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ABSTRACT: This study investigates the interannual variation of heat wave frequency (HWF) in South Korea during the past
42 years (1973-2014) and examines its connection with large-scale atmospheric circulation changes. Korean heat waves tend
to develop most frequently in late summer during July and August. The leading Empirical Orthogonal Function accounting
for 50% of the total variance shows a mono-signed pattern over South Korea, suggesting that the dominant mechanisms
responsible for the heat wave are linked in a spatial scale much larger than the nation. It also exhibits a regional variation
with more occurrences in the southeastern inland area. The regression of the leading principal component (PC) time series
of HWF with large-scale atmospheric circulation identifies a north—south dipole pattern between the South China Sea and
Northeast Asia. When this large-scale circulation mode facilitates deep convection in South China Sea, it tends to weaken
moisture transport from the South China Sea to Northeast Asia. Enhanced deep convection in the South China Sea triggers a
source of Rossby wave train along southerly wind that generates positive geopotential height anomalies around Korea. The
anomalous high pressure pattern is accompanied by large-scale subsidence in Korea, thereby providing a favourable condition
for extreme hot and dry days in Korea. This study highlights that there is a decadal change of the relationship between Korean
heat waves and large-scale atmospheric circulation patterns. The tropical forcing tends to be weakened in the recent decade,

with more influences from the Arctic variability from the mid-1990s.
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1. Introduction

Extreme weather events, such as heat waves, are receiv-
ing more attention in recent years, due to their severe
damage to the society and terrestrial ecosystems (WMO,
2011; Coumou and Rahmstorf, 2012). For example, high
mortality is associated with the frequent occurrence of
heat waves, as well as with other natural disasters such as
typhoons and floods in South Korea from 1901 to 2008
(Kysely and Kim, 2009). During the summer of 1994,
East Asia including southern Korea, Japan, and central
China suffered from the worst heat wave, which resulted
in at least 3384 heat-related victims in South Korea alone
(Kysely and Kim, 2009). This was an unprecedented
record-breaking event which had 29 consecutive days of a
daily maximum temperature exceeding 33 °C. There have
been studies indicating the increase of severe heat wave
events in recent decades (e.g. Easterling et al., 2000). It is
likely that the heat wave frequency (HWF) has increased
in Europe, Asia, and Australia since 1950 according to
the assessment by IPCC (2013). Heat waves are expected
to be more frequent and intensified in magnitude in the
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future due to global warming (Meehl and Tebaldi, 2004;
Christidis et al., 2005; Hansen and Sato, 2012; Coumou
and Robinson, 2013; Watanabe et al., 2013). The level of
assessment by IPCC is very likely in late 21st century.
An understanding of the dynamical and physical processes
related to heat waves is crucial in improving our ability to
predict the phenomenon and develop an adaptation strat-
egy for related health issues and agricultural production.
Although climate model results show that the frequency,
intensity and duration of heat waves in the future will
increase, the changes will not be distributed evenly in
space but they will be affected by the changes in large-scale
atmospheric circulation pattern (Meehl and Tebaldi, 2004).
The occurrence frequency of temperature extremes has
dramatically changed in the past few decades, for which we
cannot exclude global warming (IPCC, 2013) and the asso-
ciated large-scale pattern changes as the possible causes
(Christidis et al., 2005; Wen et al., 2013). The relationship
between the occurrence of extreme temperature and the
large-scale atmospheric circulation pattern has been exten-
sively studied at the global and regional scales (Chen and
Newman, 1998; Kenyon and Hegerl, 2008; Scaife et al.,
2008; Schubert et al., 2011; Teng et al., 2013; Watanabe
et al., 2013, and many). For example, Chen and Newman
(1998) and Schubert et al. (2011) suggested the important
role of the formation of the quasi-stationary Rossby waves
that precede the occurrence of severe heat waves in North
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America. Based on model results using many ensemble
atmospheric model simulations, Teng et al. (2013) sug-
gested that severe heat waves in the United States can be
driven purely by mid-latitude internal dynamics of atmo-
sphere, which trigger the planetary Rossby waves trapped
in the mid-latitude with a wavenumber 5 structure. They
further discussed that the wavenumber-5 pattern is likely
to be a physical mode on subseasonal timescales, both
observed and simulated in a model, and it has little con-
nection with the tropical diabatic forcing.

The previous studies emphasizing the role of
mid-latitude dynamics (e.g. Teng etal., 2013), how-
ever, do not entirely exclude the possible influences from
the changes in large-scale diabatic heat source either
in tropics or high-latitudes. This must be particularly
relevant in explaining the mechanisms of the interannual
variability in the occurrence frequency and intensity
changes of severe heat waves, although the development
and maintenance of severe heat waves are largely affected
by the quasi-stationary Rossby waves in short-term sub-
seasonal variability. A large heat source in the Indo-Pacific
warm pool region can be a source of large-scale Rossby
waves that emanate from the tropics and propagate into the
extratropics, which is also subject to the variability in inter-
annual time scale of ENSO and Asian summer monsoon
(Ding and Wang, 2005; Wang et al., 2009; Ding et al.,
2011; Lee et al., 2013; Moon et al., 2013). The studies of
Ding and Wang (2005) and Moon et al. (2013) showed
that the atmospheric teleconnection patterns are quite dis-
tinctive between El Nino and La Nina. Nitta (1987) found
out that a linkage between anomalous convection over the
tropical western North Pacific and the large-scale atmo-
spheric circulation over East Asia in summer, so-called
the Pacific-Japan (PJ) teleconnection pattern. Wang et al.
(2001) demonstrated that the circulation changes asso-
ciated with an enhanced western North Pacific summer
monsoon (WNPSM) can lead to deficient rainfall over East
Asia and the Great Plains of the United States. On the other
hands, the weak WNPSM suppresses the convection over
western North Pacific and transports moisture to the East
Asia region, thus forming a dipole-like anomalous rainfall
pattern. This dipole pattern is characterized by zonally
elongated anticyclone pattern along 35°N and the cyclone
along 20°N in the subtropical WNP. This pattern is also
known to be closely linked to the tropical Indian Ocean
Sea surface temperature (SST) (Yang et al, 2007; Li
et al., 2008; Wu et al., 2009). Through these mechanisms,
the changes in South Asian summer monsoon circula-
tion can cause either extremely hot or wet condition in
East Asia.

