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Multi-model hindcast experiments also show that predic-
tive skills of Korean summer precipitation are improved by 
utilizing predictions of tropical Atlantic SST anomalies as a 
predictor for Korean precipitation anomalies.
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1  Introduction

The East Asian summer rainfall (i.e., East Asian Sum-
mer Monsoon, EASM), including rainfall anomalies over 
Korea, Japan, and China, has received wide attention 
because of its vast agricultural and economic influence 
on populations throughout East Asia (Ding 1994; Lau 
et al. 2001; Ding et al. 2004; Chang 2004; Yancheva et al. 
2007). On one hand, efforts have been devoted to reveal-
ing the climatological evolution of the EASM, including its 
onset or seasonal progression from a regional perspective 
(Ding 1994; Webster et al. 1998; Zhang et al. 2004). How-
ever, there are many studies regarding interannual variation 
of the EASM that examine the effect of El Niño Southern 
Oscillation (ENSO; Huang and Wu 1989; Wu et al. 2010), 
Indian Ocean sea surface temperature (SST; Kosaka et al. 
2013), the temperature anomaly over the Tibetan Plateau 
(Yeh and Gao 1979; Murakami and Ding 1982; Luo and 
Yanai 1984; Ding 1992; Lau et al. 2006), the Indian sum-
mer monsoon (Wang et  al. 2001), or the Western North 
Pacific summer monsoon (WNPSM; Huang and Sun 1992; 
Kwon et al. 2005).

In particular, the role of tropical Pacific SST on the 
interannual variability of the EASM has been widely exam-
ined because of its possible usage as a predictor of the East 
Asian summer rainfall (Huang and Wu 1989; Liu and Ding 

Abstract  The remote impact of tropical Atlantic sea sur-
face temperature (SST) variability on Korean summer pre-
cipitation is examined based on observational data analysis 
along with the idealized and hindcast model experiments. 
Observations show a significant correlation (i.e. 0.64) 
between Korean precipitation anomalies (averaged over 
120–130°E, 35–40°N) and the tropical Atlantic SST index 
(averaged over 60°W–20°E, 30°S–30°N) during the June–
July–August (JJA) season for the 1979–2010 period. Our 
observational analysis and partial-data assimilation experi-
ments using the coupled general circulation model demon-
strate that tropical Atlantic SST warming induces the equa-
torial low-level easterly over the western Pacific through 
a reorganization of the global Walker Circulation, causing 
a decreased precipitation over the off-equatorial western 
Pacific. As a Gill-type response to this diabatic forcing, 
an anomalous low-level anticyclonic circulation appears 
over the Philippine Sea, which transports wet air from the 
tropics to East Asia through low-level southerly, result-
ing an enhanced precipitation in the Korean peninsula. 

 *	 Yoo‑Geun Ham 
	 ygham@jnu.ac.kr

1	 Faculty of Earth Systems and Environmental Sciences, 
Chonnam National University, 77 Yongbong‑ro, Buk‑gu, 
Gwangju 500‑757, Republic of Korea

2	 International Pacific Research Center, University of Hawaii 
at Manoa, Honolulu, USA

3	 School of Earth Science and Engineering, Pohang University 
of Science and Technology, Pohang, South Korea

4	 Atmosphere and Ocean Research Institute, University 
of Tokyo, Kashiwa, Japan

5	 Japan Agency for Marine-Earth Science and Technology, 
Yokohama, Japan

http://orcid.org/0000-0002-0236-6968
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-016-3474-z&domain=pdf


2650	 Y.-G. Ham et al.

1 3

1992; Chang et al. 2000). Huang and Wu (1989) found that 
El Niño causes drought over southern and northern China 
and flooding in central China during its developing phase 
whereas this relationship is reversed during the decaying 
phase. The ENSO-related teleconnection over the China is 
mostly determined by the southward extension of the North 
Pacific Subtropical High (Wang et  al. 2000; Kwon et  al. 
2005). In particular, the high-pressure anomalies in a lower 
troposphere over the Philippine Sea tend to enhance the 
EASM (Huang and Sun 1992). As a result, dry WNPSM 
is linked to the negative precipitation anomalies over the 
off-equatorial western Pacific that can induce the low-level 
high-pressure anomaly through a Gill-type response (Gill 
1980).

High-pressure anomalies over the Philippine Sea also 
can be modulated by SST anomalies that are less relevant 
to the ENSO. For example, Huang and Sun (1992), using 
the Atmospheric General Circulation Model (AGCM) 
experiment, found that convective activity over the off-
equatorial western Pacific, which excites the WNPSM, 
is mainly induced by the western Pacific warm pool SST 
(Su et al. 2001). On the other hand, Xie et al. (2009) pro-
posed that Indian Ocean warming can generate a boundary 
layer frictional convergence over the equatorial western 
Pacific, which leads to frictional divergence and resultant 
negative precipitation anomalies over the subtropical west-
ern Pacific. In addition, Shen and Lau (1995) found a link 
between Indian Ocean SST warming and the wet EASM 
that has a 6-month lag-time through a tropical biennial 
oscillation (TBO)-like teleconnection. Using the AGCM, 
Ahmed and Kucharski (2012) showed that the Indian 
Ocean warming may increase precipitation over south Asia 
and reduce precipitation in East Asia.

