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The climatic relationship of the ENSO phenomena (El Niño/La Niña) and monthly precipitation patterns
over South Korea is examined based on the composite and harmonic analysis. Three core regions, namely
the Upper Region (UR), the Middle Region (MR), and the Lower Region (LR), were identified with a high
level of the spatial coherence and temporal consistency rate, which represent the geographical extent and
magnitude of the response of the ENSO forcing to the precipitation patterns. During the El Niño events,
the February (+) to May (+), November (0) to April (+), and November (0) to May (+) wet period for UR,
MR, and LR respectively, are the signal seasons having a high level of coherence and consistency. The
spatial coherence rates of each region are 0.94, 0.98, and 0.98, and the temporal consistency rates are
0.80, 0.90, and 0.80 respectively. On the other hand, in case of the La Niña events, the October (0) to
January (+), November (0) to May (+) dry period for UR and MR respectively, are the signal seasons show-
ing a strong and consistent teleconnection. The spatial coherence rates of each region are 0.98, 0.96 and
the temporal consistency rates are both 0.78. According to the comparative analyses for both extreme
episodes, in three core regions, the El Niño/La Niña–precipitation relationships show the opposite sign,
positive and negative precipitation anomalies respectively. Based on the results of annual cycle analysis,
Mann–Whitney U hypothesis test and cross-correlation analysis, the wet anomalies during the warm
event years, which prevail over the whole region, are more remarkable and significant than the dry
departures during the cold event years. In conclusion, the climatic teleconnection between the extreme
phase of SO and mid-latitude precipitation is identified over South Korea.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

El Niño and La Niña are opposite climate phenomena character-
ized by the unusual wide-ranging warming and cooling of the sea
surface temperature ranging from the central to eastern tropical
Pacific Ocean, due to the weakening and strengthening of the trade
winds (easterlies) which blow predominantly through the eastern
to the western Pacific by air pressure differences. These two types
of fluctuations of the sea surface temperature are interactive with
the Southern Oscillation (SO) defined as an atmospheric pressure
circulation over the eastern–western equatorial Pacific with a
periodic seesaw pattern. The interaction of the above oceanic
fluctuation and atmospheric oscillation defines the El Niño/
Southern Oscillation (ENSO), well known as a naturally occurring
phenomenon involving fluctuating ocean temperatures over the
central–eastern tropical Pacific Ocean, coupled with changes in
the atmosphere (WMO, 2014).
Since the first approaches by Walker (1923) and Walker and
Bliss (1932) to the impact of the extreme phase of SO on the
variation of Indian monsoon rainfall, in the recent decades many
global scale studies associated with ENSO showed remarkable
climatic link between precipitation patterns and both warm and
cold phases of Southern Oscillation (SO) in various areas of the
world. Berlage (1966) showed the statistically significant correla-
tions between climate indices of the SO and precipitation patterns
in some regions of the globe, and Rasmusson and Carpenter (1983)
revealed evidence of significant linkage between the evolution of
the ENSO and anomalies in precipitation and surface temperature
over the tropical Pacific. Moreover, more recent studies by
Bradley et al. (1987), Ropelewski and Halpert (1987, 1989), and
Kiladis and Diaz (1989), revealed noticeable ENSO–precipitation
relationships with the identification of the seasons and regions
having a consistent response of the warm and cold phases of SO
to the precipitation pattern over the several regions of the globe.
Also, Westra et al. (2013) investigated the presence of trends in
annual maximum daily precipitation at global scale using
Mann–Kendal test and generalized extreme value analysis for a
significant association with globally averaged near-surface
atmospheric temperature.
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Much of the regional scale work relating the extreme phase of
SO to hydrometeorological parameters over low and middle lati-
tude by Douglas and Englehart (1981), Shukla and Paolino
(1983), Rasmusson and Wallace (1983), Ropelewski and Halpert
(1986), Redmond and Koch (1991), Kahya and Dracup (1994) and
Price et al. (1998), found plausible evidence of strong and coherent
links between ENSO and precipitation patterns. In detail, for mid-
latitude regions, the importance of the ENSO–precipitation rela-
tionships is emphasized in several studies. Douglas and Englehart
(1981), as well as, Ropelewski and Halpert (1986) reveal that ENSO
is associated with enhancement of the winter precipitation in the
southeastern United States, and the climatic relationship between
low and high phases of SO and North American precipitation have
been investigated by Ropelewski and Halpert (1986) and Kiladis
and Diaz (1989). Dai (2013) examined the influence of the inter-
decadal Pacific Oscillation (IPO) on United States precipitation
using observational and reanalysis data and model simulations.
Karabörk and Kahya (2003) detected coherent regions in Turkey
where precipitation is associated with El Nino and La Nina events.
Cai et al. (2011) diagnosed the impacts of ENSO on Australian rain-
fall from the perspective of tropical and extratropical teleconnec-
tions triggered by tropical SST variation and Power et al. (2006)
examined the relationship between ENSO and all-Australian
rainfall with a coupled general circulation model. Jin et al. (2005)
identified statistically significant correlations between the extreme
phases of SO and Korea–Japan precipitation patterns based on the
cross-correlation analysis using the categorized SOI classified by
five groups according to their magnitudes. Chandimala and
Zubair (2007) investigated the predictability of seasonal rainfall
for the Kelani river basin in Sri Lanka associated with ENSO and
SST using correlation analysis and principal component analysis.

