Detailed descrip-
tions of the CMIP6 models used in this analysis are listed
in Table 1, including the model names, modelling cent-
ers and horizontal resolutions. We employ two sets of
simulations from these coupled climate models outputs,
including (1) the historical simulations, which are forced
by the observed anthropogenic and natural forcings for
the period of 1850-2014, and (2) the climate change

Table 1 Descriptions of the

CMIP6 models employed in Model Name Modeling centers Hor.izontal resqlution
this study (latitude X longitude)
ACCESS-CM2 CSIRO-ARCCSS, Australia 144 %192
ACCESS-ESM1-5 CSIRO, Australia 145x192
BCC-CSM2-MR Beijing Climate Center, China 160x320
CAMS-CSM1-0 Chinese Academy of Meteorological Sciences, China 160x320
CanESM5 CCCma, Canada 64x128
CESM2 NCAR, USA 192 %288
CESM2-WACCM NCAR, USA 192 %288
CNRM-CM6-1 CNRM-CERFACS, France 128 %256
CNRM-ESM2-1 CNRM-CERFACS, France 128256
FGOALS-f3-L IAP-CAS, China 180 %288
FGOALS-g3 IAP-CAS, China 80x 180
GFDL-ESM4 NOAA-GFDL, USA 180 %288
HadGEM3-GC31-LL  Met Office Hadley Centre, UK 144 %192
IPSL-CM6A-LR IPSL, France 143 x 144
MIROC6 JAMSTEC, AORI, NIES, and and R-CCS, Japan 128 x256
MIROC-ES2L JAMSTEC, AORI, and R-CCS, Japan 64128
MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany 192x 384
MRI-ESM2-0 Meteorological Research Institute, Japan 160x 320
NorESM2-LM CICERO, NERSC, NILU, UiB, UiO, and UNI, Norway 96x 144
UKESM1-0-LL Met Office Hadley Centre, UK 144 %192
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projection simulations over 2015-2100, which are forced
by the update of RCP4.5 scenario based on SSP2 (denoted
as SSP2-RCP4.5) (Eyring et al. 2016). SSP2-RCP4.5 has a
similar range of forcings as those in the RCP4.5, but fills
several forcing gaps by considering the role of specific
forcings such as land use and short-lived species and the
effect of a peak and decline in the forcings (Eyring et al.
2016). As a number of models just provide one member
run in the historical or the future projection simulations,
this analysis only uses the first run (“rlilpl”) of each
model for a fair comparison.

We focus on boreal winter (NDJFM-average) dur-
ing which both the AL and NPO are most prominent (Yu
and Kim 2011; Song and Duan 2015; Chen et al. 2020).
Model outputs over the periods of 1948/49-2013/14 and
2033/34-2098/99 (both containing 66 winters) represent the
past and future climates, respectively. The projected change
is defined as the difference between 2033/34-2098/99 and
1948/49-2013/14. Long-term trends of all variables con-
sidered in each period have been removed in analyzing the
internal variability. Significance levels of regression and cor-
relation coefficients in the observation and a given model are
estimated based on the two tailed student’s ¢ test. The multi-
model ensemble mean (MME) is calculated as the average
of all individual models. Specifically, we first calculate
anomalies in each model, and then average those to obtain
the ensemble mean. Furthermore, following previous studies
(Deser et al. 2012; Kucharski and Joshi 2017; Joshi and Ha
2019), the MME anomaly derived from a linear regression
is considered to be significant at the 95% confidence level
when it meets the following criterion:

std, . X A
|MME_var| > ———,
VN

where |MME_var| represents the absolute value of the
MME anomaly, std_var denotes the standard deviation of
the anomalies among the multi-models, N is the number of
models considered, and 4 is equal to 1.96.

In this study, the AL and NPO indices in the observa-
tion are calculated in the following three steps. First, an
EOF analysis is performed to the observed and linearly de-
trended winter SLP anomalies over the extratropical North
Pacific region (20°-70° N, 120° E-100° W) for the period
of 1948/49-2013/14. Second, the first and second EOF
modes are employed to represent the AL and NPO patterns,
respectively, as generally used in previous studies. Third,
the observed AL (NPO) index is obtained by projecting the
observed and de-trended winter SLP anomalies onto the first
(second) EOF mode. Slight changes of the North Pacific
region used in the EOF analysis lead to very similar results
(not shown). The AL (NPO) indices in the CMIP6 model
simulations are obtained by projecting the simulated and
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linearly de-trended winter SLP anomalies onto the observed
first (second) EOF mode.

We use similar methods to define the PDO and VM indi-
ces in the observation and CMIP6 model simulations. Spe-
cifically, the first and second EOF modes of the observed and
linearly de-trended SST anomalies over the North Pacific
region (20°-65° N, 120° E-100° W) are used to represent
the PDO and VM patterns, respectively. The PDO (VM)
indices in the observation and CMIP6 model simulations are
then obtained by projecting the corresponding de-trended
SST anomalies onto the PDO (VM) spatial pattern.

Following Taylor (2001) and Chen et al. (2013a, b), we
estimate performances of the models in simulating spatial
patterns of winter AL, NPO, PDO and VM based on the
following equation:

2
kil = —LFD”

1 2
(RSD+ ﬁ)

where r denotes spatial correlation between the observed
and simulated anomalies. RSD indicates the ratio of pattern
standard deviation of model simulation against that in the
observed.

3 AL and NPO in historical simulations

In this section, based on the observation and historical simu-
lations over 1948/49-2013/14, we first evaluate the capabil-
ity of the CMIP6 models in simulating the wintertime AL
and PDO patterns and the associations of the winter AL with
the Eurasian and North American SAT, ENSO and PDO.
We then examine the models’ ability in characterizing the
NPO pattern and the relations of NPO to SAT and SST.
Finally, we discuss the factors responsible for biases of the
NPO-ENSO connections among the models.

3.1 AL

Figure 1a displays the spatial distribution of simultaneous
SLP and 850-hPa wind anomalies regressed upon the nor-
malized winter AL index during 1948/49-2013/14 based
on the observational data. For a positive AL phase, pro-
nounced negative SLP and cyclonic anomalies appear over
the mid-latitudes of the North Pacific around 35° N—65° N,
indicating a strengthened AL. Meanwhile, significant posi-
tive SLP anomalies are seen over the high latitudes (Fig. 1a),
suggesting a negative connection between the winter AL
and the Arctic Oscillation (Thompson and Wallace 1998,
2000). In addition, notable positive SLP anomalies appear
over the subtropical western North Pacific. The SLP anoma-
lies in association with the winter AL index (Fig. 1a) are
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Fig.1 Anomalies of winter (NDJFM-average) a SLP (hPa), 850-hPa
winds (m s~'), and b SAT (°C) regressed upon the normalized AL
index in the simultaneous winter based on the observational data dur-
ing period of 1948/49-2013/14. Stippling regions in a, b indicate

consistent with previous studies obtained using various data-
sets (Song and Duan 2015; Yu and Kim 2011; Chen et al.
2020), indicating the robustness of these AL-related fea-
tures. The MME of the CMIP6 models can well reproduce
the observed AL pattern (Figs. 1c). The spatial correlation
coefficient between the observed and MME SLP anomaly
patterns reaches 0.98 over the region (15°~75° N and 120°
E-120° W). Nevertheless, the MME pattern overestimates
the AL-related positive SLP anomalies over the high lati-
tudes and underestimates slightly the SLP anomalies over
the subtropical central North Pacific (Fig. 1c versus Fig. 1a).

