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ABSTRACT: This study examined the contribution of the Pacific decadal oscillation (PDO) to the record-breaking
2013-17 drought in the Korean Peninsula. The meteorological drought signal, measured by the Standardized Precipitation
Index (SPI), in 2013 and 2016 co-occurred with a heat wave. The positive phase of the PDO during the mid-2010s was
responsible for the precipitation deficit, particularly in 2014, 2015, and 2017, resulting in 5 years of meteorological drought.
The enhanced atmospheric heating anomalies over the subtropical central Pacific, induced by the in situ PDO-related sea
surface temperature (SST) warming, led to a low-atmospheric cyclonic flow centered over the midlatitude Pacific. The
northerly wind anomalies at the western edge of this low-level cyclonic flow were responsible for the horizontal negative
advection of moist energy, which contributed to the decreased precipitation and the resultant negative SPI over the Korean
Peninsula in 2014, 2015, and 2017. The large-ensemble simulation supported the observational findings that the composited
SST anomalies during the 5 years of persistent drought exhibited prominent and persistent SST warming over the subtropi-
cal central Pacific, along with large-scale cyclonic flow over the North Pacific. The findings of this study imply that the SST
anomalies over the North Pacific and subtropical central Pacific can be a predictable source to potentially increase the abil-
ity to forecast multiyear droughts over the Korean Peninsula.
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1. Introduction values for 5 consecutive years (2013-17), which was the
longest drought over the last 40 years (Figs. la)b). The
record-breaking duration of the drought event during the cor-
responding years is still observed by following the detection
method using multiple hydrological variables (i.e., precipita-
tion and soil moisture; Mo 2011) (not shown). The drought
severity, measured by the accumulated negative precipitation
during the drought duration, also exhibited a maximum value
over the last 40 years (Fig. 1c). The drought signal in the cen-
tral district of South Korea, where the metropolitan area is
located, was even more severe in terms of both duration and
severity (Figs. 1a and 2).

The record-breaking 2013-17 drought signals in the Korean
Peninsula were moderate in 2013, 2014, and 2016 and the
strongest in 2015 and 2017. In the central district of South
Korea, the drought signals in 2014 and 2015 were the stron-
gest (Fig. 1a). Specifically, during the summer of 2014, the
amount of precipitation in South Korea was approximately
50% of the climatological amount. The amount of precipita-
tion over South Korea was 85%, 72%, and 59% of the clima-
tological amount during the boreal winter of 2014/15, spring
2015, and summer 2015, respectively. The precipitation deficit

Drought is a natural hazard initiated by a severe and
persistent deficit in precipitation (Hoerling and Kumar 2003;
Hoerling et al. 2014; Seager et al. 2015). Meteorological
drought, possibly combined with increased evapotranspira-
tion, leads to soil moisture drying, which eventually leads to a
soil moisture drought (Van Loon and Laaha 2015). As soil
moisture depletion contributes to the attenuation of the water
supply to crops, it can cause crop failure (Seager et al. 2009).
In addition, the depletion of soil moisture is related to low
groundwater recharge and surface runoff to streams, causing
a failure of water resource systems that are essential for meet-
ing the water demands of ecology and human society (Van
Loon and Laaha 2015). Because of the impacts on various sec-
tors such as agriculture, society, and environmental hydrol-
ogy, droughts have attracted tremendous attention from
environmentalists, ecologists, hydrologists, meteorologists,
geologists, and agricultural scientists (Cook et al. 2010).

In particular, multiyear droughts have attracted consider-
able interest because of their pronounced effects on hydrol-
ogy (Wu and Kinter 2009; Sattar et al. 2019) and on the
occurrence of natural disasters, such as mega forest fires

(Kogan and Guo 2015; Boer et al. 2020). During 2013-17 for 3 consecutive years over 2013-15 led to serious water stor-
South Korea experienced a multiyear drought of a record- age deficits in the summer of 2015. In June 2015, the Soyang

breaking duration and severity (Kwon et al. 2016; Bang et al. Dam, which is the largest dam in the central district of South

2018). The observational data (1980-2020) showed negative Korea and the major supplier of electricity for. the metropf)li-
tan area, recorded the lowest water level since its construction

in 1973. The cumulative precipitation from January to May
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FIG. 1. (a) The detrended annual-mean station-based precipita-
tion anomalies over South Korea (red) and just the central district
of South Korea (blue) during 1980-2020. (b) Duration and (c)
severity of the drought events over South Korea during 1980-2020.
The values on the x axis denote that the start year of drought
events with the corresponding drought duration. To obtain the
detrended anomaly, the linear trend during 1980-2020 was
removed. The drought duration is defined as the number of consec-
utive years with the negative detrended annual-mean precipitation
anomalies. The drought severity is determined as the accumulated
rainfall deficit over the corresponding duration.

value during 1981-2010 for this period, the second lowest pre-
cipitation since 1973 (Bang et al. 2018).

In North Korea, the economic damage caused by the
2013-17 drought was even greater, owing to the lack of infra-
structure. In 2015, grain and rice production in North Korea
decreased by 18% and 21%, respectively, compared to the
previous year’s production due to drought damage (Nam et al.
2017). Due to this damage, North Korea openly declared a
food shortage through the state media and requested interna-
tional assistance in 2015. The Global Information and Early
Warning System on Food and Agriculture noted a crisis of
food security caused by extreme drought over North Korea in
2017 (Deng et al. 2018).

Land-atmosphere interaction can intensify the severity of a
multiyear drought and prolong its duration (Fischer et al.
2007; Roundy et al. 2013; Zeng et al. 2019). Reduced soil
moisture tends to decrease evapotranspiration and subse-
quent precipitation suppression to prolong drought persis-
tence (i.e., positive soil moisture—precipitation feedback)
(Findell and Eltahir 1997; Eltahir 1998; Pal and Eltahir 2001;
Wu and Kinter 2009). Moreover, a large soil moisture deficit,
led by a precipitation deficit, reduces latent cooling and
increases the near-surface temperature. Surface temperature
warming exerts heat to the atmosphere in the form of sensible
heat flux to raise the atmospheric boundary layer (Fischer
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FIG. 2. The 5-yr-averaged precipitation anomalies during 2013-17
at the 47 stations in South Korea used in this study.

et al. 2007; Santanello et al. 2011) and induce high pressure
anomalies (Wang et al. 2015). This further strengthens and
prolongs drought (i.e., positive soil moisture-surface tempera-
ture feedback). Recent soil drying caused by global warming
has enhanced this land—atmosphere coupling to increase the
occurrence of droughts over East Asia (Zhang et al. 2020).