Atmospheric teleconnection patterns are also linked
with the large-scale blocking patterns in mid-latitudes.
Nakamura and Fukamachi (2004) suggested that the block-
ing episodes related to the variability of the Okhotsk high
strongly impact the mid-summer temperature extremes
in East Asia. Park and Schubert (1997) investigated the
abnormally warm temperature condition in Korea in
1994, and suggested an important role of the large-scale
atmospheric circulation pattern change driven by the
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interaction between orography and zonal wind over the
Tibetan Plateau.

Tang et al. (2014), on the other hand, suggested the
important role of the Arctic climate variability in devel-
oping extreme hot days in the Northern Hemisphere sum-
mer. They indicated that the decrease of sea and land ice
extent in the Arctic tends to weaken upper-level jet stream
and shift its position to north, serving as a mechanism
for tropical weather and the frequent occurrence of persis-
tent hot days over mid-latitude continents. As suggested,
a pronounced variability in the Arctic sea ice extent can
serve as a large-scale diabatic heat source, affecting the
mid-latitude teleconnection patterns significantly through
its ice-albedo feedback in interannual timescale. More-
over, the Arctic sea ice extent has experienced a rapid
decline in the recent summers with increased interannual
variability (Serreze et al., 2007; Stroeve et al., 2012; Kang
et al., 2014a), speculating that the influences from the
Arctic on the mid-latitude weather and climate variability
should be non-stationary and have long-term changes.

Specifically focusing on the area of Korean peninsula
and the vicinity, the present study investigates the inter-
annual variation of the HWF and its connection with the
large-scale atmospheric circulation pattern over East Asia
in more detail using multi-year observations. Long-term
statistics based on data over 42 years (1973-2014) exhibit
robust relationships between Korean HWF and large-scale
atmospheric circulation patterns, as well as the changes
in the relationship between the decades. Linear regression
analysis between HWF and large-scale atmospheric and
surface variables has been conducted, particularly examin-
ing the influences of diabatic heat source from the tropics
and the Arctic in boreal summer. We further discuss rel-
evant dynamical mechanisms in an effort to explore the
potential predictors and to increase the current prediction
capability for the extreme temperature events.

2. Data and methodology

This study analysed surface temperature observation data
for July—August, when the heat wave event occurs most
frequently in South Korea during these months (as will be
discussed in Section 3 with Figure 2). Figure 1(a) shows
the topography distribution in East Asia and the geograph-
ical location of South Korea, over which the heat wave
analysis has been conducted. The daily maximum surface
temperature data are provided without missing values by
the Korea Meteorological Administration (KMA) for 60
weather stations from 1973 to 2014 (Figure 1(b)). The
National Centers for Environmental Prediction (NCEP)
and National Center for Atmospheric Research (NCAR)
reanalysis version 1 data (NCEP/NCAR-1) in 2.5° lat-
itude by 2.5° longitude horizontal resolution were also
used to characterize the large-scale atmospheric circula-
tion pattern (Kalnay ef al., 1996). The variables in the
analysis include the monthly-mean 2-m temperature,
geopotential height (GPH), sea-level pressure (SLP),
humidity and zonal and meridional winds. It is known
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Figure 1. (a) Geographical location of South Korea, (b) the location of 60 weather stations for the heat wave analysis (solid circle), (c)
climatological-mean (1973-2014) distribution of daily maximum surface temperature (°C), and (d) climatological-mean heat wave frequency (unit:
number of occurrence) during July to August. Shaded is the surface elevation above sea level (unit: m) in (a) and (b).

that NCEP/NCAR-1 has the data discontinuity before
and after 1979 by the inclusion of satellite data (Sturaro,
2003). However, we found that this does not modify
the large-scale patterns qualitatively in our regression
analysis. In Section 3, we analysed the SLP data to inves-
tigate the possible impacts from the Arctic on large-scale
circulation over East Asia. In spite of the data uncertainty
in the Arctic (e.g. Lindsay et al., 2014), we found that the
Arctic Oscillation (AO) pattern and associated time series
are not sensitive to the choice of atmospheric reanalysis
data currently available. We used the monthly mean out-
going longwave radiation (OLR) obtained from the NCEP
Climate Prediction Center (Trenberth et al., 2002), and
NOAA extended reconstructed sea surface temperature
(ERSST) version 3 (Smith ef al., 2008).