Figure 2a presents a Taylor diagram that compares the
simultaneous SLP anomalies regressed upon the winter AL
index over the region (15°-75° N, 120° E-120° W) in the 20
models with respect to the observational counterpart. Taylor
diagram is constructed according to three statistics, includ-
ing the spatial correlation between the observed and simu-
lated patterns, the normalized standard deviation of spatial
pattern, and the centered pattern root-mean-square (CRMS)
difference (Taylor et al. 2012). The pattern correlations are
higher than 0.8 (Fig. 2a), indicating that all the models can
reasonably well simulate the observed spatial structure of
the wintertime AL. However, there exists a large spread in

120W
g

<l
-09 -03 0 0.3 0.7 1.1

SLP and SAT anomalies that are significant at the 95% confidence
level, respectively. ¢, d As in a, b, but for the ensemble means of the
20 CMIP6 models over 1948/49-2013/14

the normalized standard deviation with values ranging from
0.8 to 1.4. The difference among individual models is mainly
seen over the AL center (not shown). The CRMS ranges
from 0.24 to 0.63 (Fig. 2a). The MME has a better capability
than most models in reproducing the pattern standard devia-
tion (the MME standard deviation is 1.07), pattern correla-
tion (the MME pattern correlation is 0.98), and CRMS (the
MME CRMS is 0.23) of the winter AL (Fig. 2a).

Figures 1b, d show regression maps of simultaneous
SAT anomalies onto the normalized winter AL index in
the observation and MME of the 20 models, respectively.
In the observation, corresponding to a positive AL phase,
pronounced positive SAT anomalies extend from Alaska
southeastward to central Canada and the northwestern US.
The anomalous southerly winds to the eastern side of the
pronounced negative SLP anomalies (Fig. 1b) bring warm
and wet air northward from the lower latitudes, leading to
SAT increase over the above-mentioned regions. Meanwhile,
negative SAT anomalies are seen over most parts of Mexico
and the southeastern US. Several patches of significant SAT
anomalies can also be seen over East Asia (Fig. 1b). The
MME of the 20 models has a good performance in captur-
ing the observed AL-related SAT pattern (cf. Fig. 1d with
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Fig.2 a Taylor diagram of winter SLP anomalies regressed upon the
winter AL index over the region (15°-75° N and 120° E-120° W) in
historical simulations with respect to the observational counterpart. b
Taylor diagram of winter SST anomalies regressed upon the winter

Fig. 1b). However, negative SAT anomalies in the MME
cover wider areas over Eurasia and shift northward com-
pared to those in the observations. In addition, the MME pat-
tern tends to overestimate the negative SAT anomalies over
the southeastern US, whereas the center of positive SAT
anomalies over North America shifts slightly northward.

Next, we examine the connection of the winter AL with
Pacific SSTs. As would be expected, an El Nifio-like pattern
is seen in the tropical Pacific in the observations (Fig. 3a).
Previous studies demonstrated that ENSO events influence
the AL via a PNA-like atmospheric teleconnection (Wang
et al. 2000; Alexander et al. 2002; Yu and Kim 2011). In
particular, the strength of the winter AL is stronger (weaker)
than normal when an El Nifio (a La Nina) event appears in
the tropical Pacific. The MME of the 20 models well cap-
tures this winter AL-ENSO connection (Fig. 3c, e). In par-
ticular, the correlation coefficients between the wintertime
AL and Nifio3 indices are significant at the 95% confidence
level for all 20 models (Fig. 3e). Here, the Nifio3 index is
defined as the regional averaged SST anomalies over the
region of 5° S—5° N and 90° W—-150° W, which is generally
used to represent the ENSO variability. The MME correla-
tion coefficient between the winter AL and Nifio3 indices is
0.52, close to that in the observation (0.51) (Fig. 3e).

The wintertime AL-related SST anomalies in the extrat-
ropical North Pacific bear a close resemblance to the positive
phase of the PDO pattern (Mantua et al. 1997; and described
below) in both the observation and MME, with significant
negative SST anomalies in the central North Pacific, accom-
panied by positive SST anomalies along the North American
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PDO index over the region (30° S—-60° N, 120° E-120° W) in his-
torical simulations with respect to the observational counterpart. The
blue dot indicates the ensemble mean result

western coastline (Fig. 3a, c). In fact, studies have demon-
strated that AL is an important stochastic atmospheric forc-
ing of the PDO (Latif and Barnett 1996; Pierce et al. 2001).
The correlation coefficients between the winter AL and PDO
indices are also significant at the 95% confidence level for
all the models (Fig. 3f). The MME correlation coefficient of
the AL-PDO relation reaches 0.6, slightly lower than that in
the observation (0.7).

We have also evaluated the performance of these mod-
els in capturing the internal PDO pattern. Figure 3b, d dis-
play regression maps of simultaneous SST anomalies onto
the winter PDO index in the observation and MME of the
20 models, respectively. Corresponding to a positive PDO
phase, the SST anomalies feature a broad horseshoe shape
in the Pacific basin, with cold anomalies centered over the
mid-latitude North Pacific surrounded by warm anomalies
extending off the west coast of North America to the tropical
Pacific (Fig. 3b). The MME can reasonably well reproduce
the observed SST pattern in association with the PDO index
(Fig. 3d). The pattern correlation coefficients between the
PDO-related simulated and observed SST anomalies are
higher than 0.56 over the Pacific basin (30° S-60° N, 120°
E-120° W) for all 20 models (Fig. 2b). The MME of the pat-
tern correlation is 0.88, the mean pattern standard deviation
is 1.02, and the mean CRMS is 0.5 (Fig. 2b).

