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Abstract The moisture supply and El Nifio Southern
Oscillation (ENSO) characteristics are investigated for dif-
ferent intraseasonal modes of the East Asian summer mon-
soon (EASM) identified as the Meiyu-Baiu, Changma,
post-Changma, and dry-spell modes. The investigation is
conducted with a type of artificial neural network known
as self-organizing map analysis. The major modes tend to
be dominated by the moisture convergence of the mois-
ture budget equation along the rain-band. The Meiyu—
Baiu mode is strongly linked to both the anomalous low-
level convergence and vertical wind shear, which is related
to baroclinic instability with warm air rising and cold air
sinking. The Changma mode has a strengthened tropic—
subtropics connection along the western north Pacific sub-
tropical high, which induces vertical destabilization and
strong convective instability by the low-level warm advec-
tion of moisture-laden air and upper-level cold advection
of dry air. In late summer, the post-Changma and dry-spell
modes are characterized by anomalous southeasterly flow
of warm and moist air from western north Pacific mon-
soon, and low-level easterly flow, respectively. In response
to the preceding El Nifio, the Meiyu—Baiu and Changma
modes occur more frequently, while the post-Changma and
dry-spell modes show the opposite. The response to the
La Nifa exhibits a relatively weak connection, indicating
asymmetric response on the preceding ENSO. This promi-
nent difference in response to the ENSO leads to different
behaviors of the Indian Ocean and western Pacific thermal
state, and consequently, the distinct moisture supply and
instability variations for the EASM intraseasonal modes.
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1 Introduction

The East Asian summer monsoon (EASM) is a complex
mid-latitude system that produces phenomena with various
spatiotemporal scales. One of the dominant variabilities in
the EASM is intraseasonal variation (ISV), which is related
to an irregularly propagating large-scale intraseasonal oscil-
lation (ISO) with a period of 30-60 days (Yasunari 1979;
Yun et al. 2008). There have been many efforts to identify
the different spatiotemporal structures of the intraseasonal
EASM. Wang and Xu (1997) found that the climatological
ISO has regional differences. The primary East Asian rain-
band refer to as Meiyu in China and Baiu in Japan in early
June, while Changma in Korea appears from mid-June to
late July. According to the Korean rainy season, the post-
Changma is popularly known as a secondary surge from
mid-August to early September (Ha and Lee 2007; Kim
et al. 2010; Lee et al. 2010). Ha et al. (2009) demonstrated
the different formation mechanisms by identifying the
wave structures between the Changma and post-Changma:
the Pacific-Japan pattern (Nitta 1987) in the Changma and
the zonal wave-like pattern along the Eurasian continent
(Enomoto et al. 2003) in the post-Changma. The different
dynamics between the Changma and post-Changma sug-
gest the importance of identifying the intraseasonal phases
(ISP) of the EASM. The underlying characteristics of com-
plex ISV may provide valuable insights that enhance the
predictability of the EASM precipitation (Kim et al. 2008).

Of particular interest is that the moisture is transported
from the nearby oceans to the East Asian monsoon region by
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large-scale monsoon circulations and it plays a key role in
modulating the ISP (i.e., onset and withdrawal) of the EASM
(Zhou and Yu 2005). Seo et al. (2012) demonstrated that the
extraordinary northwestward intensification of the North
Pacific subtropical high induces the strong southerly winds,
leading to large amount of precipitation over the EASM
region. In order to better understand the processes that gener-
ate precipitation, it is important to confirm more quantitative
manner on decomposition analysis using moisture budget
equation by mean and transient parts. The moisture budget
studies have been widely known over the recent decade.
For example, Zhang et al. (2011) tried to show the mois-
ture divergence by dividing into the monthly-wind mois-
ture transport (MMT) and transient eddy moisture transport
(EMT) divergence. They revealed that the MMT represents
strong moisture convergence in the EASM region, while
the EMT divergence has the opposite effect on the MMT.
Moreover, the primary causes of the increasing precipita-
tion were investigated by analyzing the structures related to
atmospheric moisture budget (Li et al. 2013). Hence, under-
standing of the progress of moisture supply requires detailed
analysis of the atmospheric moisture budget.

In previous studies, it has been discovered that scale
interactions between intraseasonal and interannual vari-
ability (IAV) determinate the predictability sources based
on surrounding factors. Yun et al. (2008) found that the
boreal summer northward propagating ISO over the EASM
region is affected by the preceding El Nifio Southern Oscil-
lation (ENSO). They also reported that one of the possible
linkages is related to the springtime SST warming over
Indian Ocean (IO) via Walker circulation. The warming
induces a suppressed convection and an anomalous west-
ern north Pacific subtropical high (WNPSH) over the Phil-
ippine Sea, further, it leads to Rossby wave train over the
EASM region. Lee et al. (2013b) indicated that the mois-
ture convergence is simultaneously enhanced by inducing
impact of more evaporation through anomalous SST warm-
ing over the 10. The moisture supply over East Asia is also
related to external forcing such as the ENSO through the
modulation of an anomalous WNPSH (Huang and Wu
1989; Wang et al. 2000, 2013; Chou et al. 2003; Lee et al.
2013a; Yun et al. 2013). The anomalous WNPSH is attrib-
uted to local air-sea interactions, the influence of the 10,
and the combined effect on atmospheric circulation (Ashok
et al. 2001; Saji and Yamagata 2003; Xie et al. 2009; Lee
et al. 2013b; Yun et al. 2013). The different ISO-ENSO
relationship between early and late summer has been
shown in Teng and Wang (2003): the eastward propagat-
ing in early summer and the northward propagating in late
summer. Recently, Karori et al. (2013) showed that two dif-
ferent features of the ENSO, namely, the warm pool and
cold tongue ENSO, produce an asymmetric atmospheric
Rossby wave response that results in opposite precipitation

@ Springer

anomalies over the EASM. Hence, it would be useful to
investigate the linkage between the IAV of the ISP and the
ENSO with the seasonal evolution to understand influence
of tropical SST as predictive factor.

