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ABSTRACT

The simulation and prediction of the climatology and interannual variability of the East Asia winter monsoon
(EAWM), as well as the associated atmospheric circulation, was investigated using the hindcast data from Global Seasonal
Forecast System version 5 (GloSea5), with a focus on the evolution of model bias among different forecast lead times.
While GloSea5 reproduces the climatological means of large-scale circulation systems related to the EAWM well,
systematic biases exist, including a cold bias for most of China’s mainland, especially for North and Northeast China.
GloSea5 shows robust skill in predicting the EAWM intensity index two months ahead, which can be attributed to the
performance in representing the leading modes of surface air temperature and associated background circulation. GloSea5
realistically reproduces the synergistic effect of El Niflo—Southern Oscillation (ENSO) and the Arctic Oscillation (AO) on
the EAWM, especially for the western North Pacific anticyclone (WNPAC). Compared with the North Pacific and North
America, the representation of circulation anomalies over Eurasia is poor, especially for sea level pressure (SLP), which
limits the prediction skill for surface air temperature over East Asia. The representation of SLP anomalies might be
associated with the model performance in simulating the interaction between atmospheric circulations and underlying
surface conditions.

Key words: East Asia winter monsoon (EAWM), Global Seasonal Forecast System version 5 (GloSea5), El
Nifilo—Southern Oscillation (ENSO), prediction skill, model bias
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Article Highlights:

* GloSea5 reproduces the climatology and interannual variability of EAWM index well with a two-month forecast lead
time.

* Both the northern and southern modes of SAT in the EAWM region was captured well by GloSea5, despite the
evolvement of systematic model bias.

* GloSea5 realistically simulates the WNPAC associated with ENSO, while the prediction skill for mid-high-latitude
Eurasia is relatively low.

inter-decadal variability. A strong EAWM could lead to
cold extremes and snow storms in East Asia, and severe flood-
ing in Southeast Asia, causing significant social and economic
losses (Chang and Lau, 1982; Jhun and Lee, 2004; Gollan et

1. Introduction

The East Asia winter monsoon (EAWM) is one of the
most active components of the global climate system during

boreal winter. The EAWM exhibits strong interannual to

% This paper is a contribution to the 2nd Special Issue on Climate
Science for Service Partnership China.

* Corresponding author: Lijuan CHEN
Email: chenlj@cma.gov.cn

al.,2012; Ding et al., 2014, Wang and Lu, 2017). Skillful pre-
diction of the EAWM ahead of the upcoming season is impor-
tant for the prevention and mitigation of potential losses.
The interannual variation of the EAWM is regulated by
both tropical and extratropical climate factors, such as El
Nifo—Southern Oscillation (ENSO) (Li, 1990; Zhang et al.,
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1996, 2019; Chen et al., 2000, 2019; Wang et al., 2000), the
Arctic Oscillation (AO)/North Atlantic Oscillation (NAO)
(Thompson and Wallace, 1998; Wu and Wang, 2002; Chen
et al., 2005; He and Wang, 2013a), Arctic Sea ice (Honda et
al., 2009; Wu et al., 2011; Sun et al., 2016; Fan et al., 2020),
snow cover over Eurasia (Watanabe and Nitta, 1999; Wang
et al., 2010), etc. The mature phase of El Nifio (La Nifia)
events in boreal winter is usually accompanied by a weak
(strong) EAWM. The anomalous low-level western North
Pacific anticyclone (WNPAC) induced by ENSO plays an
essential role in the relationship between ENSO and the
EAWM (Wang et al., 2000; Kim et al., 2017). The southerly
wind anomalies in the northwest periphery of the WNPAC
tend to induce a weak EAWM. The relationship between
ENSO and the EAWM also shows interdecadal variations
(Zhou et al., 2007; He and Wang, 2013b), which can be
attributed to the modulation effect of both the Pacific
Decadal Oscillation (PDO) and Atlantic Multidecadal Oscilla-
tion (AMO) through the zonal displacement of the WNPAC
(Mantua et al., 1997; Kerr, 2000; Wang et al., 2008; Kim et
al., 2017). The positive phase of the AO is often related to a
weak Siberian high and EAWM, which favor less intrusion
by cold surges and positive surface air temperature (SAT)
anomalies over East Asia, and vice versa (Gong et al., 2001;
Park et al., 2011).