In South Korea, several recent studies exist concerning precipi-
tation patterns associated with the ENSO events (El Niño/La Niña).
Lee (1998) applied harmonic analysis to investigate the relation-
ship between both extreme phases of SO and temperature/precip-
itation over South Korea. Cha et al. (1999) investigated the
relationship between El Niño/La Niña events and the climate in
Korea using synoptic data and ECMWF (European Centre for
Medium-range Weather Forecasts) grid data, and showed that El
Niño forcing has a tendency to modulate the precipitation over
Korea by enhancing or suppressing with respect to seasons. Shin
(2002) showed significant correlation between the warm/cold
episodes and the floods/droughts in South Korea using statistically
robust cross-correlation analysis.

As seen from the above, the majority of previous global/regional
scale studies have focused on mostly the Pacific Rim countries.
These studies revealed the significant teleconnection between
the ENSO forcing and hydrometeorological variations in the lower
to mid latitudes. However, the impact of El Nino and La Nina
events on the mid to high latitudes is not clear. The global scale
study by Ropelewski and Halpert (1987, 1989) showed significant
ENSO–precipitation relationship in some regions over the globe,
with some potential for the signal over the East Asia. According
to a visual inspection of station locations in the above study, the
existence of the ENSO signals is not clearly identified in South
Korea due to the limitation of data coverage. This indicates the
need for a diagnostic investigation, supported by adequate and
sufficient dataset, of the impact of ENSO forcing over South Korea.

The main objectives of this investigation are to: (1) identify
coherent, consistent, and significant response of the warm extreme
phase of SO (El Niño) to the precipitation patterns over South
Korea, using a composite and harmonic analysis based on the
improved description of the magnitude, phase, and geographical
extent of the ENSO-related precipitation response; (2) investigate
the climatic link between the precipitation patterns and the cold
extreme phase of SO (La Niña) using the same composite and
harmonic analysis as the above El Niño case; (3) examine the com-
parison between El Niño and La Niña–precipitation relationships
with the viewpoint of intensity and trend of the significant
responses, by comparative analyses such as an annual cycle analy-
sis, a Mann–Whitney U hypothesis test, and a cross-correlation
analysis.
2. Data set and methodology

2.1. Data set

The time series of monthly precipitation records applied in this
analysis are based on 76 stations distributed all over South Korea.
The source of these dataset is Korea Meteorological Administration
(KMA) which is a governmental organization under the Ministry of
Environment (MOE) monitoring and operating the overall Korean
meteorology. The time series extend from 1904 to 2014 and cover
more than about 20 episodes of El Niño and La Niña. Not only the
meteorological stations with missing data for more than a season
were excluded, but also the stations with less than 42 years of data
or spanning less than 9 ENSO events were ruled out from the
analysis. Finally, by taking the temporal persistency and spatial
distribution into consideration, a subset of 60 gauging stations
are selected in this study (Fig. 1).

In order to detect a consistent influence of ENSO episodes on
precipitation pattern over South Korea, a wide set of ENSO events
is selected by a comprehensive range of criteria based on the
definition and classification by Quinn et al. (1978), Rasmusson
and Carpenter (1983), Ropelewski and Halpert (1987, 1989),
Kiladis and Diaz (1989), and Trenberth (1997). The overall ENSO
years applied in this analysis are displayed in Table 1.

As a method of representing large-scale climate fluctuation over
the Pacific Ocean, a climatic index known as the Southern Oscilla-
tion Index (SOI) is employed. The time series of SOI are calculated
using the difference of the standardized anomalies of the sea level
atmospheric pressures between the Tahiti and Darwin, Australia.
The time series of SOI calculated by the NOAA Climate Prediction
Center is applied in the present study.
2.2. Methodology

The methodological approach for understanding and predict-
ing teleconnection patterns consists of empirical orthogonal
teleconnection (EOT), cross correlation analysis, mean t-test and
harmonic analysis (e.g., Klingaman et al., 2013; King et al., 2014;
McBride and Nicholls, 1983; Jin et al., 2005; Kahya and Dracup,
1994; Ropelewski and Halpert, 1986, 1987). In this present study,
to provide a logical extension of the global scale study associated
with the ENSO–precipitation teleconnection, an empirical method-
ological approach designed by Ropelewski and Halpert (1986,
1987) is applied with some changes and additions.

Fig. 2 shows the schematic description for the overall method-
ology used in this study, based on Ropelewski and Halpert (1986,
1987). The detailed procedures of the methodology comprise
primarily three stages, namely, data processing, analytical method
application, and comparative analysis stage. The first stage is
intended for transforming the original raw data into an appropriate
data format such as SPI, non-exceedance probability series, catego-
rized SOI, and modular coefficients. The second stage is to detect
candidate regions and confirm core regions based on composite
and harmonic analysis. And the last stage is focused on the
comparative interpretation on El Niño and La Niña–precipitation
relationships using annual cycle analysis, Mann–Whitney U test,
and cross-correlation analysis.



Fig. 1. Stations used for precipitation indices.

Table 1
List of the ENSO episode years included in this study.

El Niño years La Niña years

1905, 1911, 1914, 1918, 1923, 1925,
1930, 1932, 1939, 1941, 1951,
1953, 1957, 1963, 1965, 1969,
1972, 1976, 1982, 1986, 1991,
1994, 1997, 2002, 2004, 2006,
2009

1910, 1915, 1917, 1924, 1928, 1938,
1950, 1955, 1964, 1971, 1973, 1975,
1985, 1988, 1995, 1998, 2000, 2005,
2007, 2010
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2.2.1. Data processing
For the composite and harmonic analysis to identify the ENSO

response to the local precipitation patterns, the original monthly
precipitation data were transformed into Standardized Precipita-
tion Index (SPI), which is widely known as a drought index devel-
oped to assess the drought phenomena effectively. The SPI
estimated by McKee et al. (1993), which is recommended byWorld
Meteorological Organization (WMO, 2012), is a probability index
based on a statistical fit to an appropriate probability density func-
tion and a transformation into standardized normal distribution.
The SPI is not only fairly easy to compute since the only input data
is precipitation, but also simple to compare in terms of space and
time due to being provided as dimensionless index values. In addi-
tion, another advantage of the SPI is that it is spatially consistent
and analytical for probabilistic process (Guttman, 1998).