The intrasesonal characteristics of the EASM have been
typically approached by statistical methods based on lin-
ear analyses (Kang et al. 1999; Zhou and Yu 2005). How-
ever, these linear analyses have a limited ability to capture
the characteristics of the intraseasonal monsoon variation
(Yoo et al. 2010). Johnson (2013) classified the difference
between k-means clustering and self-organizing map (SOM)
to compare the results. Both two methods are very similar,
but only SOM has a neighborhood function to preserve the
topological ordering when modifying centroids vectors. The
SOM, which has no constraint for linearity or orthogonal-
ity, can provide effectively various extractions. Recently,
Chu et al. (2012) used a nonlinear analysis of SOM to iden-
tify four major ISP of the EASM named as the Meiyu—Baiu
mode, Changma mode, post-Changma mode, and dry-spell
mode and investigated their dynamical structures. The study
focused on the adoption of SOM methodology and proved
the strength of SOM for isolating the nonlinear coupled
states. In addition, by using the annual number of clus-
tered days, they found that particular monsoon phases are
more favorable to the ENSO. However, the different ther-
modynamic structures and moisture supplies for the four
ISP of the EASM were not undertaken. The seasonal evo-
lution of the tropical sea surface temperature (SST), which
reflects the phase transitions and detailed characteristics of
the asymmetric response to the ENSO, was not considered
as well. In this study, we explore moisture supplies, ther-
modynamic structures, and mechanisms of the major ISP
identified by Chu et al. (2012), but the analysis period is
extended to 2012. For the moisture analysis, we adopt the
moisture budget equation including convergence, advection,
and transient eddies. We also demonstrate that prominent
differences in moisture supply and instability are caused
by distinct responses to the preceding ENSO. Section 2
briefly explains the main ideas behind the implementation
of SOM and the identification of the four major modes. Sec-
tion 3 identifies the moisture supply of the four major intra-
seasonal modes. In addition, the thermodynamic structure
is examined in terms of instability. Section 4 demonstrates
the different influences of the preceding ENSO, and Sect. 5
contains a summary as well as conclusions.

2 Data and methods
2.1 Datasets for SOM and SST

To identify the major intraseasonal modes of the EASM,
a type of artificial neural network known as SOM was
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applied (Appendix). The input data consisted of the daily
standardized anomalies of the six monsoon indices by ear-
lier researchers (e.g., CISO0H, CI850U, and CI850V indi-
ces (Ha et al. 2005), RM2 index (Lau et al. 2000), SI index
(Wang et al. 1998), and the western North Pacific monsoon
index (WNPMI) (Wang et al. 2001)) representing large-
scale changes in the WNPSH, low-level winds, upper-level
vorticity, vertical shear of zonal wind, and the intensity of
the low-level vorticity for the period from 1979 to 2012,
but we carried out the experiment with fixed reference vec-
tors in Chu et al. (2012). This is because we expect that
the dynamical results are equivalent to previous studies.
Seasonal variations of each monsoon index selected were
relatively independent of the others. In order to confirm
the robustness of SOM, the sensitivity test was examined
by removing each index [refer to Chu et al. (2012)]. Even
though one index was removed, they could capture the four
dominant modes as a result. The data were obtained from
the National Centers for Environmental Prediction/Depart-
ment of Energy (NCEP-DOE) (Kanamitsu et al. 2002).
The SST data for the period 1979-2012 were obtained
from the Hadley Centre Sea Ice and Sea Surface Tempera-
ture dataset (HadISST), which was made available by the
British Atmospheric Data Centre (BADC) (Rayner et al.
2003). The anomalies of all variables were calculated based
on 1979-2012 daily climatology.

2.2 Implementation of SOM

In SOM analysis, there are two types of dimensional arrays,
which consist of rectangular and hexagonal lattices. In the
rectangular and hexagonal lattices, each node has four and
six neighborhoods if the radius is one. We used a Gaussian
neighborhood for the neighborhood kernel and rectangular
lattice for dimensional array. When the type and number
of the map are decided upon, the map must be kept small
but sufficiently large enough to express the different char-
acteristics of the input data (figure not shown). Thus, the
value of 3 x 3 was chosen to be captured on SOM based
on requirement of mathematical and physical optimiza-
tions of identifying distinct patterns. The final map consid-
ers the mean spatial patterns in the EASM characterized by
active, break, and normal conditions, including both major
and subsequent modes (Chattopadhyay et al. 2008). The
standardized anomalies of the six monsoon indices [e.g.,
CI500H, CI850U, and CI850V indices (Ha et al. 2005),
RM2 index (Lau et al. 2000), SI index (Wang et al. 1998),
and the WNPMI (Wang et al. 2001)] were arranged as input
vectors. Each of the 92 days (from 1 June to 31 August)
and each of the 34 years (from 1979 to 2012) were associ-
ated with a particular node of the 3 x 3 map; 3,128 input
samples (92 days x 34 years) were analyzed. On the basis
of greater portion and sustainability of the ISP identified

Table 1 Mean days per event (in boldface), frequency of days in per-
cent (in parentheses), and probability of no transition at each node (in
braces)

Meiyu—-Baiu mode
6 (18.8 %) {79.5}

Changma mode
4 (143 %) {69.1}

Dry-spell mode
4(11.8 %) {67.6}

Post-Changma mode
5(18.6 %) {74.9}

by SOM, four dominant modes located at the far corners of
3 x 3 map were considered as dominant modes [The figure
of 3 x 3 map can be found in Chu and Ha (2011)]. The
dominant modes can explain an episode because they are
relatively stationary.

