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with a suite of GFDL atmospheric model idealized experi-
ments and four CMIP5 models historical experiments. Both 
observations and simulations indicate that Rossby waves 
propagating from the North Atlantic eastward to Eurasia 
emerge in the warm AMO and disappear in the cold AMO. 
Thus, the different propagations of Rossby waves, induced 
by the different surface thermal conditions of the warm and 
cold AMO, are the potential connection between the North 
Atlantic Ocean and central Eurasian climate, and may 
explain the asymmetry.
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1 Introduction

Sea surface temperature (SST) in the North Atlantic varies at 
the basin scale and at the 65–80 years (multidecadal) time-
scale, with a 0.4 °C range, referred to as the Atlantic Multi-
decadal Oscillation (AMO) (Enfield et al. 2001; Delworth 
and Mann 2000; Schlesinger and Ramankutty 1994). The 
SST variations according to AMO are thought to be related 
to the strength of the Atlantic Meridional Overturning Cir-
culation and ocean density anomalies in the sinking region 
of the North Atlantic thermohaline circulation (Zhang and 
Wang 2013; Msadek et al. 2011; Dijkstra et al. 2006; Knight 
et al. 2005; Chen and Ghil 1996; Delworth et al. 1993). The 
AMO is not only influenced by these phenomena. Several 
studies have demonstrated that many other factors can sig-
nificantly contribute to AMO variability. For example, solar 
activity, anthropogenic aerosols, and volcanic forcing are 
suggested to play a considerable role in modulating AMO 
phases (e.g., Booth et al. 2012; Knudsen et al. 2011; Otterå 
et al. 2010; Velasco and Mendoza 2008; Cubasch et al. 
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1997). Moreover, AMO variability has also been found to 
be correlated to the El Niño–Southern Oscillation (ENSO), 
the Atlantic tropical cyclone activity, and sea ice concentra-
tion anomalies in the North Atlantic Arctic Basin (e.g., Gao 
et al. 2014; He and Wang 2013; Wang et al. 2013; Liu et al. 
2012b; Mahajan et al. 2011; Huss et al. 2010).

AMO variability has been proposed to be an indispen-
sable element of atmosphere–ocean–sea ice interactions. It 
can cause significant climate changes globally. For exam-
ple, it has been shown to affect the East Asian winter and 
summer monsoons, and the precipitation and temperature 
in the United States, North Africa, and Europe (Zhou et al. 
2013; Gao et al. 2013; Li and Luo 2013; Wang and He 
2012; Liu et al. 2012a; Sun et al. 2011; Han et al. 2011; 
Huss et al. 2010; Hodson et al. 2010; Li and Bates 2007; 
Dima and Lohmann 2007; Zhang and Delworth 2006; 
Johannessen et al. 2004; McCabe et al. 2004; Enfield et al. 
2001; Delworth and Knutson 2000). In Eurasia, it has been 
suggested that the SST anomalies (SSTAs), especially in 
the Atlantic Ocean, are partly responsible for changes in 
temperature, precipitation, and storminess through evapora-
tion and atmospheric heating processes (Sutton and Dong 
2012; Rodwell et al. 1999; Palmer and Sun 1985; Ratcliffe 
and Murray 1970). Sutton and Hodson (2005) and Knight 
et al. (2006) analyzed observations and simulations of the 
Hadley Centre Coupled Model version 3 (HadCM3) forced 
by observed SSTs and an idealized pattern of AMO SSTAs. 
Their results suggest that in the summer, during the warm 
AMO period, there are warm temperature anomalies over 
central Europe and precipitation is enhanced over western 
Europe. In addition, other studies have shown that interan-
nual to decadal atmospheric circulations, drought variabil-
ity, and land–surface temperatures over Europe and East 
Asia are modulated by AMO in the summer (Ionita et al. 
2012, 2013; Dong et al. 2013; Sutton and Dong 2012; Sun 
et al. 2008, 2009; Sun and Wang 2012; Gámiz-Fortis et al. 
2011; Wei and Sun 2009; Msadek and Frankignoul 2009).

Previous studies also explored the impact of AMO on 
the Eurasian climate in winter. Li and Bates (2007) reported 
that AMO is an important factor in determining the low-fre-
quency fluctuation of the Eurasian surface air temperature 
(SAT) in winter. Their results were consistent with those of 
Sutton and Hodson (2007), who found that these temperature 
anomalies were forced by dynamical changes in the circula-
tion rather than simply reflecting a thermodynamic response 
to the SSTAs in the North Atlantic. Several studies have also 
demonstrated that the North Atlantic SSTAs have a small 
direct effect on the wintertime temperature in Eurasia and sig-
nificant indirect effects, which are mediated by atmospheric 
circulations (Tian and Fan 2015; Liu et al. 2012a; Junge and 
Stephenson 2003; Kunshir 1994). For example, AMO can 
induce sea level pressure (SLP) anomalies in winter, which 
are largely associated with the opposite phase of the North 

Atlantic Oscillation (NAO), and are thought to be partly 
responsible for changes in the climate over Eurasia (e.g., Pei-
ngs and Magnusdottir 2014; Gastineau et al. 2013; Kavvada 
et al. 2013). Nevertheless, the relation between AMO and the 
wintertime Eurasian climate is still not entirely clear.

