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ABSTRACT

Extreme temperature events have a significant impact on human life and property. Since the Korean

Peninsula is affected by the high variability of the East Asian summermonsoon system, it is difficult to predict

extreme temperature events skillfully. Here, we construct an empirical model to investigate the interannual

variation of the frequency of summer extreme temperature events over South Korea by identifying predictors

(explanatory variables) from ocean boundary conditions. The selected explanatory variables are sea surface

temperature anomalies (SSTAs) over the North Atlantic, the western North Pacific, and the eastern North

Pacific. The cross-validated correlation skill of the statistical model constructed using a 23-yr dataset is es-

timated to be 0.77. A common feature that all three explanatory variables contain is the development of an

anticyclonic circulation anomaly over the Korean Peninsula. The North Atlantic SSTA predictor acts as a

forcing mechanism for the generation of Rossby wave trains downstream, developing an anticyclonic circu-

lation anomaly in the lower and upper troposphere over the Korean Peninsula. The western North Pacific

(WNP) warm SSTA predictor induces a cyclonic circulation anomaly over the WNP and an anticyclonic

circulation anomaly over the Korean Peninsula, resembling the Pacific–Japan teleconnectionmechanism that

represents the northward Rossby wave propagation over the western Pacific. Through air–sea interaction, the

tripolar SSTA pattern in the eastern North Pacific representing the North Pacific gyre oscillation induces two

opposite precipitation anomalies in the equatorial MaritimeContinent and the Philippine Sea. These diabatic

anomalies excite northward-propagating Rossby waves that form a cyclonic circulation anomaly in the WNP

area and an anticyclonic anomaly over the Korean Peninsula.

1. Introduction

Extreme temperature events for several days in the

summer have seriously damaged society, human life, the

economy, and ecosystems (e.g., Field et al. 2012;Hartmann

et al. 2014; Perkins et al. 2015). In particular, the high

mortality rate in South Korea over the past 100 years

is associated with the frequent occurrence of extreme

high temperatures (Kysely and Kim 2009). The In-

tergovernmental Panel on Climate Change (IPCC)

concluded that global warming has caused an increase

in the number of warm days since 1950, with the fre-

quency of extremely high temperature events also

having increased in many regions, including Europe,

Asia, and Australia (Field et al. 2012; Hartmann

et al. 2014).

It is widely known that the frequency of extreme high

temperatures increases as global warming accelerates

and as the mean temperature rises (Coumou et al. 2013;

Horton et al. 2015). However, the recent extreme

high-temperature events are not explained solely by

the aforementioned thermodynamic effects of global

warming (Horton et al. 2015; Kornhuber et al. 2017).

Rather, they are affected by dynamic effects such as a

Rossby wave teleconnection pattern and atmospheric

blocking as revealed in the record-breaking high tem-

perature cases that occurred across Europe in 2003 and

over Russia in 2010 (Black et al. 2004; Lau and Kim

2012; Schubert et al. 2014). Recently, Horton et al.

(2015), using self-organizing map cluster analysis, dem-

onstrated an increasing trend in the occurrence of the

atmospheric circulation pattern that induces frequent

and long-persisting anticyclonic circulation anomaly

events in North America, Europe, and western Asia.

Both thermodynamic and dynamic factors are found

to be responsible for the more frequent extreme high-

temperature events in recent years.

Interannual variability of summertime climate over

the Korean Peninsula is largely controlled by the East

Asian summer monsoon (EASM). It is obvious that lo-

cal effects influence extreme weather events, including

mountain or topographic effects or land–sea contrast,Corresponding author: Dr. Kyong-Hwan Seo, khseo@pusan.ac.kr
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and the related changes in atmospheric and surface radi-

ation and sensible heat fluxes. However, extreme weather

phenomena overEastAsia are affected by teleconnections

by remote forcing. As a tropical forcing example, oceanic

variability such as El Niño–Southern Oscillation (ENSO)

plays an enormous role in modulating the EASM and its

subcomponents: the mei-yu, changma, and baiu rainfall

patterns (Wang et al. 2000; Seo et al. 2011). Through

the air–sea interaction, the eastern El Niño signal can

induce an anticyclonic circulation anomaly over the

Philippine Sea (Wang et al. 2000), and the related

anomalous convective heating can excite the northward-

or northeastward-propagating Rossby wave that forms

the well-known Pacific–Japan (PJ) pattern (e.g., Nitta

1987; Wang et al. 2000; Yim et al. 2008), affecting the

Korean Peninsula (Seo et al. 2011) and the North Pacific.

An extremely high temperature event that occurred over

Japan during 2013 and 2015 is mainly attributed to the

PJ teleconnection (Imada et al. 2014; Takahashi et al.

2016). Similarly, the decaying phase of El Niño can give

rise to Indian Ocean warming in spring, which produces

sinking motions over the western North Pacific (WNP)

area and develops the WNP subtropical high in the fol-

lowing season (Xie et al. 2009). In this way convective

forcing over the WNP excites Rossby waves, and the

precipitation and temperature in the downstream re-

gion can be changed. The cooling over the central Pacific

region directly induces the WNP subtropical high as a

Gill-type response (Wang et al. 2013).