2.3 Identification of dominant modes

To provide basic statistical information on the phases,
we listed the mean days per event, frequency of days in
percent, and probability of no transition from one mode
to another in Table 1. The number of events was deter-
mined by counting the total number of each mode. The
mean days per event was calculated by averaging the
number of clustered event days per year. The percentage
frequency of days was calculated by taking the number of
clustered days in a particular mode and dividing the num-
ber by the total number of days (3,128 days = 92 days y
ear ! x 34 years), and then the results were multiplied
by 100 to convert the ratio into a percentage. The prob-
ability of no transition is the probability that any consecu-
tive days regarded as input vectors will be mapped to the
same mode. The mean days per event had a maximum of
6 days for the Meiyu—Baiu mode occupied by 18.8 % of
the EASM. Furthermore, the probability of no transition
the next day was 79.5 %, which was the highest probabil-
ity of clustering at the equal mode. The frequency of days
was occupied by 18.6 % in the post-Changma mode. For
the Changma mode and dry-spell modes, 14.3 and 11.8 %
were projected, respectively. The four dominant modes
that occupied about 63.5 % of the EASM were selected
by the analysis.

Figure 1 shows the number of clustered days in each
major mode in June—July—August (JJA) for the 34 year
period. 7-day running average is applied. By averaging on
7 days, we could find concentrated peaks of each mode
representing their seasonal variation. According to Fig. 1,
SOM effectively captured temporal information on the
climatological intraseasonal phases (CISP). The counter-
clockwise direction depicts the evolution of the four modes
starting from the Meiyu—Baiu mode. The Meiyu-Baiu
mode appeared in early summer, and then the Changma
mode emerged from late June to early July. The post-
Changma mode had its maximum peak in early August and
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Fig.1 The number of clustered
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(d) dry—spell mode
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the dry-spell mode manifested during late summer. Thus,
we could find that the CISP are different.

Moreover, the IAV of four major modes is defined by the
mean annual number of days clustered at each mode. The
IAV of the Meiyu-Baiu mode showed no significant cor-
relation with that of the Changma mode (correlation coef-
ficient of —0.02). It confirmed that SOM have the ability to
classify the Meiyu—Baiu and Changma modes, which occur
during early summer and both two modes are independ-
ent each other. On the other hand, the post-Changma and
dry-spell modes were negatively correlated to the Meiyu—
Baiu and Changma modes in at the 99 % confidence level
and the correlation coefficients were —0.52 and —0.53,
respectively.

3 Moisture transport and instability
3.1 Moisture transport

The northward-propagating ISP, which evolve in the coun-
terclockwise direction starting from (a—d) along peak time
for each mode, can be seen in Fig. 2 (Wang and Xu 1997;
Yun et al. 2009). A full cycle with counterclockwise direc-
tion of the ISP is an episode elsewhere (Chu et al. 2012).
The vertically integrated moisture flux convergence anom-
aly represents some identified aspects of thermodynamic
and dynamic effects on precipitation systems. In this sec-
tion, we focus on the distinctive moisture supply for each
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mode. Figure 2 shows the spatial distribution of the verti-
cally integrated moisture flux convergence anomaly and
moisture transport at 925-hPa by the anomalous low-level
wind associated with SOM classified patterns. In the
Meiyu-Baiu mode, the anomalous cyclonic circulation at
the low-level induces a strong moisture flux convergence
on the precipitation region over southern Japan. Such a
zonally elongated concentration of anomalous moisture
flux convergence can easily make conditions favorable
to precipitation. In contrast, an anomalous moisture flux
divergence appears over the South China Sea and the east-
ern north Pacific.

The Changma mode shows prominent WNPSH and it
leads to stronger southwesterly moisture transport from
the subtropics to East Asia. The southwesterly flow due to
the WNPSH plays an important role as a source of mois-
ture. The contrast between the convergence in the trop-
ics and divergence in the subtropics is more evident than
the Meiyu—Baiu mode. It implies that the Changma mode
has more to do with the tropical thermal state. In addition,
another evidence of a connection with the equator can be
found in the easterly vertical wind shear between 200- and
850-hPa related to the northward propagating ISO (figure
not shown).

The post-Changma mode is diagonally opposite to
the Meiyu—Baiu mode (Chu and Ha 2011). The strong
moisture flux convergence anomaly related to enhanced
deep convection over the western north Pacific (WNP)
can explain the emanation of Rossby waves, which is
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Fig. 2 Spatial distributions of (a) Meiyu—Baiu mode
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indicative of the northward propagating ISO (Kemball-
Cook and Wang 2001; Tsou et al. 2005). As a result, this
mode has the persistent wavelike structure to explain
Rossby wave propagation for large-scale circulation con-
spicuously. The anomalous anticyclone in the Changma
mode seems to advance northward to southern Japan
in this mode. For the reason, the Korean Peninsula is
affected by the southeasterly flow along the anomalous
anticyclone over southern Japan. From different stand-
points, there are two phenomena in the subtropics. One
is the western north Pacific summer monsoon (WNPSM)
associated with cross-equatorial flows such as the Somali
jet that supplies massive moisture (Wang et al. 2001).
The other is the typhoon effect in August. The evidence
is the precipitation distribution associated with the track
of the tropical cyclone (TC) motion and the increasing
trend of the TAV related to TC activity in the late-1970s,
concurred with Kwon et al. (2007). Thus, this mode is
conjunct with various phenomena be found during late
summer.