The KMA defines the heat wave event if there is a period
of at least two consecutive days whose daily maximum
temperature (7™*) exceeds 33 °C. The threshold of 33 °C
corresponds to the 90th percentile of daily maximum sum-
mertime temperature in Korea. This study defines the HWF
as the total number of heat wave events at each station
from July to August. In this calculation, any consecutive
days of T™* exceeding 33 °C are counted as one heat
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wave event regardless of its duration. In Section 3.1, we
compare this index with other quantitative measures such
as the heat wave duration (HWD) and the intensity (HWI)
indices. HWD is defined as:

n

_— 1 max o
HWD = ;ZI(TJ. >33 °C) )

J
where T;™* indicates the daily maximum temperature at
day j, and the indicator function I(-)=1 if the argument
is true and is zero otherwise. In Equation (1), n=62 is
the number of days during September to August. The

values are the sum of the cases when the daily maximum
temperature exceeds 33 °C. HWI is defined as:

HWI = lz (T.ma* —33 °c), where T™* > 33°C.
n J J
J
2)

In Section 3.1, we identified the dominant spatial pat-
tern of HWF over Korea using the Empirical Orthogo-
nal Function (EOF) analysis. In Section 3.2, the regres-
sion analysis was then applied on the principal component
(PC) time series to identify the connection with large-scale
atmospheric variables.

Int. J. Climatol. 36: 4815-4830 (2016)
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Figure 2. Occurrence frequency of the hot day (bar graph) in South Korea from May to September for the past 42 years (1973-2014). The value
is the sum of the cases when the daily maximum surface temperature exceeds 33 °C and the sum of stations meeting this criterion among the 60
weather stations. Also presented are the daily-mean precipitation (blue line with open circle) and surface temperature (red line) averaged over the

42 years.
3. Results (a) Frequency of heat wave  (1973-2014)
5
3.1. Interannual variability of HWF in Korea 4
Figure 1(c) and (d) shows climatology of daily maximum g 3 Ci A o.\ﬁ R
temperature and HWF in South Korea during July to § 2 Moo b
August, respectively. Two patterns are apparently dif- ! v i[
0

ferent, suggesting that the occurrence frequency of heat
wave in South Korea is not entirely connected with the
magnitude of time-averaged daily maximum temperature.
A prominent feature is the high values over the southeast-
ern inland area. This region has basically higher values
in the climatological-mean daily maximum temperature
and also less precipitation during summer. This suggests
that the regional variation of HWF is complicatedly
affected by factors such as continentiality (i.e. distance
from the sea), time-mean daily maximum temperature,
and precipitation amount. There have been studies using
observational analysis and climate models, which indicate
that a deficit in soil moisture can lead to more frequent
and severer heat waves (e.g. Dai eral., 1998; Hirschi
et al., 2010; Alexander, 2011). Figure 2 shows the total
number of hot days (777 > 33 °C) in South Korea each
day from May to September for the past 42 years from
1973 to 2014. Also presented are the daily-mean pre-
cipitation and 2-m temperature averaged over the same
period. The frequency of hot days shows a clear seasonal
variation peaking in summer, particularly pronounced
during mid-July to August. Note that although this time
is coincident with the peak time of the daily-mean surface
temperature, the frequency of hot days is not necessarily
coincident with the mean temperature increase alone.
In a climatological-mean sense, the probability of heat
waves increases sharply after the wet period of the East
Asia summer monsoon in Korea (a.k.a. Changma), which
rainfall comes typically from mid-June to mid-July (Choi
et al., 2012). Although there is also the chance for heat
waves in June and September, we restrict our analysis of
heat wave days to the months from July to August.

In Figure 3, we compare the interannual variation of the
three heat wave indices (HWF, HWD, and HWI) for the
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Figure 3. Yearly variations of (a) the heat wave frequency, (b) duration,

and (c) intensity in South Korea. Nation-wide values are constructed for

each index by summing the values over all 60 stations, respectively. See
the text for the definitions.

past 42 years. Nationwide values are constructed for each
index by aggregating values at each station over all 60 sta-
tions. All the time series exhibit substantial variation over
the years, implying possible connections with large-scale
climate variability in interannual timescale. A notable
episode is the year 1994, when the frequency, duration,
and intensity time series all exhibit the maxima among the
42 years. The severity of this episode and the dynamical
mechanisms associated with large-scale upper-level atmo-
spheric flow are discussed by Park and Schubert (1997).
2013 is the second only for the HWD (Figure 3(b)). Due to

Int. J. Climatol. 36: 4815-4830 (2016)
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Table 1. Temporal correlation among the heat wave indices in
South Korea. The correlation coefficient was calculated based on
yearly values for 42 years (1973-2014).

CC Frequency Intensity Duration
Frequency 1 0.65 0.91
Intensity 1 0.82
Duration 1

a large amount of interannual variation, the secular trend
is not statistically significant, although it is weakly posi-
tive in the three time series. As shown in Table 1, these
indices show high time correlations with each other, sug-
gesting that they are not independent but interrelated. We
next investigate the spatial and temporal variability of heat
waves in South Korea by applying the EOF analysis to the
yearly values of HWF defined at each station, where our
analysis is particularly focused on the interannual variation
of HWF and its geographical distribution. Figure 4 shows
the spatial patterns of the two leading eigenvectors and
the corresponding PC time series. The first and the second
modes (EOF1 and EOF2, respectively) account for 50.8
and 9.0% of the total variance, respectively. Remaining
modes are less significant by explaining small percentage
variance below 5%, and their spatial patterns are mani-
fested by a lot of local features. Here only the two lead-
ing eigenvectors are discussed. The EOF1 (Figure 4(a))
exhibits one sign over the entire region in South Korea. The
corresponding PC1 time series (Figure 4(b)) has no trend
but with significant interannual variation. For example, the
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extremely above-normal occurrence of heat wave days in
the summer of 1994 is quite evident.

