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Abstract

This study found that there is a significant negative correlation between summer drought in Korea, China and Japan
and the frequency of tropical cyclone (TC) in the subtropical western North Pacific (SWNP) using effective drought
index (EDI). The frequency of TCs that affect Korea is low (high) in a year of summer drought (non-drought). As a case
study, in 1994 when there is extremely severe summer drought in Korea, there was high frequency of TCs while in
2003 when there was least severe summer drought, the frequency of TCs is the lowest. Changes in the anomalous
secondary circulation, namely anomalous upward (downward) flow in the SWNP and anomalous downward (upward)
flow in the mid-latitudes of East Asia, are one of the causes of drought (non-drought).
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Background

In the summer of 1994, East Asia (in particular, the
southern part of Korea, middle China and Japan) went
through the severest drought in 30 years (WMO 1995).
Park and Shubert (1997) argues that the drought in 1994
was caused by two factors: one is the early development
of East Asian high caused by the abnormal development
of the Eurasian wave coupled with the Tibetan Anticy-
clone and the other is the failure of influx of water vapor
derived from western Pacific and Indian Ocean due to
strengthened cyclonic circulation in the subtropical west-
ern North Pacific (SWNP). Yoo et al. (2004) link the hot,
dry summer of 1994 with the high sea surface tempera-
ture in tropical and subtropical western Pacific, which
facilitates convection in the region and affects circulation
in East Asia in the form of wave train to suppress con-
vection there. Saji et al. (1999) and Guan and Yamagata
(2003) attributes the drought in the year to Indian Ocean
Dipole (IOD). They demonstrated that strong positive

*Correspondence: choikiseon@daum.net
National Institute of Meteorological Sciences, 33, Seohobuk-ro, Seogwipo,
Jeju 63568, Korea

@ Springer Open

and indicate if changes were made.

IOD events cause barotropic Rossby wave train pattern
to bring an extremely hot and dry summer to East Asia.

In the summer of 2003, in contrast, Korea had the third
largest rainfall in 30 years and the most rainy days in the
same period. It should be noted that there is much rain-
fall in August, after the Changma (late June to late July).
In that summer, the worst flooding in 20 years happened
in the Huaihe River in China, claiming tremendous lives
and property (Jin 2006). However, the southern China
had less than half of the average rainfall in that summer
despite more tropical cyclones (TCs) than the average
and, as a result, suffered a lot of natural disasters includ-
ing intensive heat wave, drought and wild fire (Levinson
and Waple 2004). Such a large amount of rainfall in the
mid-latitude region of East Asia was caused by the con-
tinuous influx of cold air into Korea by the formation of
the upper-level cyclone in East Asia. This was due to the
Tibetan upper-level anticyclone’s failure to expand to
East Asia because of insufficient thermal effect caused by
over-the-average snowcover in the Tibetan Plateau (Kim
et al. 2005).

As shown above, there is a sharp contrast in rainfall
between the mid-latitude and low-latitude regions opf
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East Asia. Based on the previous studies, the frequency of
TCs in the SWNP may be used as one of indices to deter-
mine the intensity of drought in the mid-latitude regions
of East Asia since the convective intensity in the SWNP
directly affects atmospheric circulation in those regions.
However, very few mechanisms have been identified as
to why such drought occurs. Most of existing literature
cover case study. This is because the causes of drought
are multiple and different in time and place (Namias
1983). This study links the summer drought in Korea
with the secondary circulation in the meridional direc-
tion between SWNP and the mid-latitudes in East Asia.
In other words, this study attempts to examine whether
there is correlation between the frequency of TCs in the
SWNP and the strength of summer drought in Korea and
analyze the mechanism on relationship between the two
phenomena.

Data and methods

TC data for 1978-2007 (30 years) from Regional Special-
ized Meteorological Centers (RSMC)-Tokyo Typhoon
Center are used. These data consists of the latitude and
longitude and the central pressure and the maximum
sustained wind speed (MSWS) of TCs every 6 h.

The difference in the atmospheric circulation for TC
activity between non-drought years and drought years
is analyzed using the reanalysis data supplied by the
National Centers for Environmental Prediction—National
Center for Atmospheric Research, including geopotential
height, zonal and meridional winds, vertical velocity (w)
and National Oceanic and Atmospheric Administration
interpolated Outgoing Longwave Radiation (OLR) (Kis-
tler et al. 2001).

