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1  Introduction

Because extreme events such as cold surges have societal 
and economic impacts, there have been substantial efforts 
to predict and understand the winter climate in the Korean 
Peninsula and East Asia (Ding and Krishnamurti 1987; 
Boyle and Chen 1987; Min et al. 2015). Variability of the 
winter climate in the Korean Peninsula has been under-
stood primarily within the context of the East Asian Win-
ter Monsoon (EAWM) circulation system. Variation in the 
EAWM system is related to thermal contrasts between 
the Asian land mass and the adjacent oceans (e.g., Zhang 
et al. 1997; Trenberth et al. 2006). The land–ocean thermal 
contrasts are associated with the sea level pressure (SLP) 
gradient between the Siberian High over the northeastern 
part of Eurasia and the Aleutian Low over the North Pacific 
Ocean (Gong et  al. 2001; Wu and Wang 2002; Jhun and 
Lee 2004; Chen et al. 2005; Takaya and Nakamura 2005; 
Wu et  al. 2006). In recognizing this, many studies have 
made significant attempts to reveal the dynamics involved 
in SLP gradient changes.

Many studies have linked the East Asian winter climate 
to the atmospheric teleconnection patterns. These patterns 
are the preferred modes of low-frequency variability in the 
Northern Hemisphere (NH) and are characterized by a hor-
izontal scale of the planetary waves with multiple centers 
of action. These teleconnection patterns can influence the 
weather and climate in East Asia and the Korean Peninsula 

Abstract  This study proposes a new index for monitoring 
and predicting winter temperatures of the Korean Peninsula 
based on the dominant atmospheric winter teleconnection 
patterns. The utilization of this index is further extended to 
the East Asian Winter Monsoon (EAWM) index because 
the new index is found to well represent the main feature 
of the EAWM circulation. Among the teleconnection pat-
terns, the East Atlantic (EA) and Western Pacific (WP) pat-
terns are found to be most strongly correlated with winter 
temperatures via their partial association with changes in 
sea level pressure (SLP) around the Korean Peninsula, i.e., 
the EA and WP patterns are associated with SLP variation 
over the Siberian High region and the Kuroshio extension 
region to the east of Japan, respectively. On the basis of this 
relationship, the two regions representing the northwest-
to-southeast SLP gradients are determined to define the 
new index. It is found that the new index can represent the 
Korean winter temperatures consistently well regardless of 
their considerable decadal changes. When compared with 
the existing SLP-based EAWM indices, the new index 
shows the best performance in delineating winter air tem-
peratures, not only in the Korean Peninsula but also in the 
entire East Asian region. We also assess the prediction skill 
of the new index with seasonal coupled forecast models 
of the APEC Climate Center of Korea and its capability to 
predict winter temperatures. This assessment shows that 
the new index has potential for operationally predicting and 
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(Wallace and Gutzler 1981; Horel and Wallace 1982; Lau 
and Lau 1984; Nakamura et al. 1987; Barnston and Livezey 
1987; Chen et  al. 2005) because such patterns can affect 
the variation in the intensity of the Siberian High and the 
Aleutian Low (Cohen et al. 2001; Gong et al. 2001).

Among the teleconnection patterns, the Arctic Oscilla-
tion (AO; Thompson and Wallace 1998) affects the inten-
sity of the Siberian High (Gong et al. 2001; Gong and Ho 
2004; Kug et al. 2015). The variation of the Siberian High, 
which is associated with the AO, can affect the occur-
rence frequency of cold surge events (e.g., Jeong and Ho 
2005; Park et al. 2011). Park and Ahn (2015) showed that 
the AO influence can vary depending on the phase of the 
Western Pacific (WP) teleconnection pattern, which is most 
significantly correlated with the East Asian winter tem-
peratures among the dominant teleconnection patterns over 
the Pacific Ocean sector. They argued that the relationship 
between the East Asian temperature and the AO is clear 
only when the AO is in phase with the WP pattern. The 
WP pattern has two anomaly centers, one near Kamchatka 
(50°N–60°N, 160°E–170°W) and the other over the North 
Pacific Ocean (20°N–30°N, 160°W–130°E); these centers 
are signed opposite to one another and are known to influ-
ence the intensity of the Aleutian Low (Hsu and Wallace 
1985; Linkin and Nigam 2008).