Although land-atmosphere coupling is known to contribute
to drought duration and severity, it cannot initiate drought
signals. Instead, the drought signal, represented by a precipi-
tation deficit, tends to be initiated by a certain remote tele-
connection pattern, which is called the stationary wave
pattern (Schubert et al. 2011, 2014). For example, Wang et al.
(2017) attributed the 2015 summer North China drought to a
quasi-stationary wave train called the Eurasian pattern
(Wallace and Gutzler 1981). Wang and He (2015) argued that
the July—August 2014 drought over northeastern Asia was
jointly caused by the Silk Road pattern (Lu et al. 2002) and
Pacific-Japan pattern (Nitta 1987, Kosaka and Nakamura
2006).

These stationary wave patterns are often excited by large-
scale sea surface temperature (SST) forcing (Seager and
Hoerling 2014). Many studies have demonstrated that station-
ary wave trains responsible for droughts in the United States
are induced by a cold eastern tropical Pacific (Schubert et al.
2008; Wang and Schubert 2014). Seager et al. (2015) analyzed
the causes of the California drought during November—April
of 2011/12 and 2013/14 and found that SST forcing was key to
sustaining a high pressure ridge over the west coast of the
United States and suppressing precipitation.

Although the relationship between tropical SST forcing
and the precipitation deficit over East Asia has been investi-
gated, most of these studies were based on a linear analysis
targeted on a specific season (Jin et al. 2005; Ha et al. 2010;
Lee and Julien 2016; Ham et al. 2016; Yeh et al. 2018). The
cyclonic flow over the Philippine Sea, which develops during
the mature La Nifa phase, plays a critical role in reducing the
amount of precipitation over Asian countries located in sub-
tropical regions (Wang et al. 2000; Li et al. 2018). And it has
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TABLE 1. The ID and geological location of the 47 stations in South Korea provided by the Korea Meteorological Agency (KMA).

ID Station No. Station name Lon (°E) Lat(°N) ID  Station No. Station name  Lon (°E)  Lat (°N)
1 90 Sokcho 128.56 38.25 25 212 Hongcheon 127.88 37.68
2 101 Chuncheon 127.73 37.90 26 221 Jecheon 128.19 37.15
3 105 Gangneung 128.89 37.75 27 226 Boeun 127.73 36.48
4 108 Seoul 126.96 37.57 28 232 Cheonan 127.29 36.76
5 112 Incheon 126.62 37.47 29 235 Boryeong 126.55 36.32
6 114 Wonju 127.94 37.33 30 236 Buyeo 126.92 36.27
7 119 Suwon 126.98 37.27 31 238 Geumsan 127.48 36.10
8 127 Chungju 127.95 36.97 32 243 Buan 126.71 35.72
9 129 Seosan 126.49 36.77 33 245 Jeongeup 126.83 35.56

10 130 Uljin 129.41 36.99 34 260 Jangheung 126.91 34.68

11 135 Chupungnyeong 127.99 36.22 35 261 Haenam 126.56 34.55

12 138 Pohang 129.38 36.032 36 262 Goheung 127.27 34.61

13 143 Daegu 128.65 35.82 37 272 Yeongju 128.51 36.87

14 146 Jeonju 127.11 35.84 38 273 Mungyeong 128.14 36.62

15 152 Ulsan 129.32 35.56 39 277 Yeongdeok 129.40 36.53

16 156 Gwangju 126.89 35.17 40 278 Uiseong 128.68 36.35

17 159 Busan 129.03 35.10 41 279 Gumi 128.32 36.13

18 165 Mokpo 126.38 34.81 42 281 Yeongcheon 128.95 3597

19 168 Yeosu 127.74 34.73 43 284 Geochang 127.91 35.67

20 170 Wando 126.70 34.39 44 285 Hapcheon 128.16 35.56

21 184 Jeju 126.52 33.51 45 288 Miryang 128.74 35.49

22 189 Seogwipo 126.56 33.24 46 289 Sancheong 127.87 35.41

23 201 Ganghwado 126.44 37.70 47 295 Namhae 127.92 34.81

24 211 Inje 128.16 38.05

been found that summer rainfall over the Korean Peninsula 2. Data

tends to decrease during La Nifia events (Kug et al.
2010; Son et al. 2016; Park et al. 2020). The development
of the cyclonic flow over the Kuroshio Extension region
is the main link connecting La Nifia and reduced precipita-
tion over the Korean Peninsula during the boreal winter
season (Son et al. 2014). In addition, large-scale SST vari-
ability over the Indian Ocean (Kim and Kug 2021), the off-
equatorial western Pacific (Wu et al. 2010; Ham et al. 2016),
the equatorial Atlantic (Ham et al. 2017, 2018), and the
North Atlantic (Sung et al. 2006; Myoung et al. 2020) affect
precipitation over the Korean Peninsula by inducing large-
scale atmospheric variability, such as the circumglobal
teleconnection pattern (Ding and Wang 2005), the Pacific—
Japan pattern (Nitta 1987; Kosaka and Nakamura 2006),
and summer North Atlantic Oscillation (Folland et al. 2009;
Osborne et al. 2020).