In this study, we attempt to identify the relation between 
AMO and the wintertime climate over Eurasia for the dif-
ferent phases of AMO. First, we explore the existence of 
asymmetry in the central Eurasian climate teleconnection 
with AMO in winter and then examine the mechanism 
using observational datasets. Second, we analyze simula-
tions from the atmospheric Geophysical Fluid Dynamics 
Laboratory (GFDL) model, forced by AMO-like SSTAs. 
The atmospheric models are used to isolate the roles of 
SSTAs (Sutton and Hodson 2007), and help us to better 
understand the dynamics of the ocean–atmosphere system. 
Finally, we provide additional evidence, derived from sim-
ulations using the Coupled Model Intercomparison Project 
Phase 5 (CMIP5) with historical experiments.

2  Data and methods

We focus on the winter season. Boreal winter climatology 
traditionally refers to the monthly means of December, 
January, and February; that is, the winter of 1950 refers to 
December of 1950 and January and February of 1951. The 
monthly mean observational datasets are listed in Table 1.

We also used simulations of four CMIP5 coupled mod-
els with historical experiments (see Table 2). The four 
Earth system models are from the United Kingdom Met 
Office Hadley Centre and we refer to them as UKMOs 
(UK Meteorological Office’s Unified Models). The selec-
tion of the CMIP5 model for this paper is primarily driven 
by the capacity of the model to simulate AMO (e.g., Ruiz-
Barradas et al. 2013; Zhang and Wang 2013). The number 
of ensembles used in each of the CMIP5 models is two for 
HadCM3, one for HadGEM2–CC, two for HadGEM2–ES, 
and one for HadGEM2–AO. We provided the ensemble 
(average) results of the UKMOs simulations.

In addition, we analyzed the GFDL model simulations 
forced with idealized AMO-related SSTAs, provided by 

Table 1  Data sets used in this study

Resolution Period of record Source

ERA-40 reanalysis 2.5° × 2.5° 1957–2001 Uppala et al. 
(2005)

JRA-55 reanalysis 0.5° × 0.5° 1958–2001 Kalnay et al. 
(1996)

CRU TS3.2 0.5° × 0.5° 1957–2001 Mitchell and 
Jones (2005)
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the U.S. Climate Variability and Predictability Program 
Drought Working Group (USCLIVAR) (http://gmao.gsfc.
nasa.gov/research/clivar_drought_wg/index.html). The 
SSTAs forcing used in GFDL is derived from the Hadley 
Centre Sea Ice and Sea Surface Temperature dataset for the 
period of 1901–2004. This dataset is processed by rotated 
empirical orthogonal function (REOF) analysis, as a long-
term trend pattern (L, for short), an ENSO-like pattern 
(P, for short), and Atlantic pattern (A, for short) (Fig. 1; 
Enfield et al. 2001). To increase the signal-to-noise ratio in 
the experiments, the three SSTAs patterns were multiplied 
by a scaling factor, which is ± 2 standard deviations of the 
associated PCs for the ENSO-like and Atlantic patterns 
and ± 1 standard deviation for the long-term trend pattern 
as warm (w, for short) and cold (c, for short) events (Shu-
bert et al. 2009; Gutzler and Schubert 2007; Rayner et al. 
2003). The neutral (n, for short) SSTAs forcing shows no 
change. Then, the full forcing patterns are constructed by 
adding the processed SSTAs patterns to the monthly SST 
climatology. The full forcing patterns are repeated with no 
interannual variability for each year. In this study, we focus 
on the effect of AMO; therefore, we analyzed the idealized 
experiments related to the Atlantic pattern, i.e., the PnAw 
and PnAc experiments that represent the combination of 
neutral SSTAs in the Pacific and either warm (PnAw) or 
cold (PnAc) SSTAs in the Atlantic. The PnAn runs (neutral 
SSTAs in both oceans) are control runs.

Composite analysis is used to study the effect of AMO 
on the winter climate over the Eurasian continent, obtained 
for the positive and negative AMO phases separately. The 
anomalies in the observational datasets and CMIP5 are 
shown as differences between warm (cold) AMO events 
and the climatology in 1957–2001. In particular, the GFDL 
results are the differences between the PnAw (PnAc) 
runs and control runs. Because the length of the obser-
vational datasets is limited, two periods are selected with 
warm AMO values (1957–1965 and 1996–2001) and one 
period with cold AMO values (1966–1995; Lu et al. 2006). 
Because the patterns of the SAT anomalies in Eurasia for 
the two warm periods are very similar (Sutton and Dong 

2012), the two warm periods are combined into one period 
for convenience. Though the length of the observational 
data sets is insufficient, model experiments can be used to 
substantiate the findings. Linear trends in the observational 
data and CMIP5 model output are removed before perform-
ing other analyses.