Apart from the tropical effects, extratropical fac-

tors such as the North Atlantic Oscillation (NAO)

and the associated sea surface temperature anomaly

(SSTA) pattern in the North Atlantic also modulate

the EASM and induce an anomalous geopotential

height over the Korean Peninsula on interannual time

scales through the eastward propagation of Rossby

waves across the Eurasian continent (Ding and Wang

2005; Wu et al. 2009; Seo et al. 2012; Lee and Seo

2013; Park et al. 2015). In addition, a blocking epi-

sode in relation to Okhotsk high variability is found

to significantly change the temperature in East Asia

through an enhancement and persistence of the an-

ticyclonic circulation anomaly due to the stagnation

of the atmospheric circulation pattern (Nakamura

and Fukamachi 2004). Therefore, understanding the

dynamic processes of the atmospheric circulation

pattern formed by a remote forcing is of importance

for estimating or predicting the interannual variation

of the frequency of extreme temperature events over

the Korean Peninsula.

The EASM exhibits complex temporal and spatial

variations, and so various contemporary dynamic fore-

cast models experience difficulty in skillfully forecasting

the temperature and precipitation events. As an exam-

ple, Climate Forecast System version 2 (CFSv2) refor-

ecasts and operation model outputs (Saha et al. 2014)

produce considerably lower levels of prediction skill

(correlation of ;0.25) both in summer mean and ex-

treme temperatures over East Asia for the period

from 1995 to 2017 (not shown). Accordingly, a statistical

model (but based on the physical processes) can be an

alternative tool for the practical seasonal prediction or

diagnosis of the EASM (Wang et al. 2005; Seo et al.

2015; Jeong et al. 2017) and showed a reasonable level

of performance (Wang et al. 2009, 2013; Wu et al. 2009;

Fan et al. 2012). Although for the prediction of the

Korean EASM (changma) precipitation (Lee and Seo

2013; Kim et al. 2017) and its onset (Park et al. 2015),

empirical models are developed using SST anomalies

in the Pacific and Atlantic Ocean basins as an explan-

atory variable, there are no studies that present a sta-

tistical model that relates to the interannually varying

frequency of extreme high-temperature events. Here, we

develop a physical–statistical model for this frequency

using the tropical and extratropical SST anomalies. This

paper is organized as follows. Section 2 describes the

data and methods used in this study, while section 3

exhibits the selected independent variables and iden-

tifies the dynamical processes of the independent vari-

ables. Section 4 presents the completed empirical model

and verifies the model performance. A summary is pro-

vided in section 5.

2. Data and methods

The observed hourly temperature data used in this

study are derived from the Korea Meteorological Ad-

ministration’s (KMA) 45 stations for the period from

1995 to 2017. The meteorological stations are approxi-

mately uniformly distributed across SouthKorea, except

for the islands. To select the explanatory variables of the

empirical model, we used high-resolution daily mean

data from the National Oceanic and Atmospheric Ad-

ministration (NOAA) optimum interpolation (OI) SST

version 2 spanning from 1995 to 2017. This dataset has a

horizontal resolution of 0.258 3 0.258 (Reynolds et al.

2007), and this is interpolated to a 18 3 18 grid system. To

understand the dynamical processes of the selected ex-

planatory variables for the diagnosis or prediction of the

interannual frequency of extreme temperature events

over South Korea, atmospheric variables and precipita-

tion data are used. The atmospheric variables, including

2-m temperature, zonal and meridional winds, and ge-

opotential height (GPH) from the National Centers

for Environmental Prediction–Department of Energy

(NCEP–DOE) Global Reanalysis 2 (R2) monthly mean
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dataset, have a horizontal resolution of 2.58 3 2.58 with
17 pressure levels (except for 2-m temperature; Kanamitsu

et al. 2002). The monthly mean Global Precipitation

Climatology Project (GPCP) data, with a horizontal

resolution of 2.58 3 2.58, are used (Huffman et al.

1997). The training period for all the data is from 1995

to 2014.

a. Extreme temperature index

In this study, TX90p, which is the number of days (or

percentage of days relative to the 92 days) with the daily

maximum temperature being greater than 90th percen-

tile calculated based on daily climatology for themonths

of June–August (JJA) in the Northern Hemisphere

for a given year, is used to represent extreme tempera-

ture events. This quantity is recommended by the Joint

World Meteorological Organization (WMO) Commis-

sion for Climatology (CCI)–Climate and Ocean: Var-

iability, Predictability and Change (CLIVAR)–Joint

Technical Commission for Oceanography and Marine

Meteorology (JCOMM)Expert Team onClimate Change

Detection and Indices (ETCCDI). The yearly time series

of this quantity is referred to as the TX90p index in this

study. Using this index causes extreme high-temperature

events be chosen for each Julian day during JJA so June

has a similar sample number to that of July and August.

This method is in contrast with previous studies in that

we use a fixed threshold for the entire summer period

or July and August only (e.g., Colombo et al. 1999; Lee

and Lee 2016). Using a fixed threshold has an advan-

tage in relation to extreme high temperature events

causing damage to humans.