With the development of numerical models, the climate
model has become an effective tool for understanding and pro-
jecting climate variability. Many studies have been carried
out to assess the capacity of climate models in simulating
and predicting the East Asian monsoon system (Sohn et al.,
2011; Li and Wang, 2012; Kim et al., 2012; Jiang et al.,
2013, 2020, 2022; Gong et al., 2014, 2015; Kang and Lee,
2019; Ma and Chen, 2021; Zou et al., 2022). It has been
found that state-of-the-art climate models show reasonable
skill in simulating the mean state of the EAWM, including
the northern and southern modes of mean SAT variations
over East Asia, while the performance for capturing the inter-
annual variability is worse (Wang et al., 2010; Chen et al.,
2014; Jiang et al., 2020; Li et al., 2020). Nevertheless, com-
mon deficiencies still exist, such as a systematic cold bias
over East Asia (Jiang et al., 2020), weak interannual variabil-
ity (Gong et al., 2014) compared with observations, an under-
estimated ENSO-EAWM relationship (Jiang et al., 2022),
etc. The model systematic biases often develop quickly in
the coupled system and have profound influences on the
model capability to simulate the climate variability (Huang
etal.,2007; Zhang et al., 2020a; Martin et al., 2021). The sys-
tematic drift of a model away from observations limits its pre-
diction skill since the model drift creates a significantly differ-
ent background state compared with observations and the
low-frequency climate anomalies evolve based on the back-
ground state.

From these perspectives, the performance of Global Sea-
sonal Forecast System version 5 (GloSea5) (MacLachlan et
al., 2015) in simulating and predicting the EAWM and its
associated large-scale circulation was examined. Previous
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studies have indicated that GloSea5 shows reasonable predic-
tion skill for the EAWM on the subseasonal time scale, espe-
cially for the 1st and 2nd week (Ham and Jeong, 2021). In
this study, we focus on the prediction skill for seasonal
mean variability. Both the model systematic bias and the pre-
diction skill of interannual variations of the EAWM index
are investigated. The evolution of model bias with respect
to the potential source of predictability (ENSO) and its
impact on prediction skill is discussed. The rest of this
paper is organized as follows. The data and methodology
are described in section 2. Predictions of the climatology
and interannual variations of both the background circulation
and SAT, including the potential origin of model bias, are
given in section 3. In section 4, we investigate the synergistic
impact of ENSO and the AO on the EAWM in both observa-
tions and model hindcast. Conclusions and further discussions
are presented in section 5.

2. Model, data, and methods

2.1. Model description

GloSea5is afully coupled climate system model that inte-
grates atmosphere (Met Office Unified Model, MetUM; Wal-
ters et al., 2017), ocean (Nucleus for European Modeling of
the Ocean, NEMO; Megann et al., 2014), sea ice (Los
Alamos sea ice model, CICE; Rae et al., 2015), and land sur-
face (Joint UK Land Environment Simulator, JULES; Best
et al., 2011) components using the Ocean Atmosphere Sea
Ice Soil (OASIS; Valcke, 2013) coupler. The horizontal reso-
lution of the atmosphere and land surface components is
0.833° % 0.556°, and the ocean and sea ice models use a tripo-
lar grid with 0.25° x 0.25° grid spacing between 20°S and
20°N and an irregular grid poleward of 20°. In this study, a
24-year research hindcast dataset of GloSea5 was investi-
gated. The model reforecasts are initialized on 1, 9, 17, and
25 September, October, and November from 1993 to 2016.
For each initial date there are seven ensemble members,
each integrated for seven months, covering the EAWM
active season. There are therefore a total of 28 ensemble mem-
bers per year for the retrospective forecast initialized in
each month. The spread of ensemble initial conditions is gen-
erated using a Stochastic Kinetic Energy Backscatter
scheme (SKEB2; Bowler et al., 2009).

