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ABSTRACT

Tropical cyclone (TC) tracks over the western North Pacific (WNP) in 1979-2013 are classified by a self-
organizing map technique. A false detection rate method identifies five optimal TC clusters. Physical mechanisms
of the intraseasonal and interannual variations in the TC genesis frequency are investigated for each cluster. The
five clusters are separated by genesis location, from the westernmost area (east of the Philippines, C1) to the
easternmost (~150°E, C5) onset area over the WNP. The intraseasonal Madden—Julian oscillation (MJO) sig-
nificantly affects the genesis frequency for all clusters except for C5. In particular, MJO phases 5 and 6 (1 and 2)
provide significantly favorable (unfavorable) large-scale conditions for TC genesis. Two types of El Nifio—
Southern Oscillation influence the interannual variation of the genesis frequency for only C2 (generated over the
western Philippine Sea and East China Sea) and C4 (formed near the eastern Philippine Sea). Enhanced eastern
Pacific sea surface temperature (SST) anomalies lead to a ~40% decrease in the C2 TC frequency through a
reversed Walker circulation with downward motion over the WNP. Conversely, increased central Pacific SST
anomalies generate a cyclonic Rossby wave northwest of the forcing, inducing a significant increase (~50%) in
the C4 TC frequency. The interannual variability for the C5 TCs is strongly controlled by the variation of the
western Pacific subtropical high (WPSH). A positive WPSH variation reduces the C5 TC genesis frequency by
66%, while negative WPSH anomalies enhance the frequency by 50%. A prediction scheme using information
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from the first four 6-h TC locations demonstrates a skillful determination of TC clusters.

1. Introduction

The western North Pacific (WNP) is one of the most
active basins in association with tropical cyclone (TC)
genesis. About one-third of TCs developed over the
global basins occur in the WNP with an annual average
of ~19. This higher TC genesis frequency results from the
confluence of the Asian monsoon westerlies and the
easterly trade winds over the high sea surface tempera-
ture (SST) area (Li 2012). The TC genesis is also influ-
enced by monsoon shear line, preexisting tropical
cyclone, and Rossby wave trains (Ritchie and Holland
1999; Yoshida and Ishikawa 2013; Xu et al. 2013). The
genesis frequency undergoes a great variation on the in-
traseasonal and interannual time scales because of large-
scale atmospheric and oceanic variability in this basin,
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including El Nino-Southern Oscillation (ENSO), the
intraseasonal oscillation (ISO), and the western Pacific
subtropical high (WPSH) (Wang and Chan 2002; Li 2012;
Lietal. 2012; Li and Zhou 2013a,b; Wang et al. 2013). As
an example of the ENSO effect, the TC genesis frequency
increases in the southeast (0°-17°N, 140°-180°E) and
decreases in the northwest quadrant (17°-30°N, 120°-
140°E), even though the total number of TCs formed in
the WNP does not show a significant ENSO influence.
As for the ISO, two different types of ISOs impact
the TC genesis frequency in the WNP: the 30-60-day
Madden—Julian oscillation (MJO) and the 10-20-day
quasi-biweekly oscillation (QBWO). Li and Zhou (2013a)
showed that all MJO phases (Wheeler and Hendon 2004)
significantly modulated the TC genesis frequency for
0°-30°N and 120°-150°E (i.e., the WNP1 region of the
three in their study), whereas only a few QBWO phases
significantly affected the TC genesis frequency. For
example, when the QBWO-enhanced (suppressed) con-
vection center was located east of the Philippine Sea, the
TC genesis frequency increased (decreased) over the
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WNPI1 region but decreased (increased) to its east [i.e.,
WNP2 (0°-30°N, 150°~180°E) in their study]. Wang et al.
(2013) showed that the variability of the WPSH strongly
modulated the TC genesis frequency and tracks in the
WNP, with a stronger WPSH decreasing the number of
TCs affecting East Asia (i.e.,20°-35°N, 105°~140°E), with a
correlation coefficient of —0.76.

