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The Arctic Oscillation (AO) has been observed to undergo distinct decadal structural fluctuations that
significantly influence regional weather and climate. Understanding the drivers and mechanisms
behind the AO’s spatial nonstationarity is critical for improving climate predictions related to the AO.
We present evidence that the Atlantic Multidecadal Oscillation (AMO) plays a pivotal role in modulating
AQ’s Pacific center in recent decades. The poleward amplified cooling associated with negative AMO
enhances the north-south temperature gradient and results the strengthened westerly winds and
stratospheric polar vortex (SPV) responses, which reflects more planetary waves from the North
Pacific to the North Atlantic. This enhances the atmospheric coupling between these regions and
leads to amore pronounced Pacific center within the AO pattern. Numerical simulations from ECHAMS
and 35 CMIP6 models further corroborate the essential role of the AMO. These findings advance our
understanding of the mechanisms driving the variability of the AO pattern.

The Arctic Oscillation (AO) is the principal mode of low-frequency
atmospheric variability in the extratropical Northern Hemisphere'. It is
marked by a seesaw pattern of atmospheric pressure between the polar and
mid-latitude regions and plays a crucial role in driving the weather and
climate in the Northern Hemisphere, particularly during winter’™°. Pre-
vious studies believed that the annular structure of the AO was generally
fixed and unchanging'~’. However, the AO’s spatial structure of the AO
actually varies under certain specific conditions, such as the strength of
stratospheric polar vortex (SPV) events'”"*, and these changes can lead to
significant differences in AO’s impact on regional weather and climate,
especially for western North America and East Asia”'""’. For instance, when
the AO’s Pacific center is strong, it can lead to significant cooling in western
North American and widespread warming in East Asia during the positive
phase of AO. Conversely, these effects are much weaker when the Pacific
center of AQ is less pronounced'*”. This variability of AO pattern poses a
challenge for climate models to capture its spatial dynamics and climate
impacts of the AO".

Understanding the drivers and mechanisms behind the AO’s spatial
variability, especially for its Pacific center, is essential for refining climate
predictions and projections for the western North America and East Asia'’.
Previous studies have found that the winter AO’s Pacific center varies over

time"" and identified the atmospheric coupling between the North Pacific
and North Atlantic as an important factor modulating the winter AO’s
Pacific center”"’. However, it remains unclear which physical processes are
responsible for the temporal evolution in the North Pacific-North Atlantic
relationship and the consequently variable Pacific center of the AO pattern.
In addition, given that large-scale sea surface temperature (SST) variability
significantly influences the temporal evolution of atmospheric circulation
over multidecadal timescales” ™, a pivotal question emerges: Could the of
the AO’s Pacific center affected by the multidecadal variability of these
underlying SST forcing? Answering these questions is crucial for elucidating
the mechanisms underlying the AO’s spatial nonstationarity and enhancing
projections of AO-related climate impacts.

By integrating observational data with climate simulations, we aim to
provide a comprehensive understanding of the physical processes driving
the nonstationarity of AO’s Pacific center on multidecadal time scale,
especially exploring the role and mechanism of the decadal variations of
SPV and Atlantic Multidecadal Oscillation (AMO) SST variability in the
multidecadal changes of the AO’s Pacific center. This understanding is vital
for enhancing our ability to predict and project the impacts of AO-related
climate variability on western North America and East Asia, thereby con-
tributing to more effective climate adaptation strategies.
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Results

Role of SPV on the time-varying AO’s Pacific center

Analysis of the AO pattern from the ERA5 dataset over 1958-2022 reveals
that it accounts for 32.5% of the total variance in SLP variability across the
extratropical Northern Hemisphere. It features an anomalous low-pressure
center over the Arctic with two high-pressure centers over the North Pacific
and North Atlantic (Supplementary Fig. 1a). This large-scale atmospheric
circulation anomaly significantly influences surface air temperature (SAT)
changes, especially land SATs in the Northern Hemisphere''”'°. A positive
AO phase correlates with warming in northern Eurasia and southeastern
North America and cooling in Greenland and northern Africa (Supple-
mentary Fig. 1b).