However, the link between SST forcing and various types
of droughts over East Asia is not clearly understood and it
has not been determined whether SST forcing was responsible
for the multiyear persistent precipitation deficit during
2013-17 over the Korean Peninsula. Therefore, this study was
conducted to determine the large-scale SST signal that con-
tributed to the 2013-17 drought over the Korean Peninsula.
The data and methodology are presented in section 2. Section 3
describes the categorization of the 2013-17 drought in the
Korean Peninsula. Sections 4 and 5 investigate the large-scale
SST forcing responsible for the 2013-17 drought. Section 6
reports the results of a long-term climate model simulation with
large ensemble members. The main findings are summarized in
section 7.
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a. Observational data

The monthly mean SST, 850-hPa zonal and meridional
wind, and soil moisture data were derived from the European
Center for Medium-Range Weather Forecasts (ECMWF)
ERAS5 reanalysis (Hersbach et al. 2020). The dataset was
interpolated at a spatial resolution of 2.5° X 2.5° using the
bilinear interpolation method (Press et al. 1986), except for
the total soil column moisture data, with a finer original reso-
lution (0.5° X 0.5°), which was used to diagnose the soil wet-
ness over the Korean Peninsula. The monthly precipitation
data were derived from version 2.3 of the Global Precipitation
Climatology Project (GPCP; Adler et al. 2018) on a 2.5° reso-
lution grid. We utilized station-based precipitation and near-
surface air temperature monthly data (1980-2020; 41 years)
from 47 stations over South Korea. This dataset was provided
by the Korea Meteorological Administration (KMA) (https:/
data.kma.go.kr/data/grnd/select AsosRItmList.do?pgmNo=36).
The geological locations of the 47 stations are given in Table 1.

To diagnose the meteorological drought condition during
2013-17, 3- and 12-month versions of the Standardized
Precipitation Index (SPIL; referred to as SPI-3 and SPI-12
respectively) were generated from 3- and 12-month averaged
precipitation data, respectively. SPI is a widely used index to
characterize meteorological drought on a range of time scales
(Hayes et al. 1999; Vautard et al. 2007; Fischer et al. 2007),
even though it does not consider the dynamical propagation
to soil moisture and hydrological drought (Van Loon and
Laaha 2015). The raw precipitation data were fitted to a
gamma distribution and then transformed to a normal
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distribution. The SPI values can be interpreted as the number
of standard deviations by which the observed anomaly devi-
ates from the long-term mean. The SPI-12 was defined using
12-month averaged precipitation from January to December
for each year to diagnose each year’s drought condition. The
SPI-3 for each season was calculated using the precipitation
data for the corresponding three months, and then utilized to
assess the drought signal corresponding to the seasonal cli-
mate variation. For example, SPI-3 for the March-May
(MAM) season was calculated using three months of precipi-
tation during MAM. We removed the linear trend of the SPI
during 1980-2020 before the analysis.

The monthly Pacific decadal oscillation (PDO) index (Mantua
et al. 1997) was downloaded from the National Centers
for Environmental Information (https://www.ncdc.noaa.
gov/teleconnections/pdo/). The monthly Pacific meridional
mode (PMM) index (Chiang and Vimont 2004) was down-
loaded from the National Oceanic and Atmospheric Admin-
istration Physical Sciences Laboratory (https://psl.noaa.gov/
data/timeseries/monthly/PMM/). The period of all indices
was 1980-2020. The monthly climatological value and
the linear trend during 1980-2020 were subtracted to calcu-
late the detrended anomaly. The PDO and PMM indices
were normalized by dividing the standard deviation during
1980-2020 at the corresponding calendar month.

b. Model output

We used the Community Earth System Model version 2
with large ensemble members (referred to as CESM2 LE) dur-
ing 1850-2014 (Rodgers et al. 2021), which builds on the suc-
cesses of its previous version (Danabasoglu et al. 2020). The
climatological bias in the global precipitation, temperature,
and radiative forcing in CESM2 LE is significantly lower than
that in CESM1. Capotondi et al. (2020) mentioned that the
overall spatial distribution of the Pacific decadal variability
was similar to observed values. CESM2 accurately simulates
several aspects of El Nifio-Southern Oscillation (ENSO),
including dominant time scale, tropical and extratropical
precursors, composited time evolution, and teleconnection
(Capotondi et al. 2020). The seasonal timing of the South
Asian monsoon, monsoon-ENSO connections, and monsoon
intraseasonal variability are simulated better than those simu-
lated by CESM1 (Meehl et al. 2020). In addition, the quality
of simulating Northern Hemisphere storm tracks, stationary
waves, and blocking ranks within the top 10% of CMIP class
models (Simpson et al. 2020). These references indicate that
the CESM2 LE is one of the best choices for analyzing the
role of large-scale oceanic climate variability on the Northern
Hemisphere midlatitude meteorological drought.

Among total 100 members, we utilized the first 50 members
that followed the CMIP6 protocol with biomass burning
(Rodgers et al. 2021). The remaining 50 ensemble members
are not utilized in this study due to the possible systematic dif-
ference led by different biomass burning protocol. The model
was interpolated at a resolution of 2.5° X 2.5° using a bilinear
interpolation method. The monthly mean SST, precipitation,
and 850-hPa zonal and meridional wind were utilized.
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F1G. 3. Detrended SPI-12 over South Korea (red) and just the
central district of South Korea (blue). Note that the SPI-12 for any
particular year is calculated by using the 12-month precipitation
from January to December of the corresponding year.

To define the modeled SPI index, we used a wider area
(i.e., land area-averaged value over 30°-50°N, 110°-140°E)
than that covered by the observational analysis, as global cli-
mate models have a modest horizontal resolution that might
not be capable of detecting the large-scale climate signals
associated with the relatively narrow East Asian region. We
defined the multiyear drought event as the period when the
annual mean precipitation exhibited negative values for 5
consecutive years as in 2013-17 drought, and its initiation was
defined as the first month when monthly precipitation became
negative. A total of 114 multiyear drought events were identi-
fied among 165 years of data with 50 ensemble members (i.e.,
a total of 8250 years). Among them, 95% of multiyear droughts
were initiated during the boreal spring (i.c., February, March,
or April), similar to the initiation of the 2013-17 drought (in
April 2013). To consider the seasonality of the multiyear
drought, only events that were initiated in February, March,
and April were used for the analysis.