The second mode (EOF2, Figure 4(c)) shows a see-saw
pattern with two major centres of variability, one over the
southeast and the other over the northwest. This spatial pat-
tern corresponds to the PC time series (PC2, Figure 4(d))
that exhibits a much longer time scale variation with a
clear trend. This suggests that the southeastern part of the
peninsula has a signal of rapid increase of HWF since the
mid-1990s, compared with the rest of the region.

Much of climate variability in interannual timescale is
known to be related with the SST forcing in local and/or
in remote (e.g. Min et al., 2014). To examine the possible
influence from the SST forcing, first we analyse the regres-
sion patterns of SST anomalies in global domain with PC1
(Figure 4(b)) and PC2 (Figure 4(d)), respectively, which
results are presented in Figure 5. EOF]1 is associated with
the large-scale SST variability in summer (Figure 5(a)),
with strong signal both in tropical and midlatitude oceans.
The occurrence of heat wave days in Korea is largely asso-
ciated with the SST increase in the mid-latitude western
North Pacific, particularly in the oceans adjacent to Korea
and Japan. The local SST increase may contribute to
increase the hot days over land through increased oceanic
heat flux to the atmosphere. On the other hand, the SST
increase in midlatitudes can be regarded as a response to
the change in large-scale atmospheric circulation. Indeed,
Park and Schubert (1997) suggested that the midlatitude
SST anomalies are primarily a response to the atmospheric
forcing, as surmised by the lagged relationship of SST
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Figure 4. (a) Spatial pattern of the first empirical orthogonal function (EOF1) of the heat wave frequency and (b) the associated principal component
time series (PC1). (c) and (d) are the spatial pattern of the second mode (EOF2) and the associated time series (PC2), respectively. These two leading
modes explain 50.8 and 9.0% of the total variance, respectively.
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Figure 5. Regression pattern of the sea surface temperature (SST) anomalies (unit: K) related to (a) EOF1 and (b) EOF2. SST data were obtained
from NOAA ERSST version 3.

with respect to the 500-hPa GPH anomalies. The heat
wave days in summertime Korea are often accompanied
by large-scale atmospheric subsidence with high pressure
anomalies at surface. This process tends to induce a long
spell of dry days with less cloud and precipitation, which
can contribute to increase the SST. As will be discussed in
the next subsection, the large-scale atmospheric circula-
tion can be changed through teleconnections triggered by
diabatic heating in the tropics. Over the Northwest Pacific,
there is a hint of atmospheric teleconnection reflected
in the SST anomalies. They produce a tripolar pattern
with alternating signs northwards from the tropics to the
midlatitudes, where the positive SST is in the equatorial
western Pacific, negative in the South China Sea, and pos-
itive in the midlatitude oceans around Korea and Japan.
The SST pattern associated with the Korean HWF also
shows a strong signal over the equatorial eastern Pacific,
the pronounced ENSO variability region. This supports
the idea again that the yearly variation of HWF over Korea
is largely explained by ENSO in the tropical oceans and
associated atmospheric large-scale teleconnection pattern.
The temporal correlation between two indices of HWF in
Figure 3(a) and PC1 in Figure 4(b) is as high as 0.97, sug-
gesting the PC1 as a representative index for describing
interannual variation of Korean HWF. We use the PC1 for
the rest of the analysis, although the results are quite simi-
lar when we replace the index with the one in Figure 3(a).

The SST anomaly pattern associated with EOF2
(Figure 5(b)) reflects the influence of SST on Korean
HWEF in much longer time scale. This pattern resembles

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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the Pacific Decadal Oscillation (Mantua and Hare, 2002)
or the secular trend pattern of global SST changes with a
La Nina-like pattern (England et al., 2014). At this time,
it is rather unclear whether the long-term SST changes in
the global oceans are able to drive a northwest-southeast
see-saw pattern of the Korean HWF variability, or they
merely reflect the resemblance of temporal scale just in
a statistical sense, as the PC2 time series (Figure 4(d))
exhibit multi-decadal variation with a secular trend. Most
of the tropical and midlatitude oceans in the Pacific show
correlation with no statistical significance at 5% level. It
seems less likely that this global long-term SST changes
can drive the local see-saw pattern, and we exclude this
variability mode for further discussion.

3.2. Connections with large-scale atmospheric
circulation patterns

As the major mode of variability explaining the Korean
HWF more than 50 % of the total, from now on we focus
our analysis on the interannual variability associated with
EOF1. To identify the dominant large-scale mechanisms
engaged with Korean heat waves, we conducted the regres-
sion analysis between PC1 and large-scale atmospheric
variables. Figure 6 shows the regression patterns of GPH
at 500 hPa, 2-m temperature, SLP, the moisture conver-
gence and moisture flux integrated vertically from sur-
face to 300 hPa, and OLR, all projected onto the PC1 of
Korean HWF. The regression analysis used the anoma-
lies by removing seasonal cycle in each variable, and only
the areas of statistical significance in the correlation at the

Int. J. Climatol. 36: 4815-4830 (2016)
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Figure 6. Regression patterns of (a) 500 hPa geopotential height (GPH in m), (b) 2-m temperature(°C), (c) sea level pressure (SLP in hPa, contour

lines), vertically integrated moisture flux (gkg~' m s~!, vector) and moisture convergence (mmday~', shaded), and (d) outgoing longwave radiation

(OLR) during July—August. All data were from the NCEP/NCAR-1 reanalysis except for OLR from NCEP CPC. Anomaly patterns are obtained

by removing seasonal cycle in each variable and projected onto the PC1 time series of the Korean HWF. The shaded regions represent the area of

exceeding the 95% confidence level from the Student’s ¢ test. For the vertically integrated moisture flux vector in (c), only those areas of exceeding
the 95% confidence level are indicated.