The EASM and western North Pacific summer mon-

soon are reported to exhibit significant interdecadal

changes at around 1993–94 (Kwon et al. 2005). A Lepage

test (Lepage 1971; Yonetani and McCabe 1994), using

our TX90p index time series, also shows a statistically

significant change in around 1995 (not shown) so the data

period begins in 1995 in this study. A preliminary test that

includes the hindcast from 1982 to 1994 using the model

constructed during the training period from 1995 to 2014

showed a greatly reduced skill score (not shown), as

expected from a decadal change effect.

b. Statistical model and assessment

Amultiple linear regression method is used to construct

a statistical model (Wilks 2006; Lee and Seo 2013; Park

et al. 2015; Seo et al. 2015; Kim et al. 2017). To prevent

overfitting (Wilks 2006), the number of explanatory vari-

ables is limited to three, which is consistent with an em-

pirical estimation that considers 7–10 years of training data

as one degree of freedom. Compared to the response var-

iable (the TX90p index for JJA), the potential explanatory

variables are taken from the springtime SSTAs (here the

ones in April and May) over the major oceans. This

1-month lead regression scheme (with target months

of JJA) utilizes the characteristics that ocean variables

possess: a quasi-stationary or slow evolution property

and a migratory SST signal involved in air–sea interac-

tion. The latter feature is of special interest in that the

springtime SSTA area selected as a precursor signal

can be evolved through air–sea interaction, resulting in

SST forcing regions occurring in different areas during

the summer.

Potential predictors are those having a high temporal

correlation with the TX90p index, but these variables

are chosen such that the correlations between them

are not statistically significant (less than 0.3) and the

variance inflation factor (VIF) is less than two. The VIF

indicates how the variability of one explanatory variable is

related to that of other explanatory variables in the linear

regression equation [the correlation between one explan-

atory variable and the predictive model constructed with

n2 1 explanatory variables isR, then the VIF is calculated

as VIF5 1/(12R2); a lower VIF suggests an independent

linear relationship].Awhole training data period is 20 years

from 1995 to 2014 but a leave-4-yr-out cross-validation

method is used by setting 16 years as the training period

and 4 years as the verification period; so a total of five

training sets are formed. Use of this sliding partial train-

ing dataset for training is based on previous studies that

suggested the use of 70%–80%of themodel construction

period for the training period, with 20%–30% being used

for the verification period (e.g., Blockeel and Struyf 2002).

Note that forecasting the TX90p for the years 2015–17

is performed via the last cross-validation regression set

(i.e., training using 1995–2010).

Assessment of the model performance is based on a

correlation coefficient, themean square skill score (MSSS;

Murphy 1988), a Gerrity skill score [Gandin–Murphy skill

score (GMSS)], and a contingency table. The MSSS is

defined as MSSS5 12MSEf /MESc, whereMSEf is the

mean square error (MSE) of the empirical model result

and MSEc is the MSE of the TX90p time series. The

maximum value of the MSSS is 1. A tercile skill vali-

dation scheme is employed where the response value

from the empirical model is categorized as below, near,

or above normal based on 60.43 standard devia-

tions of the normalized TX90p index, and the resulting

33 3 contingency table is presented (Lee and Seo 2013;

Park et al. 2015; Kim et al. 2017). The off-diagonal

cell in the table indicates that the empirical model re-

sult or prediction is opposite to the observations. The

GMSS, which is recommended by WMO (Gandin and

Murphy 1992; Gerrity 1992; WMO 2010), is calculated

from the contingency table. The range of the GMSS is
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from 21 to 1. A GMSS value of 1 indicates a perfect

prediction, while zero indicates that the scheme has

no skill.

c. Numerical models

To verify changes in atmospheric circulations due

to diabatic forcing associated with the explanatory

variables, simplified and coupled model experiments

have been conducted. We used the Geophysical Fluid

Dynamics Laboratory (GFDL) atmospheric general

circulation model dynamic core (Gordon and Stern

1982). This is a primitive equation model with rhom-

boidal 30 horizontal resolution and 20 sigma (s) levels

from 0.975 to 0.025. The initial conditions of three-

dimensional temperature, zonal and meridional winds,

and surface pressure fields are integrated for 31 days.

A coupled model experiment is performed to inves-

tigate the effects of the atmosphere–ocean interaction

associated with an eastern North Pacific predictor. The

model used in this study is the GFDL Climate Model

version 2.1 (CM2.1; Delworth et al. 2006). The model

consists of atmospheric, land, sea ice, and ocean models,

with each model component interacting through the

Flexible Modeling System (FMS) coupling system.

The atmospheric model (AM2.1) uses a Lagrangian

finite-volume dynamical core (Lin 2004), with 2.58
longitude 3 28 latitude and 24 vertical hybrid sigma-

pressure levels. The land model (LM2.1) is based on the

Land Dynamics Model (LaD; Milly and Shmakin 2002),

with the same horizontal grid as in the atmospheric

model. The sea ice model is the Sea Ice Simulator (SIS;

Winton 2000) (in this study, climatological sea ice is

used). The ocean component is the Modular Ocean

Model (MOM; MOM5.1 in this study; Griffies 2012).

This model has a constant zonal resolution of 18, with a

meridional resolution of 0.338 at the equator and 0.678 in
the tropics, increasing gradually to 18 toward the poles,

with 50 vertical levels.