In addition to the AO and WP teleconnection patterns, 
many prominent atmospheric teleconnection patterns in the 
NH winter have been investigated since Walker and Bliss 
(1932) recognized the North Atlantic Oscillation (NAO) 
and North Pacific Oscillation (Wallace and Gutzler 1981; 
Barnston and Livezey 1987; Nakamura et al. 1987; Linkin 
and Nigam 2008; Wang and Zhang 2014), including the 
Pacific/North American pattern (PNA), the East Atlantic 
pattern (EA), and the Eurasian pattern (EU). In particu-
lar, the EU teleconnection pattern [distinguished as EU 
type-1 and EU type-2 patterns in Barnston and Livezey 
(1987), whereas the EU types are referred to as the East 
Atlantic/Western Russia (EA/WR) and the Scandinavia 
(SCA) pattern, respectively, on the National Centers for 

Environmental Prediction (NCEP) Climate Prediction 
Center (CPC) website] is characterized by east–west wave 
trains and has three action centers over the Eurasian con-
tinents. Because the EU pattern can be significantly cor-
related with the intensity of the Siberian High, the pattern 
affects the East Asian winter on monthly and daily time 
scales (Gong et  al. 2001; Takaya and Nakamura 2005; 
Sung et al. 2009; Sohn et al. 2011; Wang and Zhang 2014).

However, although the variation in the Siberian High 
intensity can be associated with a wave train originating 
from the Atlantic Ocean, the influence of the EA telecon-
nection pattern on the Korean and East Asian winter tem-
peratures is not well-known. The EA pattern is the second 
mode of low-frequency variability over the North Atlantic 
Ocean and has a north–south dipole of anomaly centers 
crossing the North Atlantic from east to west. Furthermore, 
only a few studies have been performed on the role of the 
teleconnection patterns in varying the Korean winter tem-
peratures. Therefore, investigating the relationship between 
the winter teleconnection patterns and the winter tempera-
tures over Korea is necessary. On the basis of this relation-
ship, this study proposes a useful index for representing 
winter temperatures over the Korean Peninsula in Sect. 3, 
and further shows change in the proposed new index is 
related to the EAWM circulation.

Many EAWM indices have been developed based on 
SLP gradients between the Eurasian continents and Pacific 
Ocean (Wang and Chen 2010, 2014), as listed in Table 1. 
Although the existing EAWM indices can delineate the 
key features of the EAWM-related circulations, differences 
were found to exist in the performance of these indices in 
representing variation of the East Asian winter tempera-
tures, in particular, extreme cold and warm winters (Wang 
and Chen 2010, 2014). Furthermore, there are no studies 
comparing the EAWM indices regarding the representation 
of Korean winter temperature variation. Therefore, it will 
be very meaningful to compare the ability of the SLP-based 
EAWM indices, including the proposed new index, to rep-
resent the Korean winter temperatures, because they can be 

Table 1   Existing SLP-based EAWM indices and their definition

* Indicates that the definition of the index uses the normalized SLPs

EAWM index SLP area-averaging regions References

ChanLi04 (30°–55°N, 100–120°E)–(30°–55°N, 150°–170°E) Chan and Li (2004)

Gong01 (40°–60°N, 70–120°E) Gong et al. (2001)

Guo94 (10°–60°N, 110°E)–(10°–60°N, 160°E) Guo (1994)

Shi96* (20°–50°N, 110°E)–(20°–50°N, 160°E) Shi (1996)

WangChen14* {2 × (40°–60°N, 70°–120°E)–(30°–50°N, 140°E–170°W)–(20°S–10°N, 110°–160°E)}/2 Wang and Chen (2014)

Wang09* (40°–70°N, 110°E)–(40°–70°N, 160°E) Wang et al. (2009)

WuWang02* (20°–70°N, 110°E)–(20°–70°N, 160°E) Wu and Wang (2002)

XuJi65 (30°–40°N, 100°–120°E)–(30°–40°N, 130°–140°E) Xu and Ji (1965)
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utilized for monitoring and predicting the Korean winter 
climates.

Because the new index should have reasonable predic-
tion capabilities even if the index reliably describes the 
change in the observed winter temperature, we also assess 
its capability and usability for Korean and East Asian win-
ter temperature prediction with seasonal forecast coupled 
models in Sect. 6.

2 � Datasets and methods

2.1 � Observed datasets

For observed land surface air temperatures, we use a sta-
tion observation-based global land monthly surface air tem-
perature dataset (Fan and van den Dool 2008), which was 
developed at the NCEP CPC. This dataset combines station 
datasets collected from the Global Historical Climatology 
Network version 2 and the Climate Anomaly Monitoring 
System (GHCN + CAMS) gridded at a resolution of 0.5° 
latitude × 0.5° longitude. Observed atmospheric variables 
such as SLP, geopotential height at 500 hPa, zonal wind at 
200 hPa, and near-surface wind are taken from the NCEP–
National Center for Atmospheric Research (NCAR) rea-
nalysis I (Kalnay et al. 1996). The land surface air temper-
atures and the NCEP–NCAR reanalysis datasets are used 
over the period from December 1950 to February 2015.

Indices for the NH atmospheric teleconnection patterns 
are downloaded, and detailed information about these pat-
terns can be obtained from the CPC website (http://www.cpc.
ncep.noaa.gov/data/teledoc/telecontents.shtml). To describe 
briefly, the NH teleconnection patterns (e.g., the PNA, NAO, 
WP, EA, SCA, EA/WR patterns) and their associated indices 
are obtained by performing Rotated Principal Component 
Analysis (Barnston and Livezey 1987) of the monthly mean 
standardized 500  hPa geopotential height anomalies taken 
from the NCEP–NCAR reanalysis project. The AO index is 
obtained from the Empirical Orthogonal Function analysis of 
monthly mean 1000 hPa height anomalies.