95% confidence level (at p < 0.05) are shown in Figure 6.
This confidence level is popularly used in the previous
studies (e.g. Haylock and Goodess, 2004; Cassou et al.,
2005). The 500-hPa GPH anomaly (Figure 6(a)) shows
a positive maximum over Korea and Japan, whose pat-
tern is extended east and west. To the north and south are
the zonally extended, negative minima of GPH anomalies,
suggesting a hint of northward propagating teleconnection
pattern in responding to the tropical diabatic heat source in
the Northwest Pacific (Nitta, 1987; Wang et al.,2001). The
regression pattern of the 2-m temperature (Figure 6(b))
also shows a similar spatial structure, which corresponds to
the positive GPH anomaly to an anomalous surface warm-
ing and the negative to a cooling, respectively. Although
not shown, it is found that strong surface warming over
Korea is accompanied by mid- to upper-level positive
thickness anomalies, suggesting that the processes rele-
vant with Korean heat waves are not just confined in low
levels but connected with large-scale circulation changes
from surface to upper levels. The pattern results in persis-
tent subsidence and adiabatic warming with the increase of
atmospheric stability, which can cause severe heat waves
over Korea and Japan.

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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Figure 6(c) shows that the significant decrease of mois-
ture convergence (shaded in warm colours) over Korea
and Japan is associated with positive SLP anomalies in
the region. On the other hand, the increase of moisture
convergence and the negative SLP anomalies are located
in one over the subtropical western Pacific and the South
China Sea and another over Sakhalin in the Far Northeast
Asia. The anticyclonic circulation anomalies associated
with positive SLP anomalies over Northeast Asia are
responsible for an insufficient supply of moisture from
the tropical oceans (Wu and Chen, 2012), instead the
moisture is transported towards East Asia to enhance the
moisture convergence over a large region from off the east
coast south China to east of 140°E. The OLR anomaly
pattern in Figure 6(d) shows a strengthening of convection
associated with increased moisture convergence over the
South China Sea and the Northwest Pacific near 20°N,
and a weakening of convection with decreased moisture
convergence in Korea and Japan.

Figure 7(a) shows the correlation map between PC1
and relative vorticity at 150 hPa level, and Figure 7(b)
the meridional and vertical cross-section of correlation
between PC1 and atmospheric winds over 110—135°E.

Int. J. Climatol. 36: 4815-4830 (2016)
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Figure 7. Correlation patterns between PC1 of the Korean HWF and (a) 150-hPa vorticity and (b) meridional-vertical circulation (vector) and vertical

velocity (w, shading, positive values indicate upward motion) over 110—135°E. (c) The time series of the PC1 (red open circle) from 1973 to 2014

and the vorticity difference at 150 hPa between the area of 25—30°N and 110-130°E and the area of 35-45°N and 120—-140°E (blue closed circle).
Shading in (a) and (b) indicates the areas of exceeding the 95% confidence level.

The intense moisture convergence and deep convection
drives an upper-level positive vorticity (Figure 7(a)). The
positive correlation of vorticity at 150 hPa in the East and
South China Seas induces more convection and diabatic
heating (Figure 6(d)), which becomes a source of Rossby
wave train that drives negative vorticity anomaly around
Korea, and alternating positive vorticity anomaly in the
northeastern end of Asia and the Sea of Okhotsk. One
of the notable features appeared in Korean heat waves
is the clear barotropic structure in the vertical motion
(Figure 7(b)), with significant anomalous convergence
and upward motion in the Northwest Pacific and with
anomalous divergence and downward motion in East Asia.
The barotropic atmospheric response is typically for the
Rossby-type waves in the teleconnection patterns (Wang
et al., 2001). The adiabatic atmospheric warming due to
the anomalous downward motion seems to be a dominant
mechanism responsible for heat waves in Korea during
July to August. Note that vertical motion anomalies in
Figure 7(b) show vertical tilting structure towards the pole
particularly in the mid-latitudes, which feature is consis-
tent well with the finding of Kosaka and Nakamura (2006)
for the PJ teleconnection pattern. This vertical tilting tends
to shift the centre of anticyclonic flow around Korea and
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Table 2. Correlation coefficients between the HWF PC1 time
sires and the various monsoon indices defined by Wang
and Fan (1999) (WF=U850(5°-15°N, 90°-130°E) — U850
(22.5°-32.5°N, 110°~140°E), Zhang et al. (2003) (Zh=U850
(10°=20°N, 100°-150°E) — U850(25°-35°N, 100°-150°E),
and Wang eral. (2001) (EAM=V850(20°-30°N,
110°-140°E) — V850(30°—40°N, 110°-140°E), respectively.
U850 and V850 denote the zonal and the meridional winds
at 850hPa, respectively. Also presented is the correlation
coefficient between the HWI and the SST index averaged over
the Nifio 3.4 region (5°N-5°S, 120°~170°W). The correlation
coefficient of 5% significance level is indicated in bold.