3. Dynamic processes of selected
explanatory variables

a. Predictors of the empirical model

To identify potential explanatory variables, we cal-

culate the correlation between the TX90p index and

global SSTAs. Figure 1 shows the regressed maps of

springtime and summertime SSTAs against the TX90p

index for the period from 1995 to 2014. Thick contours

represent statistically significant areas satisfying the

90% confidence level through the Student’s t test. In

Figs. 1a and 1b, the North Atlantic, the WNP, and the

eastern North Pacific show statistically significant correla-

tions. Among these three potential explanatory variable

areas, the North Atlantic has a dipole pattern with a warm

SST anomaly to the north (;408–608N, 608–208W) and a

cold SST anomaly to the south (;208–408N, 608–408W).

TheWNP area (;08–208N, 1208–1408E) has a warm SST

anomaly in April, with the center migrating from the

SCS to the Philippine Sea in May. The eastern North

Pacific area (;208–408N, 1608–1208W) exhibits a warm

SST anomaly in May. The time series for these three

potential explanatory variable regions are referred to

as North Atlantic index (NAI), western North Pacific

Index (WNPI), and eastern North Pacific index (ENPI).

The detailed area and period information of the selected

explanatory variables is shown in Fig. 2. The correlation

coefficients between the TX90p index and each ex-

planatory variable time series are shown in Table 1. All

explanatory variables have significant correlations with

the TX90p index at the 95% level. TheArctic Ocean also

has a statistically significant correlation. In particular, the

SSTAover theBarents Sea is considerable.However, this

Barents Sea region correlates withWNPI (with r of 0.36),

so theWNPI andArcticOcean time series cannot be used

simultaneously as explanatory variables. Since theWNPI

ismore robust in its owndynamics and it is relatively close

to the Korean Peninsula, theArctic Ocean is not selected

as an explanatory variable. However, the warming of the

Arctic Ocean can cause a reduced baroclinicity so the jet

stream can be decelerated or the Arctic oscillation (AO)

becomes negative, leading to changes in the midlatitude

weather and climate. The detailed effect of the Arctic

Ocean SST on the mean temperature or extreme tem-

peratures over theKorean Peninsula will be investigated

in a future study.

Since the correlation coefficients among the selected

explanatory variables are statistically insignificant (see

Table 2) and their VIFs are less than 2 (not shown), the

explanatory variables are deemed independent of each

other.

b. Dynamic processes of NAI

Physical processes involved in theNAI are investigated

by applying the composite difference method for the 2-m

temperature and SST anomalies. For this, strong and

weak cases are determined by the thresholds of 1.0

and 21.0 standard deviations of the NAI, respectively.

Difference maps of the 2-m temperature in JJA and the

SST anomaly fromApril toMay and in JJA are shown in

Fig. 3. A high-temperature region appears clearly over

eastern Asia including central China and the Korean

Peninsula (Fig. 3a). In relation to the NAI (Figs. 3b,c),

the North Atlantic has a tripolar SST anomaly pattern

persisting until JJA. This is characterized by two pos-

itive anomalies in the tropics (;108–208N) and sub-

polar region (;408–608N), with a negative anomaly in
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the midlatitudes (;208–408N). This SST pattern rep-

resents the negative phase of the NAO. Similar to an

apparent influence of the wintertime NAO on weather

and climate in East Asia, the summertime NAO plays

a role in modulating the atmospheric temperature

and circulation of the downstream region through

eastward-propagating Rossby waves (Wu et al. 2009).

Wu et al. (2009) suggest that the summer tripolar

SSTA pattern associated with the NAO excites a Rossby

wave train across the northern Eurasian continent,

thus enhancing the EASM.

Figure 4 shows the composite difference maps for the

300- and 850-hPa GPH anomaly fields in JJA. The baro-

tropic Rossby wave propagates northeastward over the

northern Eurasian continent for;408–708N, subsequently

propagating southeastward along ;808–1208E, which is

associated with a waveguide along the north Eurasian jet

(;608N; Wu et al. 2009; Yamaura and Tomita 2011).

After reaching the reflection latitude, the Rossby wave

path is directed to the south, propagating toward the

Korean Peninsula and making an anticyclonic circulation

anomaly there. This barotropic structure in the higher

GPH anomaly over the Korean Peninsula induces a

frequent high-temperature event.

To test whether diabatic forcing in relation to the

SSTAs over the North Atlantic seen in Figs. 3b or 3c

can induce an anticyclonic anomaly over the Korean

Peninsula, a simple forcing experiment is performed.

The horizontal heating anomaly is assumed to have an

elliptical squared cosine distribution (Ting and Held 1990;

FIG. 1. Regressed SSTAs against the TX90p index (shading; K) in (a) April, (b) May, and

(c) JJA for the period from 1995 to 2014. Contours represent statistically significant areas

satisfying the 90% confidence level through a Student’s t test.
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Seo and Son 2012). In the extratropics, the vertical

heating profile is in the form of s4, with a bottom-heavy

profile due to shallow convection (Hall et al. 2001; Wu

et al. 2009). Among the tripolar anomalies, the two

higher-latitude anomalies are selected as external forc-

ings since the lowest latitudinal anomaly (the subtropical

one) does not affect much. In the GFDL dynamical core

model, heating is placed over the higher latitude and

cooling over the lower latitude, as seen in Fig. 5. The

results in those 300-hPa GPH anomalies show a train

of the anticyclonic and cyclonic circulation anomalies

appearing across the north Eurasian continent (Fig. 5a).