We use the December–January–February (DJF) average 
for indicating the winter climate in the Korean Peninsula 

and the entire East Asian region. Therefore, all analyses per-
formed in the following sections use atmospheric variables 
and climate indices averaged over the DJF season. Here, the 
winter period calendar years are denoted using the year in 
which December fell, e.g., the winter of year 1997 covers 
December 1997–February 1998. Anomalous variables are 
obtained by subtracting their DJF climatological averages.

2.2 � Hindcast datasets of APCC MME system 
and index‑based predictions

We use hindcast datasets from five coupled seasonal fore-
cast models (shown in Table  2) to investigate the pre-
diction skill of the new index, which will be proposed 
in Sect.  3 and used for predicting the winter surface air 
temperatures of the Korean Peninsula and the entire East 
Asian region. These models are being used for seasonal 
forecasting at the APEC Climate Center (APCC), Korea. 
The seasonal forecast models were initialized in Novem-
ber, and we analyze surface air temperatures and SLPs 
during the subsequent winter season (i.e., the DJF aver-
age), which indicates a 1-month lead prediction. The 
hindcast period is from December 1983 to February 2006.

Two measures, such as temporal correlation coefficient 
(TCC) and anomaly pattern correlation coefficient (ACC), 
are used for verifying the historical prediction skills on the 
new index and its associated winter temperatures. For the 
skill in predicting the new index itself, we computed the 
TCC between the predicted and observed index. In order 
to check the capability of the new index in predicting the 
spatial patterns of winter temperatures, we perform ACC 
analysis between the observed and predicted values over 
the Korean Peninsula (123°E–130°E, 33°N–40°N) and East 
Asian (100°E–145°E, 20°N–50°N) regions. The predicted 
spatial patterns of the winter temperature anomalies in each 
year can be obtained directly from the raw multi-model 
ensemble (MME) of the APCC seasonal forecast models. 
Also, the predicted patterns can be provided by the regres-
sion relationship between the simulated index and MME 
winter temperatures at each grid point. The raw MME 
output without any correction, which is considered as raw 
MME predictions, and the corrected MME output with 

Table 2   Five seasonal 
prediction coupled climate 
models used in this study, 
including references and model 
institutes

Model Institute References

CMCC Euro-Mediterranean Center on Climate Change Alessandri et al. (2010)

CM3 Meteorological Service of Canada Merryfield et al. (2013)

CM4

NCEP NCEP/NOAA/CPC Saha et al. (2014)

POAMA Bureau of Meteorology Lim et al. (2012)

http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
http://www.cpc.ncep.noaa.gov/data/teledoc/telecontents.shtml
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the simulated index (as a predictor), which is regarded as 
index-based predictions, are compared.

3 � New index

In order to identify the NH winter atmospheric telecon-
nection patterns that dominate changes in the Korean 
winter temperature, correlation coefficients between the 
winter temperature averaged over the Korean Peninsula 
(123°E–130°E, 33°N–40°N) and the indices associated 
with the teleconnection patterns are calculated, as shown 

in Table 3. The WP and EA indices are found to have the 
strongest correlations (r  =  0.59 and 0.50, respectively) 
with the Korean winter temperatures.

Because teleconnection patterns reflect large scale 
change in atmospheric pressure and circulation anomalies 
that spans broad geographical regions, the patterns would 
be responsible for change in the SLP patterns around the 
Korean Peninsula. Therefore, we investigate the correlation 
coefficient patterns of the DJF SLP with the WP and EA 
indices, as shown in Fig. 1. Both patterns are found to be 
related to change in SLPs around the Korean Peninsula. In 
other words, when concentrating on land and ocean regions 

Table 3   Correlation 
coefficients between the winter 
temperature averaged over 
the Korean Peninsula (KorT; 
123°E–130°E, 33°N–40°N) 
and the NH winter atmospheric 
teleconnection indices 
(including AO)

Climate indices PNA NAO WP EA SCA (EU1) EA/WR (EU2) AO

KorT −0.08 0.18 0.59 0.50 −0.18 0.40 0.40

Fig. 1   Spatial patterns of cor-
relation coefficients of winter 
(December–January–February, 
DJF) SLPs with a WP and b 
EA teleconnection indices. 
Significant correlation coef-
ficients (r = 0.32) at the 99 % 
level according to a two-tailed 
student’s t-test are indicated 
with gray contour lines. Black 
boxes denote the regions for 
defining the new index. Local 
positive and negative maxima of 
the correlation coefficients are 
also shown
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around the Korean Peninsula, the WP has the highest cor-
relation (r = 0.81, Fig. 1a) with the SLPs over the Kuro-
shio extension region to the east of Japan. In contrast, the 
EA pattern is most strongly correlated (r = −0.49, Fig. 1b) 
with the SLPs over the Siberian High region. On the basis 
of this relationship, we determine the two regions indicated 
by black boxes in Fig. 1. The SLPs averaged over the boxed 
regions are similar to those that were identified earlier for 
describing the East Asian winter climate. The EA-related 
boxed region (80°E–120°E, 50°N–70°N) is similar to the 
region of the Siberian High intensity index (e.g., Li and 
Yang 2010; Jeong et al. 2011), which has been frequently 
used for monitoring the winter temperatures over East 
Asia, including the Korean Peninsula (e.g., Gong and Ho 