In this study, the monthly precipitation data of 60 meteorolog-
ical stations over South Korea are fitted to a gamma distribution for
calculating the SPI following the approach of McKee et al. (1993).
The associated cumulative density function (CDF) is estimated
from the fitted distribution and subsequently transformed into a
CDF of the standard normal distribution by the equal-probability
transformation. The SPI time series, which can be used in the com-
posite and harmonic analysis, are calculated using the resulting
standard deviates of the transformed CDF with a mean of zero
and standard deviation of unity.

In order to examine the quantitative and significant impact of
the Southern Oscillation Index (SOI) on precipitation patterns over
South Korea, the cross-correlation coefficients are calculated
between the categorized SOI and the seasonal precipitation series.
In this analysis, four seasonal averages of SOI and precipitation
data are formed according to three months averaged seasons,
which is defined as: boreal winter (December–February), spring



Fig. 2. Flowchart presentation of the empirical methodology consisting of three stages.
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(March–May), summer (June–August), and fall (September–
November). Prior to the correlation analysis, the data for each
individual season are converted into non-exceedance probability
time series to deal with the disparities among stations and to get
rid of periodicities in the time series. The non-exceedance proba-
bility can be obtained using the Weibull plotting position formula.
The entire precipitation data for each individual season are ranked
from the smallest amount to the largest amount, and then divided
by n + 1 (n is the number of data). Subsequently, the resulting
associated values are the non-exceedance probability time series
for each season. In addition, the SOI is classified into five categories
based on the magnitudes of each data following the suggestion of
Jin et al. (2005). The SOI values are assigned to each category which
is grouped into five levels in accordance with the magnitude:
Strong La Niña (SOI > 2), Weak La Niña (1 < SOI 6 2), Normal Phase
(�1 6 SOI 6 1), Weak El Niño (�2 6 SOI < �1), and Strong El Niño
(SOI < �2).

For annual cycle analysis, the monthly precipitation data are
converted to modular coefficients to remove the effect of dispersed
mean and variance values, through the use of expressing monthly
precipitation values as percentages of mean annual values. The
time series of modular coefficient are obtained by the proportion
of the original precipitation data to the monthly mean data, which
are averaged over the total data series, to place all stations on a
same basis with invariable condition of the cyclic feature of the
values, simultaneously.
2.2.2. Method application
For composite analysis, as a approach to describe the

general patterns of the ENSO-related precipitation behavior, the
24-month ENSO composites are formed for each station, starting
from the July of previous year of the events designated as July
(�), through the event years designated as (0), to the June of
subsequent year of the events designated as June (+), based on
Ropelewski and Halpert (1986, 1987). By means of averaging the
converted precipitation data for the all proposed ENSO episodes
on an equal basis, the final ENSO composite is calculated.
The time series of 24-month ENSO composite are subjected
to a harmonic analysis representing a periodic function by the
summation and integration of a series of trigonometric functions.
Harmonic analysis applied first in investigating the climatic precip-
itation regimes by Horn and Bryson (1960) has been considered as
an objective and analytic approach to examining precipitation
seasonality. Fig. 3 shows an example of four harmonics for annual
variation based on Scott and Shulman (1979), and the sample
harmonic fits for the same period using the SPI previously
converted from original precipitation data. According to the
assumption that the only one maximum or minimum value of
precipitation data is corresponded to the extreme ENSO forcing,
the first harmonic is extracted from the 24-month ENSO composite
with the amplitude and phase of the ENSO-related precipitation
signal. In this first harmonic curve, the amplitude indicates the
representative magnitude of the precipitation response to ENSO
events, and the phase angle refers to the time showing a maximum
departure from the mean value in the first harmonic cycle (Fig. 4).
The first harmonic is fitted as follows based on Wilks (1995):

Xt ¼ X þ
XN=2
k¼1

Ckcos
2pkt
N

�£k
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¼ X þ
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N
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ð1Þ
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N
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N
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N
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t¼1
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N
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where Xt is the SPI value at time t, t is the time of observation, X is
the mean value of the SPI, k is the harmonic number (the first
harmonic, k = 1), N is the sample size (period), Ck is the maximum
deviation from the mean value, £k is the time when the harmonic



Fig. 3. An example illustrating the interpretation of the annual cycle at a station with pronounced wet season. Left figure is the harmonic fit of monthly precipitation and right
one is the harmonic fit of standardized precipitation index of station no. 279 applied in this study.

