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Abstract

Observational evidence suggests that the sub-arctic North Pacific (SANP; 45°-60° N, 155° E-165° W) sea surface tem-
perature (SST) shows pronounced multidecadal variability, which cannot be explained by the Pacific Decadal Oscillation
(PDO). Here, we find that the SANP SST multidecadal variability is closely linked to the remote Atlantic Multidecadal
Oscillation (AMO), indicating a multidecadal inter-basin teleconnection. The teleconnection can be well reproduced in a
set of Atlantic Pacemaker experiments. An atmospheric bridge mechanism for the teleconnection is proposed by analyzing
both observations and simulation data. The AMO warm phase generates anomalous ascent and upper-level divergence over
the North Atlantic. The upper-level outflows converge towards the subarctic North Pacific, leading to compensating subsid-
ence along with anomalous high pressure there. The enhanced adiabatic descent causes anomalous warming and moistening
of the lower troposphere above the SANP basin and increases the downwelling longwave radiation. The warming of the
SANP SST is further induced and amplified due to water vapor-longwave radiation-SST positive feedback. The anomalous
high also weakens the climatological cyclonic flow of Aleutian low and suppresses the turbulent heat release from ocean to
atmosphere, contributing to the SANP SST warming. Our findings suggest that the AMO plays a crucial role in the subarctic
North Pacific SST multidecadal variability.

Keywords Inter-basin teleconnection - Atlantic Multidecadal Oscillation - Sub-arctic North Pacific - Multidecadal
variability

1 Introduction

The observed climate records show that global mean sea sur-
face temperature (SST) has been increasing since the records
began, and previous studies have indicated that the increase
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in greenhouse gas concentrations has led to the century-
long warming trend. However, the global mean SST does
not increase monotonously, and we can see both an inter-
decadal acceleration and a slowdown of the SST warming
(Trenberth and Fasullo 2013; Kosaka and Xie 2013; Zhang
2016). These trends may be due to the interdecadal SST
variability, which is superimposed on secular warming and
modulates the warming trend (Timmermann et al. 1998).
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Hence, it is necessary to understand the interdecadal SST
variability and the associated spatial patterns. The inter-
decadal SST variability is most pronounced in the North
Pacific and North Atlantic oceans (Li et al. 2009), which
are dominated by two well-known interdecadal SST modes:
the Pacific Decadal Oscillation (PDO; Zhang et al. 1997,
Mantua et al. 1997) and the Atlantic Multidecadal Oscilla-
tion (AMO; Kerr 2000).

The PDO is a robust pattern of North Pacific interdecadal
SST variability characterized by a spatially coherent SST
pattern centered over the extratropical North Pacific Ocean,
with its warm/cool phase lasting approximately 20-30 years.
The PDO index can be derived from the leading empirical
orthogonal function (EOF) of SST anomalies in the North
Pacific poleward of 20° N (Zhang et al. 1997; Mantua et al.
1997). Previous studies indicate that the PDO plays a crucial
role in continental climate variability over coastal regions
extending from the extratropical North Pacific to the Arc-
tic region, such as North America (Bromirski et al. 2011)
and Alaska (Hartmann and Wendler 2005). The AMO is the
dominant mode of multidecadal SST variability in the North
Atlantic (Enfield et al. 2001; Kerr 2000). The AMO exhibits
an oscillation over a period of approximately 50-70 years
between warm and cold phases. Many studies based on
global climate model simulations have shown that changes in
northward ocean heat transport associated with the Atlantic
meridional overturning circulation (AMOC) cause the phase
changes of the AMO (Delworth and Mann 2000; Knight
et al. 2005; O’Reilly et al. 2017; Sun et al. 2015; Zhang and
Wang 2013; Zhang et al. 2013). As one of the most impor-
tant internal climate modes, the AMO has wide impacts on
the climate around the North Atlantic region (Enfield et al.
2001; McCabe et al. 2004; Sutton and Dong 2012; Sutton
and Hodson 2005) and in remote regions (Li and Bates 2007;
Lu et al. 2006; Sun et al. 2015, 2017) such as the East Asia
and Indian oceans.

