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Abstract

We assess the effects of the North Atlantic Ocean Sea Surface Temperature (NASST) on North East Asian (NEA) surface
temperature. We use a set of sensitivity experiments, performed with MetUM-GOML2, an atmospheric general circulation
model coupled to a multi-level ocean mixed layer model, to mimic warming and cooling over the North Atlantic Ocean.
Results show that a warming of the NASST is associated with a significant warming over NEA. Two mechanisms are pointed
out to explain the NASST—North East Asia surface temperature relationship. First, the warming of the NASST is associated
with a modulation of the northern hemisphere circulation, due to the propagation of a Rossby wave (i.e. the circumglobal
teleconnection). The change in the atmosphere circulation is associated with advections of heat from the Pacific Ocean to
NEA and with an increase in net surface shortwave radiation over NEA, both acting to increase NEA surface temperature.
Second, the warming of the NASST is associated with a cooling (warming) over the eastern (western) Pacific Ocean, which
modulates the circulation over the western Pacific Ocean and NEA. Additional simulations, in which Pacific Ocean sea
surface temperatures are kept constant, show that the modulation of the circumglobal teleconnection is key to explaining
impacts of the NASST on NEA surface temperature.

Keywords AMYV - North Atlantic - North East Asia - Climate variability - Circumglobal teleconnection pattern

1 Introduction

In the mid-1990s, North East Asia (NEA) warmed substan-
tially, with an increase in summer temperature reaching up to
1 °C (Chen and Lu 2014; Dong et al. 2016). These changes
were associated with an increase in the summer maximum
and minimum daily temperature, and with more numerous
warmest days and tropical nights (Dong et al. 2016). In addi-
tion to the increase in surface temperature, precipitation
decreased (Zhu et al. 2011; Qi and Wang 2012; Chen and
Lu 2014). The mid-1990s warming had thus strong societal
impacts over East Asia.
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Previous studies have shown that the NEA warming was
associated with a change in atmospheric circulation. In par-
ticular, the warming was associated with an anomalously
high upper-level geopotential height and a change in low-
level wind strength and direction (Zhu et al. 2011, 2012;
Chen and Lu 2014). Several authors have proposed that the
aforementioned anomalies in circulation are due to a per-
turbation of the circumglobal teleconnection pattern (CGT;
Ding and Wang 2005), which is one of the two dominant
modes of the North Hemisphere extratropical upper-trop-
ospheric atmospheric variability. Wu et al. (2016a, b), Lin
et al. (2016), Hong et al. (2017), Monerie et al. (2017b) and
Sun et al. (2019) have argued that the CGT pattern impacts
East Asia, through a modulation of the regional atmospheric
circulation. The change in the atmospheric circulation drives
an increase in warm air advection from the Pacific, and
increased net surface shortwave radiation, due to anoma-
lously strong subsidence, which contribute to warming (Sun
et al. 2019).

Dong et al. (2016) showed using simulations, that 76%
of the NEA warming across the mid-1990s is explained by
sea surface temperature (SST) and sea ice extent changes,
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while 24% of the warming is due to anthropogenic activity
(i.e. changes in greenhouse gases (GHG) concentration and
anthropogenic aerosol emissions). Therefore, it is expected
that SSTs have played a primary role on the increase in
surface temperature during the mid-1990s. Indeed, it was
shown that a negative phase of the Pacific Decadal Oscilla-
tion (PDO) is associated with changes in surface temperature
over East Asia (Zhu et al. 2011) and that a recent increased
number of typhoons, which is associated with changes in
Pacific SSTs, has contributed to the upper-level circulation
change through diabatic heating of the atmosphere (Kwon
et al. 2007).

In addition to the Pacific Ocean, a growing body of
evidence suggests that the Atlantic Ocean was a driver of
the NEA warming. Wang et al. (2009), Zhou et al. (2015),
Wu et al. (20164, b), Lin et al. (2016), Hong et al. (2017),
Monerie et al. (2017b) and Sun et al. (2019) have shown a
relationship between the Atlantic Multidecadal Variability
(AMV) and the surface air temperature over NEA. They
argued that the warming of the North Atlantic Ocean can
influence East Asian climate by triggering a wave-train that
propagates eastward from the Atlantic following the upper
tropospheric subtropical westerly jet and, subsequently,
through the modulation of the regional atmospheric circu-
lation over East Asia (Wu et al. 2016a; Hong et al. 2017,
Monerie et al. 2017b; Sun et al. 2019). The impacts of the
CGT pattern on NEA have been shown to be relevant for
the recent decades as the influence of the AMV on northern
China has become stronger since the mid-1990s (Qian et al.
2014). A relationship between NEA warming and the CGT
pattern change would be consistent with an heterogeneous
warming over East Asia, i.e. stronger over NEA than over
the surrounding regions, as reported in Chen and Lu (2014),
as shown in (Wu et al. 2016a; Lin et al. 2016; Monerie et al.
2017b; Sun et al. 2019).