The effective drought index (EDI) (Byun and Wilhite
1999) is used to determine the intensity of drought quan-
titatively. Drought can be terminated by heavy rainfall
over a short period of time, and the current state of rain-
fall in the past must be considered in the index. For this
reason the EDI is calculated by weighting rainfall in the
past according to passage of time (Byun and Lee 2002;
Morid et al. 2006; Akhtari et al. 2009). The more negative
it is, the severer the drought is. The EDI used in this study
has been derived from daily rainfall data collected from
60 weather stations in South Korea, 160 in China, 12 in
North Korea, and 51 in Japan for the last 30 years. How-
ever, use of a simple EDI average for summer can lead to
wrong assessment of drought in the event of heavy rain-
fall. To solve this problem, this study uses summer aver-
age drought severity calculated by averaging all negative
EDI values during summer.

Since droughts are generated by a long-term lack
of precipitation, it is difficult to define the degree and
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period of a drought in terms of precipitations. Therefore,
it is needed to make an objective definition of the degree
and period of a drought using drought indexes where
changes of weather factors rather than changes of precip-
itations are applied. Because PDSI (Palmer 1965), which
is most often used, is calculated as a monthly index, it
is difficult to diagnose drought on real-time basis. The
standardized precipitation index (SPI) (McKee et al.
1993, 1995) has a calculation period different depending
on subjective views of researchers so that drought index
also is different depending on studies. The EDI takes into
consideration all these issues. This index is what summed
day-accumulated precipitations along a time function
and the usefulness of which has been proved in many
studies (Yamaguchi and Shinoda 2002). Hence, this study
defined the summer drought using EDI.

The criteria of drought conditions based on EDI stand-
ardized values are as follows: 0.0 to —1.0 ‘dry condition,
—1.0 to —2.0 ‘drought; and values below —2.0 are defined
as ‘severe drought! More details can be found in the study
of Byun and Wilhite (1999).

Sixty percent of TCs in the SWNP occur in July,
August, and September and thus, summer in this study is
defined as these 3 months and the data used here are for
the same months (Chia and Ropelewski 2002).

To analyze whether a synoptic condition causes an
environmental steering for a TC movement, we calculate
deep layer (850—200 hPa) mean flows (DLMFs).

Climatological relationship

Figure 1a shows the time serial for the average drought
severity in summer in Korea and the genesis frequency
of TCs in the SWNP. It shows that summer drought
in Korea kept being severer up to 1994 and then being
wetter afterwards. The genesis frequency of TCs in the
SWNP displays a similar pattern. The correlation coeffi-
cient between these two time series is —0.52 at the 95%
confidence level. This suggests that when there is drought
(wet) condition in Korea, the genesis frequency of TCs
in the SWNP increases (decreases). Though the relation
between the two is not exactly displayed in other years,
comparison between 8 years with low drought sever-
ity (years whose normalized value is —0.5 or below:
1978, 1982, 1988, 1992, 1994, 1995, 1996, and 2001) and
another 8 years with high drought severity (whose nor-
malized value is 0.7 or higher: 1979, 1980, 1987, 1990,
1998, 2003, 2004, and 2006) reveals that there is a dif-
ference of around 40 (135 versus 97) in the genesis fre-
quency of TCs for the two periods. This indicates that
there are 5 less TCs occurring in the summer of the lat-
ter 8 years. In summer of 1994 when Korea suffered
the severest drought, there are 21 TCs, 7 more than the
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Fig. 1 Time-series of TC genesis frequency in the western North
Pacific and drought severity in a Korea, b central China, and ¢ Japan
for the moths of July, August, and September

30 year average, 14.5. In summer of 2003 when Korea had
much rainfall, in contrast, there are only 10 TCs (5 less
than the 30 year average), which are 10 less than the fig-
ure of 1994. The following sections will explore the dif-
ferences in atmospheric circulations between drought
years and non-drought years based on these 2 years. The
year 1998 has the second weakest drought next to 2003
but has one less TC than 2003, showing strong negative
relation. However, the summers of 1994 (Nifo-3.4 index:
0.49) and 2003 (Nifio-3.4 index: 0.44) are normal while
that of 1998 (Nifo-3.4 index: —0.74) is a strong La Niia
phase. Because El Nifio/La Nifia exerts a strong influence
on global-scale atmospheric circulation, simultaneous
consideration of La Nifia summer and drought summer
may increase the difficulty in understanding the mecha-
nism of linkage between drought over Korea and the gen-
esis frequency of TCs in the SWNP. For this reason, the
case of 1998 was excluded from the analysis.

Page 3 of 9

TC movement

The left panel of Fig. 2 shows the difference in the aver-
age TC passage frequency between the drought years and
non-drought years in each 5° x 5° grid box (Fig. 2a) and
the tracks of all TCs in the summer of 1994 (Fig. 2b) and
2003 (Fig. 2¢), respectively.