The dry-spell mode features a mirror phase of the
Changma mode. This mode has approached by the
anomalous cyclonic circulation over the WNP region.
The anomalous easterly flow at the low-level near south-
ern Japan terminates the moist supply into the EASM.
Hence, the EASM regions experience dry conditions.
The dry conditions in this mode are significantly related
to the Eurasian wave-like pattern descried in Ha et al.
(2009).

3.2 Moisture budget analysis

To better estimate the contribution of moisture supply, we
applied the moisture budget equation on decomposition
analysis (Appendix). According to Seager et al. (2010), the
final equation can be written as

Py Py

pwg(P—E);_/(qV.V+V~Vq)dp—/V~(W)dp (D
0 0

where the overbars indicate 15-day running means for each
year and the primes indicate departures from the 15-day
running means. We can consider the prime terms as tran-
sient eddy terms. The first term on the right-hand side of
Eq. (1) represents the moisture convergence as a dynamic
term, and the second term represents the moisture advec-
tion as a thermodynamic term. The third term represents
the transient eddy moisture flux convergence as a transient
term.

Here we queried how much does each term contribute
to the major ISP in the EASM? By making comparison
to identify which term is dominant, we expect to find fea-
tures of the moisture supply in the EASM quantitatively.
The moisture budget equation is separated into terms of
the anomalous moisture convergence, moisture advection,
and transient eddy moisture fluxes (Figs. 3, 4, 5). All four
modes are dominated by the anomalous moisture conver-
gence term (Fig. 3). The Meiyu—Baiu mode has a zonally
elongated convergence region from eastern China to the
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Fig. 3 Spatial distributions
of the anomalous conver-
gence term (mm day ') in the
moisture budget equation for
a Meiyu-Baiu, b Changma, ¢

post-Changma, and d dry-spell

modes

Fig. 4 Same as Fig. 3, but for
the anomalous advection term

southern Japan and a divergence region on a subtropi-
cal high. In Changma mode, the anomalous convergence
region is displayed as a diagonal line near the Korean
Peninsula. This is because the mode has vertical struc-
tures that include anomalous moisture flux convergence
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at the low-level and divergence at the middle-level over
the Korean Peninsula (Fig. 6b). In addition, the covering
a larger divergence region implies that there is a strength-

high over the western Pacific (WP) in

the Changma mode (Fig. 3b). Both the post-Changma and
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Fig. 5 Same as Fig. 3, but for (a) Meiyu—Baiu mode (d) dry—spell mode
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dry-spell modes also display conformity of the anomalous The anomalous advection term plays an important role in
moisture flux convergence over the precipitation region  the identification of modes (Fig. 4). In the Changma mode,
(Fig. 3c, d). The anomalous convergence located over the  the considerable contribution of the anomalous advec-
WNP is characterized by more active convection than that  tion term can explain localized rainfall over the Korean
over the EASM region in both of the two modes. Peninsula. This analysis reveals that the Changma mode
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Fig. 7 Latitude-height cross
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is mostly affected by the anomalous southwesterly wind
that involves a large amount of moisture from the subtropi-
cal region along the WNPSH. That is the reason why the
Changma mode can be distinguished from the Meiyu—Baiu
mode (Fig. 4a, b). The other reason is that the two modes
have the distinct center in the vertical structure of specific
humidity each other. The center of specific humidity in the
Meiyu-Baiu mode is located at 700-hPa, while that in the
Changma mode is more concentrated at the low-level. This
implies that the Changma mode is controlled by warm rain
convection or a “low-echo centroid” precipitation system,
which does not generate lightning (Sanjib and Ha 2003).
In addition, the flow caused by the contrast between dry
land and humid ocean is also prominent over southern
Korea in the Changma mode (figure not shown). Note that
the land-sea contrast between dry land and humid ocean
leads to the meridional wind component with warm-damp
air. A mirror image of the Meiyu—Baiu mode is observed
in the post-Changma mode (Fig. 4c). Thus, as the result of
the Meiyu—Baiu mode, the advection term has no particu-
lar importance. However, in dry-spell mode, the negative
advection covers the EASM region (Fig. 4d). For this rea-
son, this mode leads to beginning of dry weather over the
EASM region.

The distinct characteristics are also exhibited by the
anomalous transient eddy flux convergence term (Fig. 5).
The anomalous transient eddy term in summer is smaller
than winter because transient wave activity weakens rap-
idly from spring to summer (Nakamura 1992). In all four
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modes, the anomalous transient eddies have the opposite
phase by supplying or blocking moisture over the bound-
ary region of the mean flow and their role is smaller than
the moisture flux convergence (Zhang et al. 2011). In other
words, the transient eddy divergence (convergence) is
observed to influence a decrease (an increase) in rainfall
(Zhang et al. 2011).

3.3 Instabilities

The instability associated with the dominant modes will be
examined in terms of the thermodynamic and dynamic fac-
tors. As the thermodynamic factors, the vertical structure of
moisture flux convergence and thermal advection are exam-
ined (Fig. 6). As the dynamic factors, the zonal and vertical
winds are considered (Fig. 7). In addition, the remarkable
difference in instabilities is further investigated by focusing
on two modes, which occur during early summer, corre-
sponding to the Meiyu—Baiu and Changma modes (Fig. 8).
First, the Meiyu—Baiu mode has an obvious boundary
where the thermal gradient corresponds to warm and cold
advection to the south and north of the whole atmosphere,
respectively. The meridional thermal gradient results in the
upper-level jet stream. Warm air is confined to the subtrop-
ics, cold air is confined to mid-latitudes, and strong west-
erly wind shear is shown over the same region (Figs. 6a,
7a). The strong jet stream makes the ascending motion
strengthen. It means there is a strong secondary circulation
over the warm advection region in this mode, whereas the
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Fig. 8 Spatial distributions of
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Changma mode is not. The vertical shear of the mean flow
is associated with baroclinic instability converting potential
energy. The Eady growth rate between 400- and 600-hPa
shows a much stronger response than the Changma mode.
The maximum Eady growth (Lindzen and Farrell 1980),
which is directly linked to the meridional thermal gradient,
is one of simple paradigms for the instability (Fig. 8a, b).
In addition, the Meiyu-Baiu mode has a feeble moisture
flux convergence anomaly and weak ascending motion on
the equator. The mode may be more connected by the mid-
latitude system related to the jet stream than the tropical
system.