2002; Chang and Lu 2012). The WP-related boxed region 
(140°E–150°W, 20°N–40°N) resides at the southwestern 
edge of the Aleutian Low and encompasses the Kuroshio 
extension region over which SLP variation is known to be 
important in determining the Korean winter climate (Son 
et al. 2013).

Here, for representing the Korean winter temperatures, 
we explore the possibility of using the SLPs averaged over 
both the EA- and WP-related boxed regions, which are 
hereafter referred to as the EA SLP index and the WP SLP 
index, respectively. For comparison, we have multiplied 
the SLPs averaged over the EA-related region by −1.0 
to define the EA SLP index. From the time series of the 
Korean Peninsula temperature anomalies and the EA and 

Fig. 2   Time series of seasonal 
(DJF) mean SLP (black line) 
averaged over a 140°E–150°W, 
20°N–40°N and b 80°E–120°E, 
50°N–70°N, which are related 
to the WP SLP and EA SLP 
regions, respectively, and c time 
series of difference (black line) 
between SLPs averaged over 
the regions in a and b, which is 
the definition of the new index. 
Times series of the DJF-mean 
temperatures (°C) averaged over 
the Korean Peninsula (colored 
bars; red bars for warm 
temperatures and blue bars 
for cold temperatures) are also 
superimposed in each panel. 
The SLP indices are normalized 
using their standard deviation. 
Dashed lines denote thresholds 
for classifying extreme warm or 
cold winter years and a high or 
low index
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WP SLP indices shown in Fig. 2, it is identified that the EA 
and WP SLP indices are strongly correlated with the winter 
temperature anomaly of Korea (r = 0.64 and 0.53, respec-
tively). However, if we focus on the extreme cold and warm 
winters, which are defined when the temperature anomaly 
is below −0.5 °C and above +0.5 °C, respectively, follow-
ing Wang and Chen (2014), and their correspondence with 
the low and high EA and WP SLP indices, some extreme 
cold or warm winters cannot be explained by the EA SLP 
index or WP SLP index alone. Here, the high and low index 
is distinguished based on a threshold of ±0.5 standard devi-
ations (STD) of each index. For example, the 1962, 1980, 
and 2008 extreme winters only can be captured by the WP 
SLP index, whereas the extreme winters in 1984 and 2014 
only can be represented by the EA SLP index. The results 
indicate that both the WP and EA SLP indices can make 
up for each other in terms of the discrepancy in predicting 
winter temperatures of the Korean Peninsula. Furthermore, 
the relative strength of SLPs over the EA- and WP-related 
regions may govern the cold advection from the Siberian 
regions southeastward to the Korean Peninsula. Therefore, 
we propose a new index for capturing the variation of the 
Korean winter temperatures; this is defined as the differ-
ence between SLPs averaged over the WP- and EA-related 
boxed regions, as follows.

New index = WP SLP
(

140
◦

E−150
◦

W, 20
◦

N−40
◦

N
)

−EA SLP
(

80
◦

E−120
◦

E, 50
◦

N−70
◦

N
)

.

As a result, the new index can obtain a better representa-
tion of the Korean Peninsula winter temperatures. The cor-
relation coefficient increases significantly to 0.77 (Fig. 2c). 
Furthermore, the new index is correlated significantly (at 
the 99  % level according to a two-tailed student’s t test) 
with both WP (r =  0.65) and EA (r =  0.50) teleconnec-
tion patterns, which indicates that the new index can reflect 
well the influence of both teleconnection patterns on the 
Korean winter temperatures. When considering extreme 
winters, there is considerable improvement in represent-
ing the extreme cold winters with the new index. The low 
new index (<−0.5 STD) corresponds to 75 % (15 out of 20 
winters) of the extreme cold Korean winters, whereas the 
EA SLP index only can capture about 55 % of the extreme 
cold winters and WP SLP index can capture about 45 %. 
As for the extreme warm winters (corresponding to index 
that is larger than +0.5 STD), the new index, and EA and 
WP SLP indices produce similar result; each can capture 
71, 63, and 71 % of total 24 extreme warm winters.