2.2. Observational data

The European Centre for Medium-Range Weather Fore-
casts (ECWMF) 5th-generation reanalysis product, known
as ERAS (Hersbach et al., 2020), has been used to evaluate
the climatology and variability of atmospheric circulations
associated with the EAWM. ERAS replaces the ERA-
interim (Dee et al., 2011) reanalysis within the Copernicus
Climate Change Service (C3S). The horizontal resolution of
ERAS is 0.25° x 0.25°, with 137 vertical pressure layers
extending from 1000 hPa to 0.01 hPa. The Nifio-3.4 index,
defined as the mean sea surface temperature anomaly in the
Nifio-3.4 region (Trenberth, 1997), calculated based on the
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NOAA Optimum Interpolation Sea Surface Temperature ver-
sion 2 (OISSTv2) dataset (Reynolds et al., 2007), and pro-
vided by Beijing Climate Center of China Meteorological
Administration (BCC/CMA) (http://cmdp.ncc-cma.net/pred/
cn_enso.php?product=cn_enso_nino_indices), was used to
represent the variability of ENSO. The monthly mean AO
index was provided by Climate Prediction Center of
National Centers for Environmental Prediction (CPC/NCEP)
(https://www.cpc.ncep.noaa.gov/products/precip/CWlink/
daily_ao_index/ao.shtml). The AO index is constructed by
projecting the 1000-mb height anomalies poleward of 20°N
onto the loading pattern of the AO (Thompson and Wallace,
1998).

2.3. Analysis methods

Due to the complexity of the EAWM circulation sys-
tem, numerous indices have been proposed to measure its
intensity (Wang and Chen, 2010, 2014), with focus on the
lower (surface), middle, and upper tropospheric circulation
associated with the EAWM, respectively. Considering both
model performance and the relationship between EAWM
and surface temperature, the EAWM index developed by
Zhu (2008) was selected for this study; hereafter, EAWM
index refers to the EAWM index developed by Zhu (2008).
The EAWM index is defined as the standardized mean hori-
zontal shear of the 500-hPa zonal winds, and it reflects the
integrated influence of the atmospheric circulation over low
and high latitudes and the thermal difference between the
ocean and continent. The EAWM index shows significant cor-
relations with winter mean temperature over China, as com-
pared with the index proposed by Li and Yang (2010),
which is defined by the mean wind shear of the upper-tropo-
spheric zonal wind.

(b) SLP
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The EAWM index used in this study was calculated
based on the seasonal mean zonal wind at 500 hPa during
boreal winter (December to February). Empirical orthogonal
function (EOF) analysis was performed to obtain the leading
modes of spatialtemporal variations of SAT over East Asia
and sea level pressure (SLP) over the Northern Hemisphere
poleward of 20°N. Correlation and regression analysis were
utilized and a two-tailed Student’s r-test was performed to
test the statistical significance. Additionally, composite analy-
sis was performed on both observational and model hindcast
results with respect to different combinations of ENSO and
AO phases in boreal winter. The model bias refers to
GloSea5 minus ERAS hereafter.

3. Simulation and prediction of the EAWM

3.1. Climatology

The EAWM is characterized by a continental-scale
high pressure system centered in Siberia (SH) and strong sur-
face northerlies due to the strong west—east pressure gradient
between the SH and the Aleutian low (Fig. 1a). The EAWM
is also related to the East Asian trough (EAT) in the mid tro-
posphere and the East Asian jet stream (EAJS) in the upper
troposphere (Fig. 1d). The performance of GloSea$5 in repre-
senting these circulation systems was evaluated. The winter-
time mean circulations over East Asia from the GloSea5
ensemble mean reforecast with all initial dates between
September and November and their deviations from observa-
tions are given. The GloSea5 hindcast represents the climato-
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Fig. 1. Climatology of winter mean (a) SLP (shading, hPa) and 850-hPa horizontal winds (vectors, m s7!), (d) The 500-hPa
geopotential height (Z500, contours, contour interval = 100 gpm), and 200-hPa zonal wind (U200, shading, m s~!) in ERAS. (b), (e)
as in (a), (d), but for GloSea5 hindcasts initiated in November. (c¢) The model bias for SLP and 850-hPa wind. (f) The mode bias for