Inter-basin interactions at decadal time scales have
received considerable attention in recent years as many
studies have suggested a strong SST teleconnection from
North Atlantic to Pacific and an SST dipole between the
North and South Atlantic arises at multidecadal time scales
(Lopez et al. 2016). This topic remains understudied and is
important for understanding the origin of regional decadal
climate variability and predictability. Previous studies have
proposed two main mechanisms to explain the remote AMO
impacts on the North Pacific: an atmospheric bridge and an
oceanic bridge (Liu and Alexander 2007). Various studies
of coupled general circulation models (CGCMs) and water-
hosing experiments (Stouffer et al. 2006; Timmermann et al.
2007; Wu et al. 2008) have tended to demonstrate that both
atmospheric and oceanic bridges will serve as the inter-basin
teleconnection between the North Atlantic and North Pacific.
The atmospheric bridge indicated that the AMO warm phase
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forces the reduction of the midlatitude meridional SST gra-
dients and causes northward shifts of the westerlies over the
North Pacific. This weakens the Aleutian low and further
leads to a warm SST over the North Pacific (Deser et al.
1999; Wu et al. 2008; Zhang and Delworth 2007). Many
modeling studies found a resonance over the North Atlantic
and the North Pacific, suggesting that the variation of the
SST in the North Atlantic associated with the AMO acts as
a major driver of the SST changes over the North Pacific at
multidecadal time scales, and some of them also focused
on the tropical teleconnection and the role of tropical North
Atlantic warming/cooling in modulating the Pacific climate
(Liet al. 2015; McGregor et al. 2014; Ruprich-Robert et al.
2017). Okumura et al. (2009) and Hu and Meehl (2005)
emphasized the role of oceanic teleconnection, showing that
the Arctic Ocean is a key region connecting the North Atlan-
tic and North Pacific through freshwater heat and salinity
transmission. These modeling results mostly indicated that
the AMO will cause an extratropical North Pacific response
that projects well onto a PDO-like pattern, suggesting a sig-
nificant inter-basin teleconnection between the North Atlan-
tic and North Pacific despite different mechanisms.

The results mentioned above are mostly based on model
simulations. Although these modeling studies suggested
a strong response of the PDO to the AMO, considerable
discrepancies exist between the model simulations and the
observations. Observational studies demonstrated that the
simultaneous correlation between the PDO and the AMO is
weak, almost approximately — 0.1. Strong correlations can
be observed only when the PDO leads or lags the AMO by
10-20 years, and this two-way lead—lag correlation provides
little evidence for the causality relationship (d’Orgeville and
Peltier 2007; Hetzinger et al. 2011; Wu et al. 2011). The dis-
crepancy between the observations and the simulations may
be due to the models’ biases and uncertainties in simulat-
ing the atmospheric and oceanic inter-basin teleconnection
(Kushnir et al. 2002; Lyu and Yu 2017; Richter et al. 2014).
The uncertainties also stress that more observational studies
are needed to further confirm whether a strong teleconnec-
tion exists from the North Atlantic to the extratropical North
Pacific. On the other hand, the PDO, defined as the first lead-
ing EOF mode of extratropical North Pacific SST anomalies,
only explains approximately 30% of the total variance of the
North Pacific SST variability. This indicates that the SST
variations over the North Pacific basin also exhibit regional-
scale features unexplained by the basin-scale coherent PDO
mode. Therefore, it is necessary to reexamine the impacts
of the AMO from the perspective of the regional-scale SST
variability over the extratropical North Pacific.

In this study, we perform statistical analyses on
observed data sets and a suite of Atlantic Pacemaker
experiments to investigate the connection between the
North Atlantic and the extratropical North Pacific SST
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variability, finding a strong covariability between the
North Atlantic and the sub-arctic North Pacific (SANP;
45°-60° N, 155° E-165° W) at decadal time scales. An
atmospheric bridge mechanism is proposed to explain
the teleconnection from the AMO to the subarctic North
Pacific, and the thermodynamic processes involved are
analyzed. Our results highlight the remote influence of
the AMO on subarctic North Pacific SST interdecadal
variability. Meanwhile, the SANP region is known as
one of the world’s most biologically productive marine
regions, supporting a large oceanic fishery for both sub-
sistence and commercial use (Hunt et al. 2011), and the
marine ecosystem is vulnerable to long-term anomalies
of ocean temperatures (Danielson et al. 2011; Hunt et al.
2002; Mueter and Litzow 2008; Stabeno et al. 2012).
Therefore, our findings may also have implications for
better understanding the drivers of marine ecosystem
changes over the SANP region.

The paper is constructed as follows. A brief introduc-
tion to the observational data sets and the experiment we
performed is given in the next section. The results are
presented in Sect. 3. The paper concludes with a summary
and discussion.

2 Data and methodology

2.1 Data

The global observational SST data sets used in this study
include the Kaplan SST data set (Kaplan et al. 1998),
the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) data set (Rayner et al. 2003), the Centennial
in situ Observation-Based Estimates (COBE) SST data
set (Ishii et al. 2005) and the Extended Reconstruction
SST version 3 (ERSST v3b) data set (Smith et al. 2008).
Atmospheric data sets from the ECMWF Atmospheric
Reanalysis of the twentieth Century (ERA-20C) data set
(Stickler et al. 2014) include geopotential height, wind,
air temperature, and water vapor.