There are also studies that focus on summer rainfall over 
Japan (Ninomiya and Akiyama 1992; Kosaka and Naka-
mura 2006), or the Korean peninsula (Kwon et  al. 2005). 
The rainy season over the Korean peninsula is called 
‘Changma’, which has primary rainy period with onset and 
withdraws around 20–25 June, and 20–25 July, respectively 
(Ho and Kang 1998; Seo et al. 2011). It has been reported 
that Changma exhibits delicate evolution and variabilities 
due to its complex mechanisms. Seo et  al. (2011) men-
tioned that Changma is affected by five different air masses; 
the tropical North Pacific air mass, cold Okhotsk sea air 
mass, tropical monsoon air mass related to the intertropi-
cal convergence zone (ITCZ), the tropical continental air 
mass over North China, and intermittently polar continen-
tal air mass. There were many previous studies to investi-
gate Changma characteristics including evolution, amount, 
and intensity (Ho et al. 2003; Kim et al. 2006; Yoon et al. 
2006; Kim and Shu 2008; Choi et al. 2016), however, only 
few of them is focused on the relationship of the Changma 
with the tropical SST variability, and particularly with the 

ENSO. For example, Kang (1998) quantifies the relation-
ship between Korean precipitation and ENSO; the corre-
lation coefficient between summer (averaged from June to 
August) Korean rainfall and ENSO is marginal (Ahn et al. 
1997; Cha et  al. 1999). Recently, Son et  al. (2014, 2015) 
found that the relationship between Korean climate varia-
bility and ENSO has strong intra-seasonal variation. There-
fore, the statistical relationship between them is not clear 
based on seasonal-mean basis (Ham et al. 2016).

Among the tropical oceans, the Atlantic impacts on the 
Changma have less attention because of its long distance 
or the small geographic size of the Korean peninsula com-
pared to the large-scale forcing. Recently, some studies 
have pointed out that the tropical Atlantic SST variability 
also plays an important role for global climate variability 
like ENSO (Rodríguez-Fonseca et  al. 2009; Ding et  al. 
2012; Ham et  al. 2013a, b; Keenlyside et  al. 2013; Polo 
et al. 2015; Chikamoto et al. 2012, 2015) and/or the Indian 
monsoon (Kucharski et  al. 2008). In line with those find-
ings, this study first reports that there is a strong positive 
relationship between the tropical Atlantic SST anomalies 
and rainfall anomalies over the Korean peninsula during 
the boreal summer season.

In “Sect. 2”, the observations and model output used in 
this study are described. In Sect. “3”, the tropical Atlan-
tic-Korea teleconnection pattern and possible dynami-
cal mechanism are introduced. Section “4” shows results 
using partial assimilation experiments based on the coupled 
model MIROC3.2  m. Section “5” describes the predict-
ability of Korean precipitation using multi-model hindcast 
experiments used in the APEC Climate Center multi-model 
ensemble (APCC MME; Jeong et  al. 2012) and WCRP 
CHFP-SHFP projects (Osman et  al. 2015) to support the 
observational findings. Section “6” presents a summary 
and discussion.

2 � Data and models

2.1 � Observational data

The Global Precipitation Climatology Project (GPCP) 
monthly-mean precipitation data during 1979–2010 is used 
as the observed precipitation data (Adler et al. 2003). The 
observed SST data during 1979–2010 are taken from the 
NOAA Extended Reconstructed Sea Surface Temperatures 
version 3 (ERSST V3b, Smith et  al. 2008). The 850  hPa 
zonal and meridional wind data from 1979 to 2010 are 
obtained from the ERA-Interim (Berrisford et al. 2011). In 
addition to the reanalysis output, the precipitation variabil-
ity over the Korea Peninsula is obtained based on the sta-
tion data; the monthly precipitation data from 86 stations 
on the Korea Peninsula, including South and North Korea, 
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were provided by the Korea Meteorological Administration 
(Ham et  al. 2016). The anomaly is defined as a deviation 
from the climatology during 1979–2010, and the observed 
linear trend is also removed before analysis.

2.2 � The partial assimilation experiments using 
MIROC3.2m coupled model

Two partial assimilation experiments using the coupled 
atmosphere–ocean general circulation model MIROC3.2m 
(K-1 Model Developers 2004) are analyzed: the Atlantic 
(ATL) and equatorial Pacific (eqPAC) runs. The atmos-
pheric component of the MIROC3.2 has a T42 spectral res-
olution with 20 vertical levels on a sigma coordinate sys-
tem. The ocean component has a horizontal resolution of 
1.4° in longitude and 0.56–1.4° in latitude with 44 vertical 
levels. No flux corrections for the heat, water, or momen-
tum fluxes are applied. In addition to prescribing natural 
and anthropogenic radiative forcings (observed and follow-
ing the A1B-type emission scenario in Nakicenovic et  al. 
2000), the observed three-dimensional oceanic temperature 
and salinity anomalies are assimilated from the surface 
to a depth of 700 m during 1945–2009 (Ishii and Kimoto 
2009) in either the ATL (50°S–60°N over the Atlantic) 
or eqPAC (10°S–10°N over the Pacific) runs. These par-
tial assimilation experiments each consist of 10-member 
ensembles, and we utilized the output from 1979 to 2009. 
The ATL partial assimilation experiment is beneficial for 
separating the observed variability induced by the Atlantic 
SST from that over the other regions while maintaining the 
atmosphere–ocean interaction processes over the Pacific 
and Indian Oceans (Ham et  al. 2013a). Details regarding 
this partial assimilation experiment are given in Chikamoto 
et al. (2015, 2016), and note that the simulated linear trend 
is also removed before analysis.

2.3 � The hindcast experiments

Twenty sets of hindcast experiments are utilized to exam-
ine the role of Atlantic variability in the forecast skill 
of Korean summer precipitation. Eleven sets of hind-
cast experiments are gathered from the APEC Climate 
Center (APCC) Multi-Model Ensemble (MME) (Jeong 
et  al. 2012), and nine sets of hindcast experiments are 
obtained from the World Climate Research Programme 
(WCRP) Climate Historical Forecast Project (WCRP 
CHFP, Osman et  al. 2015). All hindcast experiments 
begin on May 1st, and we utilized the JJA-averaged fore-
casted value (i.e., the averaged value from 2 to 4 month 
lead forecast). The longest forecast period is 1979–2010 
for Japan Meteorological Agency (JMA) Meteorological 
Research Institute (MRI) in WCRP CHFP, and the short-
est forecast period is 1996–2009 for GloSea5 in WCRP 

CHFP. The number of ensemble members also varies 
from 5 to 20. Details regarding the hindcast experiments 
are given in Table 1.