7500 and zonal wind at 200 hPa (contour interval = 10 gpm).
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logical characteristics of the circulations associated with the
EAWM well. Nevertheless, GloSea5 shows systematic
biases, such as higher SLP to the west of Lake Baikal and
around the Aleutian Islands (Fig. 1c), indicating a stronger
SH and weaker Aleutian low compared with observations.
GloSea5 also shows a salient positive bias for 500-hPa geopo-
tential height fields (hereafter referred to as Z500) in high lati-
tudes and over the Ural Mountains, corresponding to a
weaker AO and stronger Ural blocking high. The EAT in
GloSea5 is weaker than that seen in observations, which is
associated with the reduced gradient between the mid and
high latitudes. Moreover, the predicted zonal wind along the
westerly jet stream is weaker than observations and shifted
southward near Japan, except for the part over the eastern
North Pacific and Tibetan Plateau (Fig. 1f).

The wintertime 2-m air temperature (T2m) over China
in GloSea5 shows a cold bias for most of East China, with
the maximum bias over Northeast and North China (Fig. 2).
Positive biases are found over the southeastern Tibetan
Plateau and southern Xinjiang. The systematic cold bias
over East China is a common deficiency for most CMIP5
models, although there is some improvement in CMIP6
(Gong et al., 2014; Wei et al., 2014; Jiang et al., 2020). The
cold bias is closely related to the model errors in the large-
scale atmospheric circulation. Previous studies (Wu and
Wang, 2002) have revealed that both a weak AO and a
strong SH favor a strong EAWM and frequent cold surge
intrusions into East Asia. The wintertime blocking near the
Ural Mountains also reinforces the SH and enhances south-
ward cold advection, contributing to the cold bias in China,
which might be associated with a stronger Atlantic jet
stream (Cheung and Zhou, 2015). On the other hand, the
cold bias is most significant in hindcasts initialized in Novem-
ber, and the associated circulations and possible explanations
will be discussed in the following section.

3.2. Interannual variability

The above analysis indicates that the main climatological
features of atmospheric circulation systems associated with
the EAWM can be simulated well by GloSea5, despite signifi-
cant systematic model biases. The prediction skill for the inter-

(a) Init: Sep (b) Init: Oct
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annual variation of the EAWM index by GloSea5 with differ-
ent lead times was evaluated. Both the observed and
GloSea5-predicted EAWM intensity index exhibit strong
interannual variability (Fig. 3). Despite the relatively big
ensemble spread, the ensemble mean forecasts of EAWM
intensity are in good accordance with observed values in
most years. The temporal correlation coefficient (TCC)
reaches 0.56 for forecasts initiated in October, exceeding
the 99% confidence level based on the Student 7-test. Note
that with the shortest lead time, the correlation coefficient of
forecasts initiated in November is 0.14, smaller than that initi-
ated in October.

The spatial distribution of TCCs between GloSea5-pre-
dicted T2m with different lead times and observations is
shown in Fig. 4. Similar to the EAWM index, the forecasts
initiated in October show the highest prediction skill, with
the TCCs in most regions of East China, except Northeast
China, exceeding the 90% confidence level. The prediction
skill of hindcasts initiated in November is the poorest
among all three months, with the smallest area of TCCs pass-
ing the significance test. The distributions of TCCs of fore-
casts initiated in September and October show similar spatial
patterns, with better performance in the Yangtze River valley
and relatively low prediction skill in Northeast and Southwest
China. However, the distribution of TCCs of forecasts initi-
ated in November is quite different; only parts of North
China and Southwest China pass the significance test.

3.3. Prediction of leading temperature modes and
associated circulations

Previous studies have indicated that two distinct modes,
i.e., the northern and southern modes, dominate the interan-
nual variation of SAT in the EAWM region (0°-60°N, 100°—
140°N) (Kang et al., 2006, 2009; Wang et al., 2010; Sohn et
al., 2011; Gong et al., 2018; Zou et al., 2022). The associated
atmospheric circulation and climate factors of each mode
are different, with the southern mode being more related to
tropical factors such as ENSO, and the northern mode being
primarily associated with mid-high-latitude circulation and
underlying surface factors, such as Eurasian snow cover
(Wang et al., 2010) and Arctic sea ice (Zhang et al., 2020b).

