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Abstract
Large ensemble simulations with six atmospheric general circulation models involved are utilized
to verify the interdecadal Pacific oscillation (IPO) impacts on the trend of Eurasian winter surface
air temperatures (SAT) during 1998–2013, a period characterized by the prominent Eurasia
cooling (EC). In our simulations, IPO brings a cooling trend over west-central Eurasia in
1998–2013, about a quarter of the observed EC in that area. The cooling is associated with the
phase transition of the IPO to a strong negative. However, the standard deviation of the
area-averaged SAT trends in the west EC region among ensembles, driven by internal variability
intrinsic due to the atmosphere and land, is more than three times the isolated IPO impacts, which
can shadow the modulation of the IPO on the west Eurasia winter climate.

1. Introduction

The long-term warming trend in the global mean
surface temperature slowed down during 1998–
2012/2013, the so-called ‘global warming hiatus’
(Easterling and Wehner 2009, Kosaka and Xie 2013).
Further decomposing the global mean surface tem-
perature trend into regions and seasons found that the
reduction of the global warming rate is more domin-
ant in boreal winter, with significant cooling across
large parts of eastern North America and Eurasia
(Cohen et al 2012, Li et al 2015).

Interdecadal Pacific oscillation (IPO) is proposed
as one possible key factor causing the warming hiatus:
when IPO is in its negative phase and presents a
substantial negative trend, as it did in the 2000s, it

has the potential to produce a slowdown or pause in
the observed global warming (Dong and Dai 2015,
Steinman et al 2015, Meehl et al 2016, Zhang 2016,
Gastineau et al 2019). Several studies further poin-
ted out that the contribution of the equatorial Pacific
surface cooling itself, which is the tropical part of the
negative IPO, counteracted the global mean surface
temperature rising caused by external radiative for-
cing to a large extent (Kosaka and Xie 2013, England
et al 2014). However, the simulated Eurasia winter
surface air temperature (SAT) trend in response to
tropical Pacific sea surface temperature (SST) can be
considerably diverse: Kosaka and Xie (2013) failed to
reproduce the winter Eurasia cooling (EC), the non-
negligible component of global warming hiatus, and
the positive sea level pressure (SLP) anomalies over
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Siberia; and in another study, a small fraction of ten
members simulated by one model presented EC close
to the reality while no EC found in another model’s
ten simulation members (Deser et al 2017), which
implies the simulation of ECmight bemodel depend-
ent and (or) largely dominated by the internal atmo-
spheric variability (Ogawa et al 2018).

EC culminated during the cold winters in 2010–
2013, when the Pacific decadal oscillation, the north-
ern Pacific expression of the IPO, was in the
negative phase in the observations (Koenigk and
Fuentes-Franco 2019). It is worth verifying if the
north part of the IPO, in addition to the tropical
part, might play a more significant role in phasing the
Eurasia winter climate.

This manuscript explores the IPO impacts on the
winter Eurasia climate in 1998–2013. The impacts of
the pan-Pacific SST changes associated with IPO are
isolated and compared with the internal variability.
Large ensemble (>100) simulations from six atmo-
spheric general circulation models (see section 2) are
analyzed, which can reduce the model dependency
and better evaluate the internal variability. Moreover,
the internal variability can be largely eliminated in the
ensemble mean.

2. Methods

ECMWF Reanalysis v5 (ERA5) dataset (Hersbach
et al 2020) is used to compare with the model output.
Two sets of large-ensemble experiments (table 1),
both performed with six state-of-the-art atmosphere
general circulation models, are analyzed in this work.
The first one is the experiment (hereafter ALL refers
to experiment 1) starting from 1 January 1979 using
prescribed daily SST and sea ice concentration from
the HadISST 2.0 (Titchner and Rayner 2014) as
boundary conditions and with the external forcing
from HighResMIP (Haarsma et al 2016) in IPSL-
CM6 or CMIP6 (Eyring et al 2016) in other models.
The external radiative forcings in HighResMIP are
identical to CMIP6, except for the anthropogenic
aerosol optical depth and effective radius deltas (see
table 1 in Haarsma et al 2016). The second experi-
ment is the same as ALL, but with the IPO signals
removed from the daily SST in the Pacific Ocean
(hereafter NoIPO refers to experiment 2). The dif-
ference of the experiments ALL minus NoIPO estim-
ates the influence of the IPO, accounting for interac-
tions with the external forcings changes and the other
mode of internal variability (Hua et al 2018, Wang
2019).