To determine the PDO index in the CESM2 LE, we used
monthly SST anomalies after removing the global mean SST
anomalies in the corresponding month (Mantua and Hare
2002). The PDO index was defined as the principal compo-
nent of the leading empirical orthogonal function (EOF) over
the region 20°-70°N, 120°E-110°W.

3. Categorization of 2013-17 multiyear drought in the
Korean Peninsula

Figure 3 shows the detrended SPI-12 during 1980-2020
over South Korea and the central district of South Korea. A
negative SPI-12 is evident over South Korea during 1982-84,
1986, 1988, 1992, 1994-96, 2001, 2008-09, 2013-17, and 2019,
denoting the drought signal during the corresponding years.
Among them, the 2013-17 drought event was the longest. The
SPI-12 over the central district of South Korea also exhibited
negative values for the longest period during 2013-17, with
that in 2014 being the lowest of the last 40 years, indicating
that the 2013-17 drought event is one of the most severe
drought events over the last 40 years in South Korea.
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FIG. 4. The station-based detrended monthly (a) precipitation
and (b) surface temperature anomalies over South Korea during
2013-17.

To examine the detailed time evolution of the drought sig-
nal during 2013-17, Fig. 4a shows the observed monthly pre-
cipitation anomalies over South Korea. In 2013, negative
precipitation anomalies were induced in April that continued
up to October. In 2014, negative precipitation anomalies
occurred in April and were sustained up to September except
for the strong positive anomalies in August. In 2015, the nega-
tive precipitation anomalies that developed in May, exhibited
the second greatest magnitude in August over the 5 years.
Negative precipitation anomalies were observed in 2016 at
June and August with the strongest magnitude in August
among the 5 years. On the other hand, the precipitation deficit
in 2016 was canceled by the positive precipitation anomalies
during the boreal spring and winter seasons. Negative precipita-
tion anomalies in 2017 continued from February to December.

The drought signal during 2013-17 can be categorized into
two groups based on the intensification rate of the precipita-
tion deficit during the boreal summer season. In group 1, in
2013 and 2016 (lines with triangles) the amplitude of negative
precipitation anomalies rapidly increased from May to June.
For example, the precipitation anomaly in May 2013 was
+1 mm day ', and it abruptly changed to —1.7 mm day ' in
June. Similarly, the precipitation anomaly in May 2016 was
nearly zero, but reached approximately —2.8 mm day ™! in
July 2016. In addition, in 2013 and 2016, the precipitation defi-
cit exhibited a sharp second peak in August. In group 2, on
the other hand, in 2014, 2015, and 2017 (lines with circles) the
precipitation deficit gradually enhanced during the boreal
summer season. This implies that the drought signals in 2013
and 2016 were caused by a different mechanism from those in
2014, 2015, and 2017.

To examine the differences in the mechanisms of drought
in 2013 and 2016 from those in 2014, 2015, and 2017 in more
detail, Fig. 4b shows the station-based detrended monthly
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near-surface temperature anomalies over South Korea. The
most distinctive feature of the drought signal in 2013 and 2016
was the co-occurrence of a precipitation deficit with positive
surface temperature anomalies. In 2013, negative precipita-
tion anomalies abruptly developed during the boreal summer
season, with the co-occurrence of positive surface tempera-
ture anomalies. Similarly, in 2016, positive surface tempera-
ture anomalies occurred in June—August (JJA). On the other
hand, the positive near-surface surface temperature anomalies
were not robust during the boreal summers of 2014, 2015, and
2017, and they even exhibited negative values in most boreal
summer seasons. This indicates that the drought signal during
2013-17 can be divided into two groups: 2013 and 2016, which
co-occurred with a heat wave during boreal summer, and
2014, 2015, and 2017, which were induced separately from the
heat wave.

The co-occurrence of heat waves and droughts has recently
received increasing attention (Peters et al. 2002; Mo and
Lettenmaier 2015). High geopotential height anomalies can
initiate heat waves and droughts simultaneously by increasing
shortwave radiation and suppressing precipitation, respec-
tively (Wang and Yuan 2018). As an extremely positive sur-
face temperature anomaly can amplify the high pressure
anomalies by increasing the sensible heat flux to thicken the
planetary boundary layer (Zhang et al. 2020), the heat wave
signal contributes to the maintenance and amplification of a
drought.

The causes of the high geopotential height anomalies that
initiated the heat waves and drought signals in 2013 and 2016
are relatively well known. Xia et al. (2016) reported that
the 2013 heat wave in eastern China was caused by record-
breaking and multidecadal variability over the North Pacific,
which led to the abnormal development of the western Pacific
subtropical high (Peng 2014). For the heat wave in 2016, Yeh
et al. (2018) showed that the anomalously high geopotential
height over the Korean Peninsula in August 2016 was trig-
gered by strong convection in the western-to-central subtropi-
cal Pacific. This finding is similar to that of Yeo et al. (2019),
who determined that the meridionally propagated atmo-
spheric teleconnection pattern excited by the enhanced con-
vection over the tropical western Pacific around the Maritime
Continent induces heat wave-related high geopotential height
anomalies. Those aforementioned studies indicate that the
mechanism of the heat wave-coupled drought signal in 2013
and 2016 is also understood to some extent. However, as men-
tioned in section 1, the factors contributing to the 2013-17
drought signal, which caused the precipitation deficit in 2014,
2015, and 2017, have not been examined. Therefore, in the
next section, we clarify the large-scale SST forcing responsible
for the drought signal in 2014, 2015, and 2017.

4. Large-scale factors that induced drought signals in
2014, 2015, and 2017

Figure 5 shows the spatial distribution of the detrended
SPI-3 and 3-month-averaged geopotential height at 850 hPa
from December-February (DJF) to September-November
(SON) in 2014, 2015, and 2017. During DJF 2013/14, negative
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FIG. 5. Spatial distribution of SPI-3 and 3-month-averaged Z850 anomalies during (a) DJF 2013/14, (b) MAM 2014, (c) JJA 2014, (d) SON
2014, (e) DIF 2014/15, (f) MAM 2015, (g) JJA 2015, (h) SON 2015, (i) DJF 2016/17, (j) MAM 2017, (k) JJA 2017, and (I) SON 2017.