Overall, the above results indicate that the CMIP6 models
considered can reasonably well simulate the observed win-
ter AL and PDO patterns, as well as the associations of the
winter AL variability with the ENSO, PDO, and Eurasian
and North American SAT anomalies.
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Fig.3 Winter SST anomalies (°C) regressed upon the normalized taneous winter e Nifio3 and f PDO index for the period of 1948/49—
winter a AL and b PDO index based on the observational data during 2013/14. Yellow and green bars represent the ensemble means of the
the period of 1948/49-2013/14. ¢, d As in a, b, but for the ensem- 20 CMIP6 models and observations, respectively. The horizontal line
ble mean of the 20 models over 1948/49-2013/14. Stippling regions in e—f indicates the correlation coefficient significant at the 95% con-
in a—d indicate the SST anomalies significant at the 95% confidence fidence level

level. Correlation coefficients of the winter AL index with the simul-

3.2 NPO over the subtropics and below-normal SLP extending from

the Russian Far East to northwestern Canada (Fig. 4a). The
Here we evaluate the model performance in simulating the =~ MME of the 20 models well captures the observed NPO
winter NPO pattern and the NPO associated SAT and SST ~ pattern, in particular, with a relatively stronger amplitude
anomalies. The NPO pattern features a meridional dipole =~ of SLP anomalies in the northern center of action than the
structure of SLP anomalies over the northern extratropics. southern center (cf. Fig. 4c with 4a). The pattern correla-
A positive NPO phase is characterized by above-normal SLP  tion coefficients of the SLP anomalies over the extratropical
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Fig.4 Anomalies of winter (NDJFM-average) a SLP (hPa), 850-hPa
winds (m s~'), and b SAT (°C) regressed upon the normalized NPO
index in the simultaneous winter based on the observational data
during period of 1948/49-2013/14. Stippling regions in a, b indi-

North Pacific (15°-75° N and 120° E-120° W) between each
model and the observed are higher than 0.75, with a value
of 0.95 between the MME and observed (Fig. 5a). Hence,
the CMIP6 models can reasonably well simulate the winter
NPO pattern.

The winter NPO-related SAT anomalies over Eurasia and
North America are generally similar between the observa-
tions and MME (Fig. 4b, d). Corresponding to a positive
NPO phase, there are below-normal SAT over the Rus-
sian Far East, the southwest US and northwest Mexico and
above-normal SAT extending from eastern parts of Alaska
southeastward to the Great Lakes. In comparison, the posi-
tive center of action over North America tends to shift north-
ward and has a smaller amplitude in the MME compared to
the observed. In addition, unlike that seen in the observed,
the negative SAT anomalies over northwestern Mexico and
the southwestern US in the MME cannot pass the 95% con-
fidence level (Fig. 4d). These relatively weak SAT anomalies
in the MME are likely due to the large divergence among
the 20 models.

We then examine the winter NPO-associated SST
anomalies. Previous studies indicated that NPO has a close
relation with the second EOF mode of SST anomalies in
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cate SLP and SAT anomalies significant at the 95% confidence level,
respectively. ¢, d As in a, b, but for the ensemble means of the 20
CMIP6 models over 1948/49-2013/14

the extratropical North Pacific (i.e., the Victoria Mode)
(Bond et al. 2003; Ding et al. 2015) as well as the ENSO-
like SST anomalies in the tropical central-eastern Pacific
(Horel and Wallace 1981; Pak et al. 2014; Chen and Song
2018). It is suggested that the VM formation is largely
forced by the NPO associated atmospheric anomalies via
modulating the relevant surface heat fluxes (Bond et al.
2003; Ding et al. 2015). On the other hand, ENSO could
exert impacts on the NPO variability via atmospheric tel-
econnections (Horel and Wallace 1981; Pak et al. 2014).
Hence in the observations (Fig. 6a), the winter NPO-
related SST anomalies exhibit a VM-like tripolar SST
anomaly pattern in the extratropical North Pacific, with
SST warming extending from the western North Pacific
eastward to the central North Pacific along 20°-30° N,
accompanied by SST cooling in the mid-latitude North
Pacific and subtropical central North Pacific. In the trop-
ics, an El Nifio-like pattern can be seen, with significant
warming in the tropical central-eastern Pacific and cool-
ing in the tropical western Pacific (Fig. 6a). The correla-
tion coefficient between the NPO and VM (Nifio3) indi-
ces is 0.58 (0.35), significant at the 95% confidence level
(Fig. 6e, f, green bars).
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Fig.5 a Taylor diagram of winter SLP anomalies regressed upon the
winter NPO index over the region (15°-75° N and 120° E-120° W)
in historical simulations with respect to the observational counterpart.
b Taylor diagram of winter SST anomalies regressed upon the winter

The MME can reasonably well capture the winter NPO-
related SST pattern in the extratropical North Pacific
(Fig. 6¢). The correlation coefficient between the NPO
and VM indices in the MME is 0.64 (Fig. 6f, yellow bar),
slightly higher than that in the observation (0.58). In addi-
tion, all the models considered show significant connec-
tions between the NPO and VM indices (Fig. 6f). It should
be mentioned that we have also examined the capability
of the models in simulating the winter VM (Fig. 6b, d),
as defined in Sect. 2. The pattern correlations of the VM-
related SST anomalies in the extratropical North Pacific
(10°-60° N, 120° E-120° W) are larger than 0.59 between
the observed and the 20 models (Fig. 5b). This suggests
that all the models can reasonably well reproduce the
observed VM pattern. A comparison of Figs. 2a, 5a with
Figs. 2b, 5b further indicates that the 20 models have a
better performance in simulating the two dominant modes
of atmospheric variability over the North Pacific compared
to the SST counterparts.

The NPO-related SST anomalies in the tropical
Pacific cannot pass the 95% confidence level in the MME
(Fig. 6¢), which is due to a large spread of the winter
NPO-ENSO connection across the 20 models (Fig. 5b).
In particular, only 7 models (i.e. CAMS-CSM1-0, CNRM-
CM6-1, FGOALS-f3-L, MIROC6, MIROC-ES2L, MPI-
ESM1-2-HR, NorESM2-LM) can produce significant
connections between the winter NPO and Nifio3 indices
(Fig. 6e). This implies that the tropical ENSO related SST
anomalies have little contribution to the NPO variability
in most models.