The AMO index is defined as the area-weighted aver-
age of SST anomalies over the North Atlantic region
(0°-60° N, 80° W-0°), and the subarctic North Pacific
SST index is defined for the region (45°-60° N, 155°
E-165° W) in the same way. The PDO index we used in
this paper is downloaded from the Japan Meteorologi-
cal Agency and is defined as the projections of monthly
mean SST anomalies which subtracts globally averaged
monthly mean SST anomalies onto their first EOF vectors
in the North Pacific (north of 20° N).

2.2 Statistical methods

We confine our analysis to the post-1900 period for the data
sets because uncertainties in surface observations prior
to 1900 are relatively large and the data before 1900 are
deemed less reliable (Folland et al. 2001). To better isolate
and highlight the signal of decadal to multidecadal variabil-
ity, we tend to remove the centennial scale trends. Various
methods have been applied to separating internally natu-
ral variability (Enfield and Cid-Serrano 2009; Sutton and
Dong 2012; Trenberth and Shea 2006), including removal
of linear trend, removal of a quadratic trend, removal of the
global mean SST from the North Atlantic SST, referred to as
TS method, and the other removal of the global mean SST
outside the North Atlantic, referred to as SD method. Sev-
eral other studies use more sophisticated methods based on
the large ensemble simulation results from CMIP5 models
to identify the externally forced component of the histori-
cal global SST. For example, Frankcombe et al. (2015) and
Frankcombe and England (2018) used scaling methods on
the forced signal obtained from ensembles of climate mod-
els to extract the natural variability. In this study, we use
the removal of linear trend to remove the long-term linear
trend in the variables for the post-1900 period. Here we also
perform other two methods to further test the robustness of
the main findings presented in our study. Both removal of a
quadratic trend (a least squares quadratic fit of the secular
warming trend) (Enfield and Cid-Serrano 2009) and removal
of the global mean SST outside the North Atlantic (regarded
as the forced SST) as in Sutton and Dong (2012), which is
referred to as SD method, give similar results.

A two-tailed Student’s ¢ test was used to determine the
statistical significance of the linear regression and corre-
lation between two autocorrelated time series. We use the
effective number of degrees of freedom, N/, which is given
by the following approximation:

N

1 1, 2 N-—j . .
NTFCN + N /:Zl N Pxx(Npyy () (1)

where N is the sample size and pyy(j) and pyy(j) are the auto-
correlations of two sampled time series X and Y, respec-
tively, at time lag j (Li et al. 2013; Sun et al. 2016).

2.3 Model and experiments

The model which we used is the International Centre for
Theoretical Physics AGCM (ICTPAGCM, version 41) cou-
pled to a slab ocean thermodynamic mixed-layer model
(SOM). The ICTPAGCM is intermediate, contains eight
vertical levels and adopts a horizontal resolution of T30
(3.75°%3.75° grid). In the SOM, the depth (d,) of the mixed
layer is constant throughout the whole simulation period,
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varying between 60 m (d,,,,) in the extratropics and 40 m
(dmin) in the tropics. The climatological annual-averaged
mixed layer depth is geographically-varying, generally shal-
low in the tropics and deep in mid-high latitudes. Besides, a
heat flux correction is applied to climatological SST for the
SOM and the mixed-layer temperature variation is derived
from the integration of the net heat flux into the ocean (the
sum of surface shortwave and longwave radiation and sen-
sible and latent heat flux; all fluxes anomalies are defined as
positive downward; Kucharski et al. 2016; Sun et al. 2017).

To examine the effects of Atlantic SST variability on the
atmospheric circulation over other ocean basins, an experi-
ment referred to as ATL_VARMIX is performed. In the
ATL_VARMIX experiment, the ICTPAGCM is coupled
with the SOM in the Indo-Pacific region, while raw obser-
vational monthly-varying SSTs from the HadISST data pre-
scribed in the Atlantic basin (Atlantic Pacemaker experi-
ment). The Atlantic basin we referred in this experiment
is the entire Atlantic basin (60° S—60° N, 70° W-10° E)
and the other basins out of the Atlantic are the Indo-Pacific
region. The mixed layer is used in the whole Indo-Pacific
region. Thus, a buffer zone is set for preventing instabil-
ity in the transition region between the slab ocean (Indo-
Pacific) and the prescribed-SST (Atlantic) regions with a
spatial range of 7.5°, in which the SST is calculated from the
weighted average of the modelled and prescribed SSTs. The
weighting values are one in the prescribed-SST domain and
linearly reduced to zero in the buffer zone. The simulations
of the ATL_VARMIX experiment are integrated from 1872
to 2013 and contain five ensemble members generated by
restarting the model with small initial perturbations. The
first 28 years of all simulations are taken as spin up and
the results of the rest of the period from 1900 to 2013 are
analyzed. The ATL_VARMIX experiment considers the
combined effects of Atlantic SST variability and atmos-
phere—ocean coupling over the Indo-Pacific region. This
experiment can produce a similar level of decadal variability
of atmospheric circulation and SST over the SANP region in
comparison with the observation (Fig. S2).