The easternmost anticyclonic anomaly develops over

the Korean Peninsula, similar to the observation (Fig. 4a).

Figure 5b is the ensemble-averaged 300-hPa GPH

anomalies using each individual year’s JJAmean state

for the background state in a model. In general, the

two approaches show a similar teleconnection pattern.

To sum up, the NAI index demonstrates the negative

NAO-like SST pattern, which ismaintained until summer

(Fig. 3c), generating aRossbywave train propagating east

across the northern Eurasian continent and making

an anomalous barotropic anticyclone over the Korean

Peninsula. The anticyclonic circulation anomaly helps

increase the incoming solar radiation to induce high

surface temperatures, thus increasing the frequency of

extreme temperature events (Fig. 3a).

c. Dynamic process of WNPI

Figure 6 presents the composite difference (strong2
weak) maps for the SST anomaly using the WNPI. Com-

posite criteria are 61.0 standard deviations, as before.

In April (Fig. 6a), a positive SST anomaly develops

over the WNP area, which includes the SCS and the

Philippine Sea. ByMay, the positive SST anomaly in the

SCS weakens, while the SST anomaly in the Philippine

Sea remains positive (Fig. 6b). However, the latter be-

comes weak during JJA (Fig. 6c). The spring SSTA in

the WNP decreases the local pressure in JJA (Fig. 7c),

inducing low-level convergence and enhancing the

precipitation (Fig. 7a). Since the relationship between

precipitation and SST is moderately negative during

JJA (Wang et al. 2005), positive SSTA is weaker ormay

disappear in the WNP (Fig. 6c). Convective heating

accompanying the positive precipitation anomaly induces

a cyclonic circulation as a Gill-type response (Gill 1980).

In addition, the heating excites meridionally propa-

gating Rossby waves (Ueda and Yasunari 1996; Ueda

et al. 1995; Kawamura et al. 1996), producing an an-

ticyclonic circulation anomaly (Fig. 7c) and a high tem-

perature anomaly over the Korean Peninsula (Fig. 7b).

This subtropical and extratropical circulation anomaly

field is consistent with the well-known PJ teleconnection

pattern (Nitta 1987).

Figure 8 represents the dynamical-core model re-

sponse of the low-level GPH anomaly to initial diabatic

forcing given at the location where the precipitation

anomaly in the composite difference map (i.e., in the

WNP; Fig. 7a) appears. In the tropics, the vertical

heating profile is expressed as (12s)sin[p(12s)],

which peaks at s 5 0.35 (Lin 2009; Wu et al. 2009).

The model results are similar to the observations,

TABLE 1. Correlation coefficient between selected explanatory

variables and the TX90p index for the period from 1995 to 2014.

NAI and TX90p WNPI and TX90p ENPI and TX90p

0.47 0.47 0.46

TABLE 2. Correlation coefficients among selected explanatory

variables for the period from 1995 to 2014.

NAI WNPI ENPI

NAI 1 20.15 20.16

WNPI 20.15 1 20.03

ENPI 20.16 20.03 1

FIG. 2. Domain and period of selected explanatory variables. The red (blue) box indicates the

positive (negative) SST anomaly region. The NAI is a dipole SST anomaly pattern and is

calculated as positive area minus negative area.
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with a cyclonic anomaly to the northwest of the heating

and an anticyclonic anomaly to the north over the

Korean Peninsula, confirming that the convection

caused by the warm SSTA in the WNP can be a heat

source for inducing a remote teleconnection pattern,

including the enhanced geopotential height over the

Korean Peninsula. An ensemble mean plot (Fig. 8b)

of the 850-hPa GPH anomaly in response to forcing

under each year’s summertime mean background

field shows a remarkable resemblance with Fig. 8a,

FIG. 3. Composite difference (strong2 weak) maps for the (a) 2-m temperature anomaly in

JJA (shading; K), (b) SST anomaly in April andMay (shading; K), and (c) SST anomaly in JJA

(shading; K) for the NAI (1995–2014). Contours indicate statistically significant regions at the

90% confidence level. Composite criteria are 61.0 standard deviations.
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implying a robust model response to the imposed

forcing.

d. Dynamic process of ENPI

The SSTAs associated with the ENPI have a tripolar

meridional pattern over the Pacific duringMay (Fig. 9a).

The positive anomalies are located over the subtropical

and subpolar regions and the negative one is over the

central North Pacific along 308N. This meridional pat-

tern closely resembles the North Pacific gyre oscillation

(NPGO), which is the second empirical orthogonal func-

tion (EOF) mode of SST or sea surface height variability

over the North Pacific (Di Lorenzo et al. 2008). Its atmo-

spheric counterpart is the North Pacific Oscillation (NPO;

Walker and Bliss 1932; Rogers 1981) having a dipole

structure in sea level pressure or low-level geopotential

height (Fig. 9b). The NPO with the meridional mode

over the Pacific is linked to ENSO, influencing the East

Asian climate through a ‘‘seasonal footprint mecha-

nism’’ (SFM; Vimont et al. 2001, 2003; Di Lorenzo et al.

