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Effects of El Nino Modoki on winter precipitation in Korea
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Abstract This study compares the impacts of El Nifio
Modoki and El Nifio on precipitation over Korea during the
boreal winters from 1954 to 2009. Precipitation in Korea
tends to be equal to or greater than the normal level during
an El Nifio Modoki winter, whereas there is no significant
change during an El Nifio winter. Greater than normal
precipitation during El Nifio Modoki was also found over
the lower reaches of the Yangtze River, China and much of
southern Japan. The latitudes of these regions are 5-10°
further north than in southern China, where precipitation
increases during El Nifio. The following two anomalous
atmospheric circulations were found to be causes that led to
different precipitation distributions over East Asia. First, an
atmospheric wave train in the lower troposphere, which
propagated from the central tropical Pacific (cyclonic)
through the southern Philippine Sea (anticyclonic) to East
Asia (cyclonic), reached the southern China and northern
Philippine Sea during El Nifio, whereas it reached Korea
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and southern Japan during El Nifio Modoki. Second, an
anomalous local meridional circulation, which consists of
air sinking in the tropics, flowing poleward in the lower
troposphere, and rising in the subtropics, developed
between the southern Philippine Sea and northern Philip-
pine Sea during El Nifio. During El Nifio Modoki, how-
ever, this circulation expanded further to the north and was
formed between the southern Philippine Sea and regions of
Korea and southern Japan.
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1 Introduction

El Nifio Modoki refers to a phenomenon in which the warm
sea surface temperature (SST) develops in the central
tropical Pacific with a colder SST on both its sides (the
western and eastern tropical Pacific). This phenomenon is
distinct from the canonical El Niflo that is associated with
warming in the eastern tropical Pacific (Ashok et al. 2007).
Differences in the location and intensity of tropical heat
sources during the canonical El Nifio and El Nifio Modoki
lead to different patterns of global-scale atmospheric cir-
culation (Larkin and Harrison 2005; Weng et al. 2007,
2009; Yeh et al. 2009). Therefore, compared with those of
canonical El Nifio, the precipitation anomalies during El
Nifo Modoki are quite different not only in the tropics but
also in the extratropics. For example, during an El Nifio
Modoki (canonical El Nifio) summer, western Japan and
western USA are likely to be dry (wet), and during an El
Nino Modoki (canonical El Nifio) winter, southern China
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and northwestern USA are likely to be dry (wet) (Weng
et al. 2007, 2009). However, since the different telecon-
nection patterns of these two phenomena have only become
known relatively recently, a more detailed analysis of their
regional climate impacts remains a subject that requires
additional research.