3  Asymmetry in the atmospheric responses 
to AMO

We first compare the observed winter SAT anomalies 
in the warm AMO period (Fig. 2a, c, e) with those in the 
cold AMO period (Fig. 2b, d, f). The SAT anomalies dur-
ing the warm AMO, calculated from the European Centre 
for Medium-Range Weather Forecasts (ERA-40) dataset 
(Fig. 2a), show significant positive anomalies over central 
Eurasia, Siberia, Mongolia, and north and central China. 
The warm SAT anomalies over north and central China are 
consistent with the results of Li and Bates (2007). Never-
theless, the SAT anomalies during the cold AMO are sta-
tistically insignificant (Fig. 2b), suggesting a possible 
asymmetry in the relationship between SAT and AMO. To 
validate the above speculation based on the ERA-40 data, 
we repeated the analysis using the surface temperature of 
the Japanese 55-year Reanalysis (JRA-55) and the Climate 
Research Unit (CRU) Time-Series (TS) version 3.2 (CRU 
TS3.2). The corresponding results are shown in Fig. 2c–f, 
respectively. Interestingly, the anomalous SAT pattern 
calculated from the JRA-55 (Fig. 2c, d) and CRU TS3.2 
(Fig. 2e, f) datasets agrees well with that derived from 
ERA-40. It should be noted that the most dramatic feature 
of the SAT anomalies during the warm AMO revealed by 
the three datasets is the common anomalous center sur-
rounding the Caspian Sea. The maximum values of the 
SAT anomalies are approximately +1.6 °C. Therefore, the 
following analysis mainly focuses on the SAT anomalies in 
central Eurasia (30°E–70°E, 30°N–50°N), marked by the 
rectangle in Fig. 2a, and the related atmospheric circula-
tion anomalies. We refer to this region as the CE region and 

Table 2  Models used in 
analysis from the CMIP5 
projects and USCLIVAR

Model Number ensembles used in 
model

Period of records Experiments

Coupled CMIP5 model

 UKMO–HadCM3 2 1957–2001 Historical experiments

 UKMO–HadGEM2–CC 1 1957–2001 Historical experiments

 UKMO–HadGEM2–ES 2 1957–2001 Historical experiments

 UKMO–HadGEM2–AO 1 1957–2001 Historical experiments

Atmospheric model

 GFDL AM2.1 – – AMO-related ideal-
lized experiments

http://gmao.gsfc.nasa.gov/research/clivar_drought_wg/index.html
http://gmao.gsfc.nasa.gov/research/clivar_drought_wg/index.html
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employ a SAT index, which is defined as the area-average 
SAT in the rectangle (Fig. 3).

Before exploring the possible reason for the asymme-
try in the relationship between SAT and AMO, we first 
have to address the anomalous atmospheric circulation 
responsible for the winter SAT variability in CE. Figure 4 

shows the regression coefficients of the circulation anoma-
lies calculated from the ERA-40 dataset and regressed on 
the SAT index. Corresponding to warm (cold) winters, a 
remarkable decrease (increase) in SLP sweeps the entire 
Europe and northern Asia (Fig. 4a). Although the center 
of SLP anomalies is located around Belarus, the negative 

Fig. 1  Eigenvectors (left) of the first three leading modes and the 
associated principal components (PCs) (right) from the rotated empir-
ical orthogonal function (REOF) analysis of the annual mean SST 
based on the period 1901–2004 in the global domain. The gravest 

modes are the long-term pattern (first mode; REOF1), Pacific pattern 
(second mode; REOF2), Atlantic pattern (third mode; REOF3). The 
values of variance explained by each mode are 27.2, 20.5, and 5.8 %, 
respectively (Shubert et al. 2009)
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(positive) SLP anomalies extend eastward to Siberia and 
father southeastward to eastern China. In the lower tropo-
sphere, there is a forceful cyclonic (anticyclonic) anomaly 
in Europe, with significant westerly (easterly) wind anoma-
lies from the coastal areas of southern Europe to Caspian 
Sea and southerly (northerly) wind anomalies over the west 

of the Ural Mountains in Russia (Fig. 4b). This anomaly 
coincides well with the anomalous SLP field. In the mid-
troposphere, a feature associated with the rising (falling) 
of the winter temperature in CE regions is the geopoten-
tial height anomalies with a “+ − +” (“− + −”) pat-
tern, located in south Greenland, northern Europe, and 

(a) (b)

(c) (d)

(e) (f)

Fig. 2  Composite winter-mean surface air temperature anomalies in 
the warm (left panels) and cold (right panels) AMO periods based on 
a, b the ERA-40 dataset, c, d the JRA-55 dataset and e, f the CRU 
TS3.2 dataset. Negative values are dashed. Significant anomalies at 

the 90, 95, and 99 % confidence level based on two-sided Student’s 
t test are indicated by the light, medium, and dark red (positive) and 
blue (negative) colors, respectively. The rectangle marks the areas 
used to define the SAT index
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Caspian Sea, respectively (Fig. 4c). It implies the pres-
ence of Rossby waves, which favors a potential connec-
tion between the North Atlantic SST and Eurasian SAT. In 
the CE region, the positive (negative) geopotential height 
anomalies suggest a stronger (weaker) ridge in warm (cold) 
winters. This also results in an eastward (westward) shift 
of the ridge. The eastward (westward) shifted ridge over 
Eurasia would cause less (more) blocking to central Eura-
sia or even southeast of China, leading to warm (cold) con-
ditions in these regions (Jacobeit et al. 2003). Besides, the 