Fig. 4. A first harmonic fit to the precipitation El Niño composite for the gauging
station no. 279 in South Korea. The amplitude and the phase of the first harmonic
are presented as a harmonic dial. The dial refers to the amplitude of 0.25 and the
phase of March (+).
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has a maximum, and Ak and Bk are the Fourier coefficients. The term
Ck and £k represent the amplitude and the phase shift of the
harmonic, given by

Ck ¼ A2
k þ B2

k

� 	0:5
ð4Þ

And

£k ¼
tan�1 Bk

Ak
; Ak > 0

tan�1 Bk
Ak
� p; or � 180�; Ak < 0

p
2 ; or 90�; Ak ¼ 0

8>><
>>:

ð5Þ

The information included in harmonic curves can be effectively
summarized as a graphical device known as the harmonic dial,
which is useful for representing the geographic trends of periodic
parameters. The first harmonic is expressed as a vector having
the length and direction (angular orientation), which represent
the intensity and timing of the maximum response of the ENSO
forcing to the precipitation patterns, respectively, and then is rep-
resented as a harmonic dial (Hsu and Wallace, 1976). According to
the map of harmonic dials, the ‘‘candidate regions” showing spa-
tially coherent ENSO-related precipitation signal are identified.

The harmonic dials are useful to identify the candidate regions
by detecting a group of vectors having the similar strength and
direction, but are not sufficient to clearly identify the consistency
of the ENSO–precipitation relationship. The spatial coherence is
employed to determine the candidate regions having coherent har-
monic vectors, and is estimated through the following calculation
based on Ropelewski and Halpert (1986, 1987) and Kahya and
Dracup (1993):
C ¼ ½V �
S

ð6Þ
½V � ¼ ½ðPVcoshÞ2 þ ðPVsinhÞ2�1=2
L

; S ¼
P

V
L

ð7Þ

where ½V � is the average vector of the individual components of the
harmonic vectors in the proposed candidate regions, S is the average
of the individual vector magnitudes, V is the magnitude of the vector,
h is the angular orientation of the vector, and L is the total number of
vectors within the regions. The coherence of zero indicates that a
group of vectors show the same magnitude in different directions,
while the value of one refers to that all vectors have the same direc-
tion, but do not necessarily all have the same magnitude (Brooks and
Carruthers, 1953). Candidate regions were identified based on the
coherence of the order of 0.85 or greater to eliminate the inconsis-
tency between amplitudes and phases of the vectors following the
approach of Halpert and Ropelewski (1992).

In order to examine the ENSO-related signal season showing
the consistent and apparent response of the ENSO forcing to the
precipitation patterns, the aggregate composites are formed by
spatially averaging the entire ENSO composites within each
candidate region. The aggregate composites are plotted based on
a 36-month period following the approach of Kahya and Dracup
(1993), to detect more accurately the signal season and to cover
the entire life cycle of the ENSO events.

According to the aggregate composite, only one season within
the ENSO cycle based on the aforementioned assumption that
the first harmonic has one maximum and minimum value during
the ENSO cycle, is detected by means of searching a group of
anomalies having the same sign for more than four consecutive
months at least. Taking the distance between the tropical Pacific
Ocean and the study area located in the mid-latitude into consid-
eration, it is reasonable to regard the responding period of ENSO
forcing as the event year and the subsequent year of the event.

In order to examine the consistency of the ENSO-related
precipitation signal and calculate the correlation between the
ENSO forcing and precipitation patterns, another time series of
the monthly precipitation values, is employed based on the
candidate regions and detected seasons previously obtained from
the aggregate composites. These index time series (ITS) are formed
not only by regional average of the precipitation data over the all
stations, but also by temporal average for all years of record.

Finally, for the purpose of determining a core regions, which is
defined as a region having a strong and consistent precipitation
responses to the ENSO episodes, within the candidate regions
previously detected from the harmonic dial, the rate of temporal
consistency is calculated based on the proportion of number of
years in the ITS having the ENSO-related precipitation signal to
the number of total ENSO years.



Fig. 5. Precipitation vectors based on the 24-month harmonic fitted to El Niño composites. Scale for the direction of arrows: south, July (�); west, January (0); north, July (0);
and east, January (+). The magnitude of arrows is proportional with the amplitude of the harmonics.

Table 2
Properties of the candidate regions (El Niño events).

Region Season Coherence Total episode Occurrence episode Consistency (%) Extreme events

UR February (+)–May (+) 0.94 10 8 80 3
MR November (0)–April (+) 0.98 10 9 90 4
LR November (0)–May (+) 0.98 10 9 80 4
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Ropelewski and Halpert (1986) examined the occurrence of
extreme precipitation events with relation to the ENSO–related
precipitation response to check the climatic link between the ENSO
phenomena and the extreme phase of precipitation. Following
this context, in this study the number of extreme precipitation
occurrences in association with ENSO episodes during the signal
season is counted. In order to assign the limits of the level, the
ITS values are ranked from the largest amount to the smallest
amount, normalized by the amount of the total data, and then
converted to the probability from the Weibull plotting position
formula. The highest level is designated with the probability of
ITS equal to 80%, while the lowest level with the probability of
ITS equal to 20% (Kahya and Dracup, 1994).
2.2.3. Comparative analysis and interpretation
As an effective method of assigning the significance level of the

ENSO–precipitation relationship, the hypergeometric distribution
test is employed, which is a statistical approach calculating the
probability of a random occurrence of the signal season during the
ENSO event. Haan (1977) calculated ‘‘the cumulative probability
that at leastm successes are obtained in n trials from a finite popu-
lation of size N containing k successes” using the hypergeometric
distribution test. In this study, the test is carried out in two cases
(A and B) according to the definition of a success. For the ENSO–
precipitation relationship, a success means the occurrence of an
ITS value above (below) themedian in case A,while a successmeans
that of a wettest (driest) ITS value larger (smaller) than 80% (20%)



Fig. 6. (a) El Niño aggregate composite for the candidate UR region. The dashed line
box delineates the season of possible El Niño-related responses. (b) The index time
series for the UR region for the season previously detected. El Niño years are shown
by solid bars. The dashed horizontal lines are the upper (80%) and lower (20%) limits
for the distribution of ITS values.