3 � Observed relationship between Korean 
precipitation and tropical Atlantic SST

To quantify the global distribution of the SST anomalies 
associated with the Korean precipitation during the boreal 
summer season, we made correlation maps between JJA-
mean precipitation and SST anomalies and the Korean 
summer precipitation index (precipitation anomalies 
averaged over 120–130°E, 35–40°N) for the 1979–2010 
period (Fig. 1). It is found that the summer Korean pre-
cipitation index has a significant positive correlation 
with precipitation anomalies over the Korean peninsula, 
the Maritime Continent, and the eastern Australia but 
slightly negative correlations with those over south of 
Korea/Japan and subtropical southeastern Asia. In con-
trast to the precipitation correlation, SST anomalies over 
the tropical western Pacific and the Indian Ocean regions 
are weakly correlated to the summer Korean precipitation 

Table 1   Descriptions of the hindcast experiments that participated in 
the APCC MME system and WCRP_CHFP, including model name, 
forecast period, and number of ensemble members

Model name Number in 
Fig. 9

Period Ensemble #

APCC
 COLA 19 82–02 10
 CWB 9 83–05 10
 CANCM3 13 81–10 10
 CANCM4 11 81–10 10
 HMC 6 81–10 10
 IRI 15 79–05 24
 MGO 16 79–04 6
 NASA/GMAO 5 82–12 11
 CFS v1 14 82–09 20
 PNU 20 80–12 5
 POAMA-2 8 80–11 30

WCRP_CHFP
 ARPEGE 17 79–07 11
 CFSv2 18 81–07 7
 CMAM 12 79–08 10
 ECMWF-S4 3 81–10 15
 GloSea5 1 96–09 12
 JMA MRI 7 79–10 10
 L85GlSea4 4 89–09 9
 MIROC5 10 79–09 8
 MPI-ECM-CR 2 82–11 9
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index. This weak correlation between Korean precipi-
tation and the Indo-Pacific SST anomalies during the 
boreal summer is consistent with previous studies (Kang 
et al. 1999; Son et al. 2014).

However, there is a much clearer relationship between 
the Korean summer precipitation and Atlantic SST anoma-
lies. In particular, the Korean precipitation index is highly 
correlated with the tropical Atlantic SST anomalies within 
30°S–30°N (with a correlation coefficient >0.5). Associ-
ated with this higher SST correlation, positive correla-
tions of precipitation anomalies are particularly observed 
over the off-equatorial northern Atlantic, indicating a 
strengthened Atlantic Inter-Tropical Convergence Zone 
(ITCZ). These results suggest a remote impact of the tropi-
cal Atlantic on Korean summer precipitation variability. 
This strong teleconnection between the tropical Atlantic 
SST and Korean precipitation is unique because previous 
studies show the weak relationship between the Korean 
precipitation and ENSO and therefore they presume that 
Korean summer precipitation is independent to the tropi-
cal SST anomalies. However, a clear correlation between 
the tropical Atlantic SST and Korean precipitation means 
that Korean precipitation during the boreal summer season 
can also be controlled by large-scale tropical SST forcing, 
which can be relatively well predicted (Ham et  al. 2012, 
2014).

To quantify the relationship between the tropical Atlan-
tic SST and Korean precipitation, we define the Tropical 
Atlantic SST (TAtlSST) index as the SST anomalies aver-
aged over 60°W–20°E, 30°S–30°N. A scatter diagram 

between the JJA TAtlSST and the JJA Korean precipitation 
indices clearly shows a strong positive correlation (Fig. 2a; 
the correlation coefficient is 0.64, which is above the 99% 
confidence level). Note that this relationship is still sig-
nificant over 99% confidence level when a station-based 
observations over the Korean peninsula is used. Also, it is 
worthwhile to note that this relationship becomes stronger 
after 1980s, implying that there is strong inter-decadal 
variation in the relationship between the TAtlSST and the 
Korean precipitation (not shown). The correlation coef-
ficient between these indices is strongest during JJA com-
pared to other seasons (Fig. 2b). We can also find signifi-
cant correlations during the early and late summer [i.e., 
May–June–July (MJJ) and July–August–September (JAS)], 
indicating a robust relationship during the overall summer 
season. The correlation is relatively weak but significant at 
the 95% confidence level during the February–March–April 
(FMA) season. During the boreal fall and winter seasons, 
the relationship becomes insignificant.

To investigate the dynamical mechanism of the tropi-
cal Atlantic-Korea relationship, we made regression maps 
of SST, precipitation, and 850 hPa wind-vector anomalies 
using the TAtlSST index during JJA (Fig.  3). Associated 
with positive SST anomalies over the tropical Atlantic, we 
find increased precipitation in the northern tropical Atlantic 
(0°–20°N). In the equatorial Pacific, precipitation anoma-
lies show a zonal gradient: negative over the central Pacific 
and positive over the Maritime Continent. This equatorial 
zonal gradient is consistent with weak La Niña-like SST 
anomalies. The equatorial easterly associated with this 

Fig. 1   Correlation maps of June–July–August (JJA)-mean precipita-
tion (dotted) and SST anomalies (shaded) with respect to the Korean 
precipitation index (JJA-mean precipitation anomalies averaged over 

120–130°E, 35–40°N) for the 1979–2010 period. Correlation coeffi-
cient of 0.34 corresponds to statistical confidence at the 95% with 30 
degrees of freedom based on the two-sided Student’s t test
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(a) (b)