Standardized Deviations (Normalized)

175 2

025 05 075 REF 125 15

VM index over the region (10°-60° N, 120° E-120° W) in historical
simulations with respect to the observational counterpart. The blue
dot indicates the ensemble mean result

3.3 Factors for the large spread of the winter NPO-
ENSO relation

The above analysis indicates that there exists a large diver-
sity of the winter NPO-ENSO relationship across the 20
models. Possible factors leading to this large spread of
the NPO-ENSO relation are discussed in this subsection.
We select the 7 models that produce significant winter
NPO-ENSO connections as Group A models (Fig. 6¢). The
other 13 models, which produce weak NPO-ENSO rela-
tions, are considered as Group B models (Fig. 6e). Figure 7
compares the ensemble means of winter SST, SLP, SAT
anomalies regressed upon the winter NPO index for the
two groups. The winter NPO-related SST anomalies in the
extratropical North Pacific are similar to the VM for both
Group A and Group B models, consistent with the fact that
all the 20 models produce significant winter NPO-VM con-
nections (Fig. 6f). However, an El Nifio-like SST pattern
is only seen in the ensemble mean of the Group A models
(Fig. 7a), whereas the SST anomalies are weak in the tropi-
cal Pacific for the Group B models (Fig. 7b). Meanwhile,
the NPO associated SLP anomalies over the tropical North
Pacific shift considerably southwestward in the ensemble
mean of the Group A models compared to that of the Group
B models (Fig. 7c, d), resulting in the difference in tropical
zonal pressure gradients between the two groups. In addi-
tion, significant positive SLP anomalies can be seen over
the tropical western North Pacific for the Group A models.
Meanwhile, the amplitude of the negative SLP anomalies
around Alaska and Bering Strait is much larger in Group A
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Fig.6 Winter SST anomalies (°C) regressed upon the normal-
ized winter a NPO and b VM index based on the observational data
during the period of 1948/49-2013/14. ¢, d As in a, b, but for the
ensemble mean of the 20 models over 1948/49-2013/14. Stippling
regions in a—-d indicates SST anomalies significant at the 95% con-
fidence level. Correlation coefficients of the winter NPO index with

than Group B models. Correspondingly, the NPO-related
SAT anomalies over North America and the Russian Far
East are larger and shift slightly eastward in the Group A
models than in the Group B models (Fig. 7e, ). In addi-
tion, significant positive SAT anomalies are found over
south China for the Group A models but not for the Group
B models. For the Group A mean, the significant positive
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the simultaneous winter e Nifio3 and f VM index for the period of
1948/49-2013/14. Yellow and green bars represent the ensemble
means of the 20 CMIP6 models and observations, respectively. Hori-
zontal line in e, f indicates the correlation coefficient significant at the
95% confidence level

SLP anomalies over the tropical western North Pacific are
accompanied by anomalous southerly winds to its west side
(not shown), which contribute to the formation of the posi-
tive SAT anomalies over south China via bringing warmer
air northward.

In the following, we further examine the factors respon-
sible for the diversity of the winter ENSO-NPO connection
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Fig.7 Ensemble means of winter a, b SST (unit: °C), ¢, d SLP (unit:
hPa), and e, f SAT (unit: °C) anomalies regressed upon the normal-
ized winter NPO index for (left) Group A models and (right) Group
B models. Stippling regions indicate anomalies significant at the 95%
confidence level. Here, 7 models are selected as Group A models that

among the 20 models. First, we examine models’ perfor-
mances in simulating the seasonal evolution and phase
locking of the ENSO. Figure 8a shows evolutions of SST
anomalies in the Nifio3 region from the preceding to the
following winter regressed upon the winter Nifio3 index dur-
ing 1948/49-2013/14 for the ensemble means of the (red
line) Group A models and (blue line) Group B models. The
evolutions of SST anomalies in the Nifio3 region are simi-
lar between the two model Groups and are in good agree-
ment with the observed as reported in previous studies (e.g.
Wang et al. 2000). Figure 8b displays standard deviations

produce significant winter NPO-ENSO connections. The other 13
models, which produce weak NPO-ENSO relations, are considered
as Group B models. Detailed definitions of the Group A and B mod-
els are provided in the text

of the monthly Nifio3 index during 1948/49-2013/14 for
the ensemble means of (red line) Group A models and (blue
line) Group B models. The standard deviations have high
values during boreal winter for both the Group A and B
models, suggesting the two Group models can well cap-
ture the winter phase locking of the ENSO evolution as in
the observed (Wang et al. 2000). The similarities between
the two groups also indicate that the ability of the models
considered in simulating the close winter ENSO-NPO rela-
tion is not likely due to its performance in capturing the
phase locking and seasonal evolution of ENSO events. The
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Fig.8 a Evolutions of SST

(@)

anomalies (°C) from preceding
to following winter regressed
upon the winter Nifio3 index for
the ensemble means of Group
(red) A and (blue) B models.

b Seasonal cycle of standard
deviation (°C) of the Nifio3
index for the ensemble means
of Group (red) A and (blue) B
models. Scatter plots of winter
NPO-Niiio3 correlation coef-
ficient against ¢ longitudinal
location of the 0 °C isoline of

S.Chenetal.
NINO3 SSTA evolution (b)  NINO3 STD evolution
@mm=Group B A e==Group B
am—=Group A 1.5 - am—=Group A

12 -\/—/

03 Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll

winter SST anomalies over L

L] L] L] L] L]

. . NS NS NN O
equatorial western Pacific, d ,\\\\'\\ ’\\\\5@@&@@ \Q¥® BQ\ b’b‘}(é()@’bv A 0?‘0 Q,ro, O
winter SST anomalies averaged <<®¥Y~®5§\@\O$K\><®?“ 9?*%0 \@\
in the Nifio3 region regressed I OJQO I ‘b&
upon the winter Nifio3 index, (c) r=0.6

and e standard deviation of

r=06 (d)
1

the winter Nifio3 index during
1948/49-2013/14 among the 20 0.8 -
models. f Scatter plots between &
longitudinal location of the 0 °C O 0.6 -
isoline of winter SST anomalies Z
over equatorial western Pacific % 0.4 1
against winter SST anomalies 8 0.2 -
averaged in the Nifio3 region =z
regressed upon the winter T 0 4
Nifio3 index 8
-0.2
-0.4
120 130 140 150 160 170 06 08 10 12 14 1.6
SST Zero line NINO3 SST anom
(e) r=0.61 (f) r=0.1
1 170
0.8 - o
806 - o ®g ©
P £ ]
o N ] o 09
$ 0.2 4 =140 1 .. ¢
< (%)
% 0 A @ o
o 4
_0.4 L] L] Ll L] 1 20 : L] L] L] Ll Ll
06 08 10 12 14 06 08 10 12 14 1.6
NINO3 SST STD NINO3 SST anom

differences of the SST anomalies and standard deviation of
the Nifio3 index in winter between the two groups will also
be discussed later.