It is noted that similar to the AO index, which displays low-frequency
fluctuations from 1958 to 2022 (Supplementary Fig. 1¢c), the AO pattern-
particularly the Pacific center-has also experienced significant changes
during this period. Figure la illustrates the temporal fluctuation of the

Pacific center intensity of AO (PCI) during the winters from 1958-2022. We
observed significant multidecadal variations in the PCI, with low amplitude
prior to 1980 and peak amplitude between 1980 and 2000, and a subsequent
marked decline post-2000. We find that these changes in the PCI are closely
aligned with the multidecadal oscillations in the strength of SPV (Fig. 1a),
suggesting, that a larger amplitude of the PCI is associated with a stronger
SPV during 1958-2022. Notably, the correlation coefficient between the
sliding SPV and PCI is 0.88, exceeding 99% confidence level, indicating a
robust relationship.

To elucidate the physical processes of the SPV influencing the PCI
during more recent decades, we specifically analyze two distinct 21-year
periods: one with strong SPV and PCI from 1980 to 2000 (SSPV), and
another with weak SPV and PCI from 2000 to 2020 (WSPV). During SSPV,
the stratospheric polar jet stream was notably stronger than during WSPV.
According to planetary wave propagation theory™, the strength of the
westerlies associated with the SPV in winter dictates the upward

(a) PCI & SPV
1.6 — — 17.2
1 —— PCI -
] — 16.8
12 - —e SPV :
] — 16.4
o 0.8 — - "o
% ] — 16.0 I
0.4 — :_ 15.6
0.0 — — 152
. | I I | I I I I | I I | = 148
1970 1980 1990 2000 2010
(b) SSPV - WSPV (c) SSPV - WSPV 55N
10 10
!
20 — 20 o 1 /S /S S SS SN VL
30 30_.,//‘/.4—.—.-‘-.-.\\\\\\»0
50 50 o ¢ vt} P~ N NV L
70 — 707 <ttt rrrrmrraasNN\\\ D
100 — 100 <ttt rrsrmrm—NN\\ N\
150 — 150 -+ P11t mmrmm NN
200 200 ++ 1/ RS SN
250 - 250 - - / \\‘/////"‘*—""“\‘
300 -\, § 300 . Nt 1/ 2z
400 —v w004 1 (N st R
500 500 4 —> [ R
600 —\\/@ 600 Vs \\w§
700 700 4m?3s \)w
850 — T T T T T 850 T
20N 30N 40N 50N 60N 70N 80N 150E 180 1sow1zow 90W 60W 30W
[ s I S B S I S S S e |
6 5 4 3 2 4050 05 1 2 3 4 5 6
ms’

Fig. 1 | Stratospheric polar vortex (SPV) governing the Pacific center of AO.

a Time-varying Pacific center intensity in winter AO pattern (PCI, blue dotted line)
and stratospheric polar vortex (SPV, red dotted line) in a 21-year sliding window
during winters 1958-2022 in ERA5 dataset. The PCI is obtained by the SLP
anomalies regressed onto the 21-year sliding AO index which have been pre-
smoothed using 3-year running averages. b The differences of zonal-mean zonal

wind (shading) between strong SPV (SSPV) period (1980-2000) and weak SPV
(WSPV) period (2000-2020). Contours indicate the climatology of winter mean
zonal-mean zonal wind during 1958-2022. ¢ The differences in wave activity fluxes
along 55°N between SSPV and WSPV periods. The vertical component is multiplied
by 1 x 10%
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Fig. 2 | Relationship of the SPV and North Pacific-
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propagation and downward reflection of planetary waves at mid-to-high
latitudes'”'**. Consequently, the enhanced westerlies during SSPV,
extending from the upper troposphere to the stratosphere (Fig. 1b), facilitate
the reflection of planetary waves that typically propagate vertically from the
North Pacific into the North Atlantic (Fig. 1c). This dynamical process
significantly intensifies the atmospheric coupling between the North Pacific
and North Atlantic, evidenced by a strong negative correlation (r = —0.8)
between the relationship of SLP variability in these regions (denoted as
I'npNa> AlS0 referred to as the Aleutian Low and Icelandic Low seesaw”™>*°)
and the magnitude of SPV (Fig. 2a).