For climatological difference, TCs tend to affect Korea
and Japan from the sea east of the Philippines via East
China Sea in the non-drought years. In the drought years,
they tend to move from South China Sea via the main-
land China to Manchuria or in the east of the main pas-
sage in the non-drought years. This indicates that it is
hard for the drought to return to the normal by TC in
a drought year. However, it is not clear from this study
whether the non-drought years are caused by TCs or
not. In this regard, Kim and Byun (2006) showed that the
rainfall brought by TCs that affected Korea in summer
drought years cannot be helpful in easing the drought.

In 1994, there are 6 TCs that affected Korea and two
of them pass through it (left in Fig. 2b), but the year is
recorded as having the worst summer drought during the
analysis period of 30 years. In 2003, a non-drought year,
however, there are only two TCs affecting Korea and one
hitting it. The other TCs fail to gop over 30°N and move
northwest to southern China or Indochina Peninsula
and then get dissipated. This means that there are other
causes than TCs for the severe summer drought in 1994
and the non-drought in 2003 along with the result of the
climatological difference.

To find out whether the negative relationship between
summer drought in Korea and the genesis frequency of
TCs in the SWNP is specific to Korea, the difference in
drought severity between drought years and non-drought
years in Korea and the anomaly of the summer mean
drought severity for the 1994 and 2003 are analyzed for
each weather station in East Asia (right in Fig. 2). With
regard to the climatological difference, negative values
are distributed in the regions from central China to Korea
and Japan. This indicates that these regions have severer
drought in a drought year. In 1994, a drought year, the
negative-valued region of central China is narrower at
30°-35°N, but it is similar to the spatial distribution for
the climatological mean difference between drought and
non-drought years. The year 2003, a non-drought year,
shows a spatial distribution opposite to the climatological
mean difference rather than in 1994. As discussed above,
there is a contradicting rainfall pattern between the mid-
latitude regions and the low-latitude regions in East Asia.
To confirm the negative relationship between summer
drought in East Asia and the genesis frequency of TCs
in the SWNP, the correlation between the two variables
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is analyzed for the central China (30°-35°N, 100°~120°E;
Fig. 2a) and Japan (Figs. 1b, ¢, 2a). The result is —0.4,
which is significant at the 95% confidence level, though
not as high as the correlation coefficient for Korea.

Influence of large-scale atmospheric circulation

on drought over East Asia

A synoptic background for the difference in the move-
ment of TCs between the drought years and the non-
drought years is explored using DLMFs (Fig. 3). With
respect to the difference in climatological average, there
are anomalous anticyclonic circulation in 40°~50°N east
of 105°E and anomalous cyclonic circulation in the south-
east of Korea. Because of these two anomalous circula-
tions, regions from Korea show anomalous to the eastern
part of mainland China are under the influence of north-
easterly and easterly. This anomalous easterly in a drought
year causes TCs to move from South China Sea to Man-
churia via the eastern part of mainland China. In addition,
since there are anomalous southerly between the anoma-
lous cyclonic circulation in the southeast of Japan and the
anomalous anticyclonic circulation in the northeast of
Japan, TCs in drought years also follow this passage.

In 1994, a drought year, there are anomalous cyclonic
circulation on the south side of 30°N and anomalous
anticyclonic circulation on the north. Due to these two
circulations, Korea is under the influence of anomalous
easterly. In 2003, in contrast, the locations are the other
way around from 1994, meaning that the spatial distribu-
tion for the climatological difference seems to be upside
down. Southeasterly derived from the anomalous anti-
cyclone centered around 30°N and 120°E is prevalent in
southern China. This current, as shown above, causes
more than half of TCS occurring in that summer to move
northwest. This indicates that 1994, a drought year, has
more favorable atmospheric environment to have TCs
move toward Korea than 2003.

On the other hand, there are common features in the
difference in the climatological average between drought
years and the non-drought years and the anomalous field
of 1994, a drought year. It is that the meridional atmos-
pheric circulation patterns on each side of 30°N contrast
sharply. In the drought year, there are anomalous anticy-
clonic circulation on the north of 30°N and anomalous
cyclonic circulation on the south. It was already con-
firmed above that the locations of the anomaly circula-
tions are the other way around in 2003, a non-drought
year. This reflects that the change of the meridional
atmospheric circulations in the drought years and the
non-drought years based on 30°N can cause drought and
non-drought in Korea, central China and Japan.