These studies imply that the particular large-scale
atmospheric and oceanic variability influences the WNP
TC genesis frequency in its subregions rather than in the
whole WNP. The TC trajectory is closely associated with
its TC genesis location since both components are de-
termined by the same large-scale variability. For ex-
ample, Li and Zhou (2013a,b) demonstrated that the
TCs generated over the oceanic area east of the sup-
pressed MJO convection have a higher (lower) possi-
bility to undergo a recurving (straight) trajectory.
Therefore, it is useful to subdivide the WNP TCs ac-
cording to their trajectories, since a clustering of tra-
jectories provides the genesis locations.

Previous studies attempted to classify the TC tracks
over a specific basin using various methods based on
heuristic and statistical clustering techniques (e.g., Harr
and Elsberry 1995a,b; Lander 1996; Elsner and Liu 2003;
Camargo et al. 2007b,c; Kim et al. 2011). Harr and
Elsberry (1995a,b) heuristically classified the WNP TC
tracks into three patterns based on the large-scale vari-
ability associated with the monsoon trough and the
subtropical ridge: straight-moving, northward-recurving
(recurving TCs formed north of 20°N), and southward-
recurving (recurving TCs formed south of 20°N) tra-
jectories. Lander (1996) separated the WNP TC tracks
into straight moving, recurving, north oriented, and
staying in the South China Sea.

In contrast to the heuristic method, statistics-based
clustering methods showed more WNP TC track pat-
terns. Camargo et al. (2007b,¢) identified seven TC track
patterns over the WNP using the “log-likelihood” and
the “‘within-cluster error.” Similarly, Kim et al. (2011)
clustered the WNP TC tracks into seven patterns using
four indices: the partition coefficient (Bezdek 1981) and
the partition (Bensaid et al. 1996), separation (Xie and
Beni 1991), and Dunn indices (Dunn 1973). However,
the selection of an optimal cluster number in those
studies is arbitrary since all of the above-mentioned in-
dices are rather smooth and continuous functions of the
varying number of clusters [e.g., Figs. 1 and 2 in
Camargo et al. (2007b) and Fig. 2 in Kim et al. (2011)]. A
more objective selection procedure is then necessary.
For this, a method selecting an objective cluster number
of TC tracks over the WNP based on a field significance
test is proposed: the false discovery rate (FDR). Its de-
tailed description is given in the next section.
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The most well-known statistical clustering technique
is the K-means clustering method. Elsner and Liu (2003)
applied this method using the maximum intensity posi-
tion and final location of TCs. However, this method
suffers difficulties when the TC groups do not have clear
differences. A recent study by Kim et al. (2011)
adopted a fuzzy c-means clustering method for the ex-
traction of WNP TC tracks. Since it is a nonlinear neural
network, the above difficulty can be avoided. However,
this method has the intrinsic shortcoming that an input
vector can be classified as more than one cluster. In this
study, we perform a self-organizing map (SOM) method
to classify the WNP TC tracks. It is one of neural net-
work models using a neighborhood function, being
widely applicable even in the presence of uncertain
group boundaries. SOM clustering is done automatically
without any additional external input. A detailed de-
scription is given in the next section.

After the optimal clustering, we investigate how the
most important physical factors, such as the large-scale
atmospheric and oceanic variability associated with the
MJO, ENSO, and WPSH, affect the genesis frequency
for each cluster. Furthermore, we present a potentially
useful application for near-real-time prediction of TC
cluster classification using the current clustering results.
The remainder of the paper is organized as follows:
Section 2 provides a description of the clustering tech-
nique, optimum cluster number selection, and datasets
used in this study. Section 3 shows the selection of the
optimum cluster number using the FDR and the SOM
clustering results. The relationships between the SOM
cluster patterns and the large-scale intraseasonal and
interannual variability are discussed in section 4. Section
5 includes a summary and a prediction of the TC cluster
classification for 2014.