Given that AO variability is intrinsically rooted from the North
Atlantic dynamics™*'’, the intensified North Pacific-North Atlantic cou-
pling during SSPV contributes to an enhanced involvement of North Pacific
variability in the overall AO pattern, markedly intensifying the PCI com-
pared to the WSPV period (Supplementary Fig. 2a, b). The high correlation
between the rypna and PCI (r = —0.79) substantiates that the variability in
the PCI during the winter AO pattern is primarily governed by the intensity
of SPV and the resultant atmospheric coupling between the North Pacific
and North Atlantic (Fig. 2a, b). The varied Pacific center of AO can also
cause the AO to have a variable influence on the climate in western North
America and East Asia. For East Asia, a larger PCI can lead to a more
extensive warming of SAT in East Asia, even extending eastward into the
North Pacific (Supplementary Fig. 2¢). In contrast, under a weak PCI, the
influence of the AO on winter SAT in East Asia is mainly confined to the
East Asian continent (Supplementary Fig. 2d). For western North America,
varying PCI can even induce opposite effects of the AO. A larger PCI of AO
pattern during SSPV leads to cold SAT anomalies in the western North
America due to the northwesterly anomalies on the eastern flank of a
pronounced anticyclone (Supplementary Fig. 2c). Conversely, the negative
SAT anomalies over western North America associated with the AO dis-
sipate and shift to weak positive SAT anomalies during the WSPV phase
with weak PCI (Supplementary Fig. 2d). This result suggests that the winter
climate prediction or projection in East Asia and western North America
associated with AO requires careful consideration of the potential sig-
nificant impact of the changes in AO’s Pacific center.

Time-varying AO’s Pacific center essentially modulated by

the AMO

Numerous studies have established that the multidecadal phase shifts of the
AO/NAO are linked with the AMO™, it raises a question: Could the AMO
also impact the multidecadal variability of the AO’s Pacific center? To
investigate this, we regressed the winter SST anomalies onto the interdecadal
component of the SPV index for the period 1958-2022. It reveals that the
SST anomaly pattern in the North Atlantic, associated with the SPV, closely
resembles the AMO-like SST anomaly pattern (Fig. 3a). A stronger SPV is
generally associated with negative AMO-like SST anomalies extending from

mid to high latitudes. Furthermore, the correlation coefficient of inter-
decadal components between the SPV and AMO indices during this period
is —0.76 (Fig. 3b), exceeding 95% confidence level. We further extend the
data from 1958 back to 1920 using the latest 20th-century reanalysis data
(20CRv3) and found that the SPV and AMO also show a significant negative
correlation (r = —0.81) over the longer period from 1920 to 2022 (Supple-
mentary Fig. 3a), affirming the significant influence of the AMO on the
SPV’s strength and consequently on the Pacific center of the AO over
interdecadal timescales.