(c) Init: Nov

4 -3 2 -

I
-05 0 05 1 2 3 4

Fig. 2. Differences between climatological (1993-2016) wintertime mean T2m (°C) in GloSea5 initiated in

September (a), October (b), and November (c) and ERAS.
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Fig. 3. Interannual variation of the EAWM intensity index predicted by GloSea5
forecasts initiated in September (a), October (b), and November (c). The interannual
variation from observations is shown by the bars. Black lines denote the model
ensemble mean, while black dots denote individual ensemble members. r indicates
the TCC between observations and ensemble mean predictions. The years marked on

the horizontal axis correspond to the

start month of each winter (DJF), i.e

1993-2016 corresponds to 1993/94-2016/17.

The performance of GloSea5 in representing the domi-
nant modes of temperature in the EAWM region and associ-
ated large-scale background circulation was examined. EOF
analysis was performed on the winter mean T2m anomalies
in the EAWM region for both observations and GloSea$5 hind-
casts. The two leading modes (EOF1, EOF2) of observed
T2m explain 74.1% of the total variance, which is similar to
the results of previous studies (73.7%, Wang et al., 2010).
The northern mode (EOF1) features a cold winter in northeast
Asia (Fig. 5a), and the southern mode (EOF2) displays a cool-

ing center in southern Mongolia while the negative anomalies
extend from northwest Mongolia to the South China Sea
(SCS) (Fig. 5e). The spatial pattern of the northern mode is
simulated well by GloSea5, despite its deviation in intensity
between different forecast lead times. It should be noted
that a significant cold bias center in Mongolia can be found
in hindcasts initiated in November (Fig. 5d), which might
be associated with the poor prediction skill illustrated in
Fig. 2c. Meanwhile, the explained variance of the northern
mode is lower compared with observations (Figs. 5b, c, and
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confidence level.
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d). On the other hand, GloSea5 captures the spatial patterns
of the southern mode for hindcasts initiated in October and
November, but it shows poor representation in September
(Figs. 51, g, and h). On the whole, hindcasts initiated in Octo-
ber show the highest forecasting skill in representing both
the northern and southern mode, which is consistent with
the EAWM index (Fig. 3).

The prediction skill of GloSea5 for the interannual varia-
tions of two temperature modes was investigated (Fig. 6).
As introduced in section 2.1, there are four initialization
dates in each month and seven ensemble members for each
forecast. Although GloSea5 can reproduce the spatial patterns
of the northern and southern modes well, the prediction skill
forits interannual variations is moderate. The correlation coef-
ficient between observations and GloSea5 hindcasts for the
northern mode is higher than for the southern mode, in gen-
eral. The prediction skill of both the northern and southern
mode from GloSea5 shows an overall increasing trend with
decreased forecast lead time.

As revealed in previous studies, the positive phase of
the northern mode is related to a westward displacement of
the EAT and an enhanced SH (Wang et al., 2010; Cheung et
al., 2012). Regression analysis shows that the northern
mode is also characterized by a positive center of SLP anoma-
lies over the Ural Mountains, accompanied by a“warm Arctic
—cold Eurasia” (Mori et al., 2014) like spatial pattern of
T2m (Fig. 7a). In the mid-troposphere, a major ridge can be
found near the Ural Mountains, with a strong lower pressure
anomaly centered near Lake Baikal (Fig. 7b), which favors
a cold air outbreak toward northeast Asia. Positive anomalies
of zonal wind at 200 hPa can be found in midlatitude East
Asia, indicating a strong EAJS (Ham and Jeong, 2021).