WF(JA) Zh(JA) EAM(UA) Nino3.4(JA)

PC1(1973-2014)  0.35 0.40 0.42 -0.20

Japan to the north in the upper level (Figure 7(a)) from the
centre location appeared at sea level (Figure 6(c)).
Regarding the occurrence of Korean heat waves,
two major centres of interannual variability are iden-
tified in the regression pattern of the upper-level
vorticity in Figure 7(c). We designate the vorticity
difference at 150-hPa level between the average over
25°-30°N, 110°~130°E and the average over 35°—45°N,
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Figure 8. Anomaly patterns in July—August 1994 for (a) 500-hPa GPH (m), (b) 2-m temperature (°C), (c) SLP (hPa, contour lines), vertically
integrated moisture flux (gkg™' ms~!, vectors), and moisture convergence(mm day~', shaded), (d) OLR (W m~2), and (e) SST (°C).

120°~140°E as a favourable condition of Korean heat
waves. The correlation between PC1 and the time series
of vorticity difference reaches up to 0.81 with significance
at the 95% confidence level by the Student’s #-test. This
suggests that the long-range prediction for the occurrence
frequency of Korean heat waves is possible from the
reliable prediction of large-scale upper level circulation.
We note that the large-scale circulation changes and
convection associated with frequent occurrences of heat
wave events in Korea are largely affected by the inter-
annual variability of East Asia summer monsoon. The
correlation coefficients between PC1 and various mon-
soon indices defined by Wang and Fan (1999), Wang et al.

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

(2001), and Zhang et al. (2003) all show statistical sig-
nificance (Table 2), in spite of minor differences in their
definitions, suggesting that the strong monsoon over the
western North Pacific tends to drive a more frequent occur-
rence of summertime hot days in Korea. In particular, the
regression patterns shown in Figures 5—7 match quite well
with those presented by Wang et al. (2001), where active
(suppressed) convection over the western North Pacific
tends to drive low-level cyclonic (anticyclonic) circula-
tion anomalies and upward (downward) motion in the
western North Pacific and the South China Sea, which it
induces anti-cyclonic (cyclonic) circulation and downward
(upward) motion in Korea and Japan. Together with the
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Figure 9. Anomaly patterns in July—August 1993 for (a) 500-hPa GPH (m), (b) 2-m temperature (°C), (¢) SLP (hPa, contour lines), vertically
integrated moisture flux (gkg™' ms~!, vectors), and moisture convergence(mm day~', shaded), (d) OLR (W m~2), and (e) SST (°C).

cyclonic circulation anomalies to the further north, this
tripolar circulation pattern is the signature of teleconnec-
tion response to the tropical monsoon precipitation and
diabatic heating over the western North Pacific (c.f. Figure
12 in Wang et al., 2001).

As mentioned early, the summer of 1994 was a
record-breaking season with the most frequent heat
wave events in South Korea for the past 42 years (See
Figure 3). Figure 8 shows the large-scale circulation
(Figure 8(a)—(d)) and SST (Figure 8(e)) anomalies in
July—August 1994. These circulation anomalies are con-
sistent well with the patterns shown in Figures 5 and 6, but
with stronger amplitudes, suggesting that the large-scale
atmospheric teleconnection is the dominant mechanism
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for this record-breaking year. Note that the case is quite
opposite in 1993 when the occurrence frequency of heat
wave events in South Korea was the least as appeared in
Figure 3(a). Large-scale anomalies in 1993 (Figure 9) just
reversed their sign from the case in 1994 (c.f. Figure 8),
suggesting that the large-scale patterns identified from the
regression analysis tend to explain well both the maximum
and the minimum years.

On the other hand, some differences are found in the SST
anomalies in 1994 (Figure 8(e)) from the typical patterns
related with Korean heat waves shown in Figure 5. There
existed SST warming in the equatorial Central Pacific in
1994, being contrary to the La Nina-like pattern appeared
in the typical, above-normal heat wave years in Korea (as
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Figure 10. Regression patterns onto the PC1 of the Korean HWF. (a) and (b) are 500-hPa GPH anomalies (m), (c) and (d) 2-m temperature (°C), (e)

and (f) OLR (W m™2), (g) and (h) SLP (hPa, contoured lines), vertically integrated moisture flux (gkg~! m s~!, vector), and moisture convergence
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levels exceeding 95% are indicated by closed circles in the figure. The PC1 time series were detrended in each period before the regression.
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Figure 11. Regression pattern of SLP with the first EOF mode of the

Arctic SLP variability (unit: hPa). The first mode accounts for 22.1% of

the total variance when the EOF analysis was applied to the SLP field

to the north of 60°N for 1973-2014. The NCEP/NCAR-1 reanalysis

data were used, and the areas of the statistical confidence above 95%
are indicated by closed circle.

shown in Figure 4(a)). This suggests that the large-scale
atmospheric circulation patterns that drive the Korean heat
waves are not always associated with the tropical ENSO,
but with more complicating interaction between ENSO
and East Asia monsoon that may initiate various diabatic
forcing in the Indo-Pacific warm pool region. Indeed, the
correlation between the Nino3.4 index and HWF is very
low, with no statistical significance, showing weak rela-
tionship between the two. In addition, this low correlation
is partly caused by even lower connection in the recent
decade. This decadal change will be discussed in the next
subsection.

The major heat wave year of 1994 (Figure 8(e)) and the
minimum year of 1993 (Figure 9(e)) were both accompa-
nied by large SST anomalies in the mid-latitude oceans
near Korea, Japan, and northwestern Pacific. In a similar
analysis, Min et al. (2014) also found that heat wave
events in Korea are mostly associated with the summer-
time SST increase in the region. At this time, it is unclear
whether these warm SST anomalies triggered this major
heat wave year, or they are the response to the persistent
large-scale subsidence, although the study of Park and
Schubert (1997) showed that atmospheric forcing leads
the anomalous SST patterns in a few weeks in the central
North Pacific.