The vertical structures are composed of an anomalous
moisture flux divergence at the middle-level and conver-
gence at the low-level in the Changma mode (Fig. 6b).
The dynamical characteristics are shown in Fig. 7b. The
weak secondary circulation results from weak upper-
level jet stream to be extended northward. The moisture
structures with thermal advection are principal factors for
the generation of convective instability. The anomalous
warm advection occurs mainly at the low-level from the
south through the established WNPSH, while the anoma-
lous cold advection occurs at the upper-level from the
north. Under this condition, the warm advection can meet
over the moisture flux convergence region at the low-
level. That is why convective instability develops in the
Changma mode. Convective instability is characterized

1 | 1 | |
-1 -08 -08 -04 -02 02 04 06 08 1

X ] 0.9

by warm moist air at the low-level and cold dry air at
the upper-level. The evident increase in convective insta-
bility is represented by much moisture at the lower level
(Fig. 6b) (Yun et al. 2008). The Changma mode remark-
ably exhibits the vertical gradient of the equivalent poten-
tial temperature indicating the convective instability than
the Meiyu—Baiu mode (Fig. 8c, d). Furthermore, the
Changma mode has a strong moisture flux convergence
anomaly, obvious ascending motion on the equator, and
significant easterly wind shear between 200- and 850-hPa
(figure not shown). The easterly wind shear provides some
information about the northward propagation of tropical
activity from the subtropical region, including convective
activity (Jiang et al. 2004). Thus, we can observe that the
Changma mode has much stronger linkages to the sub-
tropical region than the Meiyu-Baiu mode.

The post-Changma mode is influenced by warm advec-
tion in the whole atmosphere as in the Meiyu—Baiu mode
(Fig. 6¢), but has the center of specific humidity concen-
trated at the low-level as it was in the Changma mode (fig-
ure not shown). In other words, this mode has intermediate
features between the Meiyu—Baiu and Changma modes in
the mid-latitudes. The easterly wind shear can also explain
the development of the northward propagation in the sub-
tropics (Fig. 7c). From different point of view, the strong
upward motion in the subtropics is characteristic of the
WNPSM. This feature is associated with the WNPSM with
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the strong moisture flux convergence over the same region
as we mentioned.

In the dry-spell mode, an anomalous cold advection over
anomalous moisture flux divergence region is located in the
EASM region (Fig. 6d). Both of the anomalous cold advec-
tion with dry air at the low-level and warm advection at
the upper-level provide vertical stabilization. This process
creates dry conditions over the EASM region. In addition,
the secondary circulation in the mid-latitudes is very weak
in this mode due to the weak jet stream. Over the WNP
region, both a strong moisture flux convergence anomaly
and upward motion develop, similar to the post-Changma
mode.

4 Asymmetric response to ENSO

The prominent differences in response to moisture supply
and instability in the dominant modes may be caused by
distinct responses to the preceding ENSO. Many previous
studies have been performed to examine the relationship
between tropical Pacific SST and the East Asian monsoon
(Chang et al. 2000; Wang et al. 2000; Wu et al. 2003). Chu
et al. (2012) also found that the ISP can be controlled by
the external components such as the ENSO. However, the
linkage between the ISO in the EASM and ENSO has not
been clearly revealed due to different time and space scales.
The possible linkage between the IAV of the northward
propagating ISO in the EASM and quasi-biennial-type
ENSO was suggested to relate to the reinforced WNPSH
by Yun et al. (2009). To examine how the dominant modes
are influenced by the preceding ENSO based on a classify-
ing algorithm, we need to consider responses to the ENSO
and the seasonal evolution of the tropical SST that indicate
detailed transitions and characteristics.

Firstly, indications of responses to ENSO are constructed
by the changes in the number of occurrence on interannual
time scales during El Nifio and La Niifia years. To demon-
strate the impact of the preceding ENSO on the dominant
ISP, we used a time series of the mean annual number of
days per event. We selected 10 El Nifio years and 14 La
Nifia years by adding five El Nifio years in the previous
study [refer to Chu et al. (2012)]. El Nifio years—1983,
1987, 1988, 1992, 1995, 1998, 2003, 2005, 2007, and 2010
and La Nifia years—1984, 1985, 1986, 1989, 1996, 1997,
1999, 2000, 2001, 2006, 2008, 2009, 2011, and 2012. The
definition of the ENSO years was based on a threshold of
40.5 °C for the December—January—February (DJF) Nifio-
3.4 index with a 3-month running mean of SST anomalies
in the Nifo-3.4 region (5°N-5°S, 120°-170°W). According
to the ENSO dependence, the mean number of days for the
El Nifio event increased in the Meiyu—Baiu and Changma
modes by 28.6 and 42.2 %, respectively (Table 2). This
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Table 2 Variations in the number of days for (a) Meiyu—Baiu, (b)
Changma, (c) post-Changma, and (d) dry-spell modes associated with
preceding ENSO

Type Mode
(a) Meiyu—  (b) (c) Post- (d) Dry-
Baiumode Changma Changma spell mode
(%) mode (%) mode (%) (%)

After El Nifio 28.6 422 —26.4 —-52.9

After La Nifia 1.8 —23.9 6.8 17.5

indicates that the Meiyu—Baiu and Changma modes which
occur during the early summer are stimulated by the pre-
ceding El Nifio events. In contrast, the mean number of
days for the El Nifio event decreased in the post-Changma
and dry-spell modes by 26.4 and 52.9 %, respectively.
That is, those modes were also affected by the preceding
ENSO, but in a reverse sense. There was a little associa-
tion observed between the La Nifia and the Meiyu—Baiu
mode (1.8 %) or the post-Changma mode (6.8 %). How-
ever, the Changma mode (dry-spell mode) tended to arise
less (more) frequently through winter eastern Pacific (EP)
SST cooling.

