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ABSTRACT

In the 20th century, Eurasian warming was observed and was closely related to global oceanic warming (the first leading
rotated empirical orthogonal function of annual mean sea surface temperature over the period 1901-2004). Here, large-scale
patterns of covariability between global oceanic warming and circulation anomalies are investigated based on NCEP-NCAR
reanalysis data. In winter, certain dominant features are found, such as a positive pattern of the North Atlantic Oscillation
(NAO), low-pressure anomalies over northern Eurasia, and a weakened East Asian trough. Numerical experiments with the
CAM3.5, CCM3 and GFDL models are used to explore the contribution of global oceanic warming to the winter Eurasian
climate. Results show that a positive NAO anomaly, low-pressure anomalies in northern Eurasia, and a weaker-than-normal
East Asian trough are induced by global oceanic warming. Consequently, there are warmer winters in Europe and the northern
part of East Asia. However, the Eurasian climate changes differ slightly among the three models. Eddy forcing and convective

heating from those models may be the reason for the different responses of Eurasian climate.
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1. Introduction

Global warming is noticeable over a wide range of time
scales. A vigorous and continuous rise in sea surface tem-
perature (SST) and land surface temperature has been caused
by increasing greenhouse gases during the last century (e.g.,
Hansen et al., 2010; Xie et al., 2010). Shin and Sardeshmukh
(2011) found that the recent rising trend of surface air temper-
ature (SAT) over land masses surrounding the North Atlantic
Ocean could be captured by models, with oceanic warming
observed in the tropics but not with observed radiative forc-
ing changes. This is similar to the results of many studies
(e.g., Schneider et al., 2003; Hurrell et al., 2004; Herweijer
and Seager, 2008). Several studies have suggested that the
direct land temperature response to radiative forcing is much
smaller than the response to SST anomalies induced by ra-
diative forcing (Schneider et al., 2003; Bracco et al., 2004;
Deser et al., 2004; Hoerling et al., 2008). These evidence-
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based results show the importance of oceanic warming in cli-
mate change research under a CO;-enriched atmosphere.

Many studies have demonstrated that variations of In-
dian Ocean and North Atlantic Ocean SSTs are important
in Eurasian climate. The North Atlantic Oscillation (NAO)
is known to have a link with a tripolar SST anomaly in the
North Atlantic, which causes large changes in surface tem-
perature and precipitation over Eurasia (Frankignoul, 1985;
Wallace et al., 1990; Frankignoul et al., 1998; Watanabe and
Kimoto, 2000; Visbeck et al., 2003). Hoerling et al. (2004)
and Hurrell et al. (2004) revealed a nonlinear response of the
winter NAO to tropical oceanic warming, implying a mech-
anism of oceanic warming with an influence on European
climate change. The variations of Indian Ocean SST affect
the strength and location of the sea level pressure field over
the western North Pacific, which may influence the intensity
of the northeast East Asian winter monsoon (Hu and Huang,
2011; Ueda et al., 2015). Li et al. (2008) indicated a promi-
nent warming in the Indian Ocean, which intensifies the East
Asian summer monsoon with an enhanced South Asian high,
in agreement with Hu (1997) and Hu et al. (2003).
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In the period 1901-2004, trends of annual mean SST
show prominent increases in the Atlantic and Indian oceans
(Fig. 1). However, it is still unclear what effect global oceanic
warming had on Eurasian climate over the 20th century. In
this study, we focus on the contribution of global oceanic
warming to winter Eurasian climate change, using a series
of model simulations.