To study the impacts of El Nifio Modoki on the winter
climate over East Asia, we first need to understand the
impacts of El Nifio on East Asia and its mechanisms,
which have been reported in previous studies. During an
El Nifio winter, a dipole pattern SST anomaly (SSTA) in
the tropical Pacific causes anomalous single-cell Walker
circulation, with an updraft over a wide area of the cen-
tral-eastern Pacific and downdraft over the western Pacific
(e.g., Klein et al. 1999; Wang 2002). This downdraft over
the western Pacific, together with a local cold SSTA,
develops an anomalous low-level anticyclone over the
southern Philippine Sea. The southwesterlies on the wes-
tern flank of this anticyclone bring warm, moist tropical
air to East Asia (Wang et al. 2000). In addition, between
the western tropical Pacific and East Asia, anomalous
local meridional circulation develops, which consists of
air sinking in the tropics, flowing poleward in the lower
troposphere, rising in the subtropics, and returning back to
the tropics in the upper troposphere (Wang 2002). These
dynamics provide a favorable environment for increased
precipitation over East Asia. Accordingly, in East Asian
polar front regions from southern China to southern Japan
via the East China Sea, a positive correlation appears
between the intensity of El Nifio and the amount of pre-
cipitation (Wang et al. 2000; Wu et al. 2003). The sta-
tistically significant region, however, is limited to
southern China (Zhang et al. 1999; Wu et al. 2003). In the
case of Korea, Cha et al. (1999) showed that precipitation
in Korea increased slightly during an El Nifio winter,
while Kang (1998) reported that it is difficult to confirm a
relationship between the two phenomena. Even though the
analysis periods and the type of El Nifio index used in the
two studies are different, it can be noted that the impact of
El Nifio on winter precipitation in Korea is not very sig-
nificant. However, the above studies that seek to under-
stand the relationship between El Niflo and precipitation
over East Asia have considered a warm SSTA either in the
eastern tropical Pacific or central tropical Pacific to be El
Nifio phenomena, without distinguishing between the
canonical El Nifio and El Nifio Modoki. For example, they
have often used the Nino 3.4 index as an El Nifio index
(Wang et al. 2000; Wu et al. 2003), even though this index
represents signals of both the canonical El Nifio and El
Nifio Modoki (Weng et al. 2007). To perform an accurate
analysis therefore requires classification of the impacts of
these two separate phenomena on winter precipitation
over East Asia.
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The impacts of El Nifio Modoki on East Asian winter
climate were partially revealed by Weng et al. (2009). A
tripole pattern SSTA in the tropical Pacific during El Nifio
Modoki develops anomalous twin-cell Walker circulations,
with an updraft over the central tropical Pacific and
downdraft over both the western and eastern tropical
Pacific. The downdraft over the western tropical Pacific is
common during El Niflo, but its center is located further
north during El Nifio Modoki. Accordingly, the anomalous
low-level Philippine Sea anticyclone is also centered fur-
ther north (over the South China Sea and the northern
Philippine Sea). This means that the atmospheric circula-
tion pattern over East Asia during El Nifio Modoki is dif-
ferent from the pattern during El Nifio. As a result,
southern China and southern Japan, which are more likely
to be wet during the canonical El Nifio, tend to be dry
during El Nifio Modoki, though this phenomenon is not
highly significant statistically. It is therefore necessary that
researchers distinguish between the impacts of these two
phenomena. However, in the observation data that Weng
et al. (2009) used to analyze East Asian precipitation, the
data for Korea are omitted. A large part of East Asia,
including Korea, is in the western Pacific rim above 30°N,
which is outside the region that receives the direct impacts
of changes in the tropical Pacific SST (e.g., Diaz et al.
2001; Weng et al. 2009). Accordingly, in order to inves-
tigate the regional impacts of the canonical El Nifio and El
Niflo Modoki on East Asia, it is meaningful to make a
comparison by focusing on anomalous winters in which
El Nifio or El Nifio Modoki developed strongly. A similar
line of thinking was also advanced by Weng et al. (2007).
The impacts of El Nifilo and El Nifio Modoki on winter-
time Southeast Asian rainfall have been revealed by Feng
et al. (2010). They found that El Nifio events generally
favor below-normal rainfall across the Philippines, Bor-
neo, Celebes, and Sulawesi and above-normal rainfall
over south China. In contrast, for E1 Nifio Modoki events,
negative rainfall anomalies are generally observed in
south China, the Indo-China peninsula, the Malay Pen-
insula, and the Philippines. They also suggested that the
different Southeast Asian rainfalls during EI Nifio and El
Nifio Modoki are attributed to the different anomalous
Walker circulation and low-level anticyclone around the
Philippines.

In this study, through composite analyses of El Nifio
Modoki winters, the impacts of El Nifio Modoki on winter
precipitation over Korea were analyzed. These impacts
were also compared with those of canonical El Nifio win-
ters. Although the boreal winter season in this study was
defined as January, February and March, as in Weng et al.
(2009), this study’s analysis period covers 56 years
(1954-2009), which is about twice as long as that of Weng
et al. (1979-2005).
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2 Data and methods

We used the precipitation data of 13 stations, which have
been available since 1954 in Korea (Fig. 1a). Even though
the 13 stations are not evenly distributed across the nation,
the mean precipitation recorded by the 13 stations is a
sufficient representative of the variation in mean precipi-
tation of all 60 stations (available since 1973), which are
evenly distributed across the nation (Fig. 1b). The 56-year
mean winter precipitation of 13 stations is 135.9 mm and
the standard deviation is 52.5 mm. The precipitation
anomaly divided by the standard deviation was named as
the standardized precipitation anomaly (SPA).

The Hadley Centre Global Sea Ice and Sea Surface
Temperature (HadISST) Analyses datasets (Rayner et al.
2003) were used for SST analysis. The atmospheric data
(wind, vertical velocity, velocity potential, geopotential,
specific humidity, precipitable water content) were
obtained from the National Center for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al. 1996). Precipita-
tion data from the Climate Research Unit (CRU) TS3
(Mitchell and Jones 2005) were used for the analysis of
precipitation over East Asia (data covers up to 2006). The
analysis period considered in this study covered the boreal
winter seasons, composed of January—February—March
(JEM), from 1954-2009. All the winter anomalies dis-
cussed in this paper are departures from their respective
means for this period.