As shown in Fig.  2, one may suggest that the Korean 
winter temperatures have been experiencing consider-
able decadal changes and the relationship between the new 
index and local temperature could be changed over the 
inter-decadal timescales. In order to investigate whether 
the new index has consistent performance over the different 
periods, we compute the correlation coefficients between 
the Korean winter air temperatures and the new index 
(Fig.  3a) computed over 30-year periods running forward 

Fig. 3   a Correlation coefficients between the new index and winter 
temperature over the Korean Peninsula, and b the number (percent-
age) of extreme cold (blue lines) and warm (red lines) winters cor-
responding to low and high new index, respectively. The correlation 
coefficients and percentages are computed over 30-year running peri-

ods from 1950 to 2014. In a the 99  % significant correlation coef-
ficient is indicated with a dashed line and in b the total number of 
extreme cold (blue lines) and warm (red lines) winters are also dis-
played. The x-axis denotes the start year of the 30-year running  
periods
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one year from 1950 to 2014. This indicates that the new 
index maintains a strong correlation with the Korean win-
ter temperatures throughout the running periods. The maxi-
mum and minimum correlation coefficients are 0.91 and 
0.70, respectively. Furthermore, in terms of the number of 
extreme cold or warm winters over the Korean Peninsula 
captured by the new index (Fig. 3b), the new index can rep-
resent more than 60 % of extreme winters over most of the 
running periods. The new index can generally depict the 
extreme cold winters better than the extreme warm cases, 
which is beneficial if we consider the hazardous impact of 
extreme cold winters on the national socio-economic activ-
ity. These results imply that the new index can represent 
the Korean temperature consistently well to some extent in 
spite of the considerable decadal changes.

4 � The new index and EAWM circulation

Here, we investigate whether the intensity of the new 
index can explain the characteristics of the EAWM cir-
culation and can thus be utilized for predicting the winter 
temperatures of the entire East Asia, including Japan and 
East China, beyond Korea. Figure 4 shows the regression 
patterns of the SLPs, the zonal winds at 200 hPa, and the 
500  hPa geopotential heights with the new index. Some 
typical characteristics of the winter monsoon circulation, 
such as the East Asian jet stream, the 500-hPa trough, and 
their associated surface northwesterly winds, can be identi-
fied (e.g., Jhun and Lee 2004; Li and Yang 2010; Hu et al. 
2015). Here, the regression patterns illustrate the lower and 
upper tropospheric circulation patterns during the weak 
EAWM because a positive or high value of the new index 
indicates a weak EAWM. Therefore, a low (high) new 
index, representing a strong (weak) EAWM, is linked to 
the enhanced (weakened) East Asian westerly jet stream to 
the south of the Korean Peninsula and Japan (Fig. 4a). The 
trough in the middle troposphere is strengthened (weak-
ened) when the index is low or negative (high or positive), 
as shown in Fig.  4b. These lower and upper tropospheric 
patterns contribute to a change in the northwesterly winds 
blowing from the Siberian High region to the East Asian 
countries (Fig.  4c). Therefore, the figure indicates that 
the new index can represent the main components of the 
EAWM system and can be further utilized for monitor-
ing the East Asian winter climate, including not only the 
Korean Peninsula, but also the East China and Japan (as 
shown in Sect. 5).

In addition, El Niño-like surface winds (i.e., westerly 
anomalies) reside over the central equatorial Pacific, 
which highlights the possible link between El Niño 
and the EAWM represented with the new index; this is 

consistent with previous studies showing the close rela-
tionship between El Niño-Southern Oscillation (ENSO) 
and EAWM (e.g., Zhang et  al. 1997; Jiang et  al. 2013). 
However, the correlation coefficient (r =  0.32) between 
the new index and the DJF-averaged Niño3.4 index is not 
that strong, although it is significant at 99 % level accord-
ing to a two-tailed student’s t-test. The Niño3.4 index is 
the sea surface temperature (SST) anomaly averaged over 
120°W–170°W and 5°S–5°N. The SST is taken from 
the NOAA Extended Reconstructed SST (ERSST) v3b 
(Smith et  al. 2008). This may affect the prediction skill 
of the new index in coupled forecast models; this is fur-
ther discussed in Sect. 6.

Fig. 4   Spatial regression patterns of a zonal winds at 200  hPa, b 
500 hPa geopotential heights, and c near-surface winds with the new 
index. Regression coefficients that are significant at the 95  % level 
according to a two-tailed student’s t-test are shaded in (a) and (b). 
The regressed surface winds with 95 % significance are only shown 
in (c)
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5 � The new index and existing SLP‑based EAWM 
indices

In this section, we compare the ability of the new index to 
represent the Korean and East Asian winter temperatures 
with that of the existing SLP-based EAWM indices listed 
in Table 1. Figure 5 illustrates the SLP averaging regions 
used in the definitions of the EAWM indices. Although 
the EAWM indices define the SLP regions and reflect the 
land–ocean thermal contrasts, the averaging regions are dif-
ferent from one another. Methods proposed by Guo (1994, 
hereafter Guo94), Shi (1996, Shi96), Wu and Wang (2002, 
WuWang02), and Wang et  al. (2009, Wang09) use SLPs 
averaged along a fixed longitude (110°E) and within dif-
ferent latitude ranges. In contrast, as is done for the new 
index, indices proposed by Chan and Li (2004, ChanLi04), 
Gong et  al. (2001, Gong01), Wang and Chen (2014, 
WangChen14), and Xu and Ji (1965, XuJi65) are defined 
by the area-averaging boxed regions, e.g., WangChen14 
proposed an EAWM index considering not only the east–
west contrast of the SLP over the Siberian region with the 
Aleutian SLP but also the north–south contrast of the Sibe-
rian SLP with the SLP over the maritime continents.