2. Data and methodology
a. Data and analysis period

This study utilizes the TC activity dataset from the
Regional Specialized Meteorological Centers (RSMC)
Tokyo-Typhoon Center, which contains information on
TC name, date, type, latitude and longitude, central
pressure, and maximum sustained wind speed (V) at
the 3- or 6-h intervals. We only use 6-h interval
data. Normally, TCs are divided in three categories
depending on the wind speed (Vp.): tropical de-
pression (TD; V. <17ms™1), tropical storm (TS;
17ms ! = Vye<34ms™!), and typhoon (TY;
Vimax =34ms™1). In this study, TCs are referred to as
tropical storms and typhoons, so that the genesis and
decaying locations of each TC are defined as the first
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and last observed positions with intensity greater than
TS, respectively (Kim et al. 2011). The dataset was from
1951 to the present, but we excluded presatellite years
(before 1965) to avoid reliability problems (Chu 2002).
Additionally, Zhou et al. (2009) suggested that the warm-
ing trend of the Indian Ocean and western Pacific was in
favor of the westward extension of the WPSH since the late
1970s. Therefore, we restricted our analysis period to 1979—
2013. The TC season is defined as June-October, during
which about 75% of the TCs are formed in the WNP.

To analyze the large-scale environments associated
with the clustered TC tracks, the daily mean horizontal
wind and geopotential height data [1979-2013 from the
National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR)] are
used (Kalnay et al. 1996). We use monthly mean SST
data drived from the Extended Reconstructed Sea
Surface Temperature Dataset, version 3b (ERSST v3b;
Smith et al. 2008). Furthermore, to determine the effect
of the MJO, a daily mean outgoing longwave radia-
tion (OLR) dataset (1979-2013) from the National
Oceanic and Atmospheric Administration (NOAA)
polar-orbiting series of satellites (Liebmann and Smith
1996) is used.

b. Track interpolation

Most clustering methods, including K-means and
fuzzy c-means techniques, require the same number of
input vector lengths. The SOM clustering is also per-
formed with an equal input vector length. As done in
Kim et al. (2011), prior to input to the clustering, an
interpolation is made using entire TC tracks to produce
TC tracks with equal length. Here 20 equal segments are
prepared for all TC tracks.

c¢. False discovery rate

In the statistics-based clustering analysis, an optimum
cluster number needs to be specified prior to the anal-
ysis. For this, we introduced the FDR method, one of the
field or global significance tests. This method objectively
determines whether all cluster patterns are statistically
distinguishable from each other.

The current input trajectories have 20 equal segments,
so an SOM cluster pattern is the mean position of rele-
vant trajectories with 21 latitude and 21 longitude
points. To determine if SOM cluster pattern i is statis-
tically distinguishable from SOM cluster pattern j, we
first calculate the two-tailed p values for every point
(42 points in our application; this total number is de-
noted as M) using a two-sample Student’s ¢ test for a
difference of means. Here the null hypothesis meaning
that the TC tracks are statistically indistinguishable for a
pair of two clusters is tested at each point.

KIM AND SEO

3733

Then, instead of assessing M local ¢ tests sequentially,
we apply a global test (FDR) to evaluate the indepen-
dency between clusters i and j. This test is carried out by
the following equation. Let p(m) denote p values in the
ascending order, with m varying from 1 to M. The sorted
p values are compared with g(m/M), where q is a global
significance test level (usually 0.05):

Pppg =  max, [p(m):p(m) = q%] :
If just g is used in the above equation instead of g(m/M),
the test becomes a sequential local ¢ test. By using
q(m/M), so m/M varies from 0 to 1, a more stringent test
is made. So here Prpr is a probability that the corre-
sponding null hypothesis, which is actually true, is
wrongly rejected. If none of the points satisfy the above
square-bracketed condition for a pair of cluster tracks,
then the two clusters are deemed indistinguishable.
Even if all local tests based on the ¢ test reject the null
hypothesis (so seemingly evaluated as a distinguishable
pair), the above condition may not be satisfied for even a
point; the FDR test carries much stronger criteria. More
detailed information is found in Benjamini and Hochberg
(1995), Wilks (2006), and Johnson (2013).