The IPO data, which is calculated from the
ERSSTv4 (Huang et al 2016) and downloaded from
the Decadal Climate Prediction Project (Boer et al
2016) panel of CMIP6. The method adopted to cal-
culate the IPO and the associated patterns is given

Table 1. Summary of the models used in this study and the
number of members for each experiment. For the technical details
of each model, please refer to table 1 in Liang et al (2021).

ALL NoIPO

CAM6-Nor (Seland et al 2020) 30 20
EC-EARTH3 (Döscher et al 2022) 20 20
ECHAM6.3 (Stevens et al 2013) 10 10
IAP4 (Zhang et al 2013) 15 15
IPSL-CM6 (Hourdin et al 2020) 30 20
WACCM6 (Gettelman et al 2019) 30 30
Total of ensembles 135 115

at www.wcrp-climate.org/wgsip/documents/Tech-
Note-1.pdf. The method first estimates the effect
of the external radiative forcing using the first signal
to noise maximizing Empirical Orthogonal Func-
tions (Ting et al 2009) from the CMIP5 multi-model
ensemble. The historical simulation before 2005 and
the representative concentration pathway 8.5 simula-
tion after 2013 are used. After subtracting the effect
of the external forcing from the SST data, the resid-
ual SST represents the internal variability. Empir-
ical orthogonal function analysis is then conduc-
ted using the residual SST in the Pacific basin from
40◦ S to 60◦ N. The IPO time series is defined as the
low pass filtered first principal component, using a
second order Butterworth filter with a cutoff period
of 13 years. The IPO pattern is given by the regres-
sion on the IPO time series of the residual SST. The
reconstructed IPO variability, given by the multiplic-
ation of the pattern and the index at a given time
step, is then interpolated at the monthly time step
and on the HadISST 2.0 horizontal grid. Such recon-
structed IPO is subtracted from the HadISST 2.0 data
to produce the SST prescribed in NoIPO. Alternat-
ive IPO definitions were tested, and led to a sim-
ilar pattern and time series (supplementary material
table S1).

Trends in the ERA5 and each member of the sim-
ulations are computed by a least-squares fit of the
linear regression. A two-tailed t-test verifies the stat-
istical significance of the trend with a null hypo-
thesis that the trend is zero (Santer et al 2000). The
trend is statistically significant at the 5% level when
the corresponding probability value is less than 0.05.
The IPO impacts are obtained by subtracting the
ensemble mean of the NoIPO from that of the ALL.
The independent two-sample t-test is used to exam-
ine whether the differences (impacts) are statistically
significant with a stipulated significance level at 0.05
(Santer et al 2000).

The probability density function (PDF) of the
area-averaged SAT trends over the EC region is estim-
ated using the kernel density estimation method
from the ensemble members. The winter season
is concerned in this work. A winter includes the
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Figure 1. The 1998–2013 linear trend of winter SAT/SLP in (a)/(b) ERA5 and (c)/(d) ensemble mean of ALL in the northern
hemisphere (north of 20◦ N). The green lines isolate where the trends are statistically significant.

previous year’s December and the current year’s
January–February.

3. Results

3.1. Role of the IPO
The 1998–2013 linear trends of winter SAT in ERA5
present an extensive cooling along the whole mid-
latitudes Eurasia in which the mid-eastern EC are
statistically significant, and a statistically significant
prominent warming over the Arctic and the central
North Pacific (figure 1(a)), in agreement with pre-
vious studies (Zhang et al 2012, Li et al 2015). The
cooling trends over most of central Eurasia exceed
2.5 ◦C/decade during 1998–2013. There are two highs
in SLP trends located in the Siberia regions and
the North Pacific associated with the SAT patterns

(figure 1(b)). The results in the observation data-
sets HadCRU5 (Morice et al 2021) and HadSLP2r
(Allan and Ansell 2006) also confirm the SAT and
SLP trend patterns shown in ERA5 (supplementary
material figure S1).