From Fig. 6, which displays the spatial pattern of corre-
lation coefficients between surface temperatures over East 
Asia and the EAWM indices (including the new index), it 
is identified that the EAWM indices show differing levels 
of performance in representing the surface air temperature 
variation over the Korean Peninsula as well as the entire 
East Asian region. Here, the existing SLP-based EAWM 
indices have been multiplied by −1.0 for comparison. 

Overall the new index has the best performance among 
the SLP-based EAWM indices at capturing change in the 
winter temperature (Fig.  6a). The correlation coefficients 
that are significant at the 99 % level (r > 0.32) cover the 
entire East China, Japan, and Korean Peninsula region, and 
they also extend to regions of Mongolia. In particular, the 
strongest correlation coefficients (r  >  0.7) reside over the 
Korean Peninsula. The winter temperatures over the coastal 
regions of Southeastern China correlate strongly (r > 0.5) 
with the new index. Other EAWM indices have signifi-
cant correlations with the winter temperatures averaged 
over East Asia at a 99 % level (except for the XuJi65). The 
WangChen14, WuWang02, and Guo95 indices have cor-
relation coefficients with the winter temperature averaged 
over the Korean Peninsula that are greater than 0.6. Further 
strong correlation coefficients for those indices are cen-
tered over the Korean Peninsula. This indicates that these 
EAWM indices are also usable for the Korean winter tem-
perature representation.

6 � Potential of the new index in seasonal 
forecasting

This section investigates the prediction skill of the new 
index and the WangChen14 index in coupled seasonal 
forecast models and evaluates their potential in predicting 
winter surface air temperatures over the Korean Penin-
sula and the entire East Asian region based on both indi-
ces as predictors. Here, we only choose the WangChen14 
index for the comparison because other than the new index, 

Fig. 5   Illustration of the boxed regions for defining the existing SLP-based EAWM index, as listed in Table 1, and the new index
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this is the index that shows the best performance among 
the SLP-based EAWM indices. Figure  7 displays TCCs 
between the observed and predicted indices from the hind-
cast simulations of the coupled models. Overall, the skill 
of the WangChen14 index forecast is better in all the mod-
els used in this study and also in their MME mean forecast 
using a simple composite method. This may be because in 
the observations, the WangChen14 index is more strongly 
correlated with the Niño3.4 index (r = 0.48), which is an 
important source of the predictability of the winter climate 
including the EAWM in coupled forecast models (Peng 
et  al. 2009; Kim et  al. 2012; Jiang et  al. 2013), than the 
new index (r =  0.32). In addition, the higher correlation 

between the WangChen14 index and the Niño3.4 index 
can be inferred from the definition of the EAWM index, 
which is based on three domains: the western Eurasia, 
the North Pacific, and the tropical western Pacific (see 
Fig. 5). In particular, climate variables in the tropical west-
ern Pacific region are not only more strongly related to 
ENSO events but are also more predictable than those in 
the other regions. Consequently, the relatively high predic-
tion skill score of the WangChen14 index may be associ-
ated with this predictability source. In contrast, because the 
new index considers the domains over mid-latitudes, the 
skill score of the new index prediction cannot achieve that 
of the WangChen14 index in most models. Nonetheless, 

Fig. 6   Spatial patterns of correlation coefficients between SLP-based 
EAWM indices and winter temperatures over the East Asian region: a 
new, b Wang and Chen (2014), c Wang et al. (2009), d Wu and Wang 
(2002), e Chan and Li (2004), f Gong et  al. (2001), g Guo (1994), 
h Shi (1996), and i Xu and Ji (1965). Significant correlation coeffi-
cients (r = 0.32) at the 99 % level according to a two-tailed student’s 

t-test are indicated with gray contour lines. Correlation coefficients 
with temperatures averaged over the East Asia (20°N–50°N, 100E°–
145°E; blue dashed box) and Korean Peninsula (123°E–130°E, 
33°N–40°N; black dashed box) regions are shown. Before computing 
the correlation coefficients, all the EAWM indices, except the new 
index, are multiplied by −1.0
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the POAMA model provides a capable prediction for both 
new and WangChen14 indices, with significant TCCs at 
the 95 % level. When we use the MME prediction, we can 

expect improved prediction capabilities for both indices; 
this has been suggested by previous studies (e.g., Kirtman 
2003; Jin et  al. 2008). This result indicates that we can 