The relationship between the North Atlantic SSTs and
NEA brings a certain amount of predictability for surface
temperature over East Asia on a decadal time scale (Mon-
erie et al. 2017b). Specifically, Monerie et al. (2017b) have
shown that the UK Met Office decadal prediction system
(DePreSys3; Dunstone et al. 2016) successfully predicts
surface air-temperature over NEA on a 2-5 year lead-time.
Furthermore, they show that this improvement is due to
both skill in predicting AMV and in simulating the rela-
tionship between the North Atlantic and NEA. Prediction
systems have skill in predicting decadal to multi-decadal
variability of the North Atlantic SST, up to 5 years ahead
(Pohlmann et al. 2004; Boer 2009; Garcia-Serrano et al.
2015), owing to the Ocean’s thermal inertia and Oceanic
circulation dynamic (Yeager et al. 2012; Robson et al. 2012,
2014; Msadek et al. 2014; Monerie et al. 2017a), and pos-
sibly to prescribed changes in anthropogenic aerosols (Booth
et al. 2012). Therefore, predictions of AMV could provide
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improved predictions for NEA surface air temperature.
However, due to issues inherent of observed records, the
effects of the North Atlantic Ocean on NEA are not well
known. Observations only cover a relatively short period;
therefore, a robust assessment of the effects of the AMV on
NEA is challenging. Effects of the AMV on NEA could also
be masked due to the fact that other regions affect NEA (e.g.
the Pacific Ocean, according to Zhu et al. 2011). Monerie
et al. (2017b) suggested that skill in predicting NEA surface
temperature is strongly related to the existing teleconnection
between AMV and NEA. However, Monerie et al. (2017b)
used a prediction system for which simulations were not
initialised every year, leading to sampling issues when rep-
resenting the variability of the observed climate. Therefore,
one cannot rule out that the AMV-NEA relationship is a
statistical artefact. A better understanding of the impacts of
the AMV on NEA climate is needed to explain and predict
NEA climate variability.

In this paper we use a set of idealised sensitivity experi-
ments to better understand the effects of the AMV on NEA.
In particular, we modify SSTs in the simulations to mimic
both positive and negative phases of the observed AMV
(Boer et al. 2016; Monerie et al. 2019). We address the rele-
vance of the mechanisms that have been proposed to explain
the observed relationship between the AMV and NEA: i.e.
the warming of the North Atlantic SST is associated with
changes of the CGT teleconnection, leading to changes of
the circulation and to a warming over North East Asia. As it
is generally assumed that the tropical Atlantic Ocean exer-
cises a strong impact on global climate while the variability
of the extratropical Atlantic Ocean can be useful for fore-
casting climate since it exhibits a high skill in prediction sys-
tems (Dunstone et al. 2011). Therefore, we address the role
of the relative part of these oceanic basins on NEA climate.

Within this study we address the following questions:

e [s the North Atlantic Ocean able to affect significantly
NEA surface temperature?

e s the CGT pattern modulation the main mechanism to
link North Atlantic SSTs to NEA climate?

e What are the respective roles of the tropical and extrat-
ropical parts of the Atlantic Ocean in the full response of
the North Atlantic Ocean warming on NEA?

The paper is structured as follows. The model, data and
methodology are described in Sect. 2. Section 3 focuses on
impacts of North Atlantic on NEA surface temperature and
regional circulation. We analyse impacts of the North Atlan-
tic Ocean on the large-scale circulation on Sect. 4, the roles
of the tropical and extratropical Atlantic Ocean are in Sect. 5
and the specific role of changes in sea surface temperature
outside of the Atlantic Ocean is in Sect. 6. A discussion and
a conclusion are given in Sect. 7.
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2 Data and method
2.1 Model description

MetUM-GOML?2 is a coupled model combining the
atmosphere component from HadGEM3 (GA6.0) cou-
pled to a Multi-Column K Profile Parameterisation (MC-
KPP) mixed layer Ocean model (Hirons et al. 2015) via
the Ocean Atmosphere Sea Ice Soil (OASIS) coupler
(Valcke 2013). The atmosphere is at a 1.87° X 1.25° hori-
zontal resolution (~ 135 km) with 85 vertical levels. The
Ocean mixed-layer component extends to 1 km depth with
100 vertical levels. MC-KPP does not allow horizontal
and vertical advection and there is, therefore, no ocean
dynamics in MetUM-GOML?2. Temperature and salinity
flux corrections are applied to constrain the model to the
observed ocean state, hence reducing SST biases (Hirons
et al. 2015). To compute flux corrections we used the

b TNA

1976-2005 mean ocean temperature and salinity using the
Met Office statistical ocean reanalysis (MOSORA; Smith
and Murphy 2007). Further information on how the flux
corrections being computed is in Hirons et al. (2015).
Note that there is no coupling over the grid points that are
always or occasionally covered by sea ice, over a buffer
zone between these grid points and the sea ice free ocean,
and over several marginal seas (e.g. Caspian Sea, Black
Sea) (Fig. 1d). Instead, MetUM-GOML.2 is forced by daily
climatological SSTs and sea ice (Hirons et al. 2015) in
these regions. Therefore, no changes in SST occur over
these grid points in the simulations.

2.2 Defining targets in sea surface temperature

We assess the effects of the observed AMV on NEA
and, we thus need to provide AMV’s pattern to MetUM-
GOML2. Observations are used to compute both AMV
pattern and index, using the version 4 of Extended
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Reconstructed Sea Surface Temperature (ERSSTv4;
Huang et al. 2015), over the period 1900-2015. The forced
time-varying SST response is defined by using an ensem-
ble of Coupled Model Intercomparison Project phase 5
(CMIPS5; Taylor et al. 2012) simulations and removing the
CMIPS5 ensemble mean from observations, following Ting
et al. (2009). AMYV index is defined by averaging SSTs
from equator to 60° N and from 75° W to 7.5° W and the
AMV pattern is obtained by regressing the AMV index
onto SSTs for each grid point (see Fig. 1a).

The SST pattern of the AMV is imposed through restor-
ing North Atlantic SST by modifying the non-solar surface
heat fluxes, following the protocol outlined by recommen-
dations of the Decadal Climate Prediction Project (DCPP;
Boer et al. 2016). The flux formulation consists of restor-
ing sea surface temperature by adding a non-solar heat flux
(Haney 1971). Here the heat flux restoring term (hfcorr)
is defined as:

¢ (SSTmodel — 88T,

hfcorr = ﬁ zarget)

where ‘% is a fixed negative feedback coefficient, equal to
—40 W m~2 K~!. The value is defined following Rahmstorf
(1995), Frankignoul and Kestenare (2002) and Servonnat
et al. (2015), and is equivalent to a restoring timescale of
about 60 days for a 50 m mixed layer depth (Boer et al.
2016). Outside the North Atlantic, SSTs are not restored
and can vary freely through air-sea interactions. Note that
the coupling mask can be changed and experiments that may
use of this capacity are described in Sect. 2.3.