3 Results

3.1 Connection between the North Atlantic
and the subarctic North Pacific

Previous modeling studies found that the decadal varia-
tion in SSTs in the extratropical North Pacific exhibits a
sympathetic response to the AMO SST forcings, show-
ing that the extratropical North Pacific SST warming is a
byproduct of the North Atlantic SST warming (Hetzinger
et al. 2011; Ruprich-Robert et al. 2017; Wu et al. 2008).
The simulation results of the previous modeling studies
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also showed that the most significant correlations exist at
the midlatitude of the North Pacific, resembling a PDO-
like pattern.

First, we examine the observed link of SST variability
between the North Atlantic and the extratropical North
Pacific at decadal time scales. Here, we use four different
observational data sets to further examine the correlation
between the AMO and the extratropical North Pacific SSTs.
Figure 1 shows the correlation maps between the AMO
index and the 11-year running mean SSTs north of 25° N
for the detrended observational data sets. Positive correla-
tions can be found over almost the whole extratropical North
Pacific, suggesting a coherent covariability of SSTs between
the AMO and the extratropical North Pacific SST at dec-
adal time scales, consistent with the results of the mentioned
studies to some extent. Although there are a few regional-
scale differences among the four observational data sets, the
observed correlations are consistent and largely significant at
the 99% confidence level at decadal time scales over the sub-
arctic North Pacific (SANP; 45°-60° N, 155° E-165° W).
In contrast to previous modeling studies that found a strong
coherence between the AMO and midlatitude North Pacific
SST, observational results show that the positive correlations
are strongest and most significant over the SANP region,
while over other parts of the basin, the positive correlations
are weak. The results of Kaplan SST and HadISST data sets
show that positive correlations are not largely significant but
the correlation coefficients remain above 0.7. This finding
demonstrates that the remote AMO is highly correlated to
the variability of the SANP SST at decadal time scales and
the spatial pattern of the AMO-SST correlations over the
extratropical North Pacific is unlikely to resemble the PDO-
like pattern in observations.

To describe the variability of the SANP SST, we take the
indices which are calculated from the area-weighted aver-
age of SST anomalies over the SANP region as the SANP
SST index. Figure 2 shows the normalized time series of
SANP SST indices for 1900-2015 derived from observations
(COBE, HadISST, Kaplan and ERSST data sets). The SANP
SST indices show a warming trend for 1900-2015 (Fig. 2a).
The SANP SST indices after removing the linear trends
show pronounced multidecadal variability (Fig. 2b). All
four data sets show the same amplitude of SANP SST vari-
ability. The time scale of the SANP SST is approximately
40-50 years, with changes of sign in reverse polarity in the
1920s and 1960s and in approximately 2000. The AMO
index has similar time scales (Enfield et al. 2001; Schles-
inger and Ramankutty 1994), indicating that the AMO and
SANP SST are closely connected in spectral characteristics.
Although there exist some small differences in the SANP
SST indices of different data sets, the decadal seesaws of
SANP SST indices are similar; thus, we will use the ERSST
data in the following paragraphs.
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Fig. 1 a Correlation map
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The connections among the AMO, PDO and SANP
SST decadal variability are further analyzed. Figure 3
shows the normalized time series of the annual mean
of the AMO, PDO and SANP SST index for 1900-2015
derived from the ERSST data set. The time series of the
AMO (Fig. 3a, blue lines) and the PDO index (Fig. 3b)
has a weak simultaneous correlation, almost close to 0
(r=0.03), in line with Wu et al. (2011). The spatial pat-
tern of SSTs that we found between the extratropical North
Pacific and the AMO is not a PDO-like pattern and can
correspond to the weak simultaneous correlation. The cor-
relation between the PDO index and the SANP SST index
is also quite weak (r=— 0.08). Although the PDO is the
first leading EOF mode of extratropical North Pacific SST
variability, it is not able to fully explain the whole extrat-
ropical North Pacific SST decadal variability. The reason
why the SANP SST is unlikely to be interpreted by the
PDO is that it has regional SST variability at multidecadal

time scales. In fact, the SANP SST decadal variability is
closely related to the AMO. Highly positive correlation
coefficients are observed between the AMO and the SANP
SST index at zero lag based on both unfiltered (r=0.43,
significant at the 95% confidence level) and 11-year run-
ning mean (r=0.86, significant at the 95% confidence
level) data. Both SD method and removal of a quadratic
trend are tested using the correlation between the AMO
and the SANP SST multidecadal variability. For com-
parison we use SST from COBE SST (Fig. Sla, b) and
ERSST v3b (Fig. Slc, d) between 1900 and 2010. The
results show that the SANP SST multidecadal variability
and the AMO are highly correlated with correlation coef-
ficients ranging from 0.65 to 0.88, which is qualitatively
consistent with the result of the removal of linear trend.
The highly positive correlation with the AMO further sug-
gests that the observed AMO-SANP SST connection is
strong and robust. In the following analyses, we focus on
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Fig.2 a Time series of the nor-
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the physical mechanisms of the strong teleconnection from
the AMO to the SANP.