2. Data and methods

We acquired monthly and daily meteorological data from
the NCEP-NCAR reanalysis dataset (Kalnay et al., 1996),
and observational SAT data from the CRU TS3.2 dataset
(Mitchell and Jones, 2005). Numerical experiments were per-
formed by the U.S. CLIVAR drought working group. Us-
ing Met Office Hadley Centre SST datasets (Rayner et al.,
2003), that working group used rotated empirical orthog-
onal function (REOF) analysis of annual mean SST over
the period 1901-2004, based on varimax rotation. As a re-
sult, the first leading mode of annual mean SST anoma-
lies displayed long-term warming of global SST. It revealed
that a rapid increase in global SST occurred during 1925—
1945 and 1960-2000. The global oceanic warming pattern
was scaled by the standard deviation of its associated prin-
cipal component (PC; Fig. 1b) to produce a magnified SST
anomaly (Fig. 1a). The working group added this magnified
SST anomaly to the monthly SST climatology (defined for
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1901-2004) to be a prescribed SST. The GFDL (Delworth et
al., 2006), CAM3.5 (http://www.ccsm.ucar.edu/models/atm-
cam/) and CCM3 (Kiehl et al., 1998) models were forced by
the prescribed SST, which was abbreviated as the LTw run.
Additionally, the three models were forced by monthly SST
climatology, referred to as the control run. The SST forcing
was repeated with no interannual variability in each experi-
ment. Details of the three models are shown in Table 1. The
aim was to investigate the impact of long-term oceanic warm-
ing on the Eurasian climate. Hence, we analyzed the differ-
ence between the LTw and control runs. Each run spun up for
more than 51 years, and data of the last 45 years were used.

The storm tracks used in our study were defined by Lau
(1988). Daily data of geopotential height were used with
a bandpass filter to obtain fluctuations with 2.5-6-day pe-
riods, and then filtered time series of geopotential height
were split into individual seasonal segments, one for winter
(December—January—February). For each seasonal segment,
its mean values were subtracted from the filtered daily data of
the same winter, and temporal root-mean-square values were
then computed for that segment.

3. Results

The time series of wintertime Eurasian SAT and global
oceanic warming, describing Eurasian SAT and global SST,
continually increased during the 20th century (Fig. 2). The

60N
30N

30S
60S

90S

(a)REOF1 LT(27.2%) (b)PCH1
] ] ] ] ]
0 60E 120E 180 120W 60W 0 1920 1940 1960 1980 2000
| — | | | | | | | | ]
-0.4 -0.2 0 0.2 0.4

Fig. 1. First leading REOF (a) and associated PC1 (b) of annual mean SST based on the period 1901-2004. This mode
is the long-term warming oceans, which was divided by a factor of two to add to the monthly SST climatology in the

models.

Table 1. Description of the three models used in this study.

Model Resolution Convection scheme Land surface model
CAM3.5 Approximately 1.9° (lat) X2.5° (lon),  Zhang—McFarlane scheme (Zhang and ~ Community Land Model (Oleson
with 27 hybrid sigma levels McFarlane, 1995) et al., 2008)
GFDL AM2.1 2° (lat) x2.5° (lon), L24 Relaxed Arakawa—Schubert (Moorthi ~ Milly and Shmakin (2002)
and Suarez, 1992)
CCM3 Approximately 2.8° (lat) X2.8° (lon), = Zhang—McFarlane scheme (Zhang and  Bonan (1996)

with 18 hybrid sigma levels

McFarlane, 1995)
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wintertime Eurasian warming had a close relationship with
global oceanic warming. Their correlation coefficient is 0.52
for the period 1901-2004. To confirm the connection between
the Eurasian climate and long-term oceanic warming in win-
ter, we further regressed the atmospheric circulation against
PC1 for 1948-2004 (Fig. 3). The regression map of sea level
pressure (SLP) is characterized by a negative anomaly cov-
ering the high-latitude North Atlantic and an opposite-sign
anomaly in the midlatitude North Atlantic (Fig. 3a). This
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dipolar pattern resembles a positive pattern of the NAO. We
also found that global oceanic warming was accompanied
by low-pressure anomalies over the northern Eurasian con-
tinent and the Aleutian Islands (Fig. 3a). The regression re-
sult of 500-hPa geopotential height shows a positive NAO
anomaly and a weakened East Asian trough (Fig. 3c). Thus,
in the lower troposphere, anomalous westerly wind over Eu-
rope and anomalous southerly wind over East Asia, which
bring more humid and warmer air to the Eurasian continent,
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Fig. 2. Winter-mean surface temperature average over Eurasian region based on CRU
TS3.2 dataset (bars; units: °C) and the PC1 associated with REOF1 (line), for the period