GloSea5 successfully captures the high pressure center
over the Ural Mountains, but fails to reproduce the “warm
Arctic—cold Eurasia” pattern of T2m seen in observations,
with an overall negative anomaly for both the mid and high
latitudes (Fig. 7c, e, and g). GloSea5 also realistically repro-
duces the location of the major trough and ridge over Eura-
sia, with increasing amplitude for shortened forecast lead
time (Fig. 7d, f, and h). The enhanced ridge along the Ural
Mountains and the trough over Lake Baikal and Northeast
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Asia favor cold air outbreaks, contributing to the increased
cold bias for shorter forecast lead time, especially in North
and Northeast China. There are negative anomalies north of
30°N and positive anomalies south of 30°N for GloSea5-pre-
dicted zonal wind at 200 hPa, indicating a systematic south-
ward shift of the EAJS compared with observations. More-
over, a significant negative model bias can be found in both
SLP and Z500 over the eastern North Pacific.

For the southern mode, cold air occupies Eurasia south
of 50°N, especially in East Asia (Fig. 8a). In observations, a
salient SLP ridge extends from Mongolia along the eastern
flank of the Tibetan Plateau to the SCS. The spatial distribu-
tion of Z500 anomalies over Eurasia shows a meridional
dipole mode between middle and high latitudes (Fig. 8b).
The negative Z500 anomalies near Japan correspond to a
deepened East Asian trough. In the upper troposphere, the
EAJS is intensified with positive zonal wind anomalies
extending from the Arabian Peninsula to Japan along 30°N.
The performance of GloSea5 in simulating the circulation
structures associated with southern mode is relatively poor
compared with the northern mode. Only hindcasts initiated
in October capture the spatial distribution of SLP anomalies,
deepening of the EAT, and intensified EAJS, consistent
with the well-simulated southern mode (Fig. 5g), which
explains the higher prediction skill for both the EAWM
index and T2m anomalies. The meridional dipole mode of
7500 anomalies over Eurasia and spatial pattern of anomalous
zonal wind at 200 hPa were reproduced well in hindcasts initi-
ated in October, consistent with the relatively higher predic-
tion skill for the EAWM index (Zhu, 2008). The prediction
skill for the EAWM index (Li and Yang, 2010) shown by
GloSea5 initiated in October is also the highest compared to
forecast initiated in September or November (figure not
shown); recall that the EAWM index is defined by the shear
of the zonal wind 200 hPa.

In addition, significant systematic biases can be found
over Eurasia North Pacific for Z500. In hindcasts initiated
in September, GloSea5 fails to represent the meridional
dipole structure over Eurasia and exhibits significant negative
bias over the eastern North Pacific (Fig. 8d). For November,
the positive center in northern Eurasia disappears, while a pos-
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Fig. 6. The TCCs between time series associated with EOF1 (a), EOF2 (b) in ERAS and GloSea$5 hindcasts initiated
on 1,9, 17, and 25 September (green), October (blue), and November (red), respectively.
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anomalies with respect to PC1 from observations (a, b) and GloSea5 hindcasts initiated in September (c, d), October
(e, f), November (g, h), respectively. Dotted areas in the left (right) column denote regressed T2m (U200) being

significant at the 95% confidence level.

itive center of Z500 (Fig. 8h) and anticyclonic circulation
anomalies in the lower troposphere can be found over the
North Pacific, contributing to the warm bias of Northeast
Asia and the Sea of Okhotsk (Fig. 8g).

4. Combined effects of ENSO and the AO on
the EAWM

As the strongest mode of the tropical Pacific air—sea cou-
pled system on the seasonal and interannual time scales, the
relationship between the EAWM and ENSO has been exten-
sively discussed in previous studies (He and Wang, 2013b;
Gong et al., 2018, Ham and Jeong, 2021). The anomalous

low-level anticyclone in the western North Pacific associated
with El Nifio plays an important role since the southerlies
on its western flank lead to warm advection to East Asia
and attenuate the EAWM (Kang and Lee, 2019). GloSea5
shows robust prediction skill for ENSO variability, and the
anomaly correlation coefficient is over 0.8 for a five-month
lead time (MacLachlan et al., 2015). In order to evaluate the
model performance in simulating the relationship between
ENSO and the EAWM, composite analyses were performed
on both observations and GloSea5 seasonal hindcasts of
DIJF for El Nifio and La Nifia years from 1993 to 2016, respec-
tively (Fig. 9). The ENSO-related years are selected based
on the mean Nifio-3.4 index in boreal winter and classified
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Fig. 8. The same as Fig. 7 but for PC2.

into El Nifio (20.5°C) and La Nifia years (<—0.5°C), respec-
tively. The El Nifio years are 1994, 1997, 2002, 2006, 2009,
2014, and 2015; La Nifa years are 1995, 1996, 1998, 1999,
2000, 2005, 2007, 2008, 2010, and 2011. The selected years
correspond to the start month of each winter
(December—February), i.e., 1994 correspond to the 1994/95
winter.