2.3 Experiments

This section provides a description of the experiments we
have performed in this paper. We performed pair of simu-
lations to assess effects of the North Atlantic Ocean SST
change on climate, comparing simulations in which cold
and warm SST anomalies were imposed. Table 1 sum-
marises the characteristics of the experiments described
below.

The positive (negative) phase of the AMV is defined by
imposing positive (negative) SST anomalies over the North
Atlantic Ocean, hereafter called AMV+ (hereafter called
AMV-). Observed anomalies are multiplied by two to
maximise the signal-to-noise ratio. To test the linearity of
responses to the amplitude of the warming two other sets of
simulations are produced, using the observed magnitude of
the AMYV, hereafter called 1IXAMV+ and 1XAMV—. Pat-
terns of these full AMV anomaly are shown within Fig. 1a.

We assess the roles of the tropical (extratropical) North
Atlantic Ocean warming by imposing the anomaly of the
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AMV+ and AMV - simulations south of (north of) 30° N,
hereafter called TNA+ and TNA— (XNA+ and XNA-)
(see the patterns within Fig. 1b, c).

Additionally, the asymmetry in the effects of the different
phases of the AMV is assessed by comparing AMV+, AMV—,
IXAMV+ and 1XAMV— to a simulation where North Atlantic
Ocean SSTs do not change. In this simulation, hereafter called
CLM, Atlantic SSTs are restored towards the 1976-2005
observed climatology. Besides, Model’s biases are computed
from the CLM simulation.

We assess specific role of the changes in SSTs outside of
the Atlantic Ocean by performing another set of simulations.
To do so we disabled the coupling between the Ocean mixed
layer model and the atmosphere model outside of the North
Atlantic Ocean, hence disabling effects of the AMYV on ocean
in these particular grid points (see the coupling mask within
Fig. le). Two simulations are performed; one with a negative
AMYV anomaly is added over the North Atlantic, and another
where Atlantic SSTs are restored the 19762005 observed cli-
matology. Both simulations share the same coupling mask (i.e.
Fig. le). The main purpose of these additional simulations is to
test the sensitivity of model response to AMV induced Pacific
SST changes, and differences are called AMV—_no_pac. The
reason for focusing on a negative anomaly is discussed in
Sect. 5.2.

15 members are performed for each experiment using a
different day for the initialisation of the atmospheric model.
External forcing (GHG concentration, anthropogenic aerosol
emissions and volcanic activity) are imposed, and kept con-
stant to their mean 19762005 value. Therefore, simulations
only differ by their initial conditions and the SST anomaly that
is imposed over the North Atlantic Ocean. All simulations are
initialized on 1st of September and last for at least 10 years,
for a total of 150 years of simulations (i.e. 15 simulations of
10 years). We checked that there are no strong drifts in North
Atlantic and NEA surface air temperature. The effects of the
AMY are assessed over the 10 years of each simulation. Note
that these simulations were also used in Monerie et al. (2019),
in which we show the effects of the North Atlantic Ocean on
tropical precipitation in a global monsoon framework.

2.4 Atmospheric diagnostics

We compute the wave activity flux, after Takaya and Naka-
mura (2001), to analyse the propagation features of the Rossby
wave:

e - (v - v )
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where v and u are the meridional and zonal wind velocity,
respectively. u is the horizontal wind velocity. V¥ is the eddy
stream functions and subscripts x and y represent zonal and
meridional gradients. Overbars are used for the climatology
and primes the deviation from the climatology.

3 Impacts on global and NEA surface air
temperature and atmosphere circulation

First, we assess the impact of AMV on global surface
temperature in the simulations in Fig. 2. Note the North
East Asia region (NEA) is highlighted with a black box
(90° E-130° E; 40° N-50° N) on Fig. 2a. In JJA (i.e.
June—August) and SON (i.e. September—November), an
anomalously warm North Atlantic Ocean is associated with
an increase in surface temperature over Europe, East Asia
and North America (Fig. 2a, b). However, the pattern and
magnitude are different between JJA and SON. For instance,
in JJA, surface temperature increases from the Caspian Sea
to eastern China (Fig. 2a), while, in SON, the positive tem-
perature anomaly is located further eastward, with a warm-
ing maximum centred around 120° E and 45° N over North
East Asia (Fig. 2b). These differences highlight that different
mechanisms may explain the anomalies in surface tempera-
ture over East Asia in JJA and SON.

In both JJA and SON surface temperature decreases over
the eastern equatorial Pacific Ocean, and increases over the
western and northern Pacific. This pattern is reminiscent of
a negative phase of the Interdecadal Pacific Variability (IPV;
Power and Colman 2006) (Fig. 2a, b). The SST anomalies
in the Pacific Ocean are consistent with the idea that AMV

is able to drive part of the Pacific SST variability (Dong
et al. 2006; Kucharski et al. 2011; McGregor et al. 2014;
Ruprich-Robert et al. 2017; Sun et al. 2017). We also find
that AMV effects NEA surface temperature throughout the
whole year. A warming of the NASST is also associated
with a warming over NEA in winter and spring. However,
the signal-to-noise ratio is the largest in JJA and SON. The
response is less robust in March—May and in December-
February (Fig. S1). Therefore, the analysis presented here
focuses on JJA and SON.

We find that there are significant changes in the regional
circulation over East Asia associated with AMV. In both JJA
and SON, SLP decreases over land (Fig. 3a, b), in colocation
with an increase in surface temperature (Fig. 2a, b). In JJA,
SLP increases over the Ocean, and the land-sea pressure
gradient change is associated with regional atmospheric cir-
culation changes. The westerlies (Fig. S2) and the low-level
heat transport strengthen from the western Pacific Ocean to
NEA (Fig. 3a). In SON, the change in the circulation is asso-
ciated with an anomalously strong anticyclonic (cyclonic)
circulation between 40-50° N and 130-150° E (20-30° N
and 120-140° E) that is associated with a strengthening of
the heat transport from the western Pacific Ocean to NEA
(Fig. 3b). In SON, surface temperature also increases further
north of NEA (Fig. 2b), due to an anomalously strong heat
transport from the south-west, which is associated with a
decrease in sea level pressure over Russia (Fig. 3b).