Fig. 7. As in Fig. 6, except for the candidate MR region.
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value in case B, following the suggestion of Kahya and Dracup
(1994).

The annual cycle analysis on the basis of the approach of Kahya
and Dracup (1993) is applied to this study to compare the signal
seasons of the warm and cold episodes in terms of the intensity
and trend of the response. In this analysis, the monthly precipita-
tion data are converted to modular coefficients, which are obtained
by the proportion of the original precipitation data to the monthly
mean data, which are averaged over the total data series. These
resulting data sets place all stations on a same basis with invariable
condition of the cyclic feature of the values, and are checked
whether the El Niño/La Niña forcings modulate the precipitation
patterns by increasing or decreasing.

For the purpose of checking a significant difference in the magni-
tude of both extreme phase-related precipitation signals, a statistical
hypothesis test using the Mann–Whitney U approach is carried out.
The two datasets are collected regarding the extreme phases of ENSO
(El Niño and La Niña episodes), and then the null hypothesis is
assumed as the equality of the two datasets. According to the result
of the rank-sum hypothesis test, the quantitative and noticeable dif-
ference between the two datasets can be identified.

As another comparative method for the El Niño/La Niña–related
precipitation signals, the cross-correlation analysis is employed on
the basis of seasonal comparison between the large-scale climate
index (categorized SOI) and the monthly precipitation data
(non-exceedance probability). These resulting cross-correlation
coefficients are used to examine the intensity and the trend (posi-
tive or negative) of the ENSO–Precipitation correlation. A more
detailed explanation of the analysis was given in the first stage of
data processing.

3. Results and discussion

3.1. El Niño–precipitation relationship

Fig. 5 shows the results of detecting the candidate regions based
on a harmonic dial map resulting from the composite and har-
monic analysis. According to the harmonic dial map, the overall
study area is grouped into three candidate regions, namely from
north to south: the Upper Region (UR), the Middle Region (MR),
and the Lower Region (LR). For these candidate regions, the overall
results of determining the core region using the rate of temporal
consistency are outlined in Table 2. The first column of data indi-
cates the candidate regions and the second column is the signal sea-
son. The third column of data shows the results of spatial coherence,
the fourth to sixth column present the results of the temporal consis-
tency, and the last column of data shows the number of extreme pre-
cipitation occurrences associated with the ENSO events.

3.1.1. Upper Region (UR)
The UR region has a spatial coherence of 0.94. In Fig. 6(a), the

aggregate ENSO composite of the UR region indicates a tendency
for above normal precipitation, i.e., larger than the 50% value, dur-
ing the February (+) to May (+). The period outlined by the dashed
lines represents the season having a significant ENSO–related



Fig. 8. As in Fig. 6, except for the candidate LR region.
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precipitation signal. The index time series (ITS) for the previously
identified season show that eight out of ten El Niño episodes are
associated with wet conditions at a consistency rate of 0.80 as
described in Fig. 6(b). Based on the highest limit (80%) and lowest
limit (20%) for the ITS values, which is drawn by the dashed lines in
Fig. 6(b), three of nine extremely wet precipitation occurrences are
associated with the El Niño episodes. It is evident from the results
presented here that the UR region is evaluated as a core region
with a coherent and consistent El Niño–precipitation relationship.

3.1.2. Middle Region (MR)
The coherence value of the MR region is 0.98. The aggregate

ENSO composite of the MR region shows that wetter conditions
are related to the El Niño phenomena for the November (0)
through April (+) as shown in Fig. 7(a), in which the period outlined
by the dashed lines indicates the season having ENSO–precipita-
tion response. The ITS for the signal season reveals that nine out
of ten warm episodes represent the wet season indicating a high
rate of consistency (0.90) as shown in Fig. 7(b). Four out of nine
occurrences of wettest years with values of equal to or larger
(smaller) than 80% (20%) value, are associated with the El Niño epi-
sodes, using the highest and lowest limits for the ITS values, which
is drawn by the dashed lines in Fig. 7(b). It is clear from these
results that the MR region is considered as a core region with a
strong and consistent relationship between the warm episode of
ENSO and precipitation pattern.

3.1.3. Lower Region (LR)
The spatial coherence of the LR region is equal to 0.98. Accord-

ing to Fig. 8(a), the aggregate ENSO composite of the LR region
shows that wet conditions occur during the November (0) to
May (+) season. The period drawn by the dashed lines indicates
the season of possible ENSO–precipitation relationship. The ITS
for the previously detected season shows that nine out of ten El
Niño episodes are associated with wet conditions with a high level
of consistency (0.90) as described in Fig. 8(b). Based on the highest
limit and lowest limit, 80% and 20% for the ITS values which is
drawn by the dashed lines in Fig. 8(b), four of nine extremely
wet precipitation occurrences are associated with the El Niño
events. It is therefore plausible to suggest that the LR region is
accepted as a core region with a strong and consistent El Niño–pre
cipitation relationship.

3.2. La Niña–precipitation relationship

As a result of searching the candidate regions, a harmonic dial
map based on the composite and harmonic analysis is described
in Fig. 9. In the harmonic dial map, three candidate regions, namely
from north to south: the Upper Region (UR), the Middle Region
(MR), and the Lower Region (LR) are detected. For these candidate
regions, the overall results of determining the core region using the
rate of temporal consistency are outlined in Table 3. The first to last
columns present the same as those in Table 2.