d. Self-organizing map

The SOM (Kohonen 1990, 1997) is a neural network
analysis tool characterized by an unsupervised training
process with its networks learning to self-classify clusters
from training data without external help. The structure
of the SOM contains an arbitrary dimensional continu-
ous input layer and one- or two-dimensional discrete
output layers. The SOM analysis involves two processes:
training and mapping. As an initial step of the training
process, for an M candidate optimal cluster number, the
M numbers of first cluster centroids (i.e., weight or
standard vectors) are randomly generated. The next step
of the training process involves matching (i.e., compe-
tition) by which a winner cluster centroid is determined.
This is done by computing the Euclidean distance be-
tween an input vector (i.e., one TC track) and the M
cluster centroids and selecting the cluster centroid that
has the minimum Euclidean distance. The winner clus-
ter centroid activates the close neighbor nodes within a
neighborhood radius through a specific topological
neighborhood function (i.e., a Gaussian distribution).
Consequently, each individual node within the radius
affects each other so that the SOM using the neighbor-
hood function supports the nonlinearity of the classifi-
cation. More detailed information on the neighborhood
function can be found in Liu et al. (2006). The training
process includes updating of the winner cluster centroid
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using the neighborhood function. The updating equa-
tion in the j node is expressed as

Wit + 1) = W(0) + a(dhe (01X (1) ~ W,(0)].

where W; and X are the cluster centroid and input
vector, respectively; « is a learning rate usually set as a
monotonically decreasing function with an iteration
number #; and hc; is the neighborhood function. As
stated above, the K-means clustering does not include
the neighborhood function (i.e., the second term on the
right of the above equation is zero), so the cluster cen-
troid is calculated as a mere arithmetic mean of the input
vectors in each cluster. After a large number of itera-
tions, the final cluster centroid W; and the Euclidean
distance are determined. All input vectors are examined
following this training procedure to obtain the final M
optimal cluster centroids.

Next, mapping is performed such that each input
vector is assigned to a corresponding cluster centroid
based on the Euclidean distance. The SOM toolbox is
freely available on the web (http://www.cis.hut.fi/
somtoolbox). For more detailed descriptions, refer
to Kohonen (1990, 1997), Liu et al. (2006), and Chu
et al. (2012).

The advantage of this SOM clustering is that this
method generates the final weight vectors in an orderly
fashion such that closer weight vectors are located more
nearby (which can be seen in Fig. 2), so resulting clusters
are easy to interpret and diagnose. In addition, since this
method uses only one feed-forward flow instead of using
several feedback steps, the execution time is minimal so
that, even in the case that a large size of new input data
needs to be included for clustering, SOM performs fast
classification to a satisfactory level.

3. Results
Optimum cluster number and clustering results

Figure 1 shows the number of statistically indistin-
guishable cluster pattern pairs as a function of K. In this
figure, the abscissa and ordinate indicate the numbers of
cluster patterns and indistinguishable pairs, respec-
tively. For a K increasing from 2 to 5, all pairs of cluster
patterns are statistically distinguishable (i.e., the num-
ber of pairs of indistinguishable pattern is zero). How-
ever, when K is equal to or larger than six, the number of
indistinguishable cluster pattern pairs rises above zero.
Consequently, the selected maximum number of statis-
tically distinguishable cluster pattern pairs K is five. The
selected five optimal cluster patterns seem to be stable
enough for each cluster to be associated with different
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FIG. 1. Number of statistically indistinguishable TC cluster pat-
tern pairs (at a 95% confidence level) as a function of the number of
SOM cluster patterns K.

large-scale atmospheric and oceanic variability, which is
examined in section 4.

Figure 2 shows the five SOM cluster patterns for the
WNP TC tracks during the TC season. The TCs in
cluster 1 (C1) mainly develop around the South China
Sea and northern Philippine Sea. The C1 TCs move
northwestward without a curved trajectory (i.e., straight-
moving track) and strike the southern China, northern
Vietnam, Taiwan, and northern Philippine coasts. C1
accounts for 28.7% (189/660) of all TCs, which corre-
sponds to the highest frequency among all clusters. On
the contrary, this cluster exhibits the weakest intensity (in
terms of minimum SLP of 974.4 hPa and maximum wind
speed of 30.4ms "), the shortest lifetime (4.1 days), and
the shortest traveling distance (1462 km) (Table 1). These
characteristics are closely related to the C1 genesis loca-
tion, as C1 TCs are formed in the vicinity of the East
Asian continents, resulting in a limited supply of thermal
energy from the warm oceans, although genesis occurs at
the lower latitude (Table 1).