Eurasian winter temperature is directly affected by varia-
tions in the westerly jet stream (i.e., its tilt and intensity) 
(Woollings 2010; Eichelberger and Hartmann 2007). In 
the upper troposphere, the warm (cold) winters in the CE 
region are characterized by positive (negative) values of 
the winter-mean zonal wind at mid-latitudes and nega-
tive (positive) values at subtropical latitudes over Eurasia, 
which reflects a northward (southward) shift of the west-
erly jet stream (Fig. 4d). The distribution of the zonal wind 
anomalies forms a slant “+ −” (“− +”) pattern. Previous 
studies reported that the northward shift of the westerly jet 
stream at 200 hPa (Fig. 4d) has the net effect of enhancing 
low-level westerly and decreasing atmospheric blocking in 
Eurasia (Davini et al. 2012; Pinto et al. 2009; Woollings 
et al. 2008; Hoskins et al. 1983). This suggests that these 
features of the circulation anomalies may be more likely to 
favor SAT anomalies in the CE region.

To discuss the reason why winter SAT anomalies in CE 
during the warm AMO are different from those during the 
cold AMO, we showthe composite atmospheric circulation 
in the warm or cold period of AMO to the climatology of 
1957–2001 in Fig. 5. In the warm phase of AMO, statisti-
cally significant low-pressure anomalies are dominant over 

Fig. 3  Normalized indices of anomalous winter mean surface air 
temperature averaged over the CE region (30°E–70°E, 30°N–50°N) 
based on ERA-40 dataset (line original index; bar detrended index), 
for the period 1957–2001

(a) (b)

(c) (d)

Fig. 4  Regression coefficients of the winter-mean atmospheric cir-
culation on the SAT index during 1957–2001 based on the ERA-40 
dataset: a SLP (hPa), b 850 hPa wind (m/s), c 500 hPa geopotential 
height (gpm), and d 200 hPa zonal wind (m/s). The statistically sig-

nificant at the 90 % confidence level coefficients are dotted in (a, c, 
d). Light and dark shading indicates the 90 and 95 % confidence lev-
els in (b), respectively
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 5  Composite differences of the winter-mean atmospheric cir-
culation during the warm (left panels) and cold (right panels) AMO 
periods based on the ERA40 dataset: a, b sea level pressure, c, d 
850 hPa wind, e, f 500 hPa geopotential height, and g, h 200 hPa 

zonal wind. Significant anomalies at the 90 % confidence level based 
on two-sided Student’s t test are dotted in a, b, e, f, g, h. Light and 
dark shading indicates the 90 and 95 % confidence levels in c, d, 
respectively
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Europe (Fig. 5a). Echoing the negative SLP anomalies, 
there is a remarkable low-level anomalous cyclone center 
around 30°E, 60°N, with anomalous westerly extending 
eastward from the Atlantic ocean to the Eurasian continent 
(Fig. 5c). The distribution of the upper level atmospheric 
circulation anomalies agree with the low-level atmospheric 
circulation anomalies. Figure 5e clearly shows a “+ − +” 
pattern in the 500 hPa geopotential height anomalies field. 
Over Eurasia, the 200 hPa zonal wind anomalies are posi-
tive at mid-latitudes and negative at subtropical latitudes, 
resembling a slant north–south “+ −” pattern (Fig. 5g). 
Comparing Fig. 5a, c, e, g with Fig. 4a–d, we find that the 
dominant features in the atmospheric anomalies during the 
warm AMO are consistent with those responsible for the 
warm conditions in CE. Thus, it makes sense that the warm 
AMO favors warm winters in CE. In contrast, even though 
reversed circulation anomalies are observed in the cold 
AMO, the anomalies are not statistically significant and 
the magnitude is relatively smaller. Consequently, the win-
ter SAT anomalies in CE during the cold AMO are insig-
nificant. This asymmetry in atmospheric variability may 
be the reason for the different changes in the SAT over the 
CE region. Similar results are obtained from the JRA-55 
datasets, indicating the robustness of the asymmetry in the 
atmospheric responses to AMO (figures not shown).

4  Possible mechanism

Owing to the atmospheric Rossby waves, the climate vari-
ability over a region generally shows teleconnection with 
upstream disturbances. To identify the possible mechanism 
that is responsible for the covariation between AMO and 
the central Eurasian winter climate, we analyzed the CE 
SAT-related wave train, which is represented as horizontal 
quasi-geostrophic stream function anomalies and their asso-
ciated wave activity fluxes (Takaya and Nakamura 2001) 
at 300 hPa (Fig. 6). The results suggest that the source of 
the wave train is likely located over the northwest Atlantic 
around approximately 50°–60°W, 60°–70°N. The anoma-
lous Rossby wave train associated with the warm winter in 
the CE region propagates eastward along the waveguide and 
branches at around 30°W. One branch goes toward the south, 
around the northeast Atlantic at 30°–20°W, 30°–40°N. The 
other branch first goes eastward to Finland and then south-
eastward to the Caspian Sea, and onto the waveguide along 
the geopotential height anomalies and Asian jet (Fig. 6). The 
waves that propagate along the two waveguides are associ-
ated with the enhanced and eastward shifted blocking ridge 
and the northward shifting of the jet, resulting in less block-
ing toward central Eurasia (Gerber and Vallis 2009; Jacobeit 
et al. 2003). This implies that the wave train extending from 
the North Atlantic to the Eurasian continent can propagate 

the upstream disturbances to downstream climate, and might 
play an important role in connecting the winter SAT anoma-
lies in CE with the upstream North Atlantic Ocean.