Why do the dominant modes have likely an asymmet-
ric response to the preceding ENSO? One of the possible
linkages is related to the springtime SST warming over 10
via Walker circulation. The warming induces a suppressed
convection and an anomalous WNPSH over the Philippine
Sea, further, it leads to Rossby wave train over the EASM
region. Wang et al. (2000) determined that the WP and 1O
SST are known to have a connection with the WNPSH,
even though the IO SST is not significantly related to the
WP SST. Moreover, they found that the prominent effect
of the anomalous SST cooling over the WNP region can be
described by positive thermodynamic feedback. Yun et al.
(2013) also suggested that the IO warming and WP cool-
ing are responsible for WNPSH variability. The tropical 10
warming is an effective system into the EASM (Watanabe
and Jin 2002; Xie et al. 2009). The result is on the basis
of the capacitor hypothesis, which means the analogy of
a battery charging a capacitor (Yang et al. 2007; Xie et al.
2009).

With regard to the seasonal evolution, the correlation
maps between SST from DJF(—1) to JJA(0) and the AV
of each mode are shown in Fig. 9. The IAV of four major
modes is defined by the annual number of clustered days
at each mode. We found that the WNPSH variability is the
key to modulate the asymmetric response to the ENSO. The
results were verified by the lead-lag correlations among
annual number of clustered days in the four modes and
the difference between the I0 and WP thermal states (fig-
ure not shown). These results are quite similar with those
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(a) Corr (SST Melyu -Baiu mode)

(d) Corr (SST dry-spell mode)

Fig. 9 Spatial patterns of the correlation coefficients with SST (December—January—February, March—April-March, and June—July—August) for
a Meiyu-Baiu, b Changma, ¢ post-Changma, and d dry-spell modes. Contour is significant at the 95 % confidence level

of Wang et al. (2013). The Meiyu—Baiu mode is weakly
related with the preceding El Nifio pattern. The abrupt
transition of the ENSO phase in this mode is caused by
the upwelling in connection with an oceanic Kelvin wave.
Moreover, the anomalous anticyclone over the South China
Sea corresponds with the central Pacific cooling during JJA
(cf. EOF-2 in Wang et al. 2013). Conversely, the Changma
mode is significantly correlated to the EP, 10, and WP SST.
It can explain that the mode is very sensitive to the seasonal
evolution of the ENSO through IO SST warming as well as

WP SST cooling. In the Changma mode, the northeasterly
flows reinforce the mean easterlies to the southeast of the
WNPSH (cf. EOF-1 in Wang et al. 2013). These flows pro-
duce SST cooling over the WP region, and then generate
descending Rossby waves. In addition, the post-Changma
and dry-spell modes are both related to the La Nifia events,
however, only the post-Changma mode represents the obvi-
ous SST warming in the WP. A conspicuous feature to be
considered is a significantly negative region throughout
the IO and into the Atlantic Ocean in the dry-spell mode.
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Table 3 Variations in the number of days for (a) Meiyu—Baiu, (b) Changma, (c) post-Changma, and (d) dry-spell modes associated with strong

or weak WNPSH years
Type Mode
(a) Meiyu—Baiu mode (%) (b) Changma mode (%) (c) Post-Changma mode (%) (d) Dry-spell mode (%)
Strong WNPSH 11.7 71.7 —27.6 —73.6
Weak WNPSH —-2.5 —-51.6 39.2 41.7

These two modes, which are positively affected by the
preceding La Nifia, will be explored in the near future
in detail. The atmospheric circulation patterns show the
asymmetric structure, which demonstrates the asymmetric
relationship between the dominant modes and the ENSO.
The differences of the dominant modes can be verified by
analyzing strong and weak WNPSH years (Table 3). The
WNPSH index defined by Lee et al. (2013b) was used. The
WNPSH index described was associated with the IAV of
summer mean geopotential height at 850-hPa (110°-150°E,
15°-30°N). The definition of strong and weak WNPSH
years was based on a threshold of 1.0 and —1.0 for the
JJA season, respectively. For the representative strong and
weak years, we selected seven strong years—1980, 1983,
1987, 1995, 1998, 2003, and 2010—and 6 weak years—
1984, 1985, 1986, 2001, 2002, and 2012. The WNPSH
have relevant differences to the dominant modes, espe-
cially, between the Meiyu—Baiu and Changma. It is inter-
esting to remark that the mean number of days for the
strong WNPSH years increased in the Meiyu—Baiu and
Changma mode by 11.7 and 71.7 %, respectively. On the
contrary, these results decreased in the post-Changma and
dry-spell modes by 27.6 and 73.6 %, respectively. For the
weak WNPSH years, the Changma and dry-spell modes are
significantly decreased and increased, respectively. Thus,
the Changma and dry-spell modes are greatly influenced
by the WNPSH variability, caused by the IO warming and
WP cooling. In this study, the distinct responses to ENSO
in the dominant modes are remarkably consistent with the
results in the Wang et al. (2013), even though we make use
of a clustering method as SOM. It means that the dominant
modes classified by SOM method have the possibility rep-
resenting the seasonal characteristics.