It is observed that a poleward amplified negative SST anomaly pattern,
associated with a negative phase of the AMO, can intensify the north-south
temperature gradient from mid-latitudes to high latitudes. This enhance-
ment potentially strengthens the zonal winds and the SPV through baro-
tropic and baroclinic mechanisms™””. To elucidate the impact of the AMO
on the atmospheric circulation, we regressed the 100hPa zonal wind and
zonal-mean zonal wind anomalies in the Northern Hemisphere against the
interdecadal component of the reversed AMO index for the period
1958-2022. The results clearly show accelerated zonal winds (Fig. 3c) and a
strengthened SPV (Fig. 3d) in response to the negative AMO, which can
promote increased reflection of planetary waves from the North Pacific to
the North Atlantic. This dynamic reflection, driven by the negative AMO,
thus enhances the atmospheric coupling between the North Pacific and
North Atlantic, significantly contributing to a pronounced Pacific center in
the AO pattern (Fig. 4). The modulation of westerlies in the upper tropo-
sphere to the stratosphere at high latitudes by the AMO is also significant
when using the longer data from 1920 to 2022 (Supplementary Fig. 3b). To
substantiate the influence of AMO-related amplified SST anomalies over
high latitudes on the SPV, two 20-member ensemble sensitivity experiments
were conducted using the ECHAMS5 atmospheric model. The control
experiment (CTRL) utilized the boundary conditions of monthly SST cli-
matology, whereas the sensitivity experiment (NAMO) incorporated
negative AMO-related SST anomalies in the North Atlantic (0°-75°N,
0°-60°W) superimposed on the climatological SST. In response to amplified
SST cooling over high latitudes associated with AMO, the strengthened
zonal winds, SPV, and wave reflection are well reproduced, though at
somewhat weaker magnitudes than observed (Supplementary Fig. 4a—c).
The SLP differences between NAMO and CTRL experiments also show the
positive AO-like pattern, with a weak but detectable Pacific center (Sup-
plementary Fig. 4d). Some of the discrepancies in the ECHAMS5 simulations
are likely due to its limited ability to accurately replicate the atmospheric
circulation’s realistic response to SST forcing.

Response of SPV and AO’s Pacific center to the AMO in

CMIP6 models

Here we also use the historical simulations from 35 CMIP6 models for the
period 1850-2014 to further verify the impacts of poleward amplification of
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Fig. 3 | AMO modulating the strength of SPV. a The winter SST anomalies

regressed on the interdecadal component of SPV index obtained using a 9-year low-
pass filter during 1958-2022. b Temporal evolutions of interdecadal components of
SPV (red line) and AMO (blue line) indices during 1958-2022. ¢ 100hPa zonal wind

1.5 18 2.1

(U100) anomalies regressed on the interdecadal component of AMO index during
1958-2022. d As in ¢, but for zonal-mean zonal wind (ZM_U) anomalies. Dots
indicate the significance exceeding 95% confidence level.

AMO SST anomalies on SPV and Pacific center of AO. Figure 5 shows a
scatterplot of the correlation coefficients between the AMO and SPV during
1850-2014 (Cor < AMO, SPV>) against the degree of poleward-amplified
AMO SST anomalies in the North Atlantic. Here the degree of poleward
amplification (PA) of AMO SST anomalies is defined as the differences in
negative AMO-related SST anomalies between the low (15°-40°N,
70°-5°W) and high (45°-75°N, 65°W-20°E) latitudes in the North Atlantic.
We found that although all models can simulate the negative correlation
between the AMO and SPV, the negative correlation is significantly
strengthened with the enhancement of the poleward amplified AMO SST
anomalies. The inter-model correlation coefficient of Cor < AMO, SPV>
with the degree of poleward amplified AMO SST anomalies among 35

CMIP6 models reaches —0.69, exceeding the 99.9% confidence level. This
result supports that poleward amplified SST anomalies associated AMO can
significantly enhance the response of the SPV to AMO.