3.2.1. Upper Region (UR)
The spatial coherence of the UR region is equal to 0.98. In Fig. 10

(a), the aggregate ENSO composite of the UR region indicates a ten-
dency for below normal precipitation, i.e., smaller than the 50%
value, during the October (0) to January (+). The range outlined
by the dashed lines represents the season having a significant
ENSO–related precipitation signal. The index time series (ITS) for
the previously identified season show that seven out of nine La
Niña episodes are associated with dry conditions at a consistency
rate of 0.78 as described in Fig. 10(b). Based on the highest limit
(80%) and lowest limit (20%) for the ITS values, which is drawn
by the dashed lines in Fig. 10(b), five of eight extremely dry
precipitation occurrences are associated with the cold phase of
SO. It is evident from the results presented here that the UR region
is evaluated as a core region with a coherent and consistent La N
iña–precipitation relationship.

3.2.2. Middle Region (MR)
The coherence value of the MR region is 0.96. The aggregate

ENSO composite of the MR region shows that drier conditions
are related to the La Niña phenomena for the November (0)
through May (+) as shown in Fig. 11(a), in which the period out-
lined by the dashed lines indicates the season having ENSO–pre-
cipitation response. The ITS for the signal season reveals that
seven out of nine La Niña events represent the wet season indicat-
ing a reasonable rate of consistency (0.78) as shown in Fig. 11(b).
Three out of eight occurrences of driest years with values of equal
to or larger (smaller) than 80% (20%) value, are associated with the
La Niña episodes, using the upper and lower limits for the ITS dis-
tribution values which is drawn by the dashed lines in Fig. 11(b). It
is therefore plausible to suggest that the MR region is considered as
a core region with a strong and consistent relationship between
the La Niña and precipitation patterns.

3.2.3. Lower Region (LR)
Although the coherence of the LR region is equal to 0.94, the

season of potential ENSO–precipitation relationship was not
detected based on the aggregate composite and the ITS distribu-
tion. Consequently, the LR region is found to be not accepted as a
core region associated with the cold events.



Fig. 9. As in Fig. 5, except for La Niña composites.

Table 3
Properties of the candidate regions (La Niña events).

Region Season Coherence Total episode Occurrence episode Consistency (%) Extreme events

UR October (0)–January (+) 0.98 9 7 78 5
MR November (0)–May (+) 0.96 9 7 78 3
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3.3. Comparative analysis of El Niño and La Niña

Table 4 shows the results of calculating the probability of a ran-
dom occurrence of the signal season during the warm episodes
based on the hypergeometric distribution test. In case A, all regions
indicate a statistically significant relationship with a high signifi-
cance level (between 94% and 98%), based on a very low chance
of random occurrence of the ITS value above the median for the
El Niño events. Additionally, in case B, based on a very low chance
of random occurrence of the wettest ITS value larger than 80%
value for the El Niño events, the relationship of all regions result
in a high significance level of 93%, except for the UR region
(79%). On the other hand, the results of calculating the probability
during the cold events by the hypergeometric distribution model
are outlined in Table 5. The relationships of both regions for case
A are found to be highly significant at the 96% and 98%, considering
very low chance of random occurrence of the ITS value below the
median for the La Niña events. In case B, the UR regions shows a
highly significant relationship with a 100% significance level, based
on a very low chance of random occurrence of the driest ITS value
smaller than 20% value for the La Niña events, while the signifi-
cance level of the MR region is calculated as 87%. Thus, the analyses
for the two extreme events show similar results indicating a high
statistical significance level for the above/below normal
precipitation.

Fig. 12 illustrates the relationship between the El Niño compos-
ite cycle and the annual precipitation cycle plotted by modular
coefficients. Since a consecutive above normal precipitation period
for the El Nino signal season is detected in the El Niño–annual pre-
cipitation cycle, it is plausible that the El Nino forcing modulates
precipitation by enhancing its magnitude in the UR, MR, and LR
region, respectively. Based on the conversion of precipitation date



Fig. 10. (a) La Niña aggregate composite for the candidate UR region. The dashed
line box delineates the season of possible La Niña-related responses. (b) The index
time series for the UR region for the season previously detected. La Niña years are
shown by solid bars. The dashed horizontal lines are the upper (80%) and lower
(20%) limits for the distribution of ITS values.

Fig. 11. As in Fig. 10, except for the candidate MR region.

Table 4
Probabilistic assessments for significance level based on the hypergeometric distri-
bution (El Niño events).

Case Region N k n m Probability

A UR 42 23 10 8 0.057
MR 42 25 10 9 0.024
LR 42 27 10 9 0.048

B UR 42 9 9 3 0.209
MR 42 9 9 4 0.067
LR 42 9 9 4 0.067

Table 5
As in Table 4, except for La Niña events.

Case Region N k n m Probability

A UR 42 20 9 7 0.040
MR 42 23 9 8 0.021

B UR 42 8 8 5 0.003
MR 42 8 8 3 0.132
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into modular coefficients, the relationship between the La Niña
composite cycle and the annual precipitation cycle plotted in
Fig. 13. There exists a group of persistent below normal precipita-
tion for the La Niña signal season in the La Niña–annual precipita-
tion cycle, thus it is reasonable that the La Niña forcing modulates
precipitation by decreasing its magnitude in the UR and MR region,
respectively. According to the above results of the annual cycle
analyses, El Niño forcing modulates precipitation by enhancing,
while La Niña forcing modulates precipitation by suppressing for
the signal seasons.