3.2 Thermodynamic processes

The SANP SST decadal variability and its connection to
the AMO are reasonably well reproduced in the ATL_VAR-
MIX experiment (Atlantic Pacemaker experiment: AGCM
coupled to the mixed-layer slab ocean model in the Pacific,
whereas observational SSTs are prescribed in the Atlantic;
see Model and experiments). In this experiment, high and
significant positive correlations (above 0.8) exist over the
subarctic North Pacific region in the correlation map of SST
with the AMO index (Fig. 4a), consistent with the obser-
vational results. Although the positive correlations of mid-
latitude SSTs with the AMO in the model simulations are
stronger and more significant than that in the observations
(Fig. 1), the correlations are still weaker than those between
the SANP SST and the AMO. The regression pattern of the
decadal SST anomalies onto the AMO index is also most
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pronounced over the SANP region, while over other parts of
the basin, the SST anomalies are weaker, and the simulated
amplitude of warm SST anomalies is approximately 0.1 K
in association with the AMO. This finding further suggests
that the ATL._VARMIX experiment reproduces the observed
significant coherence between the AMO and the SANP SST
decadal variability.

The mechanisms responsible for the SANP SST decadal
variability are further investigated by using the ATL_VAR-
MIX simulations. As in ATL_VARMIX experiment, SSTs
outside the Atlantic basin are forced only by the surface
energy exchanges between the atmosphere and ocean. Wu
et al. (2008) also noted that surface heat flux is associated
with the North Pacific response to the North Atlantic, which
indicates that the thermodynamic process may play a major
role. Therefore, a surface heat budget analysis based on the
different heat fluxes is performed by examining correlations
and regressions of the different surface heat flux compo-
nents (Fig. 5) onto the AMO index in our studies. Here we
define all the heat fluxes anomalies are positive downward in
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Fig.3 a Time series of the
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order to better discuss the low-level thermodynamic process
over the SANP region that leads to the formation of SST
anomalies. The spatial patterns of anomalous turbulent heat
flux (sensible plus latent heat flux), longwave radiation and
total radiation (longwave plus shortwave radiation) all show
positive correlations with the AMO over the SANP region
while the turbulent heat flux anomalies are not significant
(Fig. 5a—c). The regression results are similar with that of
correlations but the total radiation anomalies show less sig-
nificant in the SANP region (Fig. 5d-f).

The longwave radiation anomalies show strong and sig-
nificant positive correlations with the AMO over the SANP
region (Fig. 5c). The shortwave radiation anomalies show
a similar spatial pattern with the longwave radiation but
with an opposite sign and not as statistically significant as
the longwave radiation (Fig. S3). The inverse relationship
between shortwave and longwave radiations may suggest
a role of cloudiness. The cloudiness over the SANP region
shows a weak and statistically insignificant increase associ-
ated with the warm AMO phase (Fig. S4a), which probably

1940 1960 1980 2000

arises from low-level cloud increase due to the anomalous
subsiding motion and increased water vapor trapped near the
surface (Fig. 7b). Previous studies have also indicated that
high pressure anomalies may favour an increase in cloudi-
ness in the lower level of the atmosphere over the extratropi-
cal regions (Clement et al. 2009; Ding et al. 2017). Although
the cloudiness gives rise to an offset effect of the shortwave
radiation on the longwave radiation, the total radiation
(shortwave plus longwave) is still dominated by the long-
wave radiation and shows a consistent sign with the long-
wave radiation. The total radiation anomalies show positive
correlations with the AMO (Fig. 5b) but the correlation coef-
ficients are smaller than the results of the longwave radiation
anomalies over the SANP region. Since the cloudiness has
an opposite effect on shortwave and longwave radiations,
the role of cloudiness in the total radiation anomaly is minor
and negligible. This may indicate that the increased total
radiation anomalies are probably largely influenced by the
water vapor, and we will further discuss this effect in the
following parts.
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(a) Correlation
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Fig.4 a Correlation map between the decadally filtered AMO index
and global SSTs (K) north of 25° N for 1900-2013 in the ATL_VAR-
MIX experiment. b As in a, but for the regression map. The long-