Fig. 6  Regression coefficients of the winter-mean 300 hPa stream 
function anomalies (contour; unit: 5 × 105 m2 s−1) and horizontal 
components of the wave activity flux (arrows; unit: m2 s−2) on the 
SAT index during 1957–2001, based on the ERA40 dataset. The 
shading indicates the 95 % confidence level

(a)

(b)

Fig. 7  Composite differences of the winter-mean 300 hPa stream 
function anomalies (contour; unit: 5 × 105 m2 s−1) and horizontal 
components of the wave activity flux (arrows; unit: m2 s−2) in the a 
warm and b cold AMO periods based on the EAR40 dataset. Nega-
tive values are dashed. Significant differences at the 95 % confidence 
level based on two-sided Student’s t test are indicated by the gray 
shading
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Furthermore, we analyzed the quasi-geostrophic stream 
function and wave activity in the different phases of AMO 
(Fig. 7). Figure 7a displays a clear wave train pattern in the 
warm period of AMO, which is similar with the one asso-
ciated with the warm CE, particularly the North Atlantic–
Finland–central Eurasian route of the Rossby wave propa-
gation (Fig. 7a). In contrast, the wave activities and stream 
function anomalies over the Atlantic–Eurasian region in 
the cold AMO period are less significant (Fig. 7b). Obvi-
ously, the wave source and wave propagation are weaker in 
the cold AMO period. This possibly explains the stronger/
weaker connection between the warm/cold AMO and win-
ter SAT anomalies in CE. The asymmetry in the response 
of the Rossby waves to AMO may be due to the different 
surface thermal conditions over the North Atlantic Ocean 
between the warm and cold AMO. As documented by many 
previous studies, the SST in the North Atlantic Ocean is 
higher in the warm AMO than in the cold AMO (Enfield 
et al. 2001; Delworth and Mann 2000; Schlesinger and 
Ramankutty 1994). The Rossby wave sources would be 
intensified in response to the warmer ocean in North Atlan-
tic accompanying the change in convection, and the atmos-
pheric jet could act as the Rossby wave guide (Manola et al. 
2013; Branstator 2002; Sardeshmukh et al. 1987). Thus, 
the warm AMO tends to induce strong Rossby waves and 
the position and strength of the jet in the warm period may 
favor the propagation of perturbations to the mid-latitudes.

5  Model simulations

5.1  The atmospheric GFDL model with idealized 
AMO‑like SST anomalies

The above results are mainly derived with the diagnos-
tic analysis method. It is difficult to identify the impact 
of AMO on the SAT in CE. Model simulations can test 

AMO forcing. To investigate the existence of asym-
metric responses of the central Eurasian winter climate 
to AMO, we analyzed simulations of the atmospheric 
GFDL model, with idealized AMO-related experiments 
from USCLIVAR (Figs. 8, 9). The results are derived 
from the differences between the PnAw (PnAc) and 
PnAn runs, which can be regarded as the responses of 
the idealized forcing of warm (cold) AMO. Figure 8a, 
b show the response of the winter SAT to the warm and 
cold AMO, respectively. It is indicated that North Africa, 
the regions surrounding the Caspian Sea, central Siberia, 
and southwest Asia are dominated by significant positive 
SAT anomalies, accompanied by the warm AMO forc-
ing (Fig. 8a). In addition, the warm AMO forcing favors 
small-scale negative SAT anomalies in Southeast Asia, 
e.g., Thailand, Laos, and Vietnam. Overall, the model 
simulations suggest that warm winters occur in the CE 
region during the warm AMO, which is consistent with 
observations. On the other hand, responding to the cold 
AMO forcing, even though there are some significant 
negative SAT anomalies in Saudi Arabia and Tibet, the 
SAT anomalies in CE are barely statistically significant 
(Fig. 8b). This implies that cold AMO forces weaker win-
ter SAT anomalies in the CE than anomalies during warm 
AMO forcing, consistent with the results from observa-
tions (Fig. 2).