3.3.

In this section, we examine further whether the large-scale
forcing mechanism for heat waves in Korea has long-term
changes, by separating analysis periods into 1973—-1993

Decadal changes in atmospheric circulations

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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and 1994-2014. The decadal shift of the climate vari-
ability in the mid-1990s has been identified by many pre-
vious literatures (such as Kwon et al., 2005, 2007; Yim
et al., 2008, 2013; Kajikawa et al., 2009; Yeh et al., 2010;
Kang et al., 2014b, and many). It is noted that separation
before and after 1994 was trivial so that the inclusion or
removal of 1994 did not significantly alter the regression
patterns. It is also noted that the Korean HWF time series
(PC1 in Figure 4) were detrended in each period to avoid
any unnecessary influence by temporal trend, although
the results were almost identical between the trended and
detrended analyses. Figure 10 compares the regression pat-
terns of PC1 with large-scale circulation fields and SST.
A notable difference is a weaker relationship between the
Korean HWF and large-scale circulation anomalies in the
recent decades. The amplitudes of regressed anomalies
are decreasing, and with more contracted patterns around
Korea and Japan. This suggests a weakened PJ telecon-
nection pattern in the recent. This is somewhat intriguing
because the weakened atmospheric teleconnection might
lead to the decrease of HWF in Korea. However, there is
no clear sign of decrease in the HWF time series (Figure 3).
Although there is no satisfactory explanation to this change
yet, one cannot exclude the influence of global warming
and a significant increase of summertime-mean tempera-
ture in recent years (Min et al., 2014).

Another possible scenario is the long-term changes in
the large-scale atmospheric teleconnection patterns rele-
vant with the Korean heat waves. Recently, Tang et al.
(2014) suggested that recent polar warming and the Arc-
tic ice melting might cause the increase of summer-mean
temperature and more frequent occurrence of heat waves
in the Northern Hemisphere. In their mechanisms, the
decrease of sea ice extent tends to drive the weakening
and poleward shift of the upper-level jet stream. This tends
to excite and maintain persistent, large-scale atmospheric
waves and long-term hot spells.

To explore the possible linkage between Korean heat
wave events and the Arctic, we first extracted the indices
that represent the interannual variability in the Arctic by
applying EOF analysis to the SLP field north to 60°N. The
first mode of July—August mean SLP variability accounts
for 22.1% of the total variability, which is known as the
summertime AO (Thompson and Wallace, 1998). This
pattern is featured by zonally symmetric annular mode
with pressure variation between the Arctic and the high
latitudes, as shown in Figure 11, the regression pattern of
SLP over the Northern Hemisphere. The SLP regression
pattern associated with AO also highlights the linkage in
East Asia including South Korea and Japan. Associated
PC time series with the first EOF (Figure 12, blue line;
hereafter referred to the AO index) exhibits a significant
interannual variation.

In Figure 12, we compare three time series for the period
of 1973-2014: the Korean HWF PCl1, the Nino3.4 index,
and the AO index, and the temporal correlations between
the time series are shown in Table 3. The correlations
become statistically significant in the recent decades
(1994-2014), suggesting an enhanced relationship
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Figure 12. Time series of the Korean HWF PC1 (grey bars), the AO index (line with open circle), and the Nino 3.4 index (line with filled circle) for
July—August. The trend is removed and the temporal variation is normalized in each time series. The sign of the Nino 3.4 index is reversed from the
original.

Table 3. Correlation coefficients between the HWF PC1 time

series and the AO and the NINO3.4 indices, respectively. The

numbers in parentheses show the correlation coefficients with

the detrended time series. The correlation coefficient of 1%
significance level is indicated in bold.

1973-2014 1973-1993 1994-2014
AO 0.26(0.28) 0.06(0.04) 0.54 (0.56)
Nino3.4 —0.20(-0.22) —0.55(—0.53) 0.04(0.09)

between the Arctic climate variability and East Asia. The
correlation is quite low in the past decades of 1973—-1993.
This is quite contrary to the case of ENSO, where
the strong, negative correlation between ENSO and the
Korean HWF for 1973—-1993 has turned into no significant
correlation for 1994-2014. This suggests that dominant
mechanisms that drive the heat wave episodes in Korea
and East Asia have changed, from the tropical forcing in
the past decades to the Arctic forcing in the recent decades.

Figure 13 compares the six regression patterns of the
200-hPa zonal wind anomalies onto the Korean HWF
index (Figure 13(a) and (b)), the AO index (Figure 13(c)
and (d)), and the Nino3.4 index (Figure 13(e) and (f)),
respectively for the two separate periods of 1973-1993
and 1994-2014. During the former period of 1973—1993,
meridionally propagating wave pattern from the subtropi-
cal Northwest Pacific to Eurasia is prominently associated
with the Korean heat waves (Figure 11(a)), implying sig-
nificant influence from the tropical convection and diabatic
heat source. This pattern is basically corresponding with
those presented in Figures 6(a) and 7(a) at 500 hPa, where
the former shows more zonally elongated pattern. Note that
the regression pattern onto the Korean HWF (Figure 13(a))
shows much resemblance to that onto the Nino3.4
index (Figure 13(e)), particularly in East Asia during
1973-1993, suggesting a more dominant role by ENSO in
modulating Korean HWF. On the other hand, the magni-
tude of upper-level wind anomalies associated with ENSO
decreases substantially with no statistical significance in
East Asia during 1994-2014 (Figure 13(f)), suggesting
ENSO plays no significant role in modulating Korean heat
waves. The regression pattern projected onto the AO index
during the period of 1973-1993 (Figure 13(c)) shows the