Fig. 7   TCCs between the 
observed and model simulated 
DJF-mean EAWM indices 
for the period 1982–2004. 
Retrospective forecast models 
are listed in Table 2. Solid 
bars denote the new index 
and hatched bars denote 
WangChen14 index. Dashed 
lines indicate the threshold for 
the 95 % significance level

Fig. 8   Time series of the ACCs between the observed and model 
simulated DJF-mean temperature anomalies in a the Korean Penin-
sula and b East Asian regions. Black bars denote the direct model 

output from the raw MME. Red and blue bars denote the index-based 
temperature predictions with the new index and WangChen14 index, 
respectively
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dynamically predict the new index, which can in turn be 
utilized for predicting both the Korean and East Asian win-
ter temperatures, by employing the coupled forecast mod-
els, particularly the APCC MME system.

Because the new index is designed to capture the win-
ter temperature variation of the Korean Peninsula and East 
Asia, we also investigate the potential for using the EAWM 
indices simulated in the seasonal forecast coupled models 
to better predict the winter temperatures. Figure  8 shows 
the ACCs between the observed and predicted winter air 
temperature anomalies, which are obtained directly from 
the raw MME and linear regression relations (i.e., index-
based predictions, see Sect.  2) computed over the Korean 
Peninsula and the East Asian region. The spatial similari-
ties between the observed and predicted patterns appears to 
quite fluctuate from year to year, and there is a big incon-
sistency in three time series of the ACCs from the raw 
MME-based predictions and index-based predictions. For 
winter temperatures in the Korean Peninsula and entire 
East Asia, the new index has a better overall capability 
at predicting the spatial patterns of the winter surface air 
temperatures. Particularly, the new index-based predictions 
have more winter years with the ACC that is greater than 
0.5, compared with other methods (i.e., raw MME-based 
predictions and the WangChen14 index-based predictions). 

Furthermore, the winter temperatures for both Korean and 
entire East Asian regions from raw MME-and WangChen14 
index-based predictions show much more tendency to have 
opposite spatial patterns against observations (i.e., negative 
ACCs) than those from the new index-based predictions.

Better prediction skills with the new index can be identi-
fied when the ACCs were averaged over the whole years, 
extreme cold and warm years, and normal years as shown in 
Fig. 9. The mean ACC over the hindcast periods (23 years, 
Fig. 9a) from the new index is 0.34 for the Korean winter 
temperatures, which is greater than the ACCs from the raw 
MME-based (ACC =  0.19) and the WangChen14 index-
based (ACC = 0.16) predictions. For the East Asian winter 
temperatures (Fig. 9e), the new index-based prediction did 
achieve as much capable predictions regarding the spatial 
patterns as they did for the Korean winter temperatures. 
The new index (ACC = 0.34) provides much better predic-
tion capability than the raw MME (ACC = 0.19) and the 
WangChen14 index (ACC =  0.17). When only consider-
ing extreme cold winter years, the new index-based predic-
tions have more advantages in capturing the temperature 
variation over the Korean and East Asian regions. The ACC 
scores from the new index-based predictions are larger than 
0.45. In temperature predictions for the normal and warm 
winter years, the new index does not provide strong ACC 

Fig. 9   ACCs (presented in Fig. 8) between the observed and model 
simulated winter temperature anomalies in a–d the Korean Peninsula 
and e–h East Asian regions averaged over a, e whole, b, f extreme 
cold, c, g normal, and d, h extreme warm years. The extreme cold 
and warm winters selected are listed in Table 4, and the rest are nor-

mal years. The numbers of the selected winter years are provided in 
parentheses at the upper right of each panel. Black bars denote the 
direct model output from the raw MME. Red and blue bars denote 
the index-based temperature predictions with the new index and 
WangChen14 index, respectively
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skill as much as for the cold winter years. The lower skills 
of the raw MME-based predictions for the Korean Penin-
sula and East Asian temperatures are mainly due to the fact 
that the East Asian winter climate is difficult to predict in 
the current frame of dynamical seasonal prediction system 
and there is low potential predictability of the temperature 

in the mid latitudes (Sohn et al. 2011). In other words, there 
exists the upper limit of prediction level at which a state-
of-the-art coupled prediction system can predict winter 
temperatures.