Following Ashok et al. (2007), the El Nifio Modoki
index (EMI) is defined as

EMI = [SSTA].— 0.5[SSTA];— 0.5[SSTA]y,

where the square brackets with a subscript represent the
area-mean SSTA over each of the three regions specified:
the central region (C: 165°E-140°W, 10°S—10°N), the
eastern region (E: 110°-70°W, 15°S—5°N), and the western
region (W: 125°-145°E, 10°S-20°N). The index represents

126E 127E 128E 129E 130E

the zonal SST gradients in both the eastern and western
tropical Pacific. The canonical El Nifio is quantified by the
NINO3 index (hereafter referred to as NINO3), which is
defined by the area-mean SSTA over the region (150°-
90°W, 5°S-5°N). These tropical regions are marked in
Fig. 5. These indices were normalized by their standard
deviation. In the following discussion, the term “El Nifio”
is generally used to refer to the canonical El Nifio as
defined by NINO3. Since EMI only considers zonal SST
gradients, it may misidentify anomalous La Nifia occur-
rences as El Nifio Modoki occurrences. To avoid such
misidentification, the NINO4 index (the area-mean SSTA
over 160E°-150°W, 5°S—5°N) was used as subsidiary data.

Figure 2 presents a time series of the NINO3 and EMI.
The linear correlation coefficient between the two indices
is 0.4, which indicates some relationship between them.
The correlation coefficient for each of the past 28 years
(1954-1981) and for a more recent period (1982-2009) is
0.69 and 0.38, respectively, which indicates that the two
indices are more independent of each other in the recent
period than in the past.

3 Anomalies during El Nifio and El Niiio Modoki
3.1 Precipitation in Korea

Scatter plots of the standardized precipitation anomaly
(SPA) in Korea based upon both NINO3 and EMI are
represented in Fig. 3. It was considered that —0.5 <
SPA < 0.5 represents a normal condition and 0.5 < SPA
represents a wet condition. A linear relationship does not
appear in either of the scatter plots. However, in cases when
EMI is above 0.5, it is found that the scattering is inclined
toward a wet condition. Among a total of 17 winters, 8 were
wet, 8 were normal, and 1 was dry, indicating that during an
El Nifio Modoki, probability of drought over Korea is
negligible.
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Fig. 2 Normalized time series of the mean NINO3 and EMI for
Jan-Feb-Mar (JFM) for the period from 1954 to 2009

In 1968, which was the only dry winter among the 17
winters, the EMI value is 0.98 while the NINO3 and
NINO4 values are —1.44 and —0.23, respectively. Thus,
this winter is characterized by La Niiia rather than El Nifio
Modoki. Except for 1968, all of the NINO4 values for 16
El Niflo Modoki winters are positive. The average pre-
cipitation for the 16 El Nifio Modoki winters is 155 mm,
which exceeds the normal value (136 mm) by 19 mm. This
difference is significant at an 80% confidence level. On the
other hand, the average precipitation for the 16 El Nifio
winters is 132 mm, which is 4 mm less than the normal
value.

There are winters in which both NINO3 and EMI have
high positive values at the same time. In order to analyze
the influence of El Nifio and El Nifio Modoki indepen-
dently, El Nifio winters and El Nifio Modoki winters were
redefined without duplicating them. Among 16 winters
with an EMI over 0.5, the 12 winters in which the EMI
ranking (in descending order out of 56 values) is higher
than the NINO3 ranking were defined as El Nifio Modoki
winters (1954, 1958, 1959, 1964, 1966, 1969, 1978, 1980,
1991, 1995, 2003, and 2005). Similarly, among years with
high NINO3 values, 12 winters in which the NINO3
ranking is higher than the EMI ranking were defined as El
Nifo winters (1970, 1973, 1977, 1982, 1983, 1987, 1988,

Fig. 3 Scatter diagram for

(a)Nino3 vs SPA
a NINO3, and b EMI and the

1992, 1993, 1998, 2004 and 2007). During the 12 El Nifio
Modoki winters, Korea was wet in 6 winters (50%) and
was normal in the remaining 6 winters (50%). The average
precipitation for the 12 winters was 151 mm, which
exceeds the normal value by 15 mm (Fig. 4). The standard
deviation of precipitation for the 12 winters was 36 mm.
On the other hand, it was found that El Nifio Modoki
developed in only one winter among the five extremely wet
winters (5 upper outliers found in the far left box plot) that
have occurred during the entire 56-year analysis period.
Therefore, the El Nifio Modoki phenomenon is regarded as
just one among a variety of climatic factors that influence
winter precipitation in Korea, rather than being the out-
standing climatic factor. On the contrary, during 12 El
Nifio winters, Korea was wet in 4 winters, normal in 4, and
dry in 4, and the average rainfall was 126 mm, which is
6 mm less than the normal value. The standard deviation of
precipitation for the 12 winters was 38 mm. Therefore, the
impacts of El Nifio on winter precipitation in Korea are
quite small, which indicates an effect opposite to that of El
Nifo Modoki.