It is known that the climatological turbulent heat flux
is usually released from ocean to atmosphere. Figure 5a
shows that the turbulent heat flux anomalies associated
with the AMO are positive but not significant over the
SANP region, which corresponds to a decrease of the cli-
matological upward turbulent heat flux in response to the
remote AMO. The spatial pattern of the regression is almost
same (Fig. 5d). The anomalous turbulent heat flux may also
play a role in warming up the SANP SST although it is not
that significantly correlated with the AMO. This may be
closely related to the variations of atmospheric circulation.
The anomalous high pressure weakens the Aleutian low,
which further leads to the reduction of low-level cyclonic
flow and decrease of evaporation, and prevents the loss of
the turbulent heat flux from ocean to atmosphere, leading
to the warming of SANP SST. Peings and Magnusdottir
(2016) and Sun et al. (2017) also noted that the presence
of significant high pressure anomalies in the North Pacific
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term linear trends for 1900-2013 were removed before the analysis.
Dotted shading in a and b indicates the correlation and regression
coefficients significant at the 99% confidence level

(weakening of the Aleutian Low) in response to the AMO
forcing. Besides, enhanced adiabatic descent forced by the
accompanied anomalous high induces low-level air warming
and moistening, which is also not favorable for the sensible
and latent heat release from ocean to atmosphere. Thus, the
anomalous turbulent heat flux over the SANP region is not
that significantly correlated with the AMO index but still
plays a role in warming up the SANP SST during the ther-
modynamic process.

The lagged correlations between anomalous heat flux
components over the SANP region and the AMO index,
exhibiting a nearly symmetrical distribution about the zero
lag (Fig. 6a) and the surface longwave radiation anomalies
show a significant positive correlation at the zero lag, while
the correlation at the zero lag of the anomalous total heat
flux and turbulent heat flux are weaker, which is consistent
with the spatial pattern. We can see that the longwave radia-
tion anomalies take large part in the heat flux components
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Fig.5 The correlation maps of a surface turbulent heat flux (latent
and sensible heat flux, W m™2), b total radiation flux (longwave
radiation and shortwave radiation) and ¢ net surface longwave radia-
tion anomalies with the normalized AMO index for 1900-2013 in
the ATL_VARMIX experiment. The regression maps of d surface
turbulent heat flux, e total radiation flux and f net surface longwave

through the lagged regressions (Fig. 6b). The turbulent heat
flux anomalies still show a positive but weak regression
result in response to the AMO. These results suggest that
the AMO has an impact on the surface heat budget over the
SANP region, especially the anomalous longwave radiation
with a resultant SANP SST warming.

In the ATL_VARMIX experiment, the subarctic North
Pacific air temperature (Fig. 7a) and water vapor (Fig. 7b)
at 850 hPa show positive anomalies in response to the AMO
forcing. It is well known that water vapor is the dominant
greenhouse gas and absorbs longwave radiation. In addi-
tion, the simulated anomalies of net surface longwave radia-
tion (LWR) are consistent with the observed anomalies of
air temperature and water vapor at 850 hPa over the SANP
region. Thus, these results indicate a water vapor (WV)-
longwave radiation-SST positive feedback over the SANP
region. The anomalous lower level water vapor increases,
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radiation anomalies onto the normalized AMO index for 1900-2013
in the ATL_VARMIX experiment. All fluxes anomalies are defined
as positive downward, and dotted shading in a—f indicates the cor-
relation and regression coefficients significant at the 99% confidence
level. The long-term linear trends for 1900-2013 in all variables were
removed before the correlation and regression analysis

causing anomalous downwelling longwave radiation and
preventing the loss of surface longwave radiation. Therefore,
the increased longwave radiation anomalies result in SANP
SST warming. The warm SST anomalies can warm up the
low-level air temperature and further increase the content of
water vapor, which reinforces the SST anomalies. Therefore,
this process forms a WV-longwave radiation-SST positive
feedback over the SANP region.

3.3 An atmospheric bridge mechanism

The above analyses indicate that the WV-longwave radia-
tion-SST positive feedback plays an important role in the
SANP SST decadal variability response to the AMO, but
how the positive feedback is excited by the AMO needs to
be further addressed. Consistent with the results presented
above, there has also been some observational evidence.

@ Springer
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In response to the AMO forcing, the anomalous 200 hPa
velocity potential over the North Atlantic and North Pacific
basins shows a zonal dipole structure in both observational
(Fig. 8a) and simulated results (Fig. 9a), with anomalous
upper-level convergence over the North Pacific region and
divergence over the North Atlantic, but significant over
tropical region. The upper-level convergence induces com-
pensating subsidence, further induces high pressure anoma-
lies over the North Pacific basin (Figs. 8b, 9b), including
both tropical Pacific and SANP regions. The anomalous
300 hPa geopotential height increases over the SANP region
(Fig. 8b), accompanied by increased 850 hPa temperature
anomalies (Fig. 8c) and water vapor anomalies (Fig. 8d).
Both the velocity potential anomalies and the geopotential
height anomalies are consistently strong in North Pacific
and statistically significant in limited parts of the SANP
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region. These remote atmospheric responses can be physi-
cally interpreted.