The ensemble mean of ALL (figure 1(c)) repro-
duces the North Pacific warming well, the Arctic
warmingwith reduced intensity over the East Siberian
Sea and the Chukchi Sea but shows a total absence
of the strong cooling over central Eurasia. The SLP
trends inALL aremuchweaker thanERA5 and are not
statistically significant in the Northern Hemisphere
(figure 1(d)). The ensemble mean largely removes
the internal variability intrinsic due to the atmo-
sphere and land (IV-AL) as SST and sea ice are pre-
scribed in the boundary conditions in our simula-
tions. The absence of EC in ALL implies that IV-AL

3
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Figure 2. (a)/(b) IPO impacts on the 1998–2013 linear trend of winter SAT/SLP in the northern hemisphere (north of 20◦ N),
and (c) IPO index (bar) and its 1998–2013 linear trend (red line). The green lines isolate where the impacts are statistically
significant at the 95% confidence level.

might be a dominant factor in causing the observed
EC, which agrees with previous studies (Li et al 2015,
Ogawa et al 2018). It can also be due to deficiency in
the climate models to represent mid-latitude climate
change (Stevens and Bony 2013, Shepherd 2014) or
uncertainties related to the SST/SIC and external for-
cing used (Cheung et al 2022). The diversity of EC
driven by IV-AL will be evaluated and discussed in
part 3.2.

The impacts of the IPO are isolated as the differ-
ence between ALL and NoIPO. The IPO brings a stat-
istically significant winter cooling over west-central
Eurasia (marked by the black frame in figure 2(a)) in
1998–2013. The cooling rate is up to around 0.4 ◦C–
0.5 ◦C/decade, accompanied by a warming trend over
the west-mid north Pacific. In this period, the SLP
trends driven by the IPO are statistically significant
positive over the North Pacific, so that the Aleut-
ian Low weakens. Statistically significant positive SLP
trends are also located over the northeast Atlantic.
Negative trends are simulated over the Arctic but

with only a limited level of significance (figure 2(b)).
The low-pressure anomalies situated over the Arctic
and the high over the northeast Atlantic can drive
more cold airflow across Scandinavia to west-central
Eurasia, which causes the cooling there.

Such SAT and SLP responses are associated with
a declining trend of the IPO index in 1998–2013
(figure 2(c)). The positive (negative) IPO phase is
associated with an intensified (weakened) Aleutian
Low inwinter (Mantua andHare 2002).With the IPO
changing from aweakly positive to a strongly negative
phase in 1998–2013, the Aleutian Low has weakened.
The teleconnection of the weakened winter Aleutian
Low in the negative IPO phase far reaches the north-
east Atlantic with an anomalous high there, which has
already been presented by previous studies (Kren et al
2016, Elsbury et al 2019).

3.2. Evaluation of the internal variability
The simulated IPO impacts over Eurasia are much
weaker than the observed EC in ERA5. Therefore, we
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Figure 3. PDFs of 1998–2013 SAT trend averaged over (a) 35◦ E–120◦ E and 45◦ N–60◦ N and (b) 35◦ E–70◦ E and
45◦ N–65◦ N (the region enclosed by the cran frame in figure 1(a) and black frame in figure 2(a)) estimated from ALL/NoIPO
ensembles (blue/red lines). The thin dotted lines show the PDFs estimated from the single model ensembles, and the thick lines
show the PDFs estimated from all model ensembles. Blackline marks the respective corresponding average in ERA5. Numbers
indicate the mean± standard deviation of the ensemble distributions.

quantify the potential of IV-AL in driving the EC. The
large ensemble used has the advantage of better eval-
uating the IV-AL.