5 Summary and conclusions

The thermodynamic characteristics in the intraseasonal
EASM phases were examined to overcome limitations of
the linear analysis and to understand the modulation by the
preceding ENSO. In contrast with the linear techniques,
SOM had the capability of identifying ISP in the EASM
including their evolutionary histories (Chattopadhyay
et al. 2008; Chu et al. 2012; Johnson 2013). We adopted
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SOM analysis to fully capture the spatial and temporal
characteristics of the ISP in the EASM. Chu et al. (2012)
established the four dominant modes located at the far
corners of 3 x 3 map and revealed their dynamical struc-
tures. In this study, we aimed to describe the uniqueness of
moisture supply and demonstrated the distinct instability
in terms of their dynamical and thermodynamic structure
according to the major ISP identified by Chu et al. (2012).
Furthermore, their asymmetric responses to the ENSO
were explored as well. On the basis of greater portion and
sustainability of the ISP classified by SOM, four modes
located at the far corners of 3 x 3 map were considered
as dominant modes. Note that the four modes had distinct
characteristics of moisture supply in both the horizon-
tal (Fig. 2) and the vertical structure (Fig. 6). The mois-
ture flux convergence anomalies resembled precipitation
field. In the Meiyu—Baiu mode, the strong moisture flux
convergence attributed to the anomalous cyclonic circula-
tion at the low-level. The circulation had an influence on
the precipitation region near southern Japan. Compared to
the Meiyu-Baiu mode, the Changma mode was character-
ized by southwesterly moisture transport involving a large
amount of moisture along the WNPSH. The post-Changma
mode had a meridionally oriented moisture source over the
Korean Peninsula. From various standpoints, this mode
seemed to involve enhanced rainfall on the WNPSH. The
characteristics of the enhanced rainfall over the WNPSH
were related to the WNPSM and the TC effect in August. A
dry condition over the East Asian region was shown in the
dry-spell mode with the result that was caused the anom-
alous easterly flow at the mid-latitudes. In terms of the
moisture budget equation, the major modes tended to be
dominated by the anomalous moisture convergence along
the rain band. A striking difference appeared in terms of
the advection. The Changma and dry-spell modes were
substantially affected by the advection, while the Meiyu—
Baiu and post-Changma modes were weakly influenced
by the effect (Fig. 4). The noticeable contributions of the
advection explained localized rainfall over the Korean
Peninsula in the Changma mode. Moreover, the transient
eddies were found to play as opposite role in supplying or
blocking the moisture.

Here we investigated the differences in thermodynamic
characteristics and their instability with dynamics (Figs. 6,
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7). First, the Meiyu—Baiu mode was a precipitation system
brought about baroclinic instability related to an anomalous
meridional thermal gradient and less developed WNPSH.
This was because the large meridional thermal gradient
induces the strong upper-level jet due to thermal wind bal-
ance. The jet induced the secondary circulation, namely,
vertical motion on the precipitation region. For these rea-
sons, the upward motion caused by enhanced secondary cir-
culation was located in the warm air advection region. This
condition could explain warm air rising motion. The mode
was more associated with the mid-latitude system itself
than with the tropical-subtropical system. The Changma
mode was strongly related to the tropical-subtropical sys-
tem with a well-organized WNPSH and an easterly wind
shear over the tropics. This mode developed the strong con-
vective instability (Fig. 8d), which comes from the combi-
nation by the low-level warm advection with moist from
the subtropics and the upper-level cold advection with dry
air from the mid-latitude. Moreover, we observed the weak
secondary circulation caused by the weak upper-level zonal
wind. The third mode was related to copious rain over the
Korean Peninsula, which is called as the post-Changma
mode. The post-Changma mode was affected by warm
advection in the whole atmosphere as the Meiyu—Baiu
mode, but the center of specific humidity was concentrated
in the low-level as it was in the Changma mode. For these
reason, this mode had intermediate features between the
Meiyu-Baiu and Changma modes. From different point of
view, both the anomalous moisture flux convergence and
cyclonic circulation over the subtropics were indicated as
the WNPSM. The fourth mode was situated diagonally
opposite the Changma mode and it was referred to as the
dry-spell phase, because EASM region experienced a dry
condition. This was because the low-level cold advection
with dry air and upper-level warm advection. The vertical
conditions made the atmosphere more stable.

What caused the differences among the dominant
modes? The differences might come from asymmetric
responses to the ENSO to modulate the prediction of mon-
soon. Hence, we considered that variations in external com-
ponents including the ENSO, 10, and WP could be used to
predict the irregular ISO of the EASM precipitation. Dur-
ing the evolution of the ENSO, the thermal states of the
10 and WP modulated the dependence of the intraseasonal
modes on the ENSO through the WNPSH strength, easterly
wind shear, and other links of the tropical-subtropical sys-
tems. The Meiyu-Baiu mode had a weakly positive correla-
tion with the EP SST. However, the Changma mode was
very sensitive to seasonal evolution of the ENSO through
the IO warming and WP cooling. The condition could con-
tribute to the maintenance of the WNPSH. The anomalous
WNPSH was attributed to local air-sea interactions, the
influence of the IO, and the combined effect on atmospheric

circulation (Ashok et al. 2001; Saji and Yamagata 2003;
Xie et al. 2009). The occurrence of the Changma mode
tended to be remarkably influenced by the preceding El
Nifio and La Nifia events, where it increased and decreased,
respectively. The post-Changma mode indicated the decay-
ing phase of the La Nifia. This was the same result as that
obtained by Chou et al. (2003), who showed that a strong
WNPSM tended to occur in the decaying year of the La
Nifia. The dry-spell mode was also observed to be related
with the La Nifia events. In particular, the characteristics
of this mode were more related to the Atlantic Ocean and
IO than the others. The El Nifio events had a strong impact
on the IO SST, especially over the northern IO and Bay of
Bengal. However, the La Nifia events had weaker SST tel-
econnections over the same region. As a consequence, the
teleconnection patterns from the tropics to mid-latitudes
were observed to be quite weak during the La Nifia events.
The atmospheric circulation patterns, caused by the distinct
influence of SST, showed the asymmetric structure and that
demonstrated the asymmetric relationship between each
intraseasonal mode and the ENSO.