3.2 Sea surface temperature

In Fig. 5, we compare the composite of the SSTAs for the
twelve El Nifio events with those for the twelve El Nifio
Modoki events (Individual patterns can be found in the
Electronic Supplementary Material, Fig. S1). During El
Nifio, there is a warm SSTA over the wide central-eastern
tropical Pacific with a center near 130°W. The North and
South Pacific Oceans are covered by cold SSTAs that are
linked in the western tropical Pacific, forming a boomerang
shape (cf. Trenberth and Stepaniak 2001). In particular, a
cold SSTA is more prominent in North Pacific (cf. Schwing
et al. 2002). These are typical characteristics that appear in
the Pacific during El Nifio. During El Nifio Modoki, the
SSTA pattern displays the following differences from that
during El Nifo. First, a tripole pattern SSTA is shown in
the tropical Pacific, with warm SSTA in the central tropical
Pacific and cold SSTA in the western and eastern tropical

(b) EMI vs SPA

T T ] | |
standardized precipitation 251 g9 } 72 } ; g | 89 }72 }
anomaly (SPA) of Korea. 2.01 \ \ ' w b
1.51 56 | % 1.5 56 0 5
Numerals denote the last two 1'0 | | 51719 | o 101 | ol %4 66
digits of the year < 05 _,772@5,39$§,ﬁ152@1§3¢‘63, of < 0.5 Les 7o _psl® a1 07 1«:1876%3 1 ey
. 03 83 01
o 0.01% f? 020%63} s O 0071 4 IS } s B } 913835;&
N o5 5509]° 60 g, | 95 _ 58 » o5 09 i | 95__58
e 0. 88 ' bs 86, 078k
1.01 g5 leRd  o0r 77 -1.01 i P04 07 s
151 0 oa} 63 7%; -1.51 00 06 } 63 7?
2.01 | ¢ \ -2.01 L
| [ [ | \ \
-25 ‘ pa | -2.5 84 | |

@ Springer

-1.5-1.0 -05 0.0 0.5 1.0 15 2.0 25 30 35

Nino3

-25 -20 -1.5 -10 -05 00 05 1.0 15 2.0
EMI



D.-W. Kim et al.: Effects of El Nifio Modoki on winter precipitation in Korea

1317

300

o0

250

200

150

100

Precipitation (mm)

501

T
El Nino El Nino

Modoki

Fig. 4 Box plots of winter precipitation for 56 winters (1954-2009),
12 El Nifo winters, and 12 El Nifio Modoki winters. Solid and dashed
lines in the middle of the box denote the average and the median,
respectively

Pacific (e.g., Ashok et al. 2007; Weng et al. 2009). The
warm SSTA extends to the southwestern USA. Second, the
cold SSTA is more intensive over the western tropical
Pacific near 140°E. Third, the cold SSTA in the North
Pacific is weaker and shifts southeastward near (30°N,
140°W). These characteristics are almost consistent with
the results reported by Weng et al. (2009).

3.3 Precipitation over East Asia
Precipitation teleconnection patterns associated with El
Nifo and El Nifio Modoki were analyzed using precipitable

water content data and CRU precipitation data (Fig. 6).
Because CRU datasets covers up to 2006, the composite