2010; Ye et al. 2016). Using the model experiment,

Vimont et al. (2001, 2003) suggested that the SSTAs in

winter can persist until the following winter through

the SFM; so the midlatitude stochastic forcing of the

atmosphere–ocean interaction can influence the climate

in the tropics, leading to the development of El Niño.
The NPO-like meridional GPH structure appearing

in May (Fig. 9b) characterized by the anticyclonic cir-

culation anomaly over the northern Pacific (508N) and

the cyclonic circulation anomaly over the midlatitude

Pacific (308N) deforms in June–July (JJ) (Fig. 9d). The

northern anticyclonic anomaly shrinks considerably and

the cyclonic circulation anomaly shifts to the southwest.

The southwesterly winds develop along the southern

part of the cyclonic circulation, inducing a warm SST

anomaly (Fig. 9c) by the wind–evaporation–SST (WES)

feedback along the equator (Xie and Philander 1994).

Note that this mechanism is similar to the above-

mentioned SFM. At the same time, over the Maritime

Continent a negative precipitation anomaly develops

(;108S and 1208E in Fig. 10a) due to an invertedWalker

circulation.

FIG. 4. Composite difference (strong2 weak) maps for (a) the 300-hPa GPH anomaly (shading;

gpm) and thewind anomaly (vectors;m s21), and (b) the 850-hPaGPHanomaly (shading; gpm) and

the wind anomaly (vectors; m s21) in JJA for the NAI (1995–2014). Contours indicate statistically

significant regions at the 90% confidence level. Composite criteria are 61.0 standard deviations.
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In addition, the warm SST anomaly over the sub-

tropical central Pacific and cold SST anomaly south of

Japan at longitudes around 1308–1608E (a box in Fig. 9c)

tend to maintain and strengthen a cyclonic circulation

through the air–sea interaction (Wang et al. 2000; Kim

et al. 2014). That is, the cyclonic circulation anomaly

over the subtropics (Fig. 9d) in response to the warm

SST anomaly (Fig. 9c) there acts to weaken the trade

wind (Fig. 9d) and thus evaporation, which, in turn,

strengthens the warm SSTA. Meanwhile, the negative

SSTA south of Japan works in a similar way with an

opposite sign. So both anomalies tend to develop the

positive precipitation anomaly to the east of the Philippine

Sea (Fig. 10a). These two precipitation anomalies in

the equatorial western Pacific and theWNPmay act as

external forcing centers that develop the atmospheric

teleconnection pattern toward the north, including the

generation of the anticyclonic circulation anomaly over

the Korean Peninsula (Fig. 9d). This is tested using the

dynamical core model, as shown in Fig. 11. Note that the

SST, precipitation, and 2-m temperature anomalies

in JJA (not shown) are similar to those in JJ, but the

850-hPa GPH anomaly in JJ is stronger than in JJA, so

only JJ is presented in Fig. 10. This is mainly because the

ENPI is more closely related to the extreme tempera-

ture over the Korean Peninsula in JJ than in August.

The heating and cooling anomalies are forced in the

model and 15-day integration results for GPH are pre-

sented in Fig. 11. Figure 11 shows the production of an

anticyclonic circulation over theKorean Peninsula and a

Rossby wave train recurving toward the North Pacific

in response to these diabatic forcings. The wave pattern

resembles that of the WNPI experiment (Fig. 8). How-

ever, ENPI forcing shows a much stronger circulation

signal compared to WNPI, which is due mainly to ad-

ditional forcing by the cooling anomaly in the equatorial

Maritime Continent region.

However, besides this forced experiment, we need to

verify whether initial SSTAs that have formed over the

ENP region can evolve into an SSTApattern as shown in

FIG. 5. The 300-hPaGPHanomaly (contour interval of 10 gpm) response in theGFDLmodel

experiment. (a) Day 22 result for climatological (1995–2014) mean JJA basic state and

(b) ensemble mean of day 22 results for individual JJA mean basic states during 1995–2014.

Red (blue) shading indicates the vertically averaged heating rate (cooling) (K day21).
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Fig. 9c and create positive and negative precipitation areas

in the western Pacific and near the Maritime Continent

(Fig. 10a). For this, we employ the coupled model ex-

periment using GFDL CM2.1. To isolate the role of the

SSTA associated with the ENPI, only an SST anomaly of

1.0 standard deviation (;0.3K) is continuously restored in

the eastern North Pacific (boxed area in Fig. 12a) during

May (Park et al. 2013). Then, the results are compared to

the control simulation, where its climatological SST field is

restored in the box. Coupled simulations with 10 different

sets of initial conditions are performed in both forcing and

climatological experiments. The impact of the enhanced

SST forcing over the ENPI region can be evaluated by

FIG. 6. Composite difference (strong 2 weak) maps for the SST

anomaly (shading; K) for (a) April, (b) May, and (c) JJA for the

WNPI (1995–2014). Contours indicate statistically significant re-

gions at the 90% confidence level. Composite criteria are 61.0

standard deviations. FIG. 7. Composite difference (strong 2 weak) maps for the

(a) precipitation anomaly (shading; mm day21), (b) 2-m tem-

perature anomaly (shading; K), and (c) 850-hPa GPH anomaly

(shading; gpm) and wind anomaly (vectors; m s21) during JJA

for the WNPI (1995–2014). Contours indicate statistically sig-

nificant regions at the 90% confidence level. Composite criteria

are 61.0 standard deviations.