We also find that changes in local cloud and specific
humidity play a role in shaping the surface temperature
anomalies over NEA. In both JJA and SON the temperature
anomaly is exacerbated by an increase in net surface short-
wave radiation (Fig. 3c, d). A positive AMYV reduces cloud
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90E 120E 150E 180 150W 120W 90W 60W 30W 0

BT [ [ ]

[ [ [ T
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0.1 0.4 0.8

Surface temperature [°C]

Fig.2 Effects of AMV (i.e. difference between AMV+ and AMV—
experiments) on surface temperature (°C) in a JJA and b SON. Stip-
pling shows where changes are statically significant, based on a Stu-
dent’s ¢ test (95% confidence level). The two black boxes are used
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to document changes in temperature over North East Asia (NEA;
90° E-130° E; 40° N-50° N) and of the eastern Pacific Ocean (PAC;
120° W=80° W; 20° S-0°)
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cover over NEA (Fig. S3), allowing net surface shortwave
heat flux to increase at the surface. In addition, we show
that anomalies in net surface shortwave heat flux are leading
changes in surface temperature, while anomalies in sensi-
tive heat fluxes act as reducing temperature (Fig. S4). These
results are consistent with Sun et al. (2019) who show that
AMYV could affects NEA by strengthening atmospheric heat
transport and increasing net surface shortwave heat flux. In
JJA, temperature change is partly damped by an increase in
upward latent heat flux (not shown) that is associated with
an increase in precipitation (Fig. 6). This damping effect

0
Net shortwave heat flux [W.m~

1 4 8 12 16
2]

based on a Student’s 7 test (95% confidence level). Change in 850 hPa
heat transport is only drawn in red when its meridional or its zonal
component (or both) is statically significant, based on a Student’s ¢
test (95% confidence level)

could partly explain why surface temperature anomalies are
stronger in SON than in JJA.

4 Large-scale mechanisms

Figure 3 shows that AMV can force significant changes in
the atmospheric circulation over East Asia in the simula-
tions. We now turn our attention to explaining the drivers of
these regional circulation changes. In particular, we focus on
the circumglobal teleconnection (CGT), which is the main
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mechanism linking the North Atlantic Ocean to East Asia,
according to Lin et al. (2016) and Sun et al. (2019), and the
changes in the Pacific, which are known to also affect East
Asia (Yuan and Yang 2012; Dong and Dai 2015; Wen et al.
2019; Yuan et al. 2019; among others).

4.1 Circumglobal teleconnection pattern

Figure 4 shows the response of the atmospheric circulation
to AMV by displaying changes in geopotential height at
200 hPa (zg200%*, i.e. the departure of zg200 anomaly from
its zonal mean) and 200 hPa stream function (sf200%*). In
JJA, anomalies of SLP and zg200* indicate the presence
of a wave train between 40° N and 70° N (Fig. 4a). SLP
anomalies are negative over a large part of the northern
Hemisphere, but anomalies are heterogeneous and show
alternating anomalies of cyclonic (e.g. over the North Atlan-
tic Ocean, over western North America) and anticyclonic
circulation (e.g. central Eurasia, Eastern North America)
(Fig. 4b). zg200* anomalies are collocated with the SLP
anomalies (Fig. 4b), showing that these anomalies are con-
sistent with a propagation of a Rossby wave, i.e. the cir-
cumglobal teleconnection, or the silk road teleconnection,
as highlighted by Wu et al. (2016a), Lin et al. (2016), Wang
et al. (2017) and Hong et al. (2018).

In SON, AMV also clearly results in the propagation
of a Rossby wave over the northern Hemisphere (Fig. 4c).
Anomalies in SLP show an alternation of cyclonic (e.g.
over the Atlantic Ocean and Russia) and anticyclonic
circulation anomalies (over Scandinavia, Japan and the
North Pacific Ocean) (Fig. 4d). These SLP anomalies
also correspond to alternating anomalies of negative and
positive zg200* (Fig. 4c). This colocation shows that there
is a strong connection between anomalies that occur in
both the lower and upper troposphere. The wave-train
propagates north of 60° N (see the wave activity fluxes
in Fig. 4d). The wave activity flux also highlights that the
wave-train can propagate over the Mediterranean Sea, as
in the “silk road” pattern of Enomoto et al. (2003).

Anomalies in geopotential height at 850, 500 and
200 hPa indicate that circulation anomalies are equiva-
lent barotropic over NEA (Fig. S5). These barotropic
anomalies are consistent with a view that the anomalies
over NEA are due to the remote impact of a warming of
the North Atlantic Ocean, through a change in the upper-
troposphere circulation and an increase in subsidence over
NEA. The increase in subsidence allows cloud cover to
decrease and net surface shortwave heat flux to increase.

d SLP and 850 hPa heat transport in SON

90N L

Reference Vector

IR [ [ T[S
-20-18-16-14-12-10-8 -6 —4 =2 0 2 4 6 8 10 12 14 16 18 20
2200+ (m)

Fig.4 Effects of AMV (i.e. difference between AMV+ and AMV-)
on a zg200* (colours; m; the change in 200 hPa geopotential height,
minus its zonal mean), sf200* (blue/grey/red contours for negative/
null/positive values; in 10® m? s~!; the change in 200 hPa stream
function minus its zonal mean) and in wave activity flux (black
arrows; m” s~2) in JJA. Effects of AMV on b sea level pressure (col-
ours; Pa) and 850 hPa heat transport (red arrows, km s in JJA. ¢
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As in a but in SON. d As in b but in SON. Stippling indicates that
changes in zg200* and sea level pressure are statically significant,
based on a Student’s 7 test (95% confidence level). Change in 850 hPa
heat transport is only drawn when its meridional or its zonal compo-
nent (or both) is statically significant, based on a Student’s ¢ test (95%
confidence level)
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4.2 The tropical Pacific Ocean

Figure 4d shows that, in SON, there is a strong decrease in
SLP South of Japan and a strong increase in SLP over Japan.
SLP anomalies are collocated with anomalies in zg200%,
and are reminiscent of the Pacific-Japan like pattern (Nitta
1987). Therefore, we explore the role of Pacific SSTs in
driving these aforementioned anomalies.