To further validate the impact of the poleward amplified AMO SST
anomalies on the zonal westerlies and SPV, we selected the eight models
with the strongest (SPA) and weakest (WPA) poleward amplification of
AMO SST anomalies for comparative analysis. In SPA models, compared to
WPA models, we observe a stronger response of the SPV and the mid-to-
high latitude westerlies to negative AMO SST anomalies (Fig. 6). The SLP
anomalies associated with the AMO in the SPA and WPA models are
displayed in Fig. 7a, b. Although a positive AO-like SLP response to the
negative AMO can be seen both in SPA and WPA models, its intensity is
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Fig. 4 | Winter AO pattern during the different phases of AMO. a First EOF mode of the SLP variability in the extratropical Northern Hemisphere during the negative
phase of AMO (1970-1998). b As in a, but for positive phase of AMO (1958-1969 and 1999-2022).

noticeably stronger in the SPA models compared to the WPA models (Fig.
7a, b). Significant SLP anomalies in the North Pacific are observed only in
the SPA models. Additionally, we further composite the AO pattern
obtained from the first EOF mode of winter SLP in the extratropical
Northern Hemisphere in both SPA and WPA models. It is clear that the
Pacific center of the AO pattern is much stronger in SPA models than in
WPA models (Fig. 7c, d). These results further confirm the conclusion
drawn from observations and highlight the important role of poleward
amplified AMO SST anomalies on the SPV and AQ’s Pacific center in both
observations and CMIP6 models.

Discussion

This study elucidates the intricate dynamics underpinning the multidecadal
variability of the AO’s Pacific center, highlighting the pivotal role of the SPV
in modulating the AO pattern, through its influence on the planetary wave
reflection from the North Pacific to North Atlantic. This interaction is
significantly influenced by the AMO, whose associated poleward amplified
SST anomaly pattern changes the north-south thermal gradient in the mid-
to high-latitude North Atlantic, thereby modulating the intensity of the
westerlies, SPV, and related dynamical process markedly affecting the
amplitude of the AO’s Pacific center. This study not only advances our
understanding of the mechanisms driving the variability of the AO pattern
but also underscores the necessity of incorporating ocean-atmosphere
interactions, particularly those involving the AMO, into climate predictions,
which could significantly modulate the accuracy of AO-related regional
climate projections.

In this study, we primarily explore the causes of the time-varying
Pacific center of the AO pattern over the past decades. It is also worth noting
that the Atlantic center of the AO is nonstationary as well and the positive
SAT anomalies in the western coast of North America associated with AO
during WSPV may be partly attributed to a stronger Atlantic center of the
AO, particularly in its western segment, compared to the period of SSPV.
We find that the variability in the amplitudes of the AO’s Atlantic center is
primarily linked to the variable amplitude of local SLP variability there
(Supplementary Fig. 5a). A larger magnitude of SLP variability in the
Atlantic (AVI) tends to correspond to a stronger Atlantic center (ACI) of
AO pattern during 1958-2022 (r = 0.73). This suggests that the varied AO’s
Atlantic center is primarily modulated by the changes in the amplitude of
North Atlantic SLP variability itself. Additionally, our analysis reveals no
significant correlation (r=0.12) between the local SLP variability in the

North Pacific (PVI) and the PCI during 1958-2022 (Supplementary Fig. 5b).
This result suggests that the reasons for the variability of the AO’s Atlantic
center are quite different from those of the AO’s Pacific center. The question
of what factors influence SLP variability in the North Atlantic warrants
further research in the future.

Methods

Observational data

In this study, the monthly mean atmospheric variable proxies derived from
the latest European Centre from Medium-Range Weather Forecast
(ECMWF) Reanalysis v5 (ERA5) reanalysis, covering the period from
January 1958 to present, with a spatial resolution of 1° x 1°**. The sea surface
temperature (SST) data were from the NOAA Extended Reconstructed SST
(ERSST) version 5 dataset’’, which has a horizontal resolution of 2° x 2° and
covers the period from January 1854 to the present. The 20th-century
reanalysis data (20CRv3)" is employed to extend the ERA5 data from 1958
back to 1920. This study focuses on the boreal winter months (December,
January, and February), with “winter 1958” referring to the winter season of
1957/1958.