During the AMO warm phase, warming SST anomalies
lead to anomalous ascending motion, inducing upper-level
divergence over the North Atlantic. The most strong and
significant anomalous wind divergence appears at the tropi-
cal Atlantic while major convergence anomalies occur at
the tropical Pacific (Fig. 8a). The anomalous upper-level
divergence over the North Atlantic outflow heads westward
and converges over the North Pacific, particularly significant
in the tropical Pacific. This is in agreement with previous
studies (Ruprich-Robert et al. 2017; McGregor et al. 2015;
Sun et al. 2017) that demonstrated the tropical Atlantic SST
role in modulating the Pacific climate, particularly the tropi-
cal Pacific. Over the extratropical regions, previous mod-
eling studies have shown that the North Pacific atmospheric
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Fig.7 a 850 hPa temperature
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teleconnection pattern in response to the Atlantic warming
(for both tropical and entire North Atlantic SST forcings)
is characterized by an anomalous high in the SANP region
(Zhang and Delworth 2007; Ruprich-Robert et al. 2017;
McGregor et al. 2015; Sun et al. 2017). In this study, we
focus on the association between the AMO and SANP region
and find that in both observation and slab ocean model there
is an anomalous high associated with the AMO SST warm-
ing (Figs. 8b, 9b). Thus, our finding of the atmospheric tel-
econnection associated with entire North Atlantic SST forc-
ing (i.e., the AMO) is generally consistent with the previous
modeling studies on the roles of tropical Atlantic (Ruprich-
Robert et al. 2017; McGregor et al. 2015) and entire North
Atlantic (Zhang and Delworth 2007).

The strong positive velocity potential and converging
wind anomalies over the SANP region in response to the
AMO at upper level are apparent, and this obvious SANP
upper level anomalous convergence induces compensating
subsidence, further induces an anomalous high over the
SANP region. Thus, the atmospheric circulation and ver-
tical velocity are strongly coupled, and the enhanced adi-
abatic descent associated with the high pressure anomalies
contributes to the atmospheric warming occurring at lower

0°

troposphere (Fig. 8c) and changes in water vapor in response
to the lower level warming (Fig. 8d). The increased water
vapor anomaly is a direct result of lower level warming as
indicated in the Clapeyron—Clausius equation and it further
leads to increased downwelling longwave radiation above
the SANP region. As we discussed above, longwave radi-
ation role is also taken into consideration as it results in
increasing and amplifying surface air temperature anoma-
lies. This process is similar to the previous studies about
relations among high-latitude atmospheric circulation,
surface temperature and longwave radiation (Ding et al.
2017; Grunseich and Wang 2016). These studies examine
the atmospheric circulation role in influencing the surface
air temperature change over the high-latitude region. They
pointed out that upper- and mid-level high anomalies and the
adiabatic descent motion lead to lower-tropospheric warm-
ing and moistening, which further cause increases in down-
welling longwave radiation and surface warming (Ding et al.
2017). Therefore, the anomalous upper level circulation and
the associated lower-troposphere warming and moistening
over the SANP region excites the WV-longwave radiation-
SST positive feedback, which further warms up the SST and
amplifies the warm anomalies.
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Fig.8 a 200 hPa velocity potential (shading, units: 10° m? s~2) and
divergent wind (vectors, units: m s71; omitted below 0.1 m s™)
anomalies in response to the AMO forcing in the observation, shown
as regression onto the normalized AMO index at decadal time scales.
b As in a but for the 300 hPa geopotential height (m). ¢ As in a but

In addition, the atmospheric mechanism between the
AMO and the SANP SST decadal variability can be repro-
duced well in the ATL_VARMIX experiment (Fig. 9)
despite of the regional differences, which further verifies
that the AMO teleconnection to the SANP SST decadal vari-
ability is due to the WV-longwave radiation-SST positive
feedback and the effect of turbulent heat flux. We can see
that the atmospheric circulation elements associated with the
AMO all show significant features over the SANP region,
which may be the reason why the AMO teleconnection
mainly takes place over the SANP region.

Figure 10 finally shows a schematic graph that identifies
the physical mechanisms involved in the inter-basin telecon-
nection between the AMO and the SANP SST multidecadal
variability. In summary, during the AMO warm phase, SST
anomalies generate anomalous ascent and upper-level diver-
gence over the North Atlantic. The associated upper-level
outflows converge towards the subarctic North Pacific,
leading to compensating subsidence along with an anoma-
lous high pressure there, causing anomalous warming and
moistening of the lower level due to the enhanced adiabatic
descent, which further induces and amplifies the SANP SST
warming through the WV-longwave radiation-SST positive
feedback. In addition, the anomalous high also weakens the
climatological cyclonic flow of Aleutian low and suppresses

@ Springer

C) Temperature

75°N

60°N

45°N

30°N

15°N

15°8

135°E 180° 135°W 90°W 45°W 0°

75°N

60°N

45°N

30°N

15°N

0°

135°W 90°W 45°W 0°

-0.18 012 006 0 006 012 018

for the 850 hPa temperature (K) anomalies. d As in a, but for the
850 hPa water vapor (g kg™!) anomalies. Dotted shading in a—d rep-
resents the regression coefficients significant at the 99% confidence
level. The long-term linear trends for 1900-2010 in all variables were
removed before the regression analysis

the turbulent heat release from ocean to atmosphere, contrib-
uting to the SANP SST warming.