SPI-3 mainly occurred to the south of the Korean Peninsula
and Japan, and over the Yangtze River Basin (Fig. 5a). On
the other hand, positive precipitation anomalies occurred
over the western Pacific at 10°-30°N, 140°-180°E. This dipole
structure of precipitation anomalies was also clear during
MAM 2014 (Fig. 5b). During JJA 2014, the negative SPI-3
was particularly strong over the Korean Peninsula, Japan, and
northern China (Fig. 5c). The negative SPI-3 was maintained
over the Korean Peninsula until SON 2014 and DJF 2014/15,
whereas the SPI-3 over Japan and China exhibited positive
values those seasons (Figs. 5d,e).

Negative SPI-3 also occurred over the Korean Peninsula in
2015, particularly during JJA (Figs. 5f~h). During MAM 2015,
negative SPI-3 only occurred over the central district of South
Korea, and its amplitude was lower than that in other seasons.
However, during JJA 2015, its amplitude intensified and
extended to northern China. The negative SPI-3 signal over
the Korean Peninsula also steadily occurred from MAM to
SON in 2017 (Figs. 5i-1).

The large-scale circulation anomaly is responsible for the
precipitation anomalies over East Asia, including the drought
signal over the Korean Peninsula. During most seasons in
2014, 2015, and 2017, large-scale negative geopotential height
anomalies were prominent over the western Pacific (red dot-
ted contours in Fig. 5). Over the western edge of the low geo-
potential height anomaly, northerly winds advect cold and dry
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air from higher latitudes, which reduce precipitation over the
Korean Peninsula (Ham et al. 2007). At the center of the low
geopotential height anomalies, precipitation tends to increase
owing to low-level atmospheric convergence. Therefore, a
dipole pattern is commonly observed for the precipitation
response (Ham et al. 2016). In addition, during the boreal
summer, low geopotential height anomalies over the western
Pacific are linked to the attenuation of the northward exten-
sion of the climatological high, and the resultant southward
shift of the mei-yu-baiu—changma front is responsible for
the decreased and increased precipitation anomalies over
the Korean Peninsula and south of Japan, respectively
(Figs. Sc,g). During the boreal winter season of 2015 and 2017
(Figs. Se,i), the northern part of the negative geopotential
height anomalies is associated with the southward expansion
of the East Asia trough (Wang et al. 2009), which increases
the precipitation.

To reveal the large-scale SST forcing responsible for the
drought signal in 2014, 2015, and 2017, the seasonal SST
anomalies from DJF 2013/14 to SON 2017 were calculated, as
shown in Fig. 6. During DJF 2013/14, negative SST anomalies
occurred over the equatorial central Pacific. These anomalies
became positive during MAM 2014, indicating the initiation
of an El Nino event. However, this event abruptly weakened
during JJA 2014, even though the positive SST anomaly
restrengthened during SON 2014. The amplitude of the El
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FIG. 6. As in Fig. 5, but for SST anomalies.

Nifo event during the DJF 2014/15 indicates moderate warm-
ing (Min et al. 2015; Hu and Fedorov 2016; Dong and McPha-
den 2018). In contrast, the strength of El Nifio, which was
suspended in 2014, increased rapidly in 2015. The continuous
warming of the prominent SST anomalies over the equatorial
Pacific in 2015 led to one of the strongest El Nifio events in
the boreal winter of 2015/16 (Lim et al. 2017; Newman et al.
2018; Kim and Yu 2020). The SST anomalies over the equato-
rial eastern Pacific exhibited weak values from DJF 2016/17
to JJA 2017, and turned negative during SON 2017. As a
result, the ENSO signals differed significantly in 2014, 2015,
and 2017. Similarly, the SST anomalies over the Indian Ocean
were quite different from those in 2014, 2015, and 2017.
Indian Ocean SST warming, which tends to occur with El
Nifio events (Klein et al. 1999; Xie et al. 2002; Li et al. 2003),
was prominent during the boreal summer and autumn of 2015;
however, no systematic SST anomaly signal was observed in
2014 and 2017.

In contrast, the spatial distribution of SST anomalies over
the North Pacific exhibited some similarities among 2014,
2015, and 2017. The horseshoe pattern of positive anomalies
over the eastern North Pacific and subtropical central Pacific
along with the negative anomalies over the western—central
North Pacific developed in MAM 2014, and was then sus-
tained until SON 2015. Although positive SST anomalies over
the eastern North Pacific were not evident in 2017, the sub-
tropical loading of the positive SST anomalies over the central
Pacific and the negative SST anomalies over the western—
central North Pacific were evident throughout 2017. The spa-
tial distribution of SST anomalies over the North Pacific
resembled that of the positive phase of the PDO (Di Lorenzo
and Mantua 2016) or PMM (Chiang and Vimont 2004; Chang
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et al. 2007). The time series of PDO and PMM indices gener-
ally support our finding that a positive PDO or PMM event
occurred during 2014, 2015, and 2017 (Fig. 7).

The possible role of PDO-related SST forcing on climate
variability in the Korean Peninsula has been reported previ-
ously. Kim et al. (2014) and Lee et al. (2019) found that the
correlation between the typical PDO pattern and the climate
variability over the Korean Peninsula is quite weak [see, e.g.,
Fig. 3 of Lee et al. (2019)]; however, the modulation of
PDO by other climatic variability (i.e., ENSO in their study)
can lead to significant climatic variations over the Korean
Peninsula. Similar to their findings, this study demonstrates
that the westward extension of SST warming over the subtropical

PMM & PDO [2013.01-2017.12]
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FIG. 7. Normalized monthly time series of the Pacific decadal
oscillation (PDO) and Pacific meridional mode (PMM) indices
from January 2013 to December 2017. The time series is normal-
ized by dividing its standard deviation during 1980-2020 at the cor-
responding calendar month.