Definition of AO, AMO and SPV

The AO pattern is defined as the leading EOF mode of winter-mean sea-
level pressure (SLP) variability across the extratropical Northern
Hemisphere (20°-90°N) during 1958-2022, with the corresponding
principal component (PC) representing the AO index'. The AMO index
is defined as the area-averaged SST anomalies over the North Atlantic
(0°-75°N, 60°W-0°). The 100-hPa zonal-mean zonal winds at 55°N are
used to represent the strength of the SPV. The three-dimensional wave
activity flux*' is employed to trace the propagation of stationary plane-
tary waves.

Definition of time-varying AO pattern

To examine variations in the AO pattern on decadal and longer timescales,
the AO index is subjected to three-year moving averages before calculating
the fluctuation of AO-related circulation””. To quantify the time-varying
amplitudes of the AO pattern, the Pacific center intensity (PCI) and the
Atlantic center intensity (ACI) of winter AO pattern were calculated using
area-averaged SLP anomalies regressed onto 21-year sliding AO index over
the North Pacific (25°-55°N, 125°E-135°W) and North Atlantic (20°-50°N,
90°W-30°E), respectively.
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Fig. 5 | Relationship between AMO-SPV linkage and degree of poleward amplified AMO SST in 35 CMIP6 models. Scatterplot of the correlation coefficients between the
AMO and SPV (Cor<AMO, SPV >) during 1850-2014 with the degree of poleward amplified AMO SST anomalies in the North Atlantic among 35 CMIP6 models.

Definition of time-varying magnitude of SLP variability

The time-varying magnitude of winter SLP variability in Pacific (PVI) and
Atlantic (AVI) were defined as the area-averaged standard deviation of
original winter SLP in the regions corresponding to the centers of AO in the
North Pacific and North Atlantic, respectively, in a 21-year window during
1958-2022.

Definition of North Pacific-North Atlantic coupling

The correlation coefficient of SLP anomalies between the North Pacific
region (25°-55°N, 125°E-135°W) and North Atlantic region (55°-80°N,
50°W-0°) was used to measure the linkage of the atmospheric circulation
between the North Pacific and North Atlantic (rnpna)- This definition is
similar to the Aleutian Low and Icelandic Low seesaw’".

Model experiment

We use the atmospheric general circulation model of ECHAM, version 5
(ECHAMS5) developed by the Max Planck Institute (MPI) for Meteorology™
verify the influence of the AMO-related SST anomaly forcing on the zonal
winds and SPV. The resolution of ECHAMS5 model was T63 spectral tri-
angular 63 (T63) and 19 vertical levels in a sigma pressure coordinate

system. Two 20-member ensemble datasets were driven by the boundary
conditions of monthly SST climatology (namely, CTRL) and negative
AMO-related SST anomalies in the North Atlantic (0°~75°N, 0°-60°W)
superimposed on the climatological SST (namely, NAMO), respectively.
The imposed SST anomalies in the NAMO experiment are amplified by a
factor of four to enhance the detectability of the atmospheric response at
mid- and high latitudes.

CMIP6 simulations

The outputs of historical simulations for the period 1850-2014 are
employed from 35 models from phase 6 of the Coupled Model Inter-
comparison Project (CMIP6) (Supplementary Table 1). We consider only
the first realization from each CMIP6 model to maintain equal weighting
across the models and all the model data were interpolated into the
2.5° x 2.5° longitude-latitude grid before analyses.

Data availability

The ERA5, ERSST v5, and 20CRv3 reanalysis data are available at: https://
www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5, https://psl.noaa.
gov/data/gridded/data.noaa.ersst.v5.html, and https://www.psl.noaa.gov/
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data/gridded/data.20thC_ReanV3.html, respectively. The CMIP6 simula-
tions are available at https://esgf-node llnl.gov/projects/cmip6/. The data of
model experiment are available from the corresponding author on rea-
sonable request.
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All figures in this paper are produced by the NCL, and the source codes can
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