Fig. 2   a Scatter diagram between the tropical Atlantic SST and 
Korean precipitation indices during the JJA. b Correlation coef-
ficients between the SST anomalies over the tropical Atlantic and 

Korean precipitation index as a function of each calendar month 
(3-month averages, plotted as the central month). The red bars indi-
cate statistical significance at the 95% confidence level

(a)

(b)

Fig. 3   Regression maps of SST (contour, °C), precipitation (shaded, mm/day), and horizontal wind anomalies at 850 hPa (vector, m/s) onto the 
TAtlSST index during JJA. The color in panel b denotes the 850 hPa meridional velocity (m/s)
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weak La Nina SST anomalies is clear over the central-west-
ern Pacific. The negative precipitation anomalies over the 
western Pacific is extended to the subtropical region up to 
25°N, as the easterly can generate the frictional low-level 
divergence over the subtropical western Pacific (Xie et al. 
2009).

Cyclonic flow over the far eastern Pacific and anticy-
clonic flow over the northern western-central Pacific are 
clear (Ham et  al. 2013a, b). As part of the anticyclonic 
flow over the northern western-central Pacific around 
120°–180°E, 5°–40°N, low-level wind anomalies exhibit 
southerly along the east-coast of the China. Simultaneously, 
because the Korean peninsula is at the northwestern edge 
of this anticyclonic circulation, it is also dominated by low-
level southwesterly. Then, southerly winds over the Korean 
peninsula may lead to positive meridional moisture advec-
tion, which can be directly linked to an increase in precipi-
tation (Son et  al. 2015), thus affirming the remote impact 
of the tropical Atlantic on Korean precipitation variability.

Two pathways from the Atlantic to the Korean peninsula 
are possible. First, the tropical Atlantic SST warming may 
induce negative precipitation anomalies over the equato-
rial western-central Pacific by modulating the zonal Walker 
Circulation (Hong et al. 2013; McGregor et al. 2014; Chi-
kamoto et al. 2015; Li et al. 2015). Subsequently, the nega-
tive diabatic heating anomalies related to the reduced con-
vective activities generates the anticyclonic flow over the 
subtropical western Pacific (120–180°E, 5–40°N), which 
induce positive moisture advection, resulting in an increase 
in precipitation over the Korean peninsula. The second 
pathway emphasizes a westward propagating atmospheric 
signal along the Inter-tropical Convergence Zone (ITCZ). 
Ham et  al. (2013a) argued that the North Tropical Atlan-
tic (NTA) warming can induces the low-level cyclonic flow 
over the eastern Pacific as a Gill-type response, then the 
northerly over the western-part of this cyclone generates 
the decreased precipitation over the off-equatorial central-
eastern Pacific (see Fig. 1). Finally, the decreased precipi-
tation, a proxy of the negative diabatic heating anomalies, 
induces the low-level anticyclonic flow over the subtropical 
western-central Pacific. In both pathways, the anticyclonic 
flow over the north-western Pacific (120–180°E, 5–40°N) 
is key to understand the Atlantic-Korea teleconnection pat-
tern. The only differing views are as to whether this anti-
cyclonic flow over the north-western Pacific is induced by 
the modulation of the zonal Walker Circulation (McGregor 
et  al. 2014; Chikamoto et  al. 2015) or by the westward 
propagating precipitation signal along the ITCZ (Ham et al. 
2013a, b), and both pathways consistently argues that the 
reduced convective activities and resultant low-level anticy-
clonic flow over the north-western Pacific.

One can ask why the impact of large-scale Atlantic forc-
ing on East Asia is localized. For example, the impact of the 

TAtlSST on East Asia is clear over Korea but unclear over 
Japan. One of possible reasons is that the low-level south-
erly regressed onto the TAtlSST is systematically stronger 
over Korea, while it is weaker over Japan. As shown in the 
shading of Fig.  3b, the low-level wind regressed onto the 
TAtlSST index is between 0.3 and 0.4 m/s/K over Korea, 
while it is <0.1  m/s/K over Japan, even though there is 
southerly in both countries. This means that the intensity 
of the low-level southerly, which leads the moisture flux 
convergence and the resultant increase in precipitation, is 
systematically stronger over Korea. In addition to this, the 
southerly wind anomalies are closely linked with precipi-
tation variability over Korean rather than Japan. In fact, a 
correlation coefficient between the meridonal wind at 
850  hPa and the precipitation during JJA season is about 
0.7 over the Korean peninsula but <0.3 over Japan.

As mentioned earlier, the overall positive relationship 
between the JJA Korean precipitation and JJA TAtlSST 
anomalies is quite robust. However, there are some excep-
tions, such that TAtlSST warming is not associated with 
the wet summer over the Korean peninsula. Accord-
ing to Fig. 2a, for example, there are few years for which 
the Korean precipitation anomaly is negative even with 
TAtlSST warming. To further investigate what disturbs the 
overall positive Tropical Atlantic SST-Korean precipitation 
relationship, Fig.  4 shows the composite SST, precipita-
tion, and 850 hPa wind vector anomalies during TAtlSST 
warming with and without positive Korean precipitation. 
Note that TAtlSST warming is defined as years when the 
TAtlSST is >0.5 standard deviation (std), and the Korean 
precipitation anomalies is greater than 1 std. The number of 
each composite is four (i.e., 1987, 1996, 1998, and 2003 for 
KorPrcp >1 std with TAtlSST warming, and 1988, 1989, 
2008, and 2010 for KorPrcp <1 std with TAtlSST warm-
ing). The systematic differences between two compos-
ite cases (i.e., the TAtlSST warming composite when the 
Korean precipitation is >1 std and TAtlSST warming com-
posite when Korean precipitation is <1 std) could identify 
the tropical Atlantic SST impact on Korean precipitation 
more clearly.