The results have an impact on ability to classify the dom-
inant modes in terms of the moisture supply and mecha-
nisms by the preceding ENSO. This is important to aid in
understanding the mechanisms and physical processes that
govern the monsoon variability. For the better understand-
ing of the dominant modes, the future changes and further
numerical modeling works would be valuable in this regard.
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Appendix: Self-organizing map (SOM) method

The SOM algorithm developed by Kohonen (1990) is a
clustering algorithm used in artificial neural networks. This
clustering is done without any prior information or super-
vision and the algorithm uses the similarity of informa-
tion provided by the data to analyze differences between
groups. There are two layers: the input layer and the com-
petitive layer. All connections within the input layer are
fully connected to the competitive layer. The two processes
of SOM are those of training and mapping. The ability of
SOM to extract patterns exists in the training algorithm.

The competitive training algorithm used was as follows.
Step 1:  Initialize the connections between input vectors
and nodes in the competitive layer
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Step 2:
Step 3:

Present new input vectors

Calculate the Euclidean distances (EUD)
between the input vectors and nodes in the com-
petitive layer

The reference vector W; is any jth node in the competi-
tive layer. The “i” indicates the iterative process. It means
that the iterative process is continued n, which indicates the
number of input vector. The EUD between the reference
vector W; and the input vector X is

IWDzm—Wﬂz

Step 4:  Select the smallest EUD to define the winning
node (or best-matching node)

Update the reference vector and adjust its associ-
ated weights together with those of the neighbor-
ing nodes within the neighborhood radius
Continue n times. The updating equations take

the form of

Step 5:

Step 6:

W;(n) + c(n) [X(n) — Wj(n)],
Wi(n),

J € Ri(n)
otherwise

Wj(n+1)={

where X(n) is the input vector, Ry(n) is the predefined
neighborhood around node j, and c(n) is the neighborhood
kernel that defines the neighborhood.

The neighborhood kernel may be a monotonically
decreasing function of n (0 < c¢(n) < 1), known as a bubble,
or it may be a function of the Gaussian type. We used the
latter, which was expressed as

=72
a(n) exp 202(n)

where a(n) and o(n) are constants that linearly decrease
with n. Here, a(n) is the learning rate, which determines
the speed of the learning process, while o(#n) is the ampli-
tude, which determines the width of the neighborhood ker-
nel. In addition, y and r; are the coordinates of the nodes
j and i, respectively, for which the neighborhood kernel is
defined.
Step 7:  Determine the winning node with the least EUD
between itself and the input vector after the
nodes are randomly distributed

Distribute each input vector to a corresponding
reference vector based on its similarity in terms
of a criterion such as the least EUD

Represent the particular input sample (mapping
process) most effectively. The number of output
patterns is defined by the user

Step 8:

Step 9:
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Moisture budget equation

The equation of conservation of water vapor and the equa-
tion of continuity are (Trenberth and Guillemot 1995)

dq dq

14V.V A,

8t+ q—i—wap e—c )
v.ved® g

The precipitation rate on the right-hand side of Eq. (2) is
determined by the rate of re-evaporation, e, and the rate of
condensation per unit mass, c. The role of liquid water in
the atmosphere is ignored. If Eq. (3) is used, then Eq. (2)
can be expressed in flux form as

dq

0
at—i—V~(qV)—i—$(qa))=e—c 4)

Using the generic relationships for g yields

Ps Ps

aq 0 aps

By =2 | gan — 0. 255
/ 3 P a1 /C] P — s a1 (5a)
0 0
Ps Ps
/ V. (@Vidp= V- / (@V)dp — 4;Vs - Vp, (5b)
0 0
Ps a( ) 9

w .

/;]po = (qsws = CIs(ap: +Vs- Vpx) (5¢)

The vertically integrated equation Eq. (4) can be written
as
Ps Ps Ps

aq ad

57w+ V- qVdp + &ﬂwW=M@@—P)(®
0 0 0

and then Eqgs. (5a—5c¢) are substituted into Eq. (6).

Ps Ps
ad aps aps
i dp — .22 + V. Wdp — g,V -V —
Y qpqwt+ /@)p qsVs “+%m

0 0

+gsVs - Vps = pwg(E — P) @)

Since the change of moisture in the atmosphere is
small, the first term on the left-hand side of Eq. (7) can
be neglected. The moisture flux can be separated into two
parts: the stationary component and the transient com-
ponent. Hence, we prescribed that an overbar indicates a
15-day running mean and a prime denotes the departure
from that 15-day running mean, so that

V=V+V
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Similarly, the moisture flux can be expressed as
gV=qgV+qgV' +qV+qV.

The second and third terms on the right-hand side
approximately vanish and were not considered. Thus, the
final moisture budget equation was derived by taking a time
average as follows:

Py P

pwg<P—E>z—/(qv-mvw)dp—/v-(mdp ®)
0

where V is the horizontal wind vector and g is specific
humidity. On the right-hand side of Eq. (8), the two terms
in the first integral describe the moisture convergence and
the moisture advection by the mean flow, respectively. The
second term describes the moisture flux convergence by
transient eddies.
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