1734 JOURNAL OF CL IMATE VOLUME 32



subtracting the ensemble mean of the control simulations

from that of the forcing runs. The results of the experiments

show the development of a central Pacific (CP) El Niño–
like SST anomaly pattern and a meridionally opposite-

signed SST anomaly pattern around 1608E (near the

box in Fig. 9c) during the summertime (Fig. 12a). The

equatorial SST pattern weakens the Walker circula-

tion, inducing a negative precipitation anomaly over

the equatorial western Pacific, and the cyclonic circu-

lation over theWNP associated with a dipole-like SSTA

pattern gives rise to a positive precipitation anomaly

(Figs. 12b,c). Like the previous GFDL dynamical core

model experiments, the anticyclonic circulation and

high temperatures develop over the Korean Peninsula

(Figs. 12b,d). Note that the 850-hPa height field from the

coupled model (Fig. 12b) looks different than that of the

observations (Fig. 9d) and the atmospheric model re-

sults (Fig. 11). One possible reason is that the pattern in

Fig. 12b is a result of the 10-member ensemble mean,

where atmospheric internal variability is canceled.

However, the most important two anomalies—the

cyclonic and anticyclonic circulation anomalies over

the WNP and the Korean Peninsula, respectively—

appear commonly in the observations and models.

Therefore, the ENPI can induce the CP El Niño–
like SST anomaly pattern over the central Pacific,

FIG. 8. The 850-hPa GPH anomaly (contour interval of 0.2 gpm) response to the GFDL

model experiment. (a) Day 15 result for the climatological (1995–2014) mean JJA basic state

and (b) the ensemble mean of the day 15 results for individual JJA mean basic states during

1995–2014. Shading indicates a vertically averaged heating rate (K day21).
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through which the Walker circulation is inverted and

negative diabatic heating develops over the Maritime

Continent. In the off-equatorial western Pacific region

(around 1608E), air–sea interaction related to theWES

feedback maintains the cyclonic circulation anomaly

that produces a positive precipitation anomaly. The

SFM works as a precursor signal, and the evolution of

the initial NPGO mode generates the diabatic heating/

cooling anomaly that tends to drive the atmospheric

teleconnection to the north and northeast.

4. Empirical model

The normalized SST anomaly time series of the ex-

planatory variables (NAI,WNPI, and ENPI) are used in

constructing the statistical model. The multiple linear

regression model for the first set of training data (i.e.,

1995–2010) is

ŷ5 0:633NAI1 0:563WNPI1 0:593ENPI,

where ŷ indicates the response value of TX90p or

predicted TX90p for the years 2015–17. Since the

magnitude of the regression coefficients indicates the

relative degree to which the explanatory variables con-

tribute to the response variable, the contributions from

NAI, WNPI, and ENPI are similar. A more direct con-

tribution of each explanatory variable in explaining the

interannual variation of the TX90p index can be esti-

mated by a difference in the correlation coefficient cal-

culated after removing the corresponding explanatory

variable from the whole regression model (Neter et al.

1996; Wang et al. 2017). A reduction of the correlation

is fairly similar among the three explanatory variables

(0.30–0.35), as is consistent with the similar range of

magnitudes shown in the above regression coefficients.

Figure 13 shows the observed extreme temperature fre-

quency (TX90p index) and the extreme temperature

frequency calculated by our empirical model in a bar

plot, with the correlation coefficient and MSSS between

those two being ;0.77 and ;0.56, respectively. These

cross-validated skill scores are all considered statisti-

cally significant. A 3 3 3 contingency table shows that

17 years (approximately 78% of the total year) are cor-

rectly predicted according to the tercile skill validation

FIG. 9. Composite difference (strong2 weak) maps for the SST anomaly (shading; K) in (a) May and (c) in June

and July, and 850-hPa geopotential height anomaly (shading; gpm) and wind anomaly (vectors; m s21) in (b) May

and (d) in June and July for the ENPI (1995–2014). Contours indicate statistically significant regions at the 90%

confidence level. Composite criteria are61.0 standard deviations. A green box indicates negative and positive SST

anomaly patterns that induce a cyclonic circulation anomaly in between.
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framework (see Table 3), and the GMSS is as high as

;0.74. Consequently, through the various assessments

of skill measures, it is seen that our empirical model is

regarded as a skillful regression scheme.

5. Summary

In this study, we have constructed an empirical model

to diagnose the impact of explanatory variables that

affect the frequency of extreme temperature events over

South Korea. The TX90p time series are used to rep-

resent the interannual variation of this frequency during

JJA. A forward stepwise regression technique identifies

three independent and physically meaningful explana-

tory variables: springtime SSTAs in the North Atlantic,

the western North Pacific, and the eastern North Pacific

(where the related time series are referred to as NAI,

WNPI, and ENPI, respectively).