We further examine the possible different response of 
atmospheric circulation to the warm and cold AMO forc-
ing, as shown in Fig. 9. Corresponding to the warm AMO 
forcing, the winter SLP shows significant negative anom-
alies over northern Eurasia (Fig. 9a). The negative center 
is located in the Kara Sea, which is more northward than 
that observed (Fig. 5a). Forced by the cold AMO-like pat-
tern SSTAs, there are low-pressure anomalies over Europe 
(Fig. 9b). However, the magnitude of the SLP anomalies 
in the cold AMO case is much smaller and the anoma-
lies are not statistically significant. In accordance with 

(a) (b)

Fig. 8  Composite winter-mean surface air temperature differences in 
the a warm and b cold AMO periods based on the simulations of the 
atmospheric GFDL with AMO-related idealized experiments. Nega-
tive values are dashed. Significant anomalies at the 90, 95, and 99 % 

confidence levels based on two-sided Student’s t test are indicated by 
the light, medium, and dark red (positive) and blue (negative) colors, 
respectively
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 9  Composite differences of the winter-mean atmospheric circu-
lation anomalies during the warm (left panels) and cold (right pan-
els) AMO periods based on the simulations of the atmospheric GFDL 
with AMO-related idealized experiments: a, b sea level pressure, c, 
d 850 hPa wind, e, f 500 hPa geopotential height and g, h 200 hPa 

zonal winds. Significant anomalies at the 90 % confidence level based 
on two-sided Student’s t test are dotted in (a, b, e, f, g, h). Light and 
dark shading indicates the 90 and 95 % confidence level in (c, d), 
respectively
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the anomalous SLP field, the anomalous southwesterly, 
responding to the warm AMO forcing, over the Caspian 
Sea and the northeast of the Caspian Sea is stronger and 
more statistically significant than that responding to the 
cold AMO forcing (Fig. 9c vs. d), which obstructs cold air 
outbreaks southward.

In addition, with the warm AMO forcing, the 500 hPa 
geopotential height anomalies clearly display an anoma-
lous east–west “+ − +” pattern, and the ridge of Europe 
is enhanced and shifts eastward to Asia (Fig. 9e). The com-
posite zonal wind anomalies at 200 hPa indicate a slant 
“+ −” pattern (Fig. 9g), consistent with previous stud-
ies (e.g., Harnik et al. 2014; Losada et al. 2007; Son and 
Lee 2005). The positive SSTAs in North Atlantic, along 
with the tropical and mid-latitude heating, reinforce the jet 
stream over the Atlantic and Europe in the winter. In con-
trast, the responses of the 500 hPa geopotential height and 
the jet stream to the cold AMO forcing are quite weak and 
insignificant over Eurasia (Fig. 9f, h). The model simula-
tions reveal that the responses of the atmospheric circula-
tion from the lower to the upper atmosphere to the different 
AMO forcing are clearly different. These results presum-
ably demonstrate the observed phenomenon that the effect 
of AMO on the Eurasian winter climate is more intense 
during the warm period than during the cold period of 
AMO.

5.2  Coupled UKMO models with historical 
experiments in CMIP5

We discuss whether the state-of-the-art coupled model can 
represent the asymmetric response of the winter SAT in CE 
to AMO. As shown in Fig. 10, the composite SAT anoma-
lies pattern during the warm AMO period, simulated by the 
UKMOs, is characterized by areas of significant positive 
temperature anomalies in North Africa, Eastern Europe, 
and western Asia (Fig. 10a). These positive anomalies are 

not limited to the area bordering the Atlantic. The largest 
anomalies (>0.8 °C) are present over Eastern Europe and 
the southwest of Asia. Although the regional characteris-
tics of the SAT anomalies are slightly different from the 
observed results, it’s worth noting that warming in the CE 
region simulated by the UKMOs is significant in the warm 
period of AMO, far beyond the 95 % confidence level. 
In contrast, the negative temperature anomalies over the 
CE region are insignificant and their magnitude is much 
smaller in the cold period of AMO (Fig. 10b). The asym-
metric change in SAT is in agreement with the observed 
results.

Given that the tilt of the jet stream and the ridge over 
Eurasia are important factors of the Eurasian winter cli-
mate (Woollings 2010; Folland et al. 2009), we also used 
the UKMOs simulations to analyze the geopotential 
height anomalies at 500 hPa and the zonal wind anoma-
lies at 200 hPa in the different phases of AMO (Fig. 11). 
Comparing Figs. 5 and 11, even though the magnitude of 
atmospheric anomalies in the coupled model simulation 
is smaller than observed results, the spatial distribution is 
similar. For example, in the warm AMO period, the geo-
potential height at 500 hPa shows positive anomalies in 
the south of Greenland and regions surrounding the Cas-
pian Sea, accompanied with weak negative anomalies 
between the two (Fig. 11a). The simulated 200 hPa zonal 
wind anomaly in the warm AMO also shows similari-
ties with observations. For instance, there are positive and 
negative anomalies in the north and south of the Caspian 
Sea, respectively (Fig. 11c), which is associated with wave-
breaking and blocking (Gerber and Vallis 2009). In con-
trast, the anomalous atmospheric circulations during the 
cold period of AMO are weaker than those during the warm 
period. Clearly, the response of atmospheric circulation to 
the warm AMO simulated by the coupled UMKO model is 
also stronger than the response to the cold AMO, which is 
similar to observations. Thus, we speculate that the impact 

(a) (b)

Fig. 10  Composite winter-mean surface air temperature anomalies 
during the a warm and b cold AMO periods based on the historical 
simulations of the coupled UKMO models in CMIP5. Negative val-
ues are dashed. Significant anomalies at the 90, 95, and 99 % con-

fidence levels based on two-sided Student’s t test are indicated by 
the light, medium, and dark red (positive) and blue (negative) colors, 
respectively
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of AMO on the winter temperature in the CE region is 
stronger during the warm period of AMO than during the 
cold period.