In both cases, the equatorial easterly winds over the 
western Pacific is clearly shown. In addition, the precipi-
tation anomalies tend to be positive over the Maritime 
Continent but negative over the western Pacific. This 
means that the equatorial Pacific precipitation response 
to the TAtlSST warming is quite robust. However, the 
peak locations of negative precipitation anomalies over 
the western Pacific are different between the two cases, 
which implies that the detailed precipitation structure 
over the western Pacific is key to controlling the strength 
of the tropical Atlantic-Korea connection. When the 
negative precipitation anomalies over the western Pacific 
are located over the subtropical area between 10–25°N, 
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TAtlSST warming can lead to an increase in Korean 
precipitation (Fig.  4a). As a Gill-type response due to 
this negative precipitation anomaly, the anticyclonic 
flow is shown southeast of the Korean peninsula, which 
leads to southerly winds over Korea. Also, the La Nina-
like response over the equatorial Pacific is significantly 
weakened, which is consistent with a weak relationship 
between ENSO and Korean precipitation variability as 
reported by previous studies. On the other hand, in the 
case when there are negative precipitation anomalies 
over the equatorial western Pacific (Fig. 4b), the precipi-
tation anomalies over the Korean peninsula are unclear 
or slightly negative. As discussed in Sect. “6” later, this 
is a common feature during a La Niña year that is linked 
to the weak relationship between ENSO and Korean pre-
cipitation during boreal summer season.

4 � Partial assimilation experiments using 
the MIROC3.2 coupled model

In this section, the effect of the tropical Atlantic SST on 
Korean precipitation during the boreal summer will be 
supported by the partial assimilation experiments using 
the MIROC3.2 coupled model (Chikamoto et  al. 2015). 
The partial assimilation experiments denote a long-term 
integration of the coupled model by assimilating observed 
temperature and salinity anomalies only over the Atlan-
tic (50°S–60°N over the Atlantic, ATL experiment) or the 
tropical Pacific between 10°S–10°N (eqPAC experiment). 
In the ATL experiment, global climate variability that fol-
lows the observed fluctuations clearly originates from the 
Atlantic variability.

To examine how well the assimilation run captures the 
observed precipitation variability, Fig.  5 shows the cor-
relation skill between the observed and ensemble-mean 
precipitation anomalies during the JJA season in the ATL 
and eqPAC experiments from 1979 to 2009. In the ATL 

(a)

(b)

Fig. 4   Composite maps of precipitation (shaded, mm/day) and hori-
zontal wind anomalies at 850  hPa (vector, m/s) during the warm 
phase of the TAtlSST index (<0.5 std) with, a stronger and b weaker 

Korean precipitation (i.e., the Korean precipitation index is larger and 
smaller than 1 std, respectively)
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experiment, it is quite expected that the correlation skill is 
systematically higher over the Atlantic compared to other 
areas due to the observed oceanic information (Fig.  5a). 
In particular, the correlation over the tropical Atlantic is 
higher than that over the mid-latitudes, which is evidence 
that the precipitation anomalies over the tropical Atlantic 
can be strongly controlled by local SST anomalies. Outside 
of the Atlantic, there are also several regions with positive 
correlation coefficients through the atmospheric telecon-
nection patterns originating from the Atlantic. We can find 
some positive correlations over the Maritime Continent, 
tropical and subtropical western Pacific, and the Korean 
peninsula. The correlation coefficient over Korea (i.e., pre-
cipitation anomalies averaged over 120–130°E, 35–40°N) 
is 0.34, which is significant over 95% confidence level. 
This clearly denotes that the observed Korean precipitation 
is simulated in the climate model to some extent through 
Atlantic-induced teleconnections. Note that this correlation 
coefficient is high as the correlation skill of the precipita-
tion anomalies over Korea predicted by a state-of-the-art 

seasonal forecast system. We will discuss this point in more 
detail in the next section.

In the eqPAC experiment, the correlation coefficient of 
precipitation anomalies over the tropical Pacific is supe-
rior to that of other regions due to the prescribed oceanic 
information. In particular, the correlation coefficient over 
the equatorial central-eastern Pacific exceeds 0.7, which 
implies successful simulation of the observed ENSO-
related precipitation variability. In addition to the equatorial 
central-eastern Pacific, the correlation coefficients over the 
Maritime Continent and the off-equatorial western Pacific 
between 10–20°N are also systematically higher than other 
areas. However, it is interesting that the correlation coeffi-
cient over the Korean peninsula (0.17) is very weak.

The robust contribution of Atlantic Ocean to JJA Korean 
precipitation is also illustrated by a probability distribu-
tion function (PDF) of the correlation coefficient between 
observed and the simulated Korean precipitations in each 
partial experiment (Fig. 6). To obtain the PDF of the corre-
lation coefficient, we utilized the bootstrap method (Efron 

(a)

(b)

Fig. 5   Correlation skill between the observation and 10-member-
ensemble averaged precipitation anomalies during the JJA season in 
the, a Atlantic-partial-assimilation and b equatorial Pacific-partial-

assimilation experiments. The correlation value over 90% confidence 
level is only shaded
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1982; Yeh et  al. 2009), which randomly selects 30 target 
years among all hindcast years allowing overlap and then 
constructs an ensemble-averaged predicted value to calcu-
late the correlation skill for each partial experiment. This 
process is repeated 10,000 times to obtain the PDF. Note 
that the correlation coefficient with all-member-ensembles 
is also denoted as the red and black line. In the eqPAC 
experiment, the PDF shows its peak probability at a cor-
relation coefficient of 0.2 with a 5% probability is around 
correlation of −0.05 to 0.4. In the ATL experiment, the 
PDF of the correlation shows that the Korean precipitation 
variability is better simulated than the eqPAC experiment. 
For example, the peak probability of the correlation coef-
ficient is 0.35, and the 5% probability in the Atlantic-assim-
ilation experiment occurs around the correlation of 0.1 and 
0.55, which is systematically higher than that in the eqPAC 
experiment. Consistently, the correlation coefficients of the 
10-member-ensembles are 0.17 in the eqPAC experiment 
but 0.34 in the ATL experiment. This comparison supports 
our observational analysis that the Atlantic SST variability, 
rather than that of the tropical Pacific, plays an important 
role in simulating the observed Korean summer precipita-
tion variability.