(a) El Nifio

60N 1
50N 1
40N 1
30N -
20N -
10N 1

EQ 1
10S 1
20S 1
30S 1

S N N O o
(SRS
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map of CRU precipitation for El Nifio (Fig. 6¢) was con-
sisted of 11 years, excepting 2007. As was discussed in
Sect. 3.1, the increase in precipitation in Korea during an
El Niflo Modoki winter is not very significant. Thus, areas
with confidence level over 80% were emphasized in the
precipitation anomaly composite map. During El Niflo
(Fig. 6a), the wet anomaly is broadly distributed in the
central-eastern topical Pacific, and the dry anomaly
encompasses north-west-south circumference of the wet
anomaly. This pattern is consistent with El Nifo’s SSTA
pattern. Another characteristic is that a meridional wave
train with alternating wet and dry anomalies extends from
the central tropical Pacific through the southern Philippine
Sea to the northern Philippine Sea and southern China
(hereafter referred to as the tropical Pacific—East Asia wave
train). During El Nifio Modoki (Fig. 6b), in correspon-
dence with the tropical Pacific SSTA pattern, the wet
anomaly in the tropical Pacific exhibits a smaller zonal
scale than the anomaly during El Nifio. On the other hand,
the tropical Pacific—East Asia wave train pattern extends
further northward to Korea and southern Japan, at latitudes
that are 5-10° higher than during El Nifio.

Compared to during El Nifio, the northward shift of the
wet region over East Asia during El Nifio Modoki is also
confirmed by CRU precipitation data (Fig. 6¢c and d, indi-
vidual patterns can be found in the Electronic Supple-
mentary Material, Fig. S2). During El Nifio, an apparent
increase in precipitation is found over southern China. On
the contrary, a decrease in precipitation is seen over Korea,
Japan except the far southern region, and northern China
above approximately 33°N. During El Nifio Modoki, there
is a reduction in the amount of precipitation increase in
southern China; even decreases are seen in some regions,
and its location shifts about 5° to the north into the lower

(b) EI Nifio Modoki
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Fig. 5 Composites of SSTA (°C) for the twelve a El Nifo, and b El Niflo Modoki winters (JEM). Significant values above a 90% confidence
level from a two-tailed student’s z-test are shaded. The SSTAs in the black boxes in the panels are used to define the respective indices
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(a) El Nifo (precipitable water content)
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(b) EI Nifio Modoki (precipitable water content)
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(d) El Nifio Modoki (CRU precipitation)
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Fig. 6 Composites of a, b precipitable water content (kg m~2), and ¢, d CRU precipitation anomalies for the (a, ¢) El Nifio, and (b, d) El Nifio
Modoki winters (JEM). Significant values above a 90% confidence level from a two-tailed student’s ¢ test are shaded

reaches of the Yangtze River area. In addition, a significant
increase in precipitation is found in Korea and much of
southern Japan, which is a condition opposite to that of an
El Nifio winter. The responses to these two phenomena
over southern China are similar to the results of Weng et al.
(2009), whereas those over Japan display almost opposite
results. The reason for this difference may be that Japan
possibly lies outside the area impacted directly by El Nifio
and El Nifio Modoki, as mentioned in the Introduction.
Weng et al. (2009) revealed linear relationships between
amount of precipitation and intensities of the two phe-
nomena, hence in their results, effects of all kinds of El
Nifio events during the analysis period were considered,
including not only La Nifia and La Nifia Modoki but nor-
mal conditions as well. This could be responsible for the

@ Springer

difference in our results, which focus only on El Nifio and
El Nifio Modoki events.

4 Teleconnection paths
4.1 Horizontal atmospheric circulations

Figure 7 shows upper and lower tropospheric circulation
anomaly composites for the twelve El Nifio events and for
the twelve El Nifio Modoki events. In upper troposphere
during EI Niifio (Fig. 7a), symmetrical anticyclonic circu-
lation anomalies cover both the subtropical North and
South Pacific Oceans. To the north, a cyclonic circulation
anomaly over the northern North Pacific and an
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(a) El Nifio (200 hPa wind & HGT) (b) EI Nifio Modoki (200 hPa wind & HGT)
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(c) El Nifio (925 hPa wind & relative vorticity)
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Fig. 7 Composites of a, b 200 hPa geopotential height (shading,
unit: gpm) and wind anomalies, and ¢, d 925 hPa relative vorticity
(shading, unit: 107° sfl) and wind anomalies for the twelve a, ¢ El

anticyclonic circulation anomaly over northern North
America are found. These anomalies represent the arching
wave train patterns forced by tropical heat sources during
El Nifio (Wallace and Gutzler 1981; Trenberth et al. 1998),
and they are similar to the positive phase of the classical
Pacific-North American (PNA) teleconnection pattern
(Horel and Wallace 1981). During El Nifio Modoki
(Fig. 7b), symmetrical anomaly patterns are also found
over both the subtropical North and South Pacific Oceans,
but on a reduced scale compared to those found during El
Nifio. Corresponding to the smaller-scale anticyclonic cir-
culation anomaly over the subtropical North Pacific, the
cyclonic circulation anomaly over the extra tropical North
Pacific also appears weaker, with its center shifted south-
eastward. The reason that anomalous atmospheric
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[
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30S 1
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1
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5

Nifio and b, d El Nifio Modoki winters (JFEM). Significant values
above a 90% confidence level are shaded in (a, b). The bold vector
represents a significant wind anomaly above a 90% confidence level

circulations exhibit smaller spatial scales during El Nifio
Modoki than during El Nifio may be that the warm SST
area in the tropical Pacific, which forces the atmospheric
teleconnection pattern, is smaller during El Nifio Modoki
(Bulic and Brankovic 2007).