In EI Nifio years, a significant anomalous cyclone and
negative anomalies in Z500 can be found over the North
Pacific, both associated with the positive phase of the
Pacific—North American (PNA) pattern (Wallace and Gut-
zler, 1981). There exist a trough along the Ural Mountains
and a ridge extending from Lake Baikal to Lake Balkhash,
resulting in above normal T2m over north and East Asia
(Fig. 9a). The distribution of anomalous circulation is
roughly the opposite during La Nifia years (Fig. 9b), despite

the relatively weaker anomalous cyclone over the western
North Pacific compared to its counterpart in El Nifio years.
Note that compared with the Pacific and North American sec-
tions, the composite result of T2m anomalies over East Asia
shows no statistical significance for both El Nifio and La
Nifa years.

GloSea$5 captures the spatial distributions of both T2m
and circulation anomalies over the Pacific and North America
well, with a positive bias in T2m over the central and eastern
Pacific for El Nifo years (Figs. 9c, e, and g) and a negative
bias in La Nifia years (Figs. 9d, f, and h). The WNPAC associ-
ated with ENSO is simulated well by GloSea5 for different
forecast lead times. However, the simulation of atmospheric
response to ENSO is poor in the mid-high latitudes of Eura-
sia. A negative center of Z500 can be found over North
Europe and positive T2m anomalies are located over Eastern
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respectively. Dotted areas denote the composite of T2m anomalies is significant at the 95% confidence level.

Europe and western Asia for El Nifio years. GloSea5 fails to
reproduce the spatial distributions of T2m and circulations
anomalies associated with La Nifia events.

Outside the tropics, the AO is key to explaining the inter-
annual variations of the EAWM and surface temperature
over Eurasia (Gong et al.,, 2001). Previous studies have
shown a highly significant level of prediction skill for the
interannual variability of the AO with a one-month forecast
lead time (Scaife et al., 2014; MacLachlan et al., 2015). Nev-
ertheless, GloSea5 shows a systematic bias in the spatial pat-
terns of SLP associated with the AO (Fig. 10). The
explained variance of the leading mode is higher than the
observational result. The positive SLP anomaly center in the
North Atlantic is weaker and shows a westward displacement
compared to observations, while the positive center in North
Pacific is stronger than observations. The overestimated mag-
nitude of the Pacific center in the wintertime AO pattern is a

common bias in CMIP5 models, which might be associated
with the model errors in ENSO-related teleconnections and
sea ice (Cattiaux and Cassou, 2013; Gong et al., 2017).
Finally, the combined effects of ENSO and the AO on
the winter atmospheric circulation of the Northern Hemi-
sphere in both observation and GloSea5 hindcasts were inves-
tigated. Compared with ENSO, the AO exhibits higher fre-
quency variability and could change significantly during
one winter. Following Chen et al. (2013), the monthly anoma-
lies of the AO are taken into consideration for all El Nifio
and La Nifia winters. When an El Nifio event couples with
positive AO phases, a negative SLP anomaly occupies the
polar region and northwest Asia, denoting a weak SH. A
trough is seen over the Ural Mountains and a significant posi-
tive center exists over Northeast Asia, favoring a weak
EAWM and warm anomalies in northern China (Fig. 11a).
When a La Nifia event couples with negative AO phases, a
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stronger SH and more Ural blocking favor frequent outbreaks
of cold air toward East Asia, resulting in cold anomalies
over northern China (Fig. 11g) (Cheung et al., 2012; Qiao et
al., 2020). However, when an El Nifio event couples with neg-
ative AO phases, or a La Nifa event couples with positive
AO phases, the centers of atmospheric response in the mid-
high latitudes are mainly located in the Western Hemisphere
(Figs. 11c and e). The nonlinear characteristics of the com-
bined impact of ENSO and the AO on the winter climate of
East Asia can be attributed to the interaction between the tro-
posphere and stratosphere, and the middle-low-latitude inter-
action (Chen et al., 2013; Qiao et al., 2021).