To examine the impacts of tropical Pacific and Atlantic 
SST on Korean precipitation variability, we made compos-
ite precipitation maps of the observation data, ATL experi-
ment, and eqPAC experiment when the JJA Korean precipi-
tation anomalies in each experiment were greater than one 
standard deviation (Fig. 7). In the observation, the positive 
precipitation anomalies over Korea during the boreal sum-
mer season are related to negative precipitation anomalies 
over the subtropical western Pacific and positive precipita-
tion anomalies over the Maritime Continent. In addition, 

positive precipitation anomalies over the equatorial Atlan-
tic are clearly shown. Those features are captured well in 
the ATL experiment. For example, we can find the nega-
tive precipitation anomalies over the off-equatorial western 
Pacific, which is similar to the observed pattern when the 
TAtlSST warming co-occurs with the positive Korean pre-
cipitation anomalies (i.e., Fig.  4a). Additionally, the posi-
tive precipitation anomalies over the Maritime Continent 
and the equatorial Atlantic are also well simulated. The La 
Niña-like signal over the equatorial eastern Pacific might 
be due to the Atlantic-induced equatorial easterly winds 
over the equatorial western Pacific.

However, the composited precipitation anomalies of the 
eqPAC experiment shows a different pattern compared to 
the observed. For example, the increase in Korean precipi-
tation accompanies the positive precipitation anomalies 
over the equatorial eastern Pacific and the negative anoma-
lies over the western Maritime Continent, which is incon-
sistent with the observations. This means the Korean pre-
cipitation variability in the eqPAC experiment is related to 
that over the equatorial eastern Pacific. And, this excessive 
relationship between the equatorial eastern Pacific and the 
Korean precipitation can be the reason of low-correlation 
skill as this relationship was not clear in the observation.

Lastly, to examine the detailed structure of the simu-
lated teleconnection patterns induced by the tropical 
Atlantic SST anomalies in the ATL experiment, Fig.  8 
shows the regression maps of ensemble-mean anoma-
lies for SST, precipitation, and wind vectors at 850  hPa 
associated with the TAtlSST index in the ATL experi-
ment. The precipitation increase over the tropical Atlan-
tic is shown due to the local SST increase. In addition, 
increased precipitation over the Maritime Continent and 

Fig. 6   The probability distribu-
tion function (PDF) of the 
correlation coefficient between 
the observed and simulated 
JJA Korean precipitation in the 
Atlantic-partial-assimilation 
(red) and equatorial Pacific-par-
tial-assimilation (black) experi-
ments. The PDF of the correla-
tion is based on 30 randomly 
selected target years among 
all hindcast years, allowing 
overlap of the selected years. 
The correlation coefficients 
of the all-member-ensemble 
average value in the Atlantic-
partial-assimilation and tropical 
Pacific-partial-assimilation 
are shown as the red and black 
vertical lines, respectively
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decreased precipitation over the subtropical western 
Pacific are also clear, which is consistent with the obser-
vations. Along with the negative precipitation anomalies 
over the subtropical western Pacific, the anticyclonic cir-
culation over the western North Pacific clearly leads to 
southerly winds over the Korean peninsula, which result 
in increased precipitation there. This means that the 
TAtlSST warming affects the negative precipitation over 
the subtropical western Pacific, which, in turn, induces 
the southerly over Korea and the enhanced precipitation 
through the Atlantic-Korean atmospheric teleconnection 
as simulated by the ATL experiment.

Nevertheless, there are still some discrepancies in the 
tropical Atlantic impacts between the observations and the 
Atlantic partial assimilation experiment (Figs.  3, 8). For 
example, whereas the observed TAtlSST warming is asso-
ciated with weak negative precipitation anomalies over the 
equatorial central-eastern Pacific, the simulated TAtlSST 
warming exhibits weak positive precipitation anomalies. 
This difference is mainly due to the equatorial SST condi-
tions: weak La Niña signals in the observation but weak El 
Niño in the ATL experiment. In addition to the equatorial 
Pacific SST patterns, the surface easterly over the equato-
rial western Pacific is shifted too far to the west in the ATL 

(a)

(b)

(c)

Fig. 7   The composite JJA precipitation maps of the, a observation, b Atlantic-partial-assimilation experiment, and c equatorial Pacific-partial-
assimilation experiment
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experiment compared to the observations, which weakens 
the upwelling oceanic Kelvin waves to the lead the La Nina 
signal. It is interesting to note that impact of the tropical 
Atlantic on Korean precipitation is simulated well in the 
ATL experiment even though the SST anomalies over the 
equatorial central-eastern Pacific is opposite between the 
observations and the model simulation, implying that the 
response of the equatorial eastern Pacific to the TAtlSST 
anomalies plays a minor role for linking the tropical Atlan-
tic SST to Korean precipitation. Instead, the precipitation 
response over the off-equatorial western Pacific is likely to 
be crucial to determine the TAtlSST-related response over 
the Korea.

One can be curious how the inevitable model error, 
including the errors simulating teleconnection between 
the tropics and the mid-latitude. For example, the negative 
precipitation response to the tropical Atlantic SST over the 
western Pacific is too weak in the ATL experiment (Fig. 8) 
compared to the observations (Fig. 3). Also, the response 
of the equatorial eastern Pacific to the Atlantic SST anoma-
lies is even opposite as mentioned above. However, at least, 

it is found that the model simulation captures the response 
over the western Pacific by given Atlantic diabatic heat-
ing and the observed Korean precipitation variability to 
some extent (Fig.  6). This means that the MIROC3.2m 
at least has ability to simulate the teleconnection pattern 
between the tropical Atlantic and the Korean precipitation. 
Further studies using multi-model approach will be help-
ful to obtain more robust relationship of Atlantic-Korean 
teleconnection.