During FEl Nifio, the cyclonic circulation anomaly over
the northern North Pacific is found in the lower (Fig. 7c) as
well as the upper level. The superposition of an eastward
flow on the southern flank of this cyclone on the midlati-
tude climatological westerly wind would lead to an
increase in wind speed, and thus to cooling of the SST in
the central North Pacific (See Fig. 5a). This process is the
most typical phenomenon appearing in the North Pacific
during El Nifio (Lau 1997; Alexander et al. 2002). On the
other hand, the central tropical Pacific—East Asia wave
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(b) El Nifio Modoki (200 hPa vel. potential & divergent wind)
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Fig. 8 Composites of 200 hPa divergent winds (arrow) and velocity potential (shaded, units: 10° m* s™') anomalies for the twelve a El Nifio

and b El Nifilo Modoki winters (JFM)

(a) EI Nifio (500 hPa vertical velocity)
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train that appeared in the precipitable water content
anomaly field is again confirmed in the lower troposphere,
which consists of a cyclonic anomaly in the central tropical
Pacific, an anticyclonic anomaly in the southern Philippine
Sea, and a cyclonic anomaly in the northern Philippine Sea
and southern China. This plays an important role in prop-
agating the impacts of heat sources in the tropical Pacific
on East Asia (Wang et al. 2000). During El Nifio Modoki,
in the lower troposphere (Fig. 7d), intensity of the relative
vorticity anomalies is weaker as a whole and statistically
significant wind anomalies also appear more regionally. In
particular, the cyclonic circulation anomaly over the North
Pacific is weaker and is located further southeast than it is
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(b) EI Nifio Modoki (500 hPa vertical velocity)
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during El Nifio. This may result in a relatively less cold
SSTA in the North Pacific during El Nifio Modoki than
during El Nifo (See Fig. 5b). On the other hand, it is
notable that the northern edge of the anticyclonic vorticity
anomaly over the Philippine Sea reaches up to 25°N, which
is about 5° further north than it reaches during El Nifio. A
similar result has been shown by Feng et al. (2010). They
simulated atmospheric circulations during the El Nifio and
El Nifio Modoki events using a simple baroclinic model
and suggested that the different patterns of the Philippine
anticyclone result from the difference in the diabatic
heating associated with the two types of Pacific Ocean
warming. As the anticyclonic circulation anomaly shifts
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further north, the tropical Pacific-East Asia wave train
reaches up to Korea and southern Japan.

4.2 Vertical atmospheric circulations

Figure 8a, b show the anomalous upper-level velocity
potential and divergent winds related to both El Nifio and
El Nifio Modoki, which indicate how upper-level air flows
from the mass sources to sinks. During El Nifio (Fig. 8a) a
dipole pattern anomalies is visible, with an upper-level
mass sink (convergence) over the western Pacific and an
upper-level mass source (divergence) over the eastern
Pacific. These anomaly patterns are related to the weak-
ening of Walker circulation (Weng et al. 2009). In a broad
mass sink area over the western Pacific, there are two
centers. The first one, which is located over the southern
Philippine Sea, is related to the descending branch of the
anomalous Walker circulation. The second one is over
the eastern ocean of Japan, where northwesterlies and
southwesterlies converge, respectively, from upper-level
cyclonic circulation over the northern North Pacific and
upper-level anticyclonic circulation over the subtropical
North Pacific (See Fig. 7a). These dynamics are consistent
with the El Nifio pattern shown in previous studies
(Mestas-Nuiiez and Enfield 2001; Wang 2002; Weng et al.
2009). Over Southeast Asia to the north of the equator,
anomalous northerly divergent winds are prominent,
flowing toward the center of an upper-level mass sink over
the southern Philippine Sea, while over East Asia above
30°N, anomalous westerly divergent winds are dominant,
flowing toward the center of an upper-level mass sink over
the eastern ocean of Japan. Over the East China Sea and
northern Philippine Sea, divergent winds disperse toward