Figure 9 displays the ensemble means of the simultane-
ous SST, precipitation, and SLP anomalies regressed upon
the winter Nifio3 index for the Group A and Group B mod-
els. The ensemble mean of the SST anomaly pattern in the
Pacific in the Group A models tends to shift slightly east-
ward compared to the counterpart in the Group B models
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(Fig. 9a, b). In particular, the isolines of 0 °C in the equato-
rial western Pacific are located around 145° E and 135° E,
respectively, in the Group A and Group B models (Fig. 9a,
b). Correspondingly, the regions of the maximum positive
precipitation anomalies in the tropical Pacific and associ-
ated atmospheric circulation also shift eastward in the Group
A models than in the Group B models (Fig. 9c—f). For the
Group B models, the spatial pattern of the Nifio3-related
SLP anomalies over the North Pacific (Fig. 9f) seems to
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Fig.9 Ensemble means of winter a, b SST (unit: °C), ¢, d precipita-
tion (unit: mm day‘l), and e, f SLP (unit: hPa) anomalies regressed
upon the normalized winter Nifio3 index for (left) Group A models
and (right) Group B models. Stippling regions indicate anomalies sig-
nificant at the 95% confidence level. Here, 7 models are selected as

be spatially orthogonal to the SLP anomaly pattern associ-
ated with the winter NPO (Fig. 8d). As such, the winter
ENSO-NPO relation is weak for the Group B models. By
contrast, the eastward movement of the SLP anomaly pattern
for the Group A models, which is due to the correspond-
ingly eastward shifted SST and precipitation anomalies in
the tropical Pacific, leads to a significant contribution of the
winter ENSO to the NPO-associated atmospheric circulation
anomalies. The above analysis hence indicates that the large
spread of the winter ENSO-NPO relation among the models

Group A models that produce significant winter NPO-ENSO connec-
tions. The other 13 models, which produce weak NPO-ENSO rela-
tions, are considered as Group B models. Detailed definitions of the
Group A and B models are provided in the text

is partly attributed to the divergence of the zonal locations of
the tropical SST and atmospheric convection anomalies. Pre-
vious studies have demonstrated that the spatial structure of
atmospheric teleconnections over the North Pacific is quite
sensitive to the zonal location of the tropical forcings (Tren-
berth et al. 1998; Barsugli and Sardeshmukh 2002; Cherchi
etal. 2012; Ji et al. 2014; Jo et al. 2015; Soulard et al. 2019).
In particular, atmospheric teleconnections induced by the
tropical forcing would shift westward (eastward) if the center
of the tropical forcing is located more westward (eastward)
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(Jo et al. 2015; Soulard et al. 2019). Figure 8c displays a
scatter plot between the winter NPO-Nifio3 correlation coef-
ficients against zonal locations of the 0 °C isoline of winter
SST anomalies in the equatorial western Pacific related to
ENSO among the 20 models. The correlation coefficient
between the two quantities in Fig. 8c reaches 0.6, signifi-
cant at the 99% confidence level. This further confirms the
above result that changes in the zonal location of the ENSO-
associated tropical SST anomalies significantly modulate the
NPO-ENSO relation.

The intensities of the Nifio3-related SST, precipitation,
and SLP zonal gradient anomalies along the tropical Pacific
tend to be stronger in the Group A than Group B models
(Fig. 9), consistent with those shown in Fig. 8a, b. Figure 8d,
e further present scatter plots of the winter NPO-Nifio3
correlation coefficients against the ENSO-related SST
anomalies averaged in the Nifio3 region, and against stand-
ard deviations of the Nifio3 index, respectively, among the
20 models. Based on these relationships, a model with a
strong amplitude of the winter ENSO tends to produce a
high correlation between the winter NPO and ENSO. This
also suggests that the spread in the NPO-ENSO relations
among the 20 models is partly related to the divergence of
the ENSO intensity. In addition, it is noted that the spread
in the ENSO intensity has a weak relation with the spread
in the zonal shift of the SST anomaly pattern in the tropical
Pacific (Fig. 8f). This implies that changes in the amplitude
of ENSO and zonal shift of the ENSO-related SST anomaly
pattern tend to be two independent factors contributed to
the spread of the winter ENSO-NPO relation among the
models. Nevertheless, the physical process responsible for
the modulation of the ENSO’s amplitude on the winter
ENSO-NPO connection remains to be explored.

4 Projected changes in the winter AL
and NPO

In this section, we explore projected changes of the win-
ter AL and NPO patterns and their associations with the
ENSO, PDO and VM in a warming climate. Here, projected
changes are defined as state differences between the periods
of 2033/34-2098/99 and 1948/49-2013/14. First, we analyze
changes in the spatial structures and amplitudes of the winter
AL and NPO. We then examine projected changes in the
associations of the winter AL with the PDO and ENSO as
well as the NPO-ENSO/VM connection. Finally, we discuss
the possible factors responsible for a large uncertainty of
projected changes of the AL-ENSO relationship.

Figure 10a, c display the ensemble means of simultaneous
SLP and 850-hPa wind anomalies regressed upon the winter
AL and NPO indices, respectively, over 2033/34-2098/99.
The spatial patterns of the SLP anomalies in association with
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the winter AL and NPO variability over 2033/34-2098/99
are pretty similar to the corresponding patterns over
1948/49-2013/14 (Fig. 10a, c vs Figs. 1c, 4c), with pattern
correlations of 0.99 over the North Pacific (20°-70° N, 160°
E-120° W) between the two periods. Correspondingly, the
winter AL/NPO-related SAT anomalies over Eurasia and
North America over 2033/34-2098/99 (Fig. 10b—d) are also
similar to those over 1948/49-2013/14. Figure 11 shows pro-
jected changes in the locations of the centers of the winter
AL and NPO in each model, and their MMEs. Consistent
with the results obtained from CMIP5 (Chen et al. 2018),
the MME of the 20 CMIP6 models considered in this study
projects a northward shift of the winter AL (Fig. 11a). For
the individual model, nine models show a poleward move-
ment of the center of the winter AL in the future, with ampli-
tudes larger than 2.5 degrees of latitude. One model shows
an equatorward shift of the winter AL center by 2.5 degrees
of latitude in a warming climate. The meridional locations
of the center of the AL remain the same in other ten models
(Fig. 11a). The projected change in the zonal location of
the AL is weak due to a large spread among the models
(Fig. 11b). For the MME, the centers of the NPO’s north
and south poles are projected to shift equatorward of about
one degree of latitude. Compared to the meridional loca-
tion, there exist much larger uncertainty in the projected
change of the zonal movement of the NPO (Fig. 11f, d ver-
sus Fig. 11c, e).