Figure  10 shows the spatial distribution of tempera-
tures during extreme cold winters from observations, 

Fig. 10   Spatial patterns of winter temperature anomalies from a, 
d, g, j observations, and index-based predictions using b, e, h, k 
observations (i.e., perfect model) and c, f, i, l MME outputs for the 
extreme cold years in both Korean and entire East Asian regions (see 

also Table 4) a–c 1983, d–f 1984, g–i 1985, and j–l 2000. The ACCs 
between the observed and predicted temperatures in the East Asian 
regions are shown in bottom right of (b, c, e, g, h, i, k, i) each panel. 
See main text for details
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prefect model, and new index-based prediction. We 
selected extreme cold winter years when both observed 
temperatures averaged over the Korean and entire East 
Asian regions are less than −0.5  °C (see Table  4). The 
“perfect model” is constructed with a regression equation 
based on the observed new index, not model simulated, as 
predictor to predict the East Asian temperature variation. 
Here, the perfect model assumption is that dynamical 
model can perfectly predict the observed new index, and 
thus the perfect model provides the upper limit of the new 
index-based prediction. For 1983, the severe cold anoma-
lies are observed over the southeast China, South Korea, 
and southern Japanese Archipelagos. However, the perfect 
model and the new index-based winter temperature pre-
dictions do not capture those patterns. The cold anoma-
lies are probably attributed to other factors, for example, 
originating from the tropics (e.g., Wang et  al. 2000) or 
the Arctic (e.g., Kug et al. 2015). For other extreme cold 
winters (i.e., 1984, 1985, 2000), observed cold anomalies 
are present to the north of the Korean Peninsula and the 
new index-based prediction can predict the cold anoma-
lies. Furthermore, the new index-based predictions have 
ACC skill scores that are very comparable to those of the 
perfect model.

In conclusion, the above results imply that the new 
index is more effective at foreseeing winter temperature 
variations over the East Asian region, as well as the Korean 
Peninsula, than the direct model output (i.e., raw MME 
based-predictions).

7 � Summary and discussion

This study proposed a new index for monitoring and pre-
dicting winter temperatures over the Korean Peninsula 
and further over the entire East Asian region. As a first 
step, we found the atmospheric teleconnection patterns 
during the NH winter that are correlated strongly with the 
Korean winter temperatures. As a second step, we iden-
tified the atmospheric circulation patterns, namely SLP 
patterns, around the Korean Peninsula that are associated 
with the strongly correlated teleconnection patterns; i.e., 

among the teleconnection patterns, it was found that both 
EA and WP teleconnection patterns are most strongly 
related to the change in winter temperatures. The EA and 
WP patterns are related to SLP variations over both the 
Siberian High region and the Kuroshio extension region 
to the east of Japan, respectively. In fact, these two pres-
sure systems dominate the winter climate over East Asia, 
including the Korean Peninsula. Because the SLP gradi-
ents control the intensity of surface winds blowing into 
the Korean Peninsula from the Siberian regions (which 
could cause cold air advection), the two predominant 
regions representing the northwest-to-southeast SLP gra-
dients were selected for the new index definition. It was 
identified that the new index can represent the Korean 
winter temperatures consistently well regardless of their 
considerable decadal changes.

Change in the new index was found to be associated 
with the EAWM circulation. When compared with the pre-
viously existing SLP-based EAWM indices, the new index 
showed the best performance in representing winter tem-
perature variation, not only in the Korean Peninsula, but 
also in the entire East Asian region.

Because the skill of the new index forecast in coupled 
seasonal forecast models is important for a good EAWM 
index (Li and Yang 2010), the current status of the predic-
tion skill of the new index as well as its potential for sea-
sonal forecasting with climate models (i.e., APCC MME 
forecast system) were investigated. The APCC MME sys-
tem was found to provide reliable forecast capabilities with 
the new index. When performing index-based predictions, 
the new index provides the prediction skills for the winter 
temperatures over the Korean Peninsula and East Asia that 
are better than the raw MME-based predictions and compa-
rable to the perfect model predictions. Therefore, we con-
cluded that it would be beneficial to utilize the new index 
as a predictor for monitoring and predicting the Korean and 
East Asian winter climates.

In this study, we identified the role of the WP and EA 
teleconnection patterns in varying the Korean winter tem-
peratures. However, we did not reveal the factors associ-
ated with the variation in these teleconnection patterns, 
which would require extensive analysis. There should be 

Table 4   Lists of extreme cold and warm winters from 1983 to 2005

Those winters are identified from temperature anomaly based on climatological land temperatures over the period 1983–2005

The area averaged temperature anomaly (°C) over the Korean Peninsula (KorT) and entire East Asia (EAT) are indicated in parentheses

Extreme cold winters Extreme warm winters

KorT 1983 (−2.78), 1984 (−1.61), 1985 (−3.18), 1990 (−0.55), 1995 
(−0.63), 2000 (−0.58), 2005 (−0.81)

1988 (1.20), 1989 (0.59), 1991 (0.93), 1994 (0.67), 1997 (1.36), 
1998 (1.19), 2001 (1.02), 2003 (1.02)

EAT 1983 (−1.96), 1984 (−1.57), 1985 (−1.51), 1987 (−0.56), 1999 
(−0.80), 2000 (−0.55), 2004 (−0.89)

1990 (0.53), 1997 (0.74), 1998 (1.40), 2001 (1.55), 2003 (0.86)



1580 S. T. Kim et al.

1 3

subsequent studies because the related dynamics would be 
important for more capable prediction and monitoring of 
the East Asian climate.
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