3774

(2) 2014

SONE ﬁﬁ(
S

JOURNAL OF CLIMATE

U, V, PSI anomalies

VOLUME 35

30°N
0.9
0.8
0°; !
120°E 180° 20w 0.6
(b) 2015 MAM SST, Prcp, 850hPa U, V, PSI anomali
SO°N Sy y g e AR S T T e o4
\ ARy Ry x
£ A - : { ! 0.3
30°N
0.0 0.0
0
120°¢ 180° " 120°W -03
-0.4
6510 (c) 2017 MAM SST, Prcp,
0.6
30°N B
-0.9
- L
~ PRCP  SST
120°E 180° 120°W (mm/day) (°C)

FIG. 8. Spatial distribution of SST (shading over the ocean; unit: °C), precipitation (shading
over the land; unit: mm day™!), 850-hPa wind vector (arrows; unit: m s~ '), and 850-hPa stream-
function (contours; unit: 10° m*> s™') anomalies during (a) MAM 2014, (b) MAM 2015, and
(c) MAM 2017. The black box denotes the area to define the SubTCP index (i.e., 5°-20°N,

150°E-160°W).

central Pacific modulated typical PDO patterns, which is a
key to the PDO-related North Pacific variability that led to
the drought signal in 2014, 2015, and 2017 over the Korean
Peninsula.

5. Contribution of the PDO-related subtropical SST
warming over the central Pacific to the 2013-17
drought event in the Korean Peninsula

The hypothesis that the PDO-related SST anomalies play
an important role in the 2013-17 drought event in the Korean
Peninsula can be confirmed by understanding the detailed
mechanisms involved. We compared the detailed SST pattern
with the associated atmospheric responses in 2014, 2015, and
2017 to determine how climatic forcing associated with the
positive PDO event contributed to the 2013-17 drought in the
Korean Peninsula.

Figure 8 shows the SST, precipitation, and 850-hPa wind
anomalies during MAM in 2014, 2015, and 2017. We selected
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MAM as this is when both the PDO and PMM indices tend to
exhibit a maximum value in 2014, 2015, and 2017 (Fig. 7). In
the plot of SST anomalies for MAM 2014 and 2015, the nega-
tive SST anomalies over the western North Pacific and the
horseshoe pattern of positive SST anomalies over the sub-
tropical central Pacific and eastern North Pacific are clearly
visible. The positive SST anomalies over the subtropical cen-
tral Pacific leads the in situ positive precipitation anomalies.
These positive precipitation anomalies infer that the larger
amount of water vapor than the climatology turned into the
liquid water, and this water phase change leads the additional
heat release in the atmosphere. While the east-west contrast
pattern is not clear in MAM 2017, substantial negative SST
anomalies existed over the entire North Pacific, and the
southern loading of the horseshoe pattern of positive SST
anomalies is clear over the eastern Pacific at 5°-30°N.

In MAM 2014, the lower-tropospheric cyclonic circulation
covered most of the northern Pacific north of 10°N. It can also
be interpreted as a Gill-type response to the atmospheric
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FI1G. 9. (a) SST anomalies, (b) 850-hPa horizontal wind vectors and streamfunction anomalies, and (c) SPI-3 during
MAM during the positive PDO events with off-equatorial central Pacific SST warming (i.e., the SubTCP index defined
as an area-averaged SST over 5°-20°N, 150°E-160°W > 0.5 std). Also shown are the (d) SST, (e) 850-hPa horizontal
wind and streamfunction, and (f) SPI-3 during MAM during the positive PDO events without off-equatorial central

Pacific SST warming (i.e., SubTCP index < 0.5 std).

heating over the subtropical Pacific caused by local SST
warming (Gill 1980; Kim and Kug 2019). Once the cyclonic
circulation anomalies are induced, the southwesterlies over
the region of SST warming reduce the wind speed and the
resultant latent heat flux to reintensify subtropical SST warming
(Wang et al. 2000; Chiang and Vimont 2004). The northerly
wind associated with this cyclonic circulation was dominant
over the Korean Peninsula and Japan, which advected relatively
cold and dry air from the north. This negative moist energy
advection reduces the precipitation amount (Ham et al. 2007,
Park et al. 2020; Zhang et al. 2021). These circulation anomalies
were also evident in MAM 2017, even though the overall
cyclonic circulation shifted to the north, possibly due to the
northward shift of the southern loading of the horseshoe pat-
tern of positive SST anomalies and negative SST anomalies
over the North Pacific.

The horizontal scale of the lower-tropospheric cyclonic flow
in MAM 2015 was not as large as that in 2014 or 2017. The
cyclonic flow was confined to the subtropical western—central
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Pacific and the eastern North Pacific, while an anticyclonic
flow occurred over the western North Pacific. As a result, the
amplitude of the northerly wind was quite weak over the
Korean Peninsula, which led to weak negative precipitation
anomalies.

The spatial pattern of SST anomalies in 2014 and 2017
show a systematic difference in the degree of westward exten-
sion of the southern loading of the positive POD-related SST
anomalies compared to that in 2015. That is, in 2014 and 2017,
the positive SST anomalies extended from the subtropical
eastern to western Pacific, while those in 2015 were confined
to the subtropical eastern Pacific. Differences in the degree of
subtropical SST warming can result in different atmospheric
circulation responses: there were low geopotential height
anomalies over the entire North Pacific in 2014 and 2017,
while the anomalies in 2015 were confined to the eastern North
Pacific. As a result, the northerly over the Korean Peninsula,
along with the precipitation deficit, was relatively strong in
MAM 2014 and 2017. On the other hand, the precipitation
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deficit led by northerly winds was also relatively weak in
MAM 2015.