To ensure the validity of the three explanatory var-

iables, physical processes involved in the individual ex-

planatory variables are investigated. In association with

the NAI, an NAO-related dipolar SST anomaly pattern

appears in the North Atlantic. The dipole SSTAs act

as the quasi-stationary forcing for Rossby waves, which

FIG. 10. Composite difference (strong2 weak) maps for (a) precipitation anomaly (shading;

mmday21) and (b) 2-m temperature anomaly (shading; K) in June and July for the ENPI

(1995–2014). Contours indicate statistically significant regions at the 90% confidence level.

Composite criteria are 61.0 standard deviations.
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propagate from the North Atlantic to East Asia across

the northern Eurasian continent, leading to the devel-

opment of an anticyclonic circulation over the Korean

Peninsula. On the other hand, the WNPI predictor

yields a warm SST anomaly over the Philippine Sea that

persists through the summer. Through diabatic forc-

ing over theWNP and the resulting PJ teleconnection,

the anticyclonic circulation anomaly develops over

the Korean Peninsula and increases the occurrence

probability of extreme temperature events.

In relation to the ENPI, the North Pacific SSTA

structure in May (i.e., the NPGO pattern) leads to a

CP El Niño–like SSTA pattern over the equatorial cen-

tral Pacific in the following season. A resulting inverted

FIG. 11. The 850-hPa GPH anomaly (contour intervals of 0.3 gpm) response in the GFDL

model experiment. (a) Day 15 result for the climatological (1995–2014) mean JJA basic state

and (b) ensemblemean of day 15 results for individual JJAmean basic states during 1995–2014.

Red (blue) shading indicates the vertically averaged heating (cooling) rate (K day21).
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Walker circulation produces a cooling region near the

Maritime Continent. In the subtropical western Pacific,

air–sea interaction characterized by the WES feedback

maintains a cyclonic circulation anomaly that pro-

duces a positive precipitation anomaly. These cooling

and warming anomalies over the equatorial and sub-

tropical western Pacific excite Rossby waves, which

develop the anticyclonic circulation anomaly over the

Korean Peninsula. The anticyclonic anomaly generated

by the ENPI is more than 50% stronger than that by the

WNPI due to the addition of the wave component

forced by the cooling anomaly in the ENPI. The ENPI-

related physical processes are verified with a fully

coupled atmosphere–ocean model. The 10-member

ensemble result shows that the SFM and WES mecha-

nisms operate and the tripolar SST pattern in the North

FIG. 12. Simulated (a) SST (K), (b) 850-hPa height (shading; m) and winds (vectors; m s21), (c) precipitation rate

(1025 kgm22 s21), and (d) surface temperature (K) for the CM2.1 model experiments. The red box is the forcing

region where a 1.0 SST standard deviation is added in May for the forcing experiment.

FIG. 13. Normalized values of prediction and observations for 1995–2017. The yellow bar indicates the observed

TX90p, while the green bar indicates the prediction. The dotted lines are 60.43 standard deviations, which rep-

resent the thresholds for tercile prediction (above normal, normal, and below normal predictions).
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Pacific during the previous winter and spring evolves

into the El Niño–like SST anomaly pattern over the

central equatorial Pacific in the following summer as is

consistent with the observations.

The performance of the developed multiple linear

regression model is assessed through a leave-4-yr-out

cross-validation method. The following model perfor-

mance is achieved: correlation coefficient, 0.77; MSSS,

0.56; and GMSS, 0.74. Only five estimations are incor-

rect for a total of 23 years (from 1995 to 2017) from the

tercile skill validation scheme. Notice that the predicted

TX90p results for the years 2016 and 2017 (Fig. 13) are

much smaller than is observed. In August 2016, for ex-

ample, the prolonged extreme temperature events oc-

curred due to the continued inflow of warm air from

China to South Korea by atmospheric blocking episodes

across the Kamchatka Peninsula. The empirical model

does not contain the effect of the blocking event.

Therefore, we need to investigate the physical role of

blockings in the summer to improve the model’s per-

formance; this work will be conducted in the future.

Other internal variability such as the tropical intra-

seasonal oscillation (ISO) and the AO can impact the

weather and climate of the Korean Peninsula through

teleconnection (Tang et al. 2014; Min et al. 2015; Seo

et al. 2016). For example, the boreal summer ISO sig-

nificantly increases the frequency of extreme high tem-

perature events over northeast Asia (Hsu et al. 2017).

The modulation effect of their seasonal variance on the

frequency of extreme weather events will be examined

in the future.

The empirical model can be used not only as a di-

agnostic tool to explicitly assess the relative contribution

of individual explanatory variables but also as a fore-

casting scheme. The developed statistical model has an

advantage in that it can be applied in an easy way if the

data for a few explanatory variables are available. No

systematic degradation is seen in the skill performance,

so the empirical model can be applied to near-future

predictions. However, it should be noted that since

an empirical model can have difficulties with properly

predicting relevant atmospheric or oceanic variables if

the climate system of concern undergoes an interdecadal

change, prediction by a numerical model, which can

reflect this change, has substantial merit and needs to be

improved for the real application of regional climate

prediction.
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