Based on the statistical hypothesis test by the Mann–Whitney U
approach, the quantitative and noticeable difference between the
two datasets of the warm and cold episodes was identified with
the rate of significant relationship up to 74%. According to the
above results, at the 0.10 significance level, there is enough evi-
dence to suggest that average value of signal season associated
with the warm episodes is different from (larger than) those in
association with the cold episodes.

The results of calculating cross-correlation coefficients to exam-
ine the intensity and the trend (positive or negative) of the ENSO–
Precipitation correlation are outlined in Table 6 and Fig. 14, on the
basis of seasonal comparison between the large-scale climate
index (categorized SOI) and the seasonal precipitation data (non-
exceedance probability). As a general result, both analyses for
two extreme phases of SO show significant correlations with the
non-exceedance probability time series for the 0.05 significance
level. The strongest positive correlation coefficients with the lag-
4 seasons are calculated at all core regions, except the La Niña–
UR region, under the Strong El Niño SOI condition. On the other
hand, the strongest negative correlation coefficients with the same
lag-4 seasons are found at all core regions under the Strong La Niña
condition (see the underlined values in Table 6). As a result, the
stronger intensity of the El Niño/La Niña forcing, the larger and
smaller precipitation at overall South Korea with lag time 4
seasons.



Fig. 12. The comparison of El Niño composite cycles (shown by dashed line) and
annual cycles (shown by solid line) of (a) the UR, (b) MR, and (c) LR, based on
modular coefficients. Arrows indicate the beginning and end months of the SO
signal season.

Fig. 13. As in Fig. 12, except for La Niña composite cycles.
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3.4. Discussion

The results of the present analyses as shown in Figs. 6(a), 7
(a), and 8(a), indicate a tendency for negative precipitation
anomaly in early fall of the warm event year and positive precipi-
tation departure for winter through spring of the following year
over South Korea. Especially, the magnitude of the negative
precipitation anomaly during September of the El Niño year is
much larger than that of the same season of non-El Niño year. In
contrast, the opposite tendency is observable during the cold
events as shown in Figs. 10(a) and 11(a). The precipitation anoma-
lies for the core regions are above normal for early fall of the La
Niña year and below normal for winter through spring of the fol-
lowing year.

The physical teleconnection mechanisms behind the impacts of
the ENSO forcing on the mid-latitude precipitation are not clear.
Cha et al. (1999) investigated the relationship between the



Table 6
Cross-correlation coefficients with respect to regions.

Core region Strong El Niño SOI Normal condition Strong La Niña SOI

Lag-1 Lag-2 Lag-3 Lag-4 Lag-1 Lag-2 Lag-3 Lag-4 Lag-1 Lag-2 Lag-3 Lag-4

El Niño UR �0.19 0.31 0.02 0.34 0.04 0.01 �0.02 0.15 0.07 0.21 �0.03 �0.26
MR 0.03 0.08 0.16 0.61 0.00 0.06 �0.07 0.16 �0.04 0.15 �0.06 �0.29
LR 0.07 0.27 �0.35 0.67 �0.01 0.10 0.03 0.11 �0.19 0.15 �0.05 �0.26

La Niña UR �0.06 0.32 �0.05 0.30 0.03 0.01 0.00 0.12 0.02 0.23 �0.10 �0.24
LR �0.33 0.32 0.33 0.52 0.01 0.04 �0.08 0.22 0.00 0.18 0.15 �0.38

Fig. 14. Contour map of cross-correlation coefficients (CCC) between the seasonal precipitations and the categorized SOI series at different lags (from left to right, lag-1, lag-2,
lag-3, lag-4) for Strong El Niño (upper) and Strong La Niña (lower).
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extreme phases of ENSO cycles and the South Korean climate vari-
ations focusing on temperature, precipitation, cloud amount, etc.,
and indicated that ENSO forcing has a tendency to modulate the
precipitation over Korea by enhancing or suppressing with respect
to seasons. They pointed out that subtropical high shifts more
southward than normal due to the inactive cumulus convection,
which results in the weakening of its impact on Korea and Japan
during the El Niño years. In contrast, during the La Niña years, sub-
tropical high displaces northward compared with normal climatol-
ogy due to the active convection, which causes the strengthening
of its response to Korean and Japan. These features are conducive
to the deficiency/sufficiency of early fall precipitation during El
Niño/La Niña events over South Korea.

In addition to the position of subtropical high, it is plausible to
explain the teleconnection based on the tropical cyclone activities
affecting the overall Korean precipitation regime due to the fact that
tropical cyclones generated over the western North Pacific play an
important role in precipitation amount for the second rainy season
in early fall over South Korea. In thewestern North Pacific, themon-
soon trough associated with low-level cyclonic vorticity shifts east-
ward and reduces vertical wind shear during the warm phase of
ENSO cycle (Chu, 2004). Li (1990) indicated that the western North
Pacific tends to experience a decreased occurrence of tropical
cyclones during El Niño years, and an increased occurrence of trop-
ical cyclones during La Niña years. As a result, the suppressed pre-
cipitation in September is associated with the weakening of the
second rainy season by decreased tropical cyclones during the evo-
lution of the warm episode over East Asia, while the enhanced pre-
cipitation in September of the cold episode year is related to the
strengthening of the second rainy season by increased tropical
cyclones.