To support our notion that positive SST anomalies over the
subtropical central Pacific played an important role in the
2013-17 drought over the Korean Peninsula, we categorized
the PDO events into two groups. First, we defined the sub-
tropical central Pacific SST index (referred to as the SubTCP
index) as the area-averaged SST over 5°-20°N, 150°E-160°W
(black box in Fig. 8). In MAM, both the PDO and SubTCP
indices exceeded 0.5 standard deviation (std) (defined as cases
with positive PDO events with a positive SubTCP index). For
comparison, positive PDO events without a positive SubTCP
index occurred when the PDO index was >0.5 std and
SubTCP index <0.5 std. Between 1980 and 2020, there were
8 years with a positive PDO event and a positive SubTCP
index (1982, 1986, 1988, 1995, 1996, 1997, 2003, and 2014) and
seven positive PDO events without a positive SubTCP index
(1980, 1990, 1994, 2015, 2016, 2018, and 2019).

Figure 9 compares the MAM SST, 850-hPa streamfunction,
and SPI-3 during positive PDO events with and without a posi-
tive SubTCP index. Both groups had robust positive PDO sig-
nals but exhibited clear differences in SST anomalies over the
subtropical central Pacific. In positive PDO events with positive
SubTCP warming, the cyclonic circulation (i.e., negative stream-
function anomaly) was overwhelmed over the North Pacific. As
a result, northerly winds were dominant in the Korean Peninsula,
which decreased the SPI-3. This is similar to the situation in
MAM 2014 and 2017 when the SPI-3 over the Korean Peninsula
exhibited a negative value with a significant positive SubTCP
index (i.e., normalized MAM SubTCP index in 2014 and 2017
was 1.01 and 1.08, respectively).

In contrast, during positive PDO events without a positive
SubTCP index, cyclonic circulation was confined over the cen-
tral-western North Pacific and failed to expand to East Asia.
The overall pattern was similar to that in MAM 2015 when
SPI-3 over the Korean Peninsula exhibited a nearly zero value
with a low SubTCP value (i.e., normalized SubTCP value was
0.11). It should be noted that as the amplitude of dipole SST
anomalies over the North Pacific is stronger during PDO
events without a positive SubTCP index, the expansion of the
PDO signal to the subtropical central Pacific, rather than the
PDO intensity, is the key to link the PDO to East Asian cli-
mate variability.

Then, what is the role of the PDO itself on the 2013-17
drought in the Korean Peninsula? First, the PDO is one of
the dominant climatic variabilities that can induce SubTCP
warming. Figure 10a shows the lag correlation between the
PDO index during MAM and the SubTCP index. The positive
lag correlation between the PDO index and the SubTCP
index was statistically significant after a lag of 3 months, which
implies that PDO is one of the dominant North Pacific varia-
bilities that leads to SubTCP warming. In addition, the lag
correlation was strongest with a lag of 5 and 6 months, indicat-
ing that a positive PDO event during boreal spring generally
leads to robust SubTCP warming during the boreal summer
or fall. This delayed SubTCP warming associated with the
PDO might be a reason for the strong drought signal in the
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F1G. 10. (a) Lag correlation between the monthly PDO index
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while the gray line indicates otherwise. (b) Time series of MAM
PDO index (black) and SON SubTCP index (red) during
1980-2020.

Korean Peninsula during the boreal summer in 2014, 2015,
and 2017 (Fig. 4a).

Second, PDO events are often sustained for multiple
years, which helps to maintain SubTCP warming for multi-
ple years. Figure 10b confirms that most of the SubTCP
warming during the SON season was sustained for more
than 2 years (e.g., 1984-87, 1992-96, 2003-06, and 2014-19)
along with the multiyear PDO signal. In particular, the mul-
tiyear persistency of SubTCP warming along with the posi-
tive PDO index is evident during two longest drought
events over the Korean Peninsula since 1980 (i.e., 1994-97
and 2013-17), even though a few exceptional cases without
the precipitation deficit (e.g., 2003-06). This means that,
even though SubTCP warming is a direct cause of the
drought signal over the Korean Peninsula, the PDO contrib-
utes to sustaining SubTCP warming for multiple years,
allowing SubTCP warming to cause a multiyear precipita-
tion deficit over the Korean Peninsula. As a result, both
PDO and SubTCP warming contributed to the 2013-17
drought event in the Korean Peninsula.

To examine the role of the SubTCP SST during boreal
summer and fall, when the SubTCP warming associated
with the positive PDO index tends to be enhanced, Figs. 11
and 12 show the regressed SST, 850-hPa streamfunction,
and precipitation with respect to the SubTCP index during
JJA and SON, respectively. The positive SST anomalies
over the subtropical central Pacific are clearly visible, as are
the local positive precipitation anomalies, indicating that
the cyclonic flow over the entire North Pacific is a Gill-type
response. The northerly wind anomalies, evident at the western
edge of this large-scale cyclonic flow, lead a negative moisture
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advection to decrease the amount of precipitation over the
Korean Peninsula, Japan, and the East China Sea. The overall
pattern is quite similar for the lag-regressed fields during SON
(Fig. 12), supporting our argument that SubTCP warming can
lead to a drought signal over the Korean Peninsula throughout
the year.

6. CESM2 LE simulations

To support the main findings of section 5, we analyzed the
CESM2 LE simulations. As mentioned in section 2b, we
defined 5-yr drought cases in the CESM2 LE simulation. Fig-
ure 13 shows the spatial distribution of SST anomalies during
the 5-yr drought events in East Asia in the CESM2 LE. The
equatorial SST anomalies exhibited a La Nifa signal during
the first and fourth year of the 5-yr droughts, and exhibited an
El Nifio signal in the second and fifth year. This indicates that
the equatorial SST anomalies did not exhibit any persistent
features. On the other hand, the dipole pattern of the SST
anomalies, which show positive and negative values over the
eastern and central North Pacific, respectively, persisted for 3
years with a lag from +27 to +58 months.
Consistently, the PDO index is relatively weak during the
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first year, and then exhibits positive values after a lag of
+18 months (black line in Fig. 14).