5.3  Mechanism tested by model simulation

Based on the reanalysis datasets, we speculated that the 
different propagation of the Rossby waves associated with 
the warm and cold AMO is a possible mechanism for the 
asymmetry in the response of the winter SAT in CE to 
AMO. To verify this speculation, we further examine this 
mechanism by model simulations, as shown in Fig. 12. 
Interestingly, the spatial distribution of simulated wave 
activity fluxes is similar to the observed patterns. Corre-
sponding to the warm AMO forcing, there are “positive,” 
“negative,” and “positive” stream function anomalies in the 
south of Greenland, North Europe, and West Asia, respec-
tively (Fig. 12a, c: contours). This implies an eastward 
propagating Rossby wave with source in the North Atlantic 
(Fig. 12a, c: vectors). The perturbation associated with the 
SSTAs in subtropical Atlantic occurs and spreads north-
eastward to the mid-latitudes of North Atlantic, and then 
propagates southeastward to the central Eurasian continent. 

In contrast, the wave train responding to the cold AMO is 
insignificant and weaker (Fig. 12b, d). Many previous stud-
ies have suggested that the subtropical jet and mid-latitude 
jet play critical roles in the propagation path of the Rossby 
wave train from the Atlantic to Eurasia, which forms by the 
convergence of the momentum attributed to baroclinically 
unstable eddies (e.g., Li et al. 2015; Harnik et al. 2014; 
O’Rourke and Vallis 2013; Held 2000; Panetta 1993). The 
stronger jet anomalies may partly lead to the larger signifi-
cant sections over Eurasia during the warm period of AMO.

6  Summary and discussion

We discuss the relation between the wintertime SAT over 
central Eurasia and AMO and its dependence on the phase 
of AMO. In the warm phase of AMO, observations have 
shown that warm winters have emerged in central Eura-
sia. In comparison, there are only weak and insignificant 
changes in the SAT over central Eurasia in the cold period 
of AMO (Fig. 2). This suggests an obvious asymmetric 
change in the winter SAT over the CE region during the 
warm and cold phase of AMO. The SAT anomalies in the 

(a) (b)

(c) (d)

Fig. 11  Composite differences of winter-mean a, b 500 hPa geo-
potential height and c, d 200 hPa zonal wind in the warm (left panels) 
and cold (right panels) AMO periods based on the historical simula-

tions of the coupled UKMOs in CMIP5. Negative values are dashed. 
Significant anomalies at the 90 % confidence level based on two-
sided Student’s t test are dotted
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CE region are closely related to atmospheric circulations. 
The warm (cold) winters in the CE region are linked to 
the negative (positive) SLP over North Europe, the strong 
anomalous westerly (easterly) wind in the lower tropo-
spheric extending eastward from the Atlantic ocean across 
over the Caspian Sea to Moscow, the “+ − +” (“− + −”) 
pattern geopotential height anomalies in the south of 
Greenland, North Europe, and western Asia, and a slant “+ 
−” (“− +”) pattern upper tropospheric jet stream anoma-
lies in the north and south of the Caspian Sea (Fig. 4). The 
atmospheric circulation anomalies during the warm AMO 
are well consistent with the anomalous circulation associ-
ated with warmer winters in CE region. On the other hand, 
the circulation anomalies show the reverse feature in the 
cold period of AMO; however, the circulation anomalies 
are too weak and insignificant (Fig. 5).

The observed phenomenon is further supported by 
coupled model simulations. The historical simulations of 
the UKMOs display statistically significant positive SAT 
anomalies in the CE region during positive AMO. However, 
the SAT reduction associated with the cold phase of AMO 
is small and not statistically significant (Fig. 10). Telecon-
nection relationship between the circulation anomalies and 

AMO shows similar asymmetric characteristic (Fig. 11). 
The UKMOs coupled simulations are generally consistent 
with observations.

Furthermore, we consider if AMO SST forcing drives the 
asymmetric response of the Eurasian winter climate. The 
numerical results of the GFDL atmospheric model have 
enabled us to understand the role of AMO in the asymmet-
ric relation. The warm AMO forcing induces a statistically 
significant SAT increase in the CE region, whereas the cold 
forcing no longer generates significant SAT reduction in the 
CE region (Fig. 8). The distribution of the anomalous SAT 
forced by the AMO SSTAs is consistent with observations. 
In the warm AMO scenario, GFDL AGCM successfully 
captures the features of the observed circulation anoma-
lies, e.g., the low-pressure anomalies over Europe, the 
anomalous southwesterly wind over the Caspian Sea, the 
“+ − +” pattern geopotential height anomalies at 500 hPa 
from the south of Greenland eastward to western Asia, 
and the slant north–south “+ −” pattern in the 200 hPa jet 
stream anomalies field. These changes in the circulation 
would favor warm winters in the CE region. Surprisingly, 
the cold AMO-like SSTAs force weaker atmospheric cir-
culation anomalies, and the anomalies do not resemble the 