Figure 5a, b show that AMYV is associated with an anoma-
lously strong upper tropospheric divergence and strong air
ascent over the Atlantic Ocean, Indian Ocean, India, and the
warm pool. An equilibrium is reached through anomalous
convergence in upper troposphere and anomalous subsidence
over the eastern Pacific Ocean (Fig. 5a, b). The increase in
subsidence (air ascent) over the eastern (western) Pacific
Ocean indicates a strengthening of the Walker circulation.
The strengthening of the large-scale atmospheric circulation
is associated with an increase in SLP over the eastern Pacific
Ocean and a strengthening of the equatorial trade winds
(Fig. 5c, d). The strengthening of the trade wind is associ-
ated with an anomalously strong westward atmospheric heat
transport (Fig. 3b, d) and an increase in surface temperature
over the western Pacific Ocean (Fig. 2a, b).

In the model used here, MetUM-GOML?2, the Ocean
is reduced to a multi-column K Profile mixed layer Ocean
model, which does not allow horizontal heat advection and
diffusion (see model description in Sect. 2.1). Therefore,
the negative surface temperature anomaly in eastern tropical
Pacific is not due to changes in large-scale ocean dynamics.
Instead, the eastern tropical Pacific cooling is largely asso-
ciated with a decrease in net surface shortwave radiation
(Fig. Se, f). Subsidence strengthens over the eastern Pacific
Ocean, in association with a strengthening of the Walker-
circulation (Fig. 5a, b). The strengthening of the subsidence
allows, over the eastern tropical South Pacific Ocean, an
increase in marine low-cloud cover (Fig. S3) consistent with
Bony and Dufresne (2005). The change in cloud cover then
reflects solar radiation and leads to a surface cooling. There-
fore, this mechanism allows AMYV to partly drive Pacific
SSTs through large-scale circulation changes in MetUM-
GOML2, and is consistent with previous studies (Kuchar-
ski et al. 2011; among others). In addition, changes in net
longwave radiation partly damp the cooling induced by the
decrease in net shortwave flux over the eastern Pacific Ocean
(Fig. S6).

In SON, precipitation increases strongly over the west-
ern Pacific Ocean, particularly between Indonesia and
Japan, below the southern edge of the subtropical westerly
jet (Fig. 6b). In contrast, in JJA the anomaly in precipita-
tion south of Japan is smaller, and the climatological jet
is weaker (Fig. 6a). The combination of diabatic tropical
heating and anomalous vertical ascent due to the increase
in precipitation, as well as a strong subtropical westerly jet,

allows a Rossby wave to propagate at upper levels (Shimizu
and de Albuquerque Cavalcanti 2011). Atmospheric circula-
tion anomalies are baroclinic between the equator and 20° N
and 120-160° E and equivalent barotropic over Japan (Fig.
S5), suggesting that the Rossby wave is triggered over the
equator, before to propagate northwards.

The increase in precipitation, over the warm pool and
India, in JJA, and South of Japan and North of Indonesia, in
SON, are associated with the strengthening of the easterlies
and a strengthening of the moisture flux from the central to
the western Pacific Ocean (as noted in Monerie et al. 2019),
and are related to the strengthening of the Walker circula-
tion. In JJA, the strengthening of the easterlies might be a
result to the effect of the AMV on the Aleutian low, as sug-
gested in (Sun et al. 2017). The strengthening of the atmos-
pheric circulation results in an increase in cloud cover and a
strengthening of the deep convection over the western tropi-
cal Pacific. Net shortwave heat flux decreases and latent heat
flux increases (Fig. S7) over the equatorial Pacific Ocean in
JJA and South of Japan in SON (Fig. 5e, f).

5 Sensitivity of the results to AMV pattern
and magnitude

5.1 The roles of the tropical and extratropical
Atlantic Ocean

The impacts of the North Atlantic Ocean on the climate in
remote regions can arise from either the warming of the
tropical or of the extratropical Atlantic, or from a combina-
tion of both. In particular, Rossby waves are thought to be
excited by both tropical and extratropical SSTs, and tropi-
cal SSTs are also thought to be able to drive changes in the
Walker circulation. For instance, Li et al. (2008) show, using
an Atmospheric General Circulation Model, that the tropical
Atlantic warming is prominent for explaining changes over
Africa and South America, while the extratropical Atlantic
warming is prominent for explaining effects of AMV over
India and central Asia. Therefore, here we use simulations
in which idealised SSTs are applied only over the tropical
or extratropical Atlantic Ocean only, i.e. the TNA and XNA
experiments (see Table 1 and Sect. 2.3).

The warming of the tropical Atlantic Ocean results in
an increase in temperature over NEA in both JJA and SON
(Fig. 7a, ¢). There are some similarities between the TNA
and AMYV simulations: the warming is stronger in SON than
in JJA over NEA, and the patterns in temperature anomalies
are consistent between the two sets of simulations, with a
warming mostly located to the east of NEA in JJA and over
and to the north of NEA in SON (Figs. 2a, b, 7a, ¢). In addi-
tion to NEA, the warming of the tropical Atlantic Ocean
is also associated with a warming over the US, central and
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JJA. f As in e but in SON. Stippling indicates that changes in 200 hPa
velocity potential, sea level pressure and net shortwave surface heat
flux are statically significant, based on a Student’s ¢ test (95% confi-
dence level). Change in 850 hPa wind is only shown when its meridi-
onal or its zonal component (or both) is statically significant, based
on a Student’s ¢ test (95% confidence level)
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Fig.6 Effects of AMV (i.e. difference between AMV+ and AMV-)
on precipitation (in mm day~') in a JJA and b SON. The red contour
indicates the climatological 200 hPa zonal wind (m s71), as defined

South America, over northern Africa, the Arabic peninsula
and over the Northwest Pacific Ocean.