4 Summary and discussion

The SST over the subarctic North Pacific (SANP; 45°-60°
N, 155° E-165° W) region shows pronounced multidec-
adal variability in observational records, which cannot be
explained by the PDO, though the PDO is the first lead-
ing mode of SST variability over the extratropical North
Pacific basin. The observed SANP SST multidecadal varia-
tion follows the remote influence of the AMO signal, indi-
cating the existence of an inter-basin teleconnection. This
teleconnection can be well reproduced in a set of Atlantic
Pacemaker simulations, and a heat budget analysis provides
a positive feedback referred to the water vapor-longwave
radiation-SST, which plays a crucial role at lower level in
the SANP region. The AMO warm phase induces an atmos-
pheric teleconnection into the SANP, resulting in warming
and moistening of the lower troposphere, and further gener-
ates and amplifies the SANP SST warming via the water
vapor-longwave radiation-SST positive feedback.

Previous modeling studies indicated that the telecon-
nection between the North Atlantic and the North Pacific
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Fig.9 a 100 hPa velocity potential (shading, units: 10° m? s72)

and divergent wind (vectors, units: m s~ omitted below 0.1 m s_l)

anomalies in response to the AMO forcing in the ATL_VARMIX
experiment, shown as regression onto the normalized AMO index
for 1900-2010. b As in a but for the 300 hPa geopotential height (m)

is robust over the midlatitudes, and an atmospheric bridge
mechanism was found responsible for this inter-basin multi-
decadal variability, with the Aleutian low acting as a key
aspect of the North Pacific response to the Atlantic (Li et al.
2009; Okumura et al. 2009). Our results are consistent with
their findings to some extent. In addition, our results indi-
cate that in both the observations and the ATL_VARMIX
experiment, the AMO teleconnections to the North Pacific
SST and atmospheric circulation anomalies are most signifi-
cantly robust over the SANP at decadal time scales. While
from Figs. 1 and 4, we can see that over the midlatitude
North Pacific, there is also a prominent warming response
to the AMO along the west coast of North America in

-0.12

0 0.12

0.24 0.36

anomalies. Dotted shading in a and b represents the regression coef-
ficients significant at the 99% confidence level. The long-term linear
trends for 1900-2010 in all variables were removed before the regres-
sion analysis

observations which cannot be found in the model results.
These discrepancies may possibly be attributed to the role
of ocean dynamics, which is important for the SST vari-
ability over Northeast Pacific (Chhak and Di Lorenzo 2007,
Di Lorenzo et al. 2008). It should also be noted that though
the SANP SST multidecadal variability and the AMO are
highly correlated with more than 60% multidecadal vari-
ance explained, the AMO is not the only factor forcing the
SANP SST multidecadal variability. We cannot rule out the
possibility that other forcings (e.g., external forcings) may
also play a role in the SANP SST multidecadal variability.
A number of studies have also proposed the oceanic
bridge responsible for the inter-basin teleconnection
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Fig. 10 Schematic representation of the mechanism of inter-basin
connection between the AMO and the SANP SST multidecadal vari-
ability. In the AMO warm phase, the SST anomalies result in upper-
level divergence over the North Atlantic. The associated upper-level
outflows converge towards the subarctic North Pacific (orange patch
in the North Pacific), leading to compensating subsidence along with
an anomalous geopotential height there, causing anomalous warm-

between the North Atlantic and the North Pacific through
the Arctic Ocean (Okumura et al. 2009; Wu et al. 2008).
Thus, further comparisons between the atmospheric bridge
and the oceanic bridge by using fully coupled models are
needed. On the other hand, there is observational evi-
dence showing Arctic warming for 1920-1944 (Jones and
Moberg 2003), when the climate was not significantly
affected by anthropogenic activities. Some studies have
indicated that the early twentieth century Arctic climate
variability tends to be an internal variability and that Arc-
tic temperature changes are significantly correlated with
the AMO (Chylek et al. 2009; Tokinaga et al. 2017). We
find that the subarctic North Pacific is mainly affected by
the AMO. Further studies are needed to discuss the con-
nection between the SANP and the Arctic region for a
better understanding of the North Atlantic remote impacts
over the North Pacific and hence the Arctic region.
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