We then examine projected changes in the intensity of
the winter AL and NPO. Here, the amplitude of the win-
ter AL for each model is defined as the absolute value of
its minimum of the AL-associated SLP anomalies over the
North Pacific. The amplitude of the southern (northern)
pole of the winter NPO is considered as the absolute value
of the maximum (minimum) of the NPO-associated SLP
anomalies over the subtropical (mid-latitude) North Pacific.
Subsequently, the amplitude of the NPO is defined as the
sum of the amplitudes of its southern and northern poles.
The AL and NPO amplitudes we defined here indicate the
SLP anomalies in association with the interannual AL and
NPO variability. Figure 12a shows the differences of the AL
amplitude between 2033/34-2098/99 and 1948/49-2013/14
in the 20 models and MME. There exists a large uncertainty
in the projected changes of the winter AL amplitude. The
AL amplitude increases in half of the models and decreases
in the other half of models with climate warming (Fig. 12a).
Similarity, large diversities across the 20 models are also
apparent in the projected changes of the NPO amplitude,
including comparable changes in the southern and northern
poles of the NPO (Figs. 12b, d, f). Overall, there are no con-
sensus on the projected changes of the intensities of the win-
ter AL and NPO patterns, under the SSP2-RCP45 scenario,
across the 20 models. Our preliminary analysis indicates
that the spread in changes of the AL intensity has a close
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Fig. 10 SLP (hPa) and 850-hPa winds (m s™1) anomalies in winter
(NDJFM-average) regressed upon the normalized a AL and ¢ NPO
index in the simultaneous winter for the ensemble means of the 20
CMIP6 models over 2033/34-2098/99. b, d are as in a, ¢, but for the

relation with that in changes in the ENSO-associated SLP
anomalies over the mid-latitude North Pacific (Fig. 12e).
Factors responsible for the large diversity of the NPO inten-
sity remain to be explored.

Previous studies indicated that the winter AL intensity
is projected to be strengthened in a warmer climate based
on CMIPS5 simulations (e.g., Gan et al. 2017 and references
therein). Those studies mainly focused on long-term trends
of the winter AL intensity, which is different from this study
focusing on projected changes of the interannual AL varia-
bility. For comparison, we have examined projected changes
in the winter AL intensity, which is generally defined as SLP
anomalies averaged over the North Pacific (30°-65° N, 160°
E-140° W) and denoted as the North Pacific index (NPI;
Trenberth and Hurrell 1994). Figure 12c shows the differ-
ences between the NPI means over 2033/34-2098/99 and
1948/49-2013/14 in each model and the MME. The winter
AL intensity increases in 17 of the 20 models as well as in
the MME (Fig. 12¢). Hence, the CMIP6 models produce
a strengthened winter AL intensity with global warming,
consistent with CMIPS model results.

Figure 13a, c display the correlation coefficients of the
winter AL index with the winter Nifio3 and PDO indices

180 120W

[ .
-09 -03 0 0.3 0.7 1.1

winter SAT anomalies (°C). Stippling regions in a, ¢ and b, d indicate
SLP and SAT anomalies, respectively, significant at the 95% confi-
dence level

over 2033/34-2098/99 in each model and the MME. Under
the warming climate, all the models and the MME produce
significant correlations between the winter AL and Nifio3
indices except for ACCESS-ESM1-5, as well as signifi-
cant correlations between the winter AL and PDO indices.
This suggests that the connections of the winter AL with
the PDO and ENSO variability are still robust in a warm-
ing climate. It should be mentioned that the PDO and VM
patterns over 2033/34-2098/99 (not shown) are similar to
those over 1948/49-2013/14. In addition, the winter NPO
still has a marked connection with the VM in all models
during the warming climate (Fig. 13g). By contrast, the
winter NPO-ENSO relations show a large spread over
2033/34-2098/99, with only 8 out of the 20 models dis-
playing significant relations of the winter NPO with ENSO
(Fig. 13b). Figure 14a, c, e show scatter plots of the win-
ter NPO-ENSO correlation coefficients against the zonal
locations of the 0 °C isoline of winter SST anomalies in
the equatorial western Pacific, ENSO-related SST anoma-
lies averaged in the Nifio3 region, and standard deviations
of the Nifo3 index, respectively, among the 20 models
over 2033/34-2098/99. It is clear that, similar to the his-
torical simulation result, the large diversity of the winter
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Fig. 11 Projected changes in the a meridional (degree of latitude) and
longitudinal (degree of longitude) locations of the center of the win-
ter AL. c—f Are as in a, b, but for northern and southern centers of

NPO-ENSO relation in the warming climate is also closely
related to spreads in the zonal location of the ENSO-related
tropical SST anomaly pattern and the ENSO intensity
(Fig. 14a, c, e).

Next, we examine projected changes in the connec-
tions of the winter AL with the ENSO and PDO as well
as changes in the NPO-ENSO/VM relationship. Fig-
ures 13b (13d) displays the differences of the correlations
between the winter AL and Nifio3 (PDO) indices between
2033/34-2098/99 and 1948/49-2013/14 in the 20 mod-
els and MME. Figure 13f (13h) shows the corresponding
result of correlations between the winter NPO and Nifio3
(VM) indices. 10 models produce an increase of the winter
AL-ENSO relation, whereas the other half of the models
show a decrease of the relationship, and hence the MME
of the AL-ENSO connections is pretty weak (Fig. 13b).
13 (7) out of the 20 models show an increase (a decrease)
in the AL-PDO relation, and hence there is a weak posi-
tive AL-PDO connection in the MME (Fig. 13d). These
suggest that there exist large uncertainties in the projected
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the NPO, respectively. Projected changes are defined as the anomalies
over 2033/34-2098/98 minus those over 1948/49-2013/14

changes of the winter AL-associated SST anomalies in
the Pacific basin, especially the AL-ENSO relationship.
17 out of the 20 models, as well as the MME, project
a decrease of the winter NPO-VM relation (Fig. 13h).
This suggests that the winter NPO-VM connection tends
to be weakened in a warming climate. By contrast, there
appears considerable uncertainty in the projection of the
winter NPO-ENSO relation (Fig. 13f). A preliminary
analysis indicates that the projected change in the winter
NPO-ENSO relation is not related to the projected change
in the ENSO intensity (Fig. 14d, ), but has a close connec-
tion with the change in the zonal position of the ENSO-
related SST anomaly pattern (Fig. 14b). This suggests
that the zonal movement of the SST anomaly pattern in
the tropical Pacific plays a more important role in modu-
lating the winter NPO-ENSO relation compared to the
ENSO intensity in a warming climate. It should be noted
that the NPO is an internal atmospheric variability mode
over the North Pacific. Hence, the projection of the winter
ENSO-NPO connection may also be related to the change
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Fig. 12 Projected changes in the amplitudes (hPa) of a winter AL,
b southern and d northern pole of winter NPO, and f NPO strength
for the 20 models and their ensemble mean. Projected changes are
defined as the anomalies over 2033/34-2098/98 minus those over
1948/49-2013/14. ¢ Difference in the North Pacific index (NPI)
between the periods of 2033/34-2098/98 and 1948/49-2013/14.

in mean state of the atmospheric circulation, which needs
to be further investigated.