There is a strong role for atmospheric circulation changes
in the warming. Figure 8 shows that in both JJA and SON
the warming of the tropical Atlantic Ocean is associated
with a propagation of a wave-train over the northern hemi-
sphere, as shown by the alternation of negative and positive
zg200* anomalies. Furthermore, anomalously strong anti-
cyclonic circulation over East Asia allows a strengthening
of the heat transport from the tropical west Pacific Ocean
to NEA (Fig. 8e, g). As in the full AMV simulations, the
anomalies in zg200*, low-level heat transport, and surface
air temperature are stronger in SON than in JJA over East
Asia (Figs. 7a, c, 8e, g). In SON, the change in ZG200* over
the western Pacific Ocean and North of Japan also resembles
the full AMV anomalies.

The warming of the extratropical Atlantic Ocean (XNA)
also leads to a warming over North East Asia in both JJA and
SON (Fig. 7b, d). As in the TNA experiments, we also note
a warming over South America, northern Africa and over
the western tropical Pacific Ocean. In both JJA and SON,
XNA is also associated with an increase in zg200* over East
Asia, which is also associated with an anomalously strong
anticyclonic circulation east of NEA, leading to low-level
heat advection from the tropical Pacific Ocean to East Asia.

Therefore, the warming of the North Atlantic Ocean
is associated with the perturbation of the 200 hPa

from the CLM simulations. Stippling indicates that changes in pre-
cipitation are statically significant, based on a Student’s ¢ test (95%
confidence level)

atmospheric circulation for all simulations and seasons.
These circulation changes project onto a perturbation of
the circumglobal teleconnection in TNA in both JJA and
SON, and in XNA in SON. However, the impacts of the
extratropical Atlantic Ocean on the upper tropospheric
atmospheric circulation are less clear in JJA, where there
is some evidence of a weak CGT pattern, but where there
are much larger changes over the Pacific Ocean.

In the full AMV experiment, East Asia warms by up
to 0.6 °C in SON, between 80° and 130° E and 40° N
and 70° N (Fig. 2b). This warming is reproduced by the
TNA experiment (Fig. 7c) but is much smaller in the XNA
experiment (~0.3 °C) (Fig. 7d). This shed lights on the
role of the tropical Atlantic to explain the effects of the
AMV on East Asia in SON.

The warming over NEA is not significantly different in
the TNA and XNA simulations (Fig. 7e), as the ensemble
member is relatively large and stronger than the difference
between the TNA and XNA ensemble mean. Consequently,
both tropical and extratropical parts of the Atlantic Ocean
exercise a role on the impact of the AMV on climate. The
additivity of the tropical and extratropical Atlantic warm-
ing is assessed by summing the TNA and XNA effects
(i.e. TNA + XNA) on NEA surface air temperature. The
TNA + XNA sum turns out to be a good proxy of the AMV
effects on NEA (Fig. 7e).

@ Springer



P-A. Monerie et al.

a Ts in JJA @TNA

P PP IR S 1. 1 PR I S

b Tsin JJA eXNA

1

30S1. & © T UNema d o o
60S

90S
30E 60E

Cc TsinS

90E 120E 150E
ON @TN
T

180 150W 120W 90W 60W 30W

90N —

60N

60N

0 30E 60E 90E 120E 150E 180 150W 120w
d Ts in SON @XNA
NETEN PR U BTN BT

90N

30N -
0

308

60S

90s T T T T R B | T T

0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W 0 0 30E 60E 90E 120E 150E 180 150W 120W 90W 60W 30W
B [ [ [ [ [ [T
-0.6 0.2 -0.1 0 0.1 0.2 0.6
Surface temperature [°C)

e
op— 1 I I I 1 l I
0.8 4
0.6 3 | “
0.4 3 H
0.2
0.0 3
024  JJA SON
| | | | | | | |
AMV TNA XNA TNA+XNA AMV TNA XNA TNA+XNA
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5.2 Asymmetry and linearity in AMV effects on NEA

We assess asymmetry of the effects of AMV on NEA by
comparing positive and negative phases of AMV to experi-
ments with no changes in SSTs over the North Atlantic
Ocean (CLM; Table 1).

Figure 9 shows that the impacts of a negative phase of
the AMV (AMV™—CLM) on NEA surface temperature are
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[90° E-130° E; 40° N-50° N], in e JJA and SON. Orange vertical
lines represent the spread, as defined by 2 times the standard error,
around the average. A blue bar indicate that changes are statically sig-
nificant, based on a Student’s ¢ test (95% confidence level). Note that
the significance of the anomaly is not assessed for TNA + XNA

stronger than the impacts of a positive phase of the AMV
(AMV*—CLM), which suggests an asymmetry in the impacts
of the North Atlantic Ocean on NEA. This asymmetry is the
strongest in SON (Fig. 9). We find that the stronger response
in AMV— is associated with stronger changes in both eastern
Pacific Ocean SSTs (Fig. S8) and cloud cover over the tropi-
cal eastern Pacific (Fig. S9). This difference suggests that
the changes in SST in the Pacific, and its related feedbacks
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are very likely the cause of the asymmetry in the response
to Atlantic SSTs. However, the short observational record
means that asymmetry cannot be verified in observations,
and so we cannot rule out if this result could only be due to
MetUM-GOML2.