(a) EI Nifio
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Fig. 10 Composite latitude-height cross-section of vertical velocity,
meridional wind speed, and specific humidity anomalies along
120-140°E for the twelve a El Nifio and b El Nifio Modoki winters
(JEM). The contour represents vertical velocity anomalies

the centers of both mass sinks. During an El Nifio Modoki
(Fig. 8b), a tripole type of pattern over the tropics is
noticed, with an upper-level mass source over the central
tropical Pacific and upper-level mass sinks over the
southern Philippine Sea and northern South America. This
pattern is associated with the anomalous two-cell Walker
circulation (Weng et al. 2009). On the other hand, it is
found that the upper-level mass sink that appeared clearly
in the eastern ocean of Japan during El Nifio, is so weak as
to be almost indistinguishable during El Nifio Modoki, and
its location also shifts toward the east. Over East Asia
above 30°N, there is a weak upper-level mass source
anomaly, which is a condition opposite to that over
Southeast Asia. Accordingly, anomalous northerly diver-
gent winds flow from Korea and southern Japan to the
southern Philippine Sea.

The anomalous vertical velocity field at 500 hPa over
the western Pacific rim for El Nifio and El Nifio Modoki is
shown in Fig. 9. During El Nifio (Fig. 9a), there is an
anomalous descent over the southern Philippine Sea, which
corresponds to the upper-level mass sink there. On the
contrary, there is an anomalous ascent over the southern
China and northern Philippine Sea, where upper-level
divergent winds dispersed toward the two mass sinks center
over the southern Philippine Sea and the eastern ocean of
Japan. This meridional dipole pattern of vertical velocity
anomalies implies that an anomalous local meridional
circulation forms between the southern Philippine Sea and
northern Philippine Sea. During El Nifio Modoki (Fig. 9b),
as well as during El Nifio, there is an anomalous descent
over the southern Philippine Sea that corresponds to
the upper-level mass sink; however, the area is located
further north and includes the northern Philippine Sea.

(b) EI Nifio Modoki
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(1072 Pa s™"). Specific humidity anomalies (g kg™") are shaded.
The bold vector represents a significant wind anomaly above a 90%
confidence level
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Accordingly, its counterpart, i.e., anomalous ascent is
found over Korea and southern Japan, where its latitude is
5-10° further north than it is during El Nifo. This is con-
sistent with the northward extension of the tropical Pacific-
East Asia low-level wave train pattern shown in Fig. 7d.

Figure 10 shows a composite of the latitude-pressure
cross-section of vertical flow averaged along 120-140°E,
which is the longitude belt that includes Korea and southern
Japan (Individual patterns can be found in the Electronic
Supplementary Material, Fig. S3a and S3b). During El Nifio
(Fig. 10a), a dry downdraft is dominant in the 0°-15°N
region (the southern Philippine Sea). Its counterpart of wet
updraft appears significantly in the 15°-30°N region (the
northern Philippine Sea), and in the lower troposphere, an
inflow of tropical air appears. A downdraft is also seen in the
higher latitude region above 30°N but it does not have a high
level of statistical significance. This means that the influence
of El Nifio on East Asia through anomalous local meridional
circulation is limited to south of 30°N. Thus, Korea is located
outside the El Nifio impact zone. During El Nifio Modoki
(Fig. 10b), a dry downdraft is also dominant over the
southern Philippine Sea. However, its counterpart, i.e.,
updraft is seen in higher latitudes centered at 30°-35°N
(Korea and southern Japan). Thus during an El Nifio Modoki,
the pattern appears to shift northward by about 10° (com-
paring Fig 10a, b). This is a favorable atmospheric environ-
ment for the formation of precipitation over Korea.

5 Concluding remarks and discussions

This study has analyzed the impacts of El Nifio Modoki
phenomena on winter precipitation in Korea during the