More importantly, SST warming over the subtropical cen-
tral Pacific was maintained for 5 years, which supports the
observational findings. The SubTCP index during the mod-
eled multiyear drought events showed positive values during
the entire drought period, except for small negative values
between the +8- and +10-month lags, and between the +24-
and +28-month lags (red line in Fig. 14). Subtropical central
Pacific warming was evident in the first year of the multiyear
drought when the positive PDO signal was not clear, support-
ing our notion that subtropical central Pacific warming was a
direct cause of the multiyear drought event in the Korean
Peninsula.

The atmospheric teleconnection patterns, led by the positive
PDO-related dipole SST anomalies over the North Pacific and
SubTCP warming, were also evident in the CESM2 LE simula-
tions (Fig. 15). SubTCP warming increased precipitation over
the subtropical western-central Pacific, which led to large-scale
cyclonic circulation over the western Pacific. Over the western
edge of this cyclonic circulation, northerly winds were induced,
leading to the horizontal advection of the cold, dry air from the
north and eventually inducing the drought signal over East
Asia. This supports the hypothesis that SubTCP SST warming,
and the associated large-scale responses, are responsible for
the multiyear drought events in the Korean Peninsula.
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FIG. 13. Lag-composited SST anomalies with +0 to +57 months of lag after the initiation of the 5-yr drought events in CESM2 LE.

7. Summary and discussion

This study examined the contribution of PDO-related SST
anomalies to the record-breaking 2013-17 drought in the
Korean Peninsula. Although the drought signals in 2013 and
2016 co-occurred with heat waves, the mechanism of which is
relatively well known, the cause of the 5-yr persistent precipi-
tation deficit and the drought signals in the remaining years
(i-e., 2014, 2015, and 2017) was elusive. We found that the
positive PDO event persisted for more than 5 years from the
mid-2010s, and the PDO-related positive SST anomalies over
the subtropical central Pacific contributed to the drought sig-
nal over the Korean Peninsula in 2014, 2015, and 2017.

The SST anomalies over the southern end of the horseshoe
pattern of positive SST anomalies during the positive PDO
event led to an increase in the local precipitation anomalies.
The enhanced atmospheric heating anomalies over the sub-
tropical central Pacific led to a Gill-type low-atmospheric
cyclonic flow centered over the North Pacific. The northerly
wind at the western edge of this low-level cyclonic flow was
responsible for the negative horizontal advection of moist
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energy, eventually contributing to decreased precipitation
and resulting in a negative SPI over the Korean Peninsula in
2014, 2015, and 2017. The CESM2 LE simulation supports the
observational findings that the simulated SST anomalies dur-
ing the 5-yr persistent droughts also exhibited prominent SST
warming over the subtropical central Pacific, along with large-
scale cyclonic flow over the North Pacific.

It should be determined whether SPI-based meteorological
drought was propagated by the soil moisture drought during
2013-17 (Van Loon and Laaha 2015). Surprisingly, the time
series of total soil column moisture (SM) anomalies (2.89 m
of soil depth) over South Korea (i.e., 32°-38°N, 135°-140°E),
obtained from ERAS (Fig. 16), shows that the amplitude of
the SM deficit during 2013-17 was relatively weak compared
to the precipitation deficit. For example, the SM deficit during
2013-17 was even weaker than that in other drought events
(e.g., 1988, 1994-96, 2001-02, and 2008-09). Moreover, while
the precipitation deficit during the 2013-17 drought is compa-
rable, and the near-surface temperature is systematically
higher to that during 1994-96, the SM deficit was much
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weaker (Fig. 16b). This indicates that the land—atmosphere
coupling process, especially triggered by SM deficit, may not
have been active during the 2013-17 drought.

Even though our focus was on the multiyear drought event
in the Korean Peninsula during 2013-17, our findings can be
applied to study other multiyear drought events. Indeed, we
found that the second longest drought event (1994-96) also
co-occurred with positive PDO events (Fig. 10b). The further
analysis of past drought events is important for generalizing
the relationship between PDO (or the SubTCP warming) and
multiyear drought events in the Korean Peninsula.

The role of PDO-related SST anomalies in these multi-
year drought events implies that multiyear droughts in the
Korean Peninsula might be predictable to some extent
(Seager et al. 2015). Mochizuki et al. (2010) showed that
hindcasts of the oceanic temperature for the twentieth
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FIG. 15. The 5-yr-averaged (i.e., averaged from +0- to +60-month
lag) (a) precipitation and (b) 850-hPa wind vector (arrows) and
streamfunction (shading) anomalies composited during the 5-yr
drought events simulated in CESM2 LE.

century exhibited reliable forecasts for predicting the PDO
index for almost a decade in advance. Even though they did
not evaluate the decadal forecast results initiated in 2005
due to the lack of corresponding observations, they pre-
dicted a positive PDO event in the mid-2010s [see Fig. 3b in
Mochizuki et al. (2010)]. Therefore, it might be possible to
predict the occurrence of multiyear drought events in the
Korean Peninsula years in advance. Thus, the predictability

(b) PRCP & Surface temp & Soil M.
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0.15 I Surface temp-47stn
[ PRCP-47stn 0.4 6
0.10 40 R
= a
g £t o
E? 0.2 m s
. 0.05 20 5 :
o £ T2 2
€ g 2§
- v} = s
E 000 g of to.o 3to g
© sl
& —0.05 3 20 g : £
£ -02 5 3
3 gr-4%
-0.10 < <
-40
-6
-0.15 .
~60 -8

1980 1984 1988 1992

Year

1996 2000 2004 2008 2012 2016 2020

1994 2013
Case

FIG. 16. (a) Time series of the detrended annual-mean soil moisture anomalies over the Korean Peninsula
(32°-38°N, 135°-140°E) during 1980-2020. Note that the vertically averaged soil moisture from the surface to the deep-
est soil layer (i.e., 2.89 m) provided by ERAS is shown. (b) The precipitation (gray bar), near-surface temperature
(blue bar), and soil moisture anomalies (red line) for two multiyear drought cases during 1994-96 and 2013-17 in the
Korean Peninsula. The definition of multiyear drought and its duration year is based on the annual-mean station-based
precipitation anomalies.
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of multiyear drought events in the Korean Peninsula should
be examined in future work.
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