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd

on behalf of the Royal Meteorological Society.

large-scale upper-level response associated with AO, but
the signal is weak and not statistically significant in East
Asia. This signal becomes stronger and statistically signifi-
cant during the period of 1994-2014 (Figure 13(d)). Much
resemblance in the spatial pattern between Figure 13(b)
and (d) suggests that the influence by the Arctic on the
development of Korean heat waves becomes as a more
important mechanism in the recent decades. Although the
regression patterns are superimposed by high wavenumber
disturbances, they are more or less zonally symmetric.
In Northeast Asia, the positive AO tends to make the cir-
cumpolar vortex stronger and more compact in the Arctic,
and thereby shifting the location of subtropical jet further
north. Persistent high pressure anomalies can intensify the
occurrence of hot days and major heat waves in the region.
We note that the proposed mechanism of the heat wave
development by jet stream movement is entirely different
from that suggested by Tang et al. (2014) who speculated
the shift of the jet stream to north in the negative phase
of AO. This is not the case in our investigation, and the
positive phase of AO tends to drive the enhancement and
northward shift of the jet stream.

4. Summary

This study investigates the interannual variation of the
HWF in South Korea over the past 42 years (1973-2014).
Daily maximum temperature higher than 33 °C is used as
a threshold for the extreme heat wave day, and at least two
consecutive days that meet this criterion is defined as the
heat wave. The yearly number of heat wave days from July
to August each year at each station is defined as the HWF.
Then, the EOF analysis is applied to this data to obtain the
leading spatial pattern (EOF1) and associated time series
(PC1) of the interannual variation of Korean heat waves.
The EOF1 explains more than 50% of the interannual vari-
ability of HWF, which has the same sign over the entire
South Korea. This suggests that heat waves in Korea
tend to occur typically in larger spatial scale than the
nation, being more influenced by large-scale atmospheric
circulation pattern changes rather than local changes. The
corresponding PC1 shows no significant trend, but with
slightly more chance of heat waves in recent years after
mid-1990s.
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Figure 13. Regression patterns of 200-hPa zonal wind anomalies (unit: m s~') onto the Korean HWF PC1 time series during the periods of (a)

1973-1993 and (b) 1994-2014, respectively. (c) and (d) are same as in (a) and (b) except the regression onto the AO index, and (e) and (f) onto

the Nino3.4 index. The temporal trends in the PC1 time series, the AO index and the Nino3.4 index were removed before regression. Areas of the
statistical confidence above 95% are indicated by closed circle.

The regression of PC1 time series of the Korean HWF
with large-scale atmospheric variables from the reanalysis
data highlights the dynamical mechanisms that drive the
heat waves. A noteworthy feature is the meridionally
propagating pattern with the major centres of variability
in the South China Sea and the Northwest Pacific, and
another in East Asia around Korea and Japan in opposite

© 2016 The Authors. International Journal of Climatology published by John Wiley & Sons Ltd
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sign. The positive correlation of vorticity at 150 hPa in
the South and East China Seas indicates more convection
and diabatic heating, which in turn becomes a source of
Rossby wave-train that generates positive GPH anomalies
around Korea and Japan. It is suggested that the Rossby
waves are generated by the tropical heat source with
positive correlation of vorticity over South China during
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July—August. As a part of the propagating waves over
East Asia, the adiabatic atmospheric warming due to the
anomalous downward motion is dominant over Korea,
which can be responsible for the severe heat wave events.
The teleconnection pattern exhibits a clear barotropic
structure in the vertical motion, which is typically for
the Rossby wave response to the tropical forcing (Wang
etal.,2001).

A positive correlation between the cyclonic circulation
over southern China and the East China Sea and the Korean
heat waves are identified in the teleconnection pattern.
This circulation change facilitates the convective activity
in the southern China and the East China Sea, whereas
it provides a condition of weakening moisture transport
from the South China Sea and the Northwest Pacific to
East Asia. An anomalous meridional circulation is asso-
ciated with the anomalous downward motion over tropical
oceans and the anomalous ascending motion near 20°N. It
further leads to a descending motion in the mid-latitudes
over Korea and Japan near 30-35°N. The associated
downdraft tends to induce adiabatic warming and dry-
ing with reduced precipitation and total cloud amount.
Therefore, the maximum temperatures at surface are tends
to rise, causing extreme (hot and dry) weathers over
Korea.

The dipole pattern appeared in upper-level vorticity
between the active (inactive) convection area over the East
China Sea and the inactive (active) convection area over
East Asia in the case of more (less) frequent heat waves in
Korea is explored to find a favourable large-scale condi-
tion for Korean heat waves. The vorticity difference index
shows a significantly high correlation (r=0.81). Further
research effort is required to examine whether one can
obtain a significant prediction skill for the index, using
either statistical or dynamical methods.

This study also highlights that the driving mechanisms
of heat waves in Korea and the adjacent East Asian
region have shown significant changes in a decadal time
scale. The aforementioned large-scale teleconnection
pattern becomes weaker and the persistent high pres-
sure pattern over Korea and heat wave days are more
associated with the Arctic SLP variability in the recent
decades after mid-1990s. This suggests that the relation-
ship between Korean heat waves and tropical forcing
tends to be weakened, while the influence from the
Arctic becomes more enhanced. A more in-depth study
is required to understand the dynamical and physical
mechanisms on how the AO affects the development of
heat waves in Korea and East Asia, including a numeri-
cal model experiment with varying diabatic heat source
location.
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