Finally, we discuss the possible factors responsible
for the large spread of projected changes in the winter
AL-ENSO connection by analyzing the models with large
projected changes of the winter AL-ENSO relationship.
Specifically, we compare the models with the projected
changes of the AL-ENSO correlation higher than 0.1
(denoted as Group P models) to models with the cor-
relation changes lower than — 0.1 (denoted as Group N
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20 —r—TrTTTTT T 7T T 7T

-1.0 1

20 7T T T T T 7T T T

-1.0 1

-2.0 1

(b) NPO (south pole)
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(d) NPO (north pole)
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NPI is defines as area-average SLP anomalies over 30°-65° N, 160°
E-140° W, following Trenberth and Hurrell (1994). E A scatter plot
between projected changes in the amplitude of the winter AL index
against projected changes in the winter Nifio3-related SLP anomalies
averaged over the region (40°-60° N, 160° W—-180°)

models). The Group P involves 5 models, and Group N
involves 6 models (Fig. 13b).

Figure 15a, ¢ display the ensemble means of the SLP
anomalies regressed upon the Nifio3 index in win-
ter for the Group P models over 1948/49-2013/14 and
2033/34-2098/99, respectively. Figure 15e shows the dif-
ference between the two ensemble means. Figure 15b, d,
f are similar to those in Fig. 15a, c, e, respectively, but for
the Group N models. For the Group P models, the winter
Nifio3-related SLP anomalies over the mid-latitude North
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Fig. 13 Correlation coefficients of a the winter AL and Nifio3 indi-
ces, ¢ the winter NPO and Nifio3 indices, e the winter AL and PDO
indices, and g the winter NPO and VM indices for the 20 models and
their ensemble means during 2033/34-2098/99. The horizontal line
indicates the correlation coefficient significant at the 95% confidence
level. Differences in the correlations of b the winter AL and Nifio3

Pacific are much stronger over 2033/34-2098/99 than over
1948/49-2013/14 (Fig. 15a, c), as clearly seen in the differ-
ence (Fig. 15e). This suggests a strengthened impact of the
winter ENSO on the AL intensity. By contrast, the Group N
models project a significant decrease in the ENSO-related
negative SLP anomalies over the North Pacific (Fig. 15b,
d, f), indicating a weakened influence of ENSO on the AL.

Previous studies have indicated that ENSO events exert
impacts on the AL via tropical convection-induced atmos-
pheric teleconnections (Hoskins and Karoly 1981; Trenberth
etal., 1998; Luo et al. 2011). In addition, the strength of the
ENSO-related atmospheric teleconnection over the North
Pacific is closely correlated to the intensity of the tropical
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indices, d the winter NPO and Nifio3 indices, f the winter AL and
PDO indices, and h the winter NPO and VM indices between the
periods of 2033/34-2098/99 and 1948/49-2013/14 for the 20 models
and their ensemble means. Yellow bars indicate the ensemble means
of the 20 models

SST and precipitation anomalies induced by ENSO (Zhou
et al. 2007; Chen et al. 2015, 2017; Chen et al. 2018). Fig-
ure 16a, b further show projected changes in the SST and
precipitation anomalies, respectively, regressed upon the
winter Nifio3 index for the Group P models. Figure 16c, d
display the corresponding changes for the Group N mod-
els. The Group P models produce an increase of SSTs in
the tropical central-eastern Pacific (Fig. 16a). Correspond-
ingly, significant increases of precipitation are projected in
the tropical central-eastern Pacific (Fig. 16b), resulting in a
strengthening of the ENSO-induced atmospheric telecon-
nection over the North Pacific and leading to an increase of
the winter ENSO-AL connection (Fig. 15e). By contrast,
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the Group N models project a decrease in the winter ENSO-
related SST anomalies in most parts the tropical Pacific
(Fig. 16¢c). The ENSO-related precipitation anomalies are
projected to be weakened over the tropical northern Pacific,
together with an increase over the tropical southern Pacific
(Fig. 16d). The projected decreases of SST in the tropical
Pacific and precipitation in the tropical northern Pacific
may weaken the ENSO-induced atmospheric teleconnec-
tion, leading to a decrease in the winter ENSO-AL relation.
Hence, the uncertainty in the projected changes of the winter
AL-ENSO relation across the models is partly related to

various ENSO-related SST and precipitation changes over
the tropical Pacific (Fig. 16e, f).

5 Summary and discussion

This study evaluates the simulations of the first two domi-
nant modes of the North Pacific atmospheric variability in
boreal winter, the AL and NPO patterns, as well as their
relations to the North Pacific SLP, Eurasian and North
American SAT and Pacific SST, by 20 coupled climate
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Fig. 15 Ensemble means of winter SLP anomalies (unit: hPa)
regressed upon the winter Nifio3 index over a, b 1948/49-2013/14
and ¢, d 2033/34-2098/99 for the a, ¢ Group P and b, d Group N
models. e Differences in the winter SLP anomalies regressed upon
the winter Niflo3 index between 2033/34-2098/99 and 1948/49—
2013/14 for the Group P models. f As in e, but for the Group N mod-

models for the IPCC AR6. The climate change projections
of these behaviors, under the SSP2-RCP4.5 scenario, have
also been analyzed.

In the historical simulations (1948/49-2013/14), all the
models can reasonably well capture the winter AL, NPO,
PDO and VM patterns, with spatial correlation coefficients
between the observed and simulated patterns over 0.6. In
addition, the ensemble mean of the 20 models can well
simulate the winter AL and NPO related SAT anomalies
over Eurasia and North America. The close relationships
of the winter AL with PDO and ENSO, as well as the link-
age of the winter NPO with the VM, could also be simu-
lated by all the models. However, the observed connection
of ENSO with the winter NPO cannot be captured by most
models and the MME. There exists a large spread in the
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els. Stippling regions in a—d indicate SLP anomalies significant at the
95% confidence level. Stippling regions in e, f indicate SLP differ-
ences that are significantly different from zero at the 95% confidence
level. The models are selected as Group P (N) models when projected
changes of the AL-ENSO correlation coefficient are higher than 0.1
(lower than — 0.1)

winter ENSO-NPO connection across the 20 models, which
is likely attributed to the divergence of the zonal location of
the ENSO-associated SST and precipitation anomalies over
the tropical Pacific. In particular, a westward shift of the
ENSO-related SST anomaly pattern would lead to westward
movements of the tropical atmospheric convection and the
induced atmospheric teleconnection over the North Pacific.
As such, the winter ENSO-induced atmospheric anomalies
project weakly on the NPO-related atmospheric anomalies,
leading to a weak ENSO-NPO relationship. It is indicated
that changes in the ENSO intensity also influence the winter
NPO-ENSO relation. A model with a strong amplitude of
ENSO tends to have a close winter NPO-ENSO relation.
Yeh et al. (2018) reported that the southern center of the
winter NPO-related SLP anomalies is located more eastward
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Fig. 16 Differences in the ensemble means of winter a SST (unit:
°C) and b precipitation (unit: mm day~!) anomalies regressed upon
the winter Nifio3 index for the Group P models between 2033/34—
2098/99 and 1948/49-2013/14. b, d As in a, b, but for the Group
N models. e Is the difference between a and ¢, f is the difference

after than before the mid-1990s based on observation and
reanalysis data. They indicate that the eastward shift of the
southern center of the NPO leads to a weakening of the
simultaneous winter NPO-ENSO relation after the mid-
1990s. Above evidence implies that differences in the spatial
structure of the winter NPO may also have a contribution to
the large spread of the winter NPO-ENSO relation among
the CMIP6 models.