GloSea5 reproduces the spatial distributions of atmo-
spheric response for different combinations of ENSO and

the AO well, but with a generally underestimated intensity.
The results of the composite analysis based on GloSea5 hind-
casts initiated in November are given in Fig. 11, and similar
spatial patterns are seen for September and October (figures
not shown). The prediction skill for SLP is relatively lower
than that for Z500, especially in the mid-high latitudes.
GloSea5 fails to reproduce the SLP anomalies over Eurasia
associated with ENSO and the AO. The most significant
model deviation from observation is the positive bias in the
Arctic region for El Nifio and a positive AO (Fig. 11b),
which is consistent with the systematic bias in SLP with
respect to the AO (Figs. 10b, c, and d). In the midlatitudes,
GloSea5 overestimates the positive pressure center near the
Aleutian Peninsula and shows a reverse dipole structure in
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the North Atlantic for La Nifia events coupled with negative
AO phases.

5. Summary and discussion

In this study, the simulation and prediction of EAWM
intensity and the associated atmospheric circulations were
investigated, including the climatology, interannual variabil-
ity, dominant modes, and relationship with tropical and extrat-
ropical climate factors, using hindcast data from GloSea5
for winters during the period 1993-2016, with focus on the
evolution of systematic model bias. The large-scale back-
ground circulations associated with the EAWM are simulated
well, despite significant model errors. The cold bias over
most of China’s mainland is closely linked to the weak
polar vortex, enhanced SH, and increased Ural blocking in
GloSea5 compared with observations, which is a common

deficiency in most CMIP5 and CMIP6 models. GloSea5
also simulated the northern and southern modes of surface
temperature in the EAWM region well, including its associ-
ated atmospheric circulations.

In addition, the performance of GloSea5 in predicting
the interannual variation of the DJF mean EAWM index
and T2m in China was evaluated with respect to different fore-
cast lead times. GloSea5 shows significant prediction skill
for the EAWM intensity index two months ahead, and the
TCC between the ensemble mean EAWM index and observa-
tion is 0.56, which is significant at 99% confidence level.
This highly significant level of prediction skill can be
attributed to the model capability in simulating the spatial pat-
terns of surface temperature and circulations of both the north-
ern and southern mode. Nonetheless, the prediction skill
decreased for hindcasts initialized in November, which
might be related to the poor representation of atmospheric cir-
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culation associated with the southern mode.

Furthermore, comparative analysis was performed to
evaluate the prediction skill for the EAWM under different
backgrounds of ENSO and the AO, including its synergistic
effects. The ENSO-related teleconnections are simulated
well, including the WNPAC, which serves as a key system
inbridging ENSO and East Asia climate. However, the predic-
tion skill for circulation anomalies over the mid-high latitudes
of Eurasia is poor, especially for La Nifia winters. Although
GloSeaS captures the spatial pattern of circulation over
North America and the Atlantic sector, significant model
bias exists, especially for the SLP in the Arctic region in El
Nifio winters coupled with a positive AO, and La Nifia winters
coupled with a negative AO. Previous studies have revealed
the important role of Arctic sea ice (Wu et al., 2011; Zhang
et al., 2020b) and Eurasian snow (Wang et al., 2010) in regu-
lating the EAWM and surface temperature of Eurasia. The
simulation of interactions between sea ice, snow cover, and
the atmosphere needs to be taken into consideration in the
model assessment. Additionally, the ENSO-EAWM relation-
ship is not stationary and shows significant interdecadal varia-
tions (Zhou et al., 2007; Wang et al., 2008; Ham and Jeong,
2021), which are beyond the scope of this study and need fur-
ther investigation
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