5 � Hindcast experiments

In this section, the effect of tropical Atlantic SST on 
Korean precipitation is investigated using 20 sets of hind-
cast experiments using state-of-the-art atmosphere–ocean 
coupled GCMs. To quantify the relationship between the 
TAtlSST and Korean precipitation in the hindcast experi-
ments, Fig. 9a shows the correlation coefficient between 
the TAtlSST and Korean precipitation indices during the 
JJA season. Among the 20 sets of hindcast experiments, 

(a)

(b)

Fig. 8   Regression maps of ensemble-mean anomalies for, a precipitation (shaded) and wind vectors at 850 hPa (vector) and b SST with the 
TAtlSST index in the Atlantic-assimilation simulation
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15 models simulate a positive TAtlSST-Korean precipi-
tation relationship, which is consistent with the observa-
tion, while five of them simulate a negative relationship. 
The observed correlation is about 0.6, and all hindcast 
experiments underestimate this observed relationship.

Figure  9b shows a scatter diagram between the fore-
cast skill of Korean precipitation and the regression coef-
ficient between the TAtlSST and Korean precipitation 
during the JJA season. The correlation skill of Korean 
precipitation during the JJA season varies from −0.25 to 
0.44. The best performance model (i.e. correlation skill 
of 0.44) well simulates the overall teleconnection pat-
tern associated with the TAtlSST index (not shown). For 
example, the pattern correlation between the observed 
and the simulated TAtlSST-related precipitation anoma-
lies over the tropical regions (80°E–0°W, 10°S–25°N) is 
0.74 for the best performance model, while that is only 
0.42 in the worst performance model. Also, note that the 
third hindcast correlation skill among all forecast sys-
tems is 0.32, which is similar to the correlation skill of 
Korean precipitation in the Atlantic partial-assimilation 
experiments.

It is clear that there is a positive linkage between the 
forecast skill of Korean precipitation and the tropical 
Atlantic-Korea relationship. This implies that the mod-
els, which simulate a stronger tropical Atlantic-Korea 
relationship, tend to be better in predicting Korean pre-
cipitation than the others. As all hindcast experiments 
underestimate the tropical Atlantic-Korea relationship, 
this implies that a model with a realistic tropical Atlantic-
Korea relationship in the hindcast experiments have skill-
ful prediction of Korean precipitation during the boreal 
summer season. Conversely, a model with low prediction 

skill of Korean precipitation has a systematically weaker 
tropical Atlantic-Korea relationship than the observed.

To further emphasize the relationship between the 
tropical Atlantic SST anomalies and the predictive skill 
of Korean precipitation during the boreal summer season, 
a simple linear regression model is formulated using the 
predicted TAtlSST as a single predictor. That is, the pre-
dictor variable of the statistical model is the forecasted 
JJA TAtlSST anomaly using a dynamical forecast sys-
tem, and the predictand variable is the JJA Korean pre-
cipitation anomaly. The statistical relationship of the 
linear regression model is calculated using the predicted 
TAtlSST and the observed Korean precipitation data. To 
assess the real prediction skill, we applied the one-leave-
out cross validation method by excluding the observed 
value of the target year during the statistical training. 
Figure  10 shows a scatter diagram between the correla-
tion skill of the JJA Korean precipitation produced by 
the dynamical forecast system and the correlation skill 
of statistically predicted JJA Korean precipitation using 
linear regression models. It is surprising that the corre-
lation skill of the statistically predicted Korean precipi-
tation varies between 0.02 and 0.67, which is generally 
higher than the original model output. This denotes that 
the tropical Atlantic SST can be successfully utilized as 
a predictor for Korean precipitation by improving their 
relationship. In addition, the TAtlSST-induced telecon-
nection pattern has not yet been successfully simulated 
in the operational seasonal forecast system, and there is 
much room for improvement of current seasonal predic-
tion skill over Korea through a successful simulation for 
the tropics-induced teleconnection patterns.

(a) (b)

Fig. 9   a The correlation coefficient between TAtlSST and Korean 
precipitation during the JJA season in each hindcast experiment. Bar 
graph with respect to the number 0 on the x-axis denotes the corre-
lation between observed TAtlSST and Korean precipitation. Correla-
tions between model-produced TAtlSST and Korean precipitation are 

shown with respect to the number 1 through 20, which represents the 
individual hindcast experiments. b A scatter diagram of the forecast 
skill of Korean precipitation and the regression coefficients between 
TAtlSST and Korean precipitation indices during the JJA season
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6 � Summary and discussions

This study shows that warming of the tropical Atlantic SST 
contributes to increasing precipitation over the Korean 
peninsula during the boreal summer season. The correla-
tion coefficient between the JJA TAtlSST index (i.e., SST 
anomalies averaged over 60°W–20°E, 30°S–30°N) and 
the JJA Korean precipitation (i.e., precipitation anoma-
lies over 120–130°E, 35–40°N) for the 1979–2010 period 
is 0.64, which is statistically significant at the 99% confi-
dence level. Tropical Atlantic SST warming can induce 
surface easterly wind anomalies over the Maritime Conti-
nent through modulation of the zonal Walker Circulation, 
generating low-level wind divergence and suppressed pre-
cipitation over the subtropical western Pacific. As a Gill-
type response, the decreased precipitation anomalies over 
the subtropical western Pacific induce anticyclonic circu-
lation over the Philippine Sea, which leads to anomalous 
surface southerly over the Korean peninsula. This low-level 
southerly effectively transports wet air from the lower lati-
tudes to the Korean peninsula, therefore contributing to the 
enhanced precipitation.