The meridional distributed wave pattern shown in the
Fig. 3a is a common feature generally observed in the
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composite between the strong and weak western North
Pacific summer years. The dominant factor response for
the drought in the Korea, central China, and Japan may
be the western North Pacific monsoon. Moreover, the
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TC genesis frequency in the SWNP is highly correlated
with the western North Pacific summer monsoon (Chen
et al. 2004; Choi et al. 2010; Wu et al. 2012). Therefore,
this study examines the relationship between the western
North Pacific monsoon index (WNPMI, Wang and Fan
1999) and the drought severity in Korea, central China,
and Japan (Fig. 4). The drought severity in three regions
is negatively correlated to the WNPMI. This result indi-
cates that when the western North Pacific monsoon is
strong (weak), drought condition becomes severe (weak)
in three regions. This negative correlation is stronger in
Central China and Japan and correlation coefficients
between the two variables in two regions are significant
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at the 95% confidence level. However, the negative cor-
relation in Korea is not significant statistically.

In addition, we analyze the difference between the
summer drought years and the non-drought years of
Korea and the anomalies in 1994 and 2003 for OLR (left
in Fig. 5). In climatological mean difference and 1994, a
drought year, there are positive values in Korea, central
China and Japan while there are negative values in the
SWNP. This indicates that central China, Korea and Japan
belong to an inactive convection area and convection
is active in the SWNP (which is related to the increase
of TC genesis frequency). In 2003, a non-drought year,
in contrast, high positive values are dominant in the
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Fig. 4 Time-series of western North Pacific monsoon index (solid line) and drought severity (dashed line) in a Korea, b central China, and ¢ Japan for
the moths of July, August, and September
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tropical and subtropical western Pacific while low posi- The difference in horizontal atmospheric circulations
tive or even negative values are shown the mid-latitude  between drought years and the non-drought years is
regions of East Asia. related to the meridional vertical atmospheric circulation.



Choi et al. Geosci. Lett. (2016) 3:29

The right figure in Fig. 5 shows the climatological mean
difference between the drought and non-drought years
and the anomalies in 1994 and 2003 for the meridional
vertical atmospheric circulation averaged along 100°-
145°E. Here, central China, Korea and Japan lie in the
longitude band of 110°-145°E. In climatological mean
difference and 1994, a drought year, there are an anom-
alous upward flow on the south of 30°N and anomalous
downward flow on the north. In other words, anomalous
flow that rises in the SWNP descends over 30°—40°N.
In 2003, a non-drought year, the phenomenon reverses.
It means that there is anomalous secondary circulation
between the low and mid-latitudes in East Asia. This is
one of the factors that cause drought or non-drought in
summer in the mid-latitude regions of East Asia and TC
genesis in the SWNP. Meanwhile, no circulation relation
seems to exist between the mid-latitude and high latitude
regions of East Asia.

Summary and conclusions

This study identifies the correlation between summer
drought in Korea and the genesis frequency of TCs in
the SWNP using the EDI for the latest 30 years and ana-
lyzes the mechanism between them briefly. There is a
negative relation that severe summer drought in Korea is
linked with low genesis frequency of TCs in the SWNP
(corr = — 0.52). Of the 30 years analyzed, we select 1994
which suffered the severest summer drought and 2003
which had the least severe summer drought to compare
them with the climatological mean difference between
drought years and non-drought vyears. Climatologi-
cally, more TCs affect Korea in a non-drought year, but
in 1994, a drought year, more TCs affect than in 2003, a
non-drought year. Despite such a fact, TCs in that sum-
mer do not help Korea ease drought.

In drought years, anticyclonic circulation develops
northwest of Korea, intensifying northerly and north-
easterly from Korea to the eastern part of mainland
China while cyclonic circulation develops southeast of
Japan to intensify southerly in the SWNP. This causes
TCs to move from South China Sea via the eastern part
of the mainland China to Manchuria or along the coast of
East Asia. In 1994, Korea is under much influence of TCs
because there is an anomalous easterly caused by anoma-
lous cyclonic circulation on the south side of 30°N and
anomalous anticyclonic circulation on the north. In 2003,
the pattern is the opposite from 1994. Half of the TCs
occurring in that summer moved northwest to South
China or Indochina. Consequently, there are contradict-
ing meridional atmospheric circulation pattern based
on 30°N in East Asia between drought years and non-
drought years. This is verified from OLR analysis as well.
There are clear positive OLR anomalies in Korea, central
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China and Japan and negative anomaly in the SWNP.
Such horizontal atmospheric circulation in drought
years is related to vertical atmospheric circulation. When
Korea has a summer drought year, there is secondary cir-
culation where anomalous upward flow is strengthened
in the SWNP (increase of TC genesis) while anomalous
downward flow is developed in the mid-latitude regions
of East Asia.
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