1901-2004.
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Fig. 3. Regression coefficients of winter-mean atmo-
spheric circulation on PC1 during 1948-2004 based
on the NCEP dataset: (a) SLP (units: hPa), (b) 850-
hPa wind (units: m s~1), and (c) 500-hPa geopotential
height (units: m). Statistically significant coefficients at
the 95% confidence level are dotted in (a, ¢) and shaded
in (b).
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are clearly correlated with global oceanic warming (Fig. 3b).
This favors warmer winters in Eurasia.

The general consensus has been that the upward trend
of winter NAO involves synoptic eddy feedbacks associated
with changes in the North Atlantic storm track (Wallace et
al., 1990; Watanabe and Kimoto, 2000; Hoerling et al., 2004;
Hurrell et al., 2004; Cohen and Barlow, 2005). The NAO
generates a North Atlantic horseshoe pattern and, in turn,
an NAO-like response primarily results from perturbations in
the Atlantic storm track caused by subpolar and midlatitude
forcing in winter (Sutton et al., 2000; Czaja and Frankig-
noul, 2002; Peng et al., 2003; Gastineau and Frankignoul,
2015). Hoerling et al. (2004) and Hurrell et al. (2004) sug-
gested that changes in tropical rainfall, especially forced by
Indian Ocean warming, also contribute to a winter NAO re-
sponse. The global oceanic warming pattern is not only char-
acterized by tropical warming but also by a negative center
over the Labrador Sea and an opposite-sign anomaly in the
midlatitude North Atlantic, which is somewhat similar to the
extratropical portion of the SST anomaly tripole. From linear
regression, precipitation and midlatitude storm track anoma-
lies are significantly associated with global oceanic warming
(Fig. 4). As results show, the storm track over the midlati-
tude North Atlantic and precipitation over the North Atlantic
and tropics have apparent perturbations related to long-term
oceanic warming, which can sustain dipolar anomalous eddy
forcing for the positive NAO-like atmospheric response (Fig.
4; Peng et al., 2003; Hoerling et al., 2004; Hurrell et al.,
2004). Additionally, we found that the storm tracks asso-
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ciated with global oceanic warming obviously increased in
midlatitude East Asia, corresponding to a strengthened East
Asian trough. We also found that precipitation over Russia
was enhanced in the last century (Fig. 4), which implies low-
pressure anomalies over the northern Eurasian continent may
involve diabatic heating associated with the changes in rain-
fall.

The key question is: what was the contribution of global
oceanic warming to the aforementioned circulation anoma-
lies, which led to the Eurasian surface temperature rise in
the recent warming period? To examine the impact of global
oceanic warming on the Eurasian climate during boreal win-
ter, idealized SST experiments were performed using three
atmospheric general circulation models. Figure 5 shows
the response of SLP and 850-hPa wind to global oceanic
warming in winter. The outstanding characteristics of the
boreal winter SLP response in all three models are low-
pressure anomalies over Iceland and northern Eurasia and
high-pressure anomalies over the subtropical North Atlantic
(Fig. 5). Additionally, there was a remarkable weaker-than-
normal Aleutian low (AL) and a low-pressure anomaly over
northern Eurasia caused by global oceanic warming (Fig. 5).
In the mid-troposphere, geopotential height anomalies were
characterized by a dipolar anomaly over the North Atlantic,
with a positive center around (40°N, 10°W) and a negative
center over north of 60°N (Fig. 6). The response of 500-hPa
geopotential height in the East Asia—Pacific sector featured
a weakened East Asian trough (Fig. 6). The dipolar modes
of the SLP and geopotential height anomalies over the North
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Fig. 4. Regression coefficients of winter-mean atmospheric circulation on PC1 during
1948-2004 based on the NCEP dataset: (a) precipitation rate (units: mm d=!) and (b)
250-hPa storm track (units: m?). Statistically significant coefficients at the 95% confi-