In this study we have used a relatively large temperature
anomaly for AMYV; it is of the similar magnitude as that of
the recent observed mid-1990s warming. These large anom-
alies were chosen to maximise signal-to-noise ratio. There-
fore, we now test the sensitivity to the size of the anomaly
using the IXAMYV experiments (see Table 1). Although of
weaker intensity, a reduced AMV anomaly is also associ-
ated with an increase in surface air temperature over North
East Asia (Fig. 9). However, IXAMYV is only associated
with significant changes over NEA in SON (Fig. 9). The
NEA warming is of ~0.45 °C in JJA and ~0.60 °C in SON
with the AMV experiments, and is of ~0.15 °C in JJA and
~0.20 °C in SON with the 1XAMYV experiments. Thus, the
warming is three times stronger over NEA with a forcing
that is two times stronger over the North Atlantic. However,
we find no simple relations between AMV’s magnitude and
NEA surface temperature anomalies, but this conclusion
relies on a limited number of different AMV magnitudes,
and would be assessed using a higher number of sensitivity
experiments. Finally, in IXAMYV the asymmetry between
the warm and cold phases of AMV disappear; IXAMV+
(1XAMV-) is associated with a similar warming (cooling)
over NEA (Fig. 9).

6 The role of the Pacific SST change

As described in Sect. 4, there appear to be broadly two
routes through which North Atlantic SST anomalies affect
NEA temperature in our experiments. Those are via a per-
turbation of the CGT and regional circulation anomalies,
and via changes of the Pacific Ocean SSTs, which also affect
regional circulation over East Asia. However, as they are
both responses to the Atlantic SST anomalies, and as they
are able to interact (i.e. through changes in local SST), it
is not clear which plays the dominant role. Therefore, we
assess the relative role of the Pacific response to the AMV
on North East Asia by analysing an additional set of sensitiv-
ity experiments. Specifically, we suppress SST changes out-
side the Atlantic Ocean by removing the coupling between
the Ocean and the atmosphere model so that the atmosphere
only “sees” daily-varying climatological SSTs outside the
North Atlantic Ocean. We focus on only the shift from a
neutral to a negative phase, for which impacts of the AMV
are the strongest over NEA (Fig. 9). Last but not least, we
note that only a negative phase of the AMV impacts the east-
ern Pacific Ocean in MetUM-GOML2, while the positive

phase of the AMV has no significant impact on SST over
the eastern Pacific Ocean (Fig. S8).

In JJA, we find that the Pacific response plays little role
in shaping the NEA surface temperature anomalies. A cool-
ing of the North Atlantic Ocean is associated with a cool-
ing over North East Asia and a warming over the eastern
Pacific Ocean in JJA (Fig. 10a). When changes in Pacific
SSTs are suppressed, the negative phase of AMYV is still
associated with a cooling over NEA. The anomaly is 0.27 °C
in AMV - and of 0.24 °C in AMV—_no_pac, in JJA.

In SON, a cooling of the North Atlantic Ocean is also
associated with a cooling over NEA and a warming over
the eastern tropical Pacific Ocean (Fig. 10b). However, in
contrast to JJA, when SST anomalies outside of the Atlantic
are suppressed the response to AMV— is reduced. The cool-
ing is 0.40 °C in AMV— and 0.24 °C in AMV—_no_pac. As
the differences in SST over the Indian and the South Oceans
are small relative to the Pacific in the AMV — experiment
(Fig. 10a, b) we assume that the stronger change in NEA
surface temperature in AMV— compared to AMV—_no_pac,
is due to the response over the Pacific Ocean. The feed-
back with the Pacific SSTs explains up to ~40% of the
NEA temperature anomaly in SON. It is worth noting that,
over NEA, the pattern in surface temperature anomalies is
similar in both AMV— and AMV —_no_pac. In addition, a
wave-train propagates over the northern hemisphere in both
AMV— and AMV—_no_pac experiments (Fig. S10). There-
fore, it appears that the Pacific Ocean changes modulate the
magnitude of the warming over NEA, rather than dominat-
ing the anomalies.

7 Conclusion and discussion

We assess the impact of Atlantic Multidecadal Variability
(AMV) on North East Asia (NEA), using idealised experi-
ments with an atmospheric model coupled near-globally
to an ocean mixed layer model (MetUM-GOML2; Hirons
et al. 2015). Specifically, we impose AMV-like Sea Surface
Temperature (SST) anomalies into the model, following
Boer et al. (2016). In addition to the full AMV pattern, we
assess the relative impacts of the tropical and the extratropi-
cal North Atlantic Ocean (TNA and XNA, respectively) as
well as the magnitude of the North Atlantic SST anomalies.
The key results are as follows:

1. AMV significantly affects NEA surface temperature
through its modulation of the regional atmospheric
circulation. Positive AMV phases are associated with
a warming over NEA in all seasons. The impact is
large (~0.4-0.6 °C for 2XAMYV) and robust (i.e. with a
stronger signal-to-noise ratio) in June—August (JJA) and
September—November (SON).
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2. The warming over NEA is due to two different mecha- the North Atlantic Ocean is associated with a strength-
nisms. First, AMV is associated with the excitation of ening of the Walker circulation over the Pacific Ocean,
an atmospheric extratropical Rossby wave: the circum- and subsequent changes in regional atmospheric circula-
global teleconnection (CGT). Second, the warming of tion that projects on the Pacific-Japan Pattern.
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«Fig. 8 Effects of the tropical Atlantic Ocean (TNA; difference
between TNA+ and TNA—) on zg200* (colours; m) (i.e. the change
in 200 hPa geopotential height, minus its zonal mean) and sf200*
(blue/grey/red contours for negative/null/positive values; in 10°
m? s7!) (ie. the change in 200 hPa stream function minus its zonal
mean) in a JJA and b SON. ¢, d As in a and b but for the effects
of the extratropical Atlantic Ocean (XNA; difference between XNA+
and XNA-). e, g, f, h as in a-d but for sea level pressure (colours;
Pa) and 850 hPa heat transport (km s~'). Stippling indicates that
changes in zg200* and sea level pressure are statically significant,
based on a Student’s 7 test (95% confidence level). Change in 850 hPa
wind (m s~1), is drawn in grey everywhere and in red when its merid-
ional or its zonal component (or both) is statically significant, based
on a Student’s 7 test (95% confidence level)

3. Both mechanisms lead to the establishment of an
anomalously strong anticyclonic circulation over NEA
and Japan, and to a strengthening of the south-easterly
atmospheric heat transport from the tropical Pacific
Ocean to NEA. Additionally, the increased subsidence
over East Asia leads to an increase in incoming short-
wave radiation over NEA due to a reduction in cloud
cover.