First, the ensemble distribution of EC in ALL is
compared with ERA5. Figure 3(a) shows the estim-
ated PDFs of the 1998–2013 SAT trend averaged over
the EC region (35◦ E–120◦ E and 45◦ N–60◦ N, the
region enclosed by the cran frame in figure 1(a)) from
ALL. The ensemble mean of ALL (0.17 ◦C/decade)
fails in reproducing the EC, but the EC in ERA5
(−2.24 ◦C/decade) does locate inside the ALL dis-
tribution coverage. Five members from three models
out of 135 in ALL, as a percentage of 3.7%, repro-
duce a stronger EC than ERA5, while none found in
the NoIPO members. The five members present the
key features of the observed ECwith the Barents–Kara
seas warming and the extensive cooling along Eurasia,
and the strong positive SLP trends over the Ural
blocking regions (figure 4). This indicates that IV-AL,
together with the IPO, has the ability to drive the EC.

Then the role of the IPO is compared with the
IV-AL. Figure 3(b) shows the estimated PDFs of
the 1998–2013 SAT trend averaged over the region

with significant IPO impacts (35◦ E–70◦ E and
45◦ N–65◦ N, the region enclosed by the black frame
in figure 2(a)), which is the west part of the EC
region, with the north border shifted 5◦ further
north. When IPO signals are removed, the distribu-
tion of the trends among ensembles moves toward
positive, with the mean from 0.27 ◦C/decade in ALL
to 0.59 ◦C/decade in NoIPO. The difference between
the mean in ALL and NoIPO is statistically signi-
ficant. The IPO impact (0.32 ◦C/decade) is 25.2%
of the observed west EC in ERA5 (1.27 ◦C/decade).
There are 13 members from four models (9.63%)
in ALL showing stronger west EC than ERA5, while
only three members (2.61%) from two models are
found in the NoIPO ensemble. This again supports
the conclusion that IPO contributed to the west EC
in 1998–2013. However, the standard deviation of
the trends in all members is 1.19 ◦C/decade in ALL
and 1.13 ◦C/decade in NoIPO, about 3.5–3.7 times
the IPO impact. This illustrates that the IV-AL might
overshadow the IPO role in driving the EC. And it
could be difficult to isolate the IPO impacts in small
ensemble simulations.
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Figure 4. The 1998–2013 linear trend of winter SAT/SLP in the northern hemisphere (north of 20◦ N) in (a)–(e) the five
members selected from ALL with a stronger EC than ERA5. The green lines isolate where the trends are statistically significant.

4. Conclusion and discussion

In our coordinated multi-model large ensemble sim-
ulations, the internally driven IPO brings a cooling
trendover thewest part of the EC region during 1998–
2013. The cooling driven by IPO is about a quarter
of the observed EC in this area. The cooling trend
is associated with the phase transition to the strong
negative IPO, which drives SLP changes with positive/
negative/positive SLP trends situated over the North
Pacific/Arctic/Northeast Atlantic regions.

The internal variability intrinsic due to the atmo-
sphere and land is also evaluated using the large
ensembles. The EC/west-EC shown in ERA5 is loc-
ated at the 3.7th/9.63th percentile of the ALL distribu-
tion. The spread among ensembles driven by internal
variability is more than three times the isolated IPO
impacts, which can shadow the modulation of the
IPO on the west Eurasia winter climate.

Based on the results presented in this study, the
IPO can be expected to reduce the severely cold win-
ters in the west Eurasia regions when it reversed to
its positive phase. Still, this hypothesis needs to be
verified by further study. This study concerns the
internal-driven IPO impact. The external radiative
forcing can also alter the decadal SST variations in the

Pacific (Meehl et al 2013). When the decadal Pacific
SST variations driven by external forcing are in or out
of phase with the internally driven IPO, the impacts of
the Pacific onEurasiawould be intensified or reduced.
It would be useful to compare and also combine the
impacts of internally and externally driven Pacific SST
variations to improve the climate prediction in the
Eurasia region.
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