dence level are dotted.
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Fig. 5. Difference in SLP (color shading; units: hPa) and 850-

hPa winds (vectors; units: m s~!) between the LTw and control Fig. 6. Difference in 500-hPa geopotential height (units: m) be-
runs from (a) CAM3.5, (b) GFDL and (¢c) CCM3. The black tween the LTw and control runs from (a) CAM3.5, (b) GFDL
lines indicate the 90% confidence levels (positive, solid line; and (c) CCM3. Stippled areas indicate the 90% confidence

negative, dashed line). level.
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Fig. 7. Difference in SAT (units: °C) between the LTw and control runs from (a)
CAM3.5, (b) GFDL and (c) CCM3. Stippled areas indicate the 90% confidence

level.

Atlantic resemble the positive pattern of the NAO pattern,
which was accompanied by anomalous westerlies over Eu-
rope (Figs. 5 and 6), leading to wet and warm conditions
there (Fig. 7; Glowienka-Hense, 1990; Rodwell et al., 1999).
The low-pressure anomaly over northern Eurasia and weak-
ened East Asian trough drove anomalous southeasterly flow
in the coastal areas of midlatitude East Asia, thereby obstruct-
ing cold and dry air penetration of East Asia (Figs. 5 and
7). These results indicate that the spatial patterns of circula-
tion change over the North Atlantic and Eurasia are consis-
tent with the dynamic response of atmospheric circulation to
global oceanic warming. However, global oceanic warming

appears not to be of primary importance for AL variability.
It is remarkable that SAT responses varied among the
three models. The response in CAM3.5 shows strong positive
anomalies over the entire Eurasian continent. The response in
GFDL has a different feature, i.e., significant negative anoma-
lies in the southern part of East Asia. In the CCM3 model,
the SAT clearly increases in East Asia and Europe, but the
decrease in SAT over western Russia is different from the re-
sponses in CAM3.5 and GFDL. Based on the assessments
by Magnusdottir (2001) and Hao et al. (2016), we consider
that, compared to CAM3.5 and GFDL, the response of the
Eurasian climate to SST anomalies is quite well represented
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Fig. 8. Difference in the 950-250-hPa average streamfunction (units: 10° m2 571, cal-
culated from rotational wind, between the LTw and control runs from (a) CAM3.5, (b)
GFDL and (c) CCM3. Light, medium, and dark shading indicates the 90%, 95% and

99% confidence levels (positive, yellow; negative, green), respectively.

in CCM3.

The positive pattern of the NAO, weaker-than-normal
East Asian trough, and low-pressure anomaly in Eurasia
played key roles in the responses of Eurasian SAT. From
the above discussion, comparison with other studies suggests
that eddy forcing associated with storm tracks and diabatic
heating causes the change in the NAO (Peng et al., 2003;
Hoerling et al., 2004; Hurrell et al., 2004). Figure 8 shows
the 950-250-hPa average streamfunction differences between
the LTw and control runs, calculated from rotational winds.
The anomalous 950-250-hPa average streamfunction, which
is associated with stationary eddy vorticity forcing, exhibits
an obvious dipole over the North Atlantic Ocean from the
three models (Fig. 8). The strongest (weakest) 950-250-hPa
average streamfunction anomalies in CAM3.5 (GFDL) cor-
respond to the strongest (weakest) NAO response. Strong
similarity between those anomalies and 500-hPa geopoten-
tial height over the East Asia—Pacific sector implies that the

weakened East Asian trough may be driven by the eddy forc-
ing. Berckmans et al. (2013) suggested that blocking fre-
quency in the Europe and Pacific sector is increased at high
resolution, which means that eddy forcing is increased. They
also found that improvement in the resolution of orography
actually reduces blocking. Thus, we consider that the resolu-
tion and land surface model used in the three models may be
responsible for the different circulation responses associated
with eddy forcing.