Under the SSP2-RCP4.5 scenario over the period of
2033/34-2098/99, centers of the winter AL tend to shift
northward. However, the zonal movement of the center
of the AL as well as the centers of the NPO show large
uncertainties among the models. In addition, the projected

between b and d. Stippling regions in a—f indicate the differences
that are significantly differently from zero at the 95% confidence
level. The models are selected as Group P (N) models when projected
changes of the AL-ENSO correlation coefficient are higher than 0.1
(lower than — 0.1)

changes in the amplitudes of the AL and NPO patterns also
show high uncertainties across the 20 models. The projected
changes in the amplitude of the AL have a close relation
with the changes in the winter ENSO-related SLP anomalies
over the mid-latitude North Pacific. This suggests that an
increase (a decrease) in the strength of the ENSO-induced
atmospheric teleconnection over the North Pacific may
partly contribute to the projected increase (decrease) of the
AL amplitude. Factors responsible for the uncertainty in pro-
jected changes of the NPO amplitude remain to be explored.
Previous studies indicated that, besides the tropical ENSO
forced influence, the interaction between the low-frequency
mean flow and synoptic-scale eddies over the North Pacific
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Table2 The 15 models used in Fig. 17 that both participated in CMIP5 and CMIP6

Mode ID CMIP5 CMIP6 Modeling centers

1 ACCESS1-0 ACCESS-CM2 CSIRO-ARCCSS, Australia

2 ACCES1-3 ACCESS-ESM1-5 CSIRO, Australia

3 BCC-CSM1-1-m BCC-CSM2-MR Beijing Climate Center, China

4 CanESM2 CanESM5 CCCma, Canada

5 CESM1-WACCM CESM2-WACCM NCAR, USA

6 CNRM-CM5 CNRM-CM6-1 CNRM-CERFACS, France

7 FGOALS-g2 FGOALS-g3 IAP-CAS, China

8 GFDL-ESM2G GFDL-ESM4 NOAA-GFDL, USA

9 HadGEM2-AO HadGEM3-GC31-LL Met Office Hadley Centre, UK

10 IPSL-CMS5A-LR IPSL-CM6A-LR IPSL, France

11 MIROCS MIROC6 JAMSTEC, AORI NIES, and and R-CCS, Japan
12 MIROC-ESM MIROC-ES2L JAMSTEC, AORL and R-CCS, Japan

13 MPI-ESM-MR MPI-ESM1-2-HR Max Planck Institute for Meteorology, Germany
14 MRI-ESM1 MRI-ESM2-0 Meteorological Research Institute, Japan

15 NorESM1-M NorESM2-LM CICERO, NERSC, NILU, UiB, UiO, and UNI, Norway

also plays an important role in maintaining the AL and NPO.
In addition, studies suggested that climate changes would
adjust storm track activities (Bengtsson et al. 2006; Teng
et al. 2008; Ulbrich et al. 2008), which also influence the
strength of the atmospheric teleconnection and associated
strengths of the AL and NPO. To what extent these high-
frequency activities would respond to global climate change
and further influence the AL and NPO patterns remain to be
investigated.

The connections between the winter AL and PDO, AL
and ENSO, and NPO and ENSO/VM are still robust over
the forced period 2033/34-2098/99. Compared to those in
the historical simulations, most models project a decrease of
the NPO—VM relationship, indicating the winter NPO has a
weak connection with the VM with global warming. How-
ever, there exists a large uncertainty in the projected changes
of the winter AL-ENSO relation, which is partly due to vari-
ous ENSO-related SST and precipitation changes over the
tropical Pacific across the models. In particular, increases in
the projected ENSO-related SST anomalies in the tropical
Pacific would enhance precipitation and atmospheric con-
vection over the tropical Pacific, which trigger an enhanced
PNA-like atmospheric teleconnection over the North Pacific
that contributes to the strengthening of the AL intensity, and
result in a close winter ENSO—AL connection in a warming
climate. The conditions are opposite for the models project
decreases of the tropical SST anomalies.

In this study, we mainly focus on examining perfor-
mances of the 20 CMIP6 models in simulating the winter
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AL and NPO and their relations with the dominant modes
of the Pacific SST variability. One may ask whether there
exists a model improvement in capturing spatial patterns
of the winter AL, NPO, PDO and VM in the CMIP6 mod-
els compared to their previous versions participated in
the CMIPS. Table 2 lists the 15 models that participated
in both CMIP5 and CMIP6. Figure 17 compares the skill
scores of the spatial patterns of winter AL, NPO, PDO,
and VM in the historical simulations of these CMIPS5 and
CMIP6 models. The skill scores of the winter AL and
NPO patterns are higher than those of the winter PDO and
VM in both CMIP5 and CMIP6 (Fig. 17). In addition, for
the ensemble mean, skill scores of the AL, PDO and VM
patterns, especially the PDO, are higher in the CMIP6
than CMIP5 models (Fig. 17a, c, d). This indicates that
the latest models have improvements in capturing the win-
tertime dominant AL, PDO and VM patterns, although
the AL skill is already well in CMIPS5. Skill scores of the
NPO pattern are high and comparable for the CMIP5 and
CMIP6 models (Fig. 17b). For individual models, about
67% of the models (i.e. 10 of the 15) show skill improve-
ments in simulating the spatial patterns of the winter AL,
PDO and VM (Fig. 17a, c, d). By contrast, only half of the
models show skill improvements in simulating the NPO
pattern (Fig. 17b). We have not compared other aspects
of skills between the CMIP6 and CMIP5 models, such
as relations of the winter AL with ENSO/PDO and rela-
tions of the winter NPO with ENSO/VM, which are also
interesting and await further investigations.
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Fig. 17 Skill scores of the spatial patterns of winter a AL, b NPO, ¢
PDO, and d VM for the historical simulations of 15 models partici-
pated in (blue bar) CMIPS5 and (red bar) CMIP6. The MME result of
the 15 models is also shown. Spatial pattern of the winter AL (NPO)
is represented by winter SLP anomalies regressed upon the normal-
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