(a) El Nino

Warrm 55T ¥ {
/925 hPa
10w oW
Fig. 11 Schematic illustration of anomalous atmospheric circulation
patterns during a El Niflo, and b El Nifio Modoki: “A”: anticyclonic

flow, “C”: cyclonic flow, dashed arrow at 925 hPa: low-level wave
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boreal winters (January, February and March) from 1954 to
2009. The study also compared how these impacts differed
from those of the El Nifio phenomenon. As a result, it was
found that precipitation in Korea tends to be equal to or
greater than the normal level during El Nifio Modoki
winters; among 12 EI Nifio Modoki winters, Korea was wet
in 6 winters and normal in the other 6. Even though it does
not have a high level of statistical significance, this tele-
connection shows a greater degree of relationship than was
found in previous studies (Kang 1998; Cha et al. 1999; Kim
et al. 2008), which considered the expanded concept of “El
Nifno” without distinguishing between El Nifio and El Nifio
Modoki. In addition, we found that precipitation in Korea
is likely to decrease a little under the influence of El Nifio
alone, apart from that of El Nifio Modoki, though it does
not reach a significant level. This finding does not agree
with that of Cha et al. (1999), who suggested that El Nifio
could lead to wet conditions in Korea.

An increase in precipitation during El Nifio Modoki
occurred not only over Korea but also over the lower
reaches of the Yangtze River, China and much of southern
Japan. Normally the rainfall variations over the Yangtze
River, Korea, and southern part of Japan are in phase
during summer (Kripalani and Kulkarni 2001). These
regions are 5—10° further north in latitude than southern
China, where precipitation increases during El Nifio.

Figure 11 shows a schematic illustration of anomalous
atmospheric circulations during El Nifio and El Nifio
Modoki, which lead to different precipitation teleconnec-
tion patterns over East Asia. During both phenomena, a
low-level wave train extends from the central Pacific
(cyclonic) through the Philippine Sea (anticyclonic) to East
Asia (cyclonic). During El Nifio Modoki, however, the

(b) EI Nino Modoki

/925 hPa

train, vertical arrow: atmospheric vertical motion, gray arrow at
200 hPa: divergent wind component, “Con” convergence, “Div”
divergence
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center of anomalous low-level anticyclonic circulation
shifts north to the northern Philippine Sea. Due to this
difference, the low-level wave train reaches up to Korea
and southern Japan during El Nifio Modoki, whereas it
reaches only up to the southern China and northern Phil-
ippine Sea during El Nifio. There are also clear differences
between the two phenomena in terms of upper layer
atmosphere circulation. During El Nifio, Walker circulation
becomes weak over the tropical Pacific and a PNA pattern
develops over the North Pacific. Associated with these, an
upper-level convergence zone that has two centers devel-
ops broadly over the western Pacific. The first center is
over the southern Philippine Sea, where a descending
branch of the anomalous Walker circulation develops. The
second center is over the eastern ocean of Japan, and is
associated with the PNA pattern. Between these two upper-
level convergence centers, an upper-level divergence
component forms over the northern Philippine Sea, where
it can facilitate the development of ascending airflow,
which compensates for the descending airflow over the
southern Philippine Sea. Consequently, in the longitudes
where the Korean Peninsula is located (120°-140°E),
anomalous local meridional circulation develops, which
consists of ascent over the northern Philippine Sea and
descent over the southern Philippine Sea. Korea, however,
is located outside of its impact area. During El Nifio
Modoki, as well as during El Nifio, the first upper-level
convergence center related to anomalous Walker circula-
tion appears in the southern Philippine Sea. However, the
second upper-level convergence center that develops over
the eastern ocean of Japan during El Nifio almost does not
develop, and is located far to the southeast. The reason for
this seems to be that anomalous atmospheric circulation
develops on a smaller scale during El Nifio Modoki than
during El Nifio, and this is associated with a smaller zonal-
scale SSTA during El Nifio Modoki. These anomalous
upper-level atmosphere circulations provide an environ-
ment in which an upper-level divergence zone corre-
sponding to the upper-level convergence over the southern
Philippine Sea can be formed at higher latitude during El
Nifio Modoki than during El Nifio. As a result, anomalous
local meridional circulation is formed, with a downdraft
over the southern Philippine Sea and an updraft over Korea
and southern Japan. This corresponds well to the move-
ment to the north of the tropical Pacific-East Asia low-level
wave train during El Nifio Modoki. Over Korea, an
increased inflow of tropical air in the lower troposphere
and the enhanced updraft provide a favorable environment
for an increase in precipitation.

This study explains qualitatively the cause of telecon-
nection between El Nifio Modoki and Korean winter pre-
cipitation. If, in the future, the impacts of the intensities of
a warm SST in the central Pacific and cold SST in the

western and eastern Pacific on the teleconnection pattern
between El Nifio Modoki and the East Asian climate are
quantitatively analyzed by numerical studies, we can
expect that our understanding of the El Nifio Modoki
teleconnection will be enhanced.
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