Nevertheless, 200-hPa velocity potential differences be-
tween the LTw and control runs reveal that global oceanic
warming can induce divergence anomalies over the Indian
Ocean and Eurasia, as well as anomalous convergence over
the North Pacific (Fig. 9). The anomalous divergence cen-
tered over Eurasia is favorable for generating a low-pressure
anomaly over northern Eurasia (Figs. 5 and 9). The convec-
tion scheme in a model determines the spatial distribution of
convective heating (Gregory and Rowntree, 1990). Figure 10
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Fig. 9. Difference in the 200-hPa velocity potential (units: 10° m? s~ ') between the LTw
and control runs from (a) CAM3.5, (b) GFDL and (c) CCM3. Light, medium and dark
shading indicate the 90%, 95% and 99% confidence levels (positive, yellow; negative,

green), respectively.

shows precipitation differences between the LTw and control
runs. The tremendous differences in precipitation responses
among the three models show discrepancies in convective
heating driven by global oceanic warming. As a consequence,
the intensity and location of the low-pressure anomaly over
northern Eurasia are different among the three models.

4. Conclusions

During winter, Eurasian SAT increased substantially in
the 20th century, and its time series shows a strong rela-
tionship with global oceanic warming. Based on reanaly-
sis datasets, we investigated the relationship between atmo-
spheric circulation and global oceanic warming during win-
ter. We discovered a robust and highly significant association
between the NAO and global oceanic warming. Additionally,
accompanied by global oceanic warming, there was a low-
pressure anomaly over northern Eurasia and a weakened East
Asian trough.

We thus explored whether global oceanic warming was

a contributor to Eurasian climate change in the last cen-
tury, using numerical experiments with CAM3.5, GFDL and
CCM3. We found that atmospheric circulation responses in
the three models to global oceanic warming were generally
in agreement. An anomalous dipole with a positive center
around (40°N, 10°W) and a negative center north of 60°N
was seen in both the SLP anomaly field and 500-hPa geopo-
tential height anomaly field, resembling the NAO positive
phase. The positive NAO-like response resulted in warm win-
ters in northern Europe. Furthermore, in response to global
oceanic warming, a low-pressure anomaly in northern Eura-
sia and a weaker-than-normal East Asian trough occurred and
obstructed southward cold air intrusion, leading to warm win-
ters in East Asia.

The Eurasian climate response was slightly different
among the three models. Previous studies considered eddy
forcing and convective heating as primary contributors to
winter atmospheric circulation responses (Watanabe and Ki-
moto, 2000; Hoerling et al., 2004; Hurrell et al., 2004; Cohen
and Barlow, 2005). In the three models, the vertically av-
eraged streamfunction responses associated with stationary
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Fig. 10. Difference in the precipitation rate (units: mm d~!) between the LTw and con-
trol runs from (a) CAM3.5, (b) GFDL and (c) CCM3. Stippled areas indicate the 90%

confidence level.

eddy forcing show an obvious dipolar pattern in the North
Atlantic and a positive center in the midlatitude East Asia—
Pacific region, but with different intensities. Consequently,
the intensity of the NAO-like response and East Asian trough
response varies across the models. Divergence over Eura-
sia forced by global oceanic warming induces a low-pressure
anomaly over northern Eurasia. The intensity of the diver-
gence over Eurasia induced by convective heating is also dif-
ferent among the three models. In summary, the varying
intensities of circulation responses cause different SAT re-
sponses among these models.

Note that the AL intensity strengthened during the last

century (Fig. 3a), which has been identified as a consequence
of anthropogenic warming and natural variability (Gan et
al., 2017). Nevertheless, the AL response to global oceanic
warming was inconsistent with the AL variability computed
from the reanalysis dataset. This implies that global oceanic
warming might make a small contribution to AL variability.
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