4. SST anomalies in both the tropics and extra-tropics
contribute to the warming over NEA. In both cases
the warming of the Atlantic SSTs is associated with an
extra-tropical wave-train that impacts East Asia, espe-
cially in SON, and is associated with a strengthening of
the low-level heat transport.

5. There is an asymmetry in the response to AMV in SON
with the largest impact over NEA associated with the
negative phase of the AMV. This asymmetry in the sim-
ulations is, at least partly, due to a larger impact on the
tropical Pacific in AMV—, which strengthens the impact
of AMV on NEA.

o

We have shown that the North Atlantic SSTs impact
the variability of the surface temperature over NEA, with
a warming of the North Atlantic SSTs associated with an
increase in NEA surface temperature. When the North
Atlantic SST is anomalously warm, the intertropical conver-
gence zone shifts northward over the Atlantic Ocean, lead-
ing to an increase in diabatic heating in the atmosphere and
to the excitation of a Rossby wave that propagates to East
Asia. The perturbation of the atmospheric circulation over
East Asia is associated with a modulation of the low-level
heat transport and with an increase in net shortwave radia-
tion flux at the surface, explaining the warming over North
East Asia. Such a mechanism has also been proposed by
Sun et al. (2019), using climate simulations, and proposed
in (Wu et al. 2016a; Lin et al. 2016) with observations and
simulations.

The perturbation of the CGT could arise from either
the tropical or extratropical Atlantic Ocean (Fig. 8a—d), or
from the warming of the western Pacific Ocean (Fig. 2a,
b). We attempted to tackle this issue by computing the
divergence in wave activity flux to assess where the wave
train first develops. However, we found positive anomalies
in divergence over both the Atlantic and the Pacific Ocean
in the very first months of the simulations (Fig. S11). A
clue is given by the simulations in which we have disa-
bled the ocean—atmosphere coupling outside of the North
Atlantic Ocean. These simulations show that a wave-train
is also obtained with no changes in Pacific SSTs (Fig.
S10). The presence of a wave train in the AMV—_no_pac
experiments suggests that the wave is triggered first over
the Atlantic Ocean and, hence, that the western Pacific
Ocean must mainly play a role in modulating the impacts
of the North Atlantic SSTs on East Asia.
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Fig.9 Effects of AMV, AMV+, AMV—, IXAMV, 1XAMV+ and
IXAMV— on surface temperature (°C), averaged over North East
Asia [90° E-130° E; 40° N-50° NJ, in (left) JJA and (right) SON.
Anomalies are given in absolute values for direct comparisons of the
strength of the AMV-NEA relationships. Note that positive (nega-
tive) phases of the AMV are associated with positive (negative)

I
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anomalies in NEA surface temperature. Orange vertical lines repre-
sent the spread, as defined by 2 times the standard error, around the
average. A blue (white) bar indicates that changes are statically sig-
nificant (not significant), based on a Student’s ¢ test (95% confidence
level)
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Fig. 10 Effects of AMV— (i.e. difference between AMV— and CLM)
on surface temperature (°C) in a JJA and b SON. Effects of AMV—_
no_pac (i.e. AMV— with no ocean—atmosphere coupling outside of
the Atlantic Ocean) on surface temperature (°C) in ¢ JJA and d SON.
Stippling shows changes that are statically significant, based on a
Student’s ¢ test (95% confidence level). Effects of AMV, AMV— and

We have focused on understanding the mechanisms in a
model. However, observed and simulated zg200* anoma-
lies, following a warming of the North Atlantic Ocean, are
slightly different (Fig. S12). These differences are likely
due to climate model’s biases, observed internal climate
variability, and the fact we do not include externally forced
changes here. Besides, we discuss that the location of the
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AMV—_no_pac

AMV+ AMV— AMV—_no_pac

AMV—_no_pac on surface temperature (°C), averaged over North
East Asia [90° E-130° E; 40° N-50° N], in e JJA and f SON. Orange
vertical lines represent the spread, as defined by two times the stand-
ard error, around the average. In e and f all changes are statically sig-
nificant, based on a Student’s 7 test (95% confidence level)

westerly jet is important for explaining the development
of the wave-train in SON (Fig. 6b). In MetUM-GOML2,
we find that biases in 200 hPa zonal winds are large over
the tropical Atlantic Ocean (Fig. S13). These biases
could likely affect the simulation of how AMV affects the
atmospheric circulation. Significant modelling uncertainty
remains; for example, ocean—atmosphere interactions are
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complex over the Pacific Ocean, e.g. due the coupling
between the dynamical response to SSTs and the cloud
cover response (Lloyd et al. 2012) and could depend on
the model’s SST and cloud cover biases.

Wang et al. (2009) have shown that effects of the AMV
on Asian climate could be model-dependent. A multi-
model analysis would be the further step of this study,
to assess robustness within a large set of climate simula-
tions. Therefore, we suggest that such analysis should be
repeated using a larger set of simulations. A multi-model
analysis, using the outputs of the Phase C of the Decadal
Prediction Project (DCPP-C; Boer et al. 2016) will be an
important next step in our understanding of the relation-
ship between north Atlantic Ocean SSTs variability and
North East Asian climate.
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