In a study of the Pacific–East Asia teleconnection (PEA), which is
a mechanism that bonds sea surface temperature anomalies of
central Pacific and climate variation in East Asia, Wang et al.
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(2000) pointed out that systematic configuration of PEA telecon-
nection could be linked with the large-scale western North Pacific
anomalous cyclone/anticyclone. The PEA teleconnection is con-
fined to the lower troposphere and is a vorticity wave pattern aris-
ing from the central Pacific poleward and westward against the
westerly jet stream. During the mature phases of ENSO, the west-
ern North Pacific wind anomalies progress and persist from late fall
through subsequent winter and spring, causing enhanced/sup-
pressed precipitation departures along the East Asian polar front
by a weaker/stronger than normal winter monsoon. Consequently,
the climate in South Korea is wetter/drier than normal during El
Niño/La Niña winter and ensuing spring (Kang and Jeong, 1996).
The results of the previous studies aforementioned are fairly in
agreement with those of the present analysis.

In the global scale study associated with the ENSO–precipita-
tion teleconnection by Ropelewski and Halpert (1987, 1989), con-
clusive findings of East Asia were not clearly described due to the
scarcity of quantitative precipitation data. Based on a careful visual
inspection of harmonic dial map of the above global scale study,
several harmonic vectors are plotted without any consistent mag-
nitude and phase angle because of the limitation of precipitation
data. The stations for East Asia applied in the above study were
insufficient to analysis the remote ENSO impact on the South Kor-
ean precipitation. This present study provides better insights and a
substantial amount of information on the ENSO–precipitation tele-
connections over a part of East Asian region that has not been doc-
umented by the previous studies.

Jin et al. (2005) identified significant correlations between the
SOI and precipitation in Japan and Korea, using cross-correlation
analysis using the categorized SOI classified by five groups accord-
ing to their magnitudes. While they pointed out significant corre-
lations (�0.61) between the strong La Niña SOI and precipitation
in Busan located in southernmost part of the study area, the corre-
lation coefficients from this present analysis are calculated as
�0.24 to �0.38 under the strong La Niña SOI condition and 0.32
to 0.67 under the strong El Niño SOI condition on an average basis
over the all core regions. The differences of the two analyses are
attributed to the date scale and areal coverages for station (1:60),
and the present study concurs with and extends the previous
study.

In comparison with several recent studies concerning the
ENSO–precipitation relationship over South Korea, the overall
results are in good agreement with the findings of Cha et al.
(1999) with respect to positive/negative signals during El Niño/La
Niña events. Also, the September (0) driest/wettest condition for
all core regions based on the aggregate composites of this analysis,
coincides with the results of Shin (2002) in terms of the defi-
ciency/sufficiency of early fall precipitation in El Niño/La Niña
years.

Consequently, the overall findings of this diagnostic investiga-
tion are believed to provide additional confirmation to the climatic
relationship between ENSO forcing and hydrometeorological vari-
ability over mid-latitude area.
4. Summary and conclusion

In this investigation, the remote impacts of the extreme phases
of the Southern Oscillation (SO), i.e., the El Niño and La Niña events,
on the monthly precipitation patterns over South Korea are exam-
ined based on the composite and harmonic analysis. The overall
results of the ENSO–precipitation teleconnections are summarized
as follows with the details of the analysis outlined in Tables 2 and
3. According to the composite and harmonic analysis, the three
core regions, namely the Upper Region (UR), the Middle Region
(MR), and the Lower Region (LR), were determined with a high
level of the spatial coherence and temporal consistency rate which
represent the geographical extent and magnitude of the response
of the ENSO forcing to the precipitation patterns.

The main conclusions of this investigation are:

(1) El Niño–precipitation relationships; the precipitation
anomalies are below normal for early fall of the event year
and above normal for winter through spring of the following
year. For UR, the February (+) to May (+) wet period is the
season having a high level of coherence and consistency.
For MR and LR, the November (0) to April (+) and November
(0) to May (+) wet periods are the signal season showing a
strong and consistent teleconnection. The spatial coherence
rates of UR, MR, and LR for El Niño events are 0.94, 0.98, and
0.98 and the temporal consistency rates of each region for
the warm episodes are 0.80, 0.90, and 0.80.

(2) La Niña–precipitation relationships; the precipitation
anomalies are above normal for early fall of the event year
and below normal for winter through spring of the following
year. According to the harmonic analysis, the apparent signal
season for the dry period are October (0)–January (+) for UR
and November (0)–May (+) for MR. The spatial coherence
rates of UR, MR, and LR are 0.98, 0.96, and 0.94 and the tem-
poral consistency rates of UR and MR for the cold episodes
are both 0.78, while there is no apparent evident season to
be accepted as core region with a climatic signal in LR.

(3) A comparative analysis between El Niño and La Niña–precipi
tation relationships reveals high statistical significance
levels for the above/below normal precipitation with the
reversal of the sign for both ENSO cycles, i.e., positive and
negative responses respectively. Furthermore, the wet
anomalies during the warm event years are more remark-
able and significant than the dry departures during the cold
event years due to the fact that three core regions are
detected for El Niño–precipitation relationships while two
core regions are identified for La Niña–precipitation rela-
tionships. Based on the annual cycle analysis, El Niño forcing
modulates precipitation by enhancing, while La Niña forcing
modulates precipitation by suppressing for the signal sea-
sons. Moreover, Mann–Whitney U hypothesis test implies
that the average value of signal season associated with the
warm episodes is larger than those in association with the
cold episodes. Additionally, the overall outcomes of cross-
correlation analysis between the seasonal precipitation and
the categorized SOI confirm the implied teleconnections
between the tropical Southern Oscillation phenomenon
and precipitation over South Korea, with positive and nega-
tive correlation with a lag time of 4 seasons.

In conclusion, the climatic teleconnections between the
extreme phase of SO and mid-latitude precipitation are identified
over South Korea.
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