Observational findings are supported by the partial 
assimilation experiment using the MIROC3.2m coupled 
climate model. Even though the observed ocean tem-
perature anomalies are prescribed only over the Atlantic 
(50°S–60°N), the model simulation captures the observed 
precipitation variability over the Maritime Continent, tropi-
cal western Pacific, and Korean peninsula to some extent, 
which support the observed Atlantic-induced teleconnec-
tion patterns. Consistent with the observational analysis, 

the model experiment also demonstrates that tropical 
Atlantic SST warming accompanies the low-level southerly 
winds over the Korean peninsula as a part of anticyclonic 
flow over the Philippine Sea. These observational and 
model results indicate a robust connection between tropi-
cal Atlantic SST warming and enhanced Korean summer 
precipitation.

The impact of tropical Atlantic SST anomalies on 
Korean precipitation anomalies is shown using the 20 sets 
of hindcast experiments that participated in APCC MME 
and WCRP CHFP. It is likely that this tropical Atlantic-
Korea relationship plays some roles in the prediction skill 
of Korean precipitation during the boreal summer sea-
son. That is, models with a stronger relationship between 
TAtlSST and Korean precipitation have the higher pre-
dictive skills of Korean precipitation. This implies that 
TAtlSST is a critical predictor of Korean precipitation. To 
further emphasize this point, a linear regression model was 
formulated using predicted TAtlSST anomalies as the sin-
gle predictor. The predicted Korean precipitation using the 
linear regression model exhibits superior forecast skills to 
the original Korean precipitation anomalies produced in the 
hindcast experiments. This indicates that seasonal forecast 
skill of Korean precipitation in the current operational sys-
tem would be enhanced by improving the TAtlSST-induced 
teleconnection.

One may wonder why the relationship between the 
ENSO and Korean precipitation is not clear, even though 
the atmospheric response over the western Pacific dur-
ing the ENSO is known to be stronger than that during 
TAtlSST warming. To examine this point, Fig.  11 shows 
the precipitation, SST, and the 850 hPa wind vector anoma-
lies regressed onto the Niño3.4 index (i.e., SST anomalies 
over the 170–120°W, 5°S–5°N). Note that we multiplied 
the regressed maps by negative one to plot the response 
during the La Niña for easy comparison with the regression 
map of TAtlSST warming (Fig. 3). At first glance, the spa-
tial distribution of the negative precipitation response over 
the tropical Pacific between 20°S–20°N during La Niña 
is similar to that during TAtlSST warming. In addition to 
the response over the tropical Pacific, the overall precipita-
tion increase over the Maritime Continent and the tropical 
Atlantic is also similar. However, over the subtropical west-
ern Pacific between 20–30°N, the precipitation anomalies 
during La Niña exhibits positive values, while those during 
TAtlSST warming are still negative.

Similarly, the low-level wind anomalies during La Niña 
are also quite similar to those during TAtlSST warming 
within 20°S–20°N, while those over the subtropical west-
ern Pacific north of 20°N are quite different. For example, 
cyclonic flow is dominant over the subtropical western 
Pacific during La Niña, while anticyclonic flow is robust 
during TAtlSST warming. Therefore, during La Niña, the 

Fig. 10   A scatter diagram of the correlation skill of the JJA Korean 
precipitation produced by the dynamical forecast system (x-axis) and 
the correlation skill of statistically predicted JJA Korean precipitation 
using linear regression models (y-axis)
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low-level easterly is clear over the Korean peninsula, while 
the southerly wind is significant during TAtlSST warm-
ing. Because the southerly is not clear over the Korean 
peninsula during the La Niña, there may be weak moisture 
advection, therefore, the precipitation anomalies over the 
Korean peninsula are not significant during La Niña. The 
Linear Baroclinic Model (LBM) experiment confirms this 
point that the positive diabatic heating over the subtropi-
cal western Pacific between 20–30°N is responsible for 
the easterly wind over Korea, as a part of the Gill-type 
cyclonic response over the south of the Korean peninsula 
(not shown). This is distinguished from the robust negative 
precipitation anomalies over the subtropical western Pacific 
during TAtlSST warming, which lead to southerly winds 
over Korea as a part of the anticyclonic flow over the west-
ern Pacific.

Based on this study, the following issues are worth 
investigating in future studies to broaden our understand-
ing of the role of tropical Atlantic SST on Korean cli-
mate variability. (1) Is there decadal modulation of the 

relationship between the TAtlSST and Korean precipita-
tion? If there is, is it connected to global warming? (2) 
What determines the variation in the relationship between 
the TAtlSST and Korean precipitation in climate models? 
How does it affect the seasonal forecast skill over Korea? 
(3) What is the impact of TAtlSST warming on the East 
Asian climate as a whole?

Many previous studies focus on the tropical Pacific 
SST impacts on climate variability over China (Ding and 
Chan 2005) and Japan (Kosaka and Nakamura 2006) but 
not over Korea because no clear connection between the 
tropical SST variability and Korean precipitation dur-
ing the boreal summer season was reported in previous 
studies. Therefore, we hope that the clear relationship 
between the tropical Atlantic SST and Korean precipita-
tion in this study will encourage further research on cli-
mate variability over the Korean peninsula. Furthermore, 
we hope that this will lead to innovative improvement of 
the seasonal forecast skill over Korea during the boreal 
summer season.

(a)

(b)

Fig. 11   Regression maps of a SST (contour), precipitation (shaded), 
and b horizontal (vector) and meridional wind anomalies at 850 hPa 
(shaded) with respect to the Niño3.4 index during the JJA season. 

Note that we multiplied the regressed map by negative one to plot the 
response during La Niña
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