(a) (b)

(c) (d)

Fig. 12  Composite differences of the winter-mean 300 hPa stream 
function anomalies (contour; unit: 5 × 105 m2 s−1) and horizontal 
components of the wave activity flux (arrows; unit: m2 s−2) based on 
the historical simulations of the coupled UKMOs in CMIP5 a, b and 
the simulations of the atmospheric GFDL with AMO-related ideal-

ized experiments (c, d) during the warm (a, c) and cold (b, d) AMO 
periods. Negative values are dashed. Significant anomalies at the 
95 % confidence levels based on two-sided Student’s t test are indi-
cated by the gray shading
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SAT-related atmospheric circulation anomalies which favor 
cold winters in the CE region (Fig. 9).

The question that arises is what makes the response 
of the central Eurasian winter climate to the warm AMO 
stronger than the response to the cold AMO. In general, 
accompanied by significant SAT anomalies in the CE 
region, there is an obvious Rossby wave train originat-
ing at the mid-latitudes of the Atlantic, and that bifurcates 
around the northwestern Atlantic and then propagates 
downstream. One of these branches propagates to central 
Eurasia (Fig. 6), leading to a potential connection between 
the North Atlantic SST and the central Eurasian climate. 
Notably, further analysis indicated that an obvious east-
ward propagating Rossby wave emerges in the warm AMO 
period in both reanalysis datasets (Fig. 7) and the UKMO 
coupled model simulations (Fig. 12a). The observations 
and simulations also display the propagation of the Rossby 
wave train is more significant and stronger during the warm 
period of AMO than during the cold period. Moreover, sen-
sitivity experiments conducted by the GFDL model, which 
is forced by idealized AMO-like SST anomalies, suggest 
that the eastward-propagating Rossby wave forced by the 
warm AMO is really stronger than that forced by the cold 
AMO (Fig. 12c vs. d).

The different Rossby wave propagations between the 
warm and cold AMO may be attributed to the different sur-
face thermal conditions between the warm and cold AMO. 
The wave source strength may be intensified in response 
to the warmer ocean in North Atlantic. Previous stud-
ies also revealed that the variable jet stream in the upper 
troposphere creates a Rossby waveguide that channels 
wave activity from the Atlantic to the mid-latitude Eurasian 
region in winter (e.g., Li et al. 2015; Holman et al. 2014; 
Hoskins and Karoly 1981). The strength of the wave source 
and the perturbation propagation may lead to the stronger 
response of the central Eurasian winter climate to AMO 
during its warm phase. During the cold period, the anoma-
lous atmospheric circulations associated with the feeble 
source and propagation tend to be insignificant; this leads 
to the weakened effect of AMO on the central Eurasian 
SAT in winter.

These findings support the suggestions that the 
response of SAT over the CE region to AMO is incon-
sistent and depends on the phase of AMO; that is, the 
response of the central Eurasian winter temperature is 
stronger in the warm period of AMO than in the cold 
period. On the other hand, we noticed that the response 
of the SAT to the warm AMO forcing in GFDL does 
not completely agree with the observed amplitude in the 
warm period of AMO. The Eurasian winter temperature 
is not only influenced by the AMO phenomenon. Booth 
et al. (2012) suggested that aerosols play an important 
role in the multidecadal variability of the North Atlantic 

SST. Aerosols, as common external forcing, may be also 
responsible for the Atlantic SSTAs and the changes in the 
central Eurasian winter temperature. This is beyond the 
scope of this study and will be addressed in the future. In 
this study, we focus on the effect of AMO on the central 
Eurasian winter climate. The results provide some evi-
dence to prove that the central Eurasian winter climate is 
partly driven by AMO-like SST and allow us to identify 
the role of AMO in the asymmetry.

We also found that AMO-related SAT and circulation in 
the UKMOs is weaker than the observed results and var-
ies by region. This is consistent with the results of previ-
ous studies that the historical SAT and circulation related to 
AMO in the UKMOs are underestimated (e.g., Perez et al. 
2014; Kavvada et al. 2013; Baek et al. 2013). UKMO mod-
els express AMO-like multidecadal variations with the cor-
rect phase and amplitude (e.g., Ruiz-Barradas et al. 2013; 
Zhang and Wang 2013). However, there are still differences 
between the simulated and the observed signature of AMO, 
such as its covariability with salinity and meridional over-
turning circulation fluctuations (Kavvada et al. 2013). In 
addition, the idealized experiments of GFDL AGCM suc-
cessfully capture similar features in observations. Note that 
the asymmetric response of the winter climate to AMO is 
not limited to central Eurasia. The results suggest a simi-
lar asymmetry in the response of the SAT in the Mongo-
lia–Siberia region. The positive SAT anomalies extend 
northwestward to the Mongolia–Siberia region and farther 
westward to the north of China. However, the UKMOs do 
not perform a similar teleconnection over the Mongolia–
Siberia region. The robustness of this result needs to be fur-
ther tested.
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