The C2 TCs are formed over the Philippine Sea and
East China Sea, hitting the eastern China, Taiwan, and
northern Philippine coasts. Compared to C1, the C2
mean genesis position shifts east by ~10°, with TC tracks
moving toward higher latitudes (Fig. 2) and, conse-
quently, remaining for longer periods over the warm
ocean. Therefore, C2 is characterized by a longer trav-
eling distance (2166km) and lifetime (5.5 days) and
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FIG. 2. Five TC cluster patterns from the SOM analysis. The black lines are the individual TC tracks, the green open
circles TC genesis points, and the red line the weight vector for each cluster. The percentage and number of TCs for
each cluster are shown in parentheses.

stronger intensity (955.2hPa in SLP and wind speed of Sea and affect Taiwan, East China, Korea, and Japan
38.8ms ') (Table 1) than C1. C2 is the second less- with mixed straight-moving and recurving trajectories.
observed track, with 15.8% (104/659) of the total TCs. About 20% of all TCs belong to this cluster, the second
The C3 TCs are formed around the eastern Philippine  most frequent. This cluster shows the strongest intensity

TABLE 1. Mean traveling distance, lifetime, minimum sea level pressure, maximum wind speed, and genesis position for the five TC cluster

patterns.

Traveling Maximum Genesis

Cluster distance Lifetime Minimum wind position

number (km) (days) SLP (hPa) speed (ms™ 1) (lat, lon)
C1 1462 4.1 974.4 304 16.2,120.9
C2 2166 5.5 955.2 38.8 16.4,131.5
C3 2972 6.6 949.7 40.5 17.7,137.9
Cc4 3043 6.2 953.2 38.9 18.0, 144.5

G5 2824 59 963.2 353 19.8,157.2
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FIG. 3. (a) EOF1 and (b) EOF2 patterns for the 30-60-day filtered OLR anomalies during the TC season (June-October); (c)—
(f) composites of the 30-60-day bandpass filtered 850-hPa wind anomalies (vector; ms™!) and OLR anomalies (shaded; W m~2) for
different MJO phases. The shading and vectors are statistically significant at a 95% level. A Student’s  test is used.

with minimum SLP of 949.7hPa and maximum wind
speed of 40.5ms™ !, longest lifetime (6.6 days), and
second longest traveling distance (2972km) (Table 1).
These characteristics are intimately related to the mean
genesis location of this cluster (18.0°N, 137.9°E), far
from the continent and at moderate latitudes, allowing
for the acquisition of sufficient thermal energy from the
warm oceans and ensuring their strengthening with time,
reaching the Korean peninsula and Japan.

The C4 TCs develop around the eastern Philippine
Sea (more east than C3), recurving toward Japan and
nearby offshore. Only 14.7% (97/660) of all TCs belong
to C4, the least frequent track among all clusters. This
cluster shows the second longest lifetime (6.2 days) and

second strongest intensity (minimum SLP of 953.2 hPa
and maximum wind speed of 38.9ms ™ ') and the longest
traveling distance (3043 km) (Table 1). The C5 contains
TCs that form across the WNP with a mean genesis
position in the northeastern edge (i.e., 19.8°N, 157.2°E;
Table 1) of the main development region (MDR: 10°-
25°N, 110°-160°E). It includes 131 TCs (i.e., ~20% of
the total TCs) of straight-moving, recurving, and irreg-
ularly moving tracks, with a long traveling distance
(2824 km) and lifetime (5.9 days) but weak intensity
(963.2hPa and 353ms '). The TCs formed at the
highest latitude among the five clusters have the largest
deviation from the cluster-mean genesis position com-
pared to the other clusters. Note that C4 and C5 TCs are
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TABLE 2. DGR of the five TC cluster patterns for different MJO phases. A statistically significant increase (decrease) at the 90% and
95% level is in bold and marked by + and + + (— and — -—), respectively. The statistical test is based on a Z statistic:

Z=(P-P,)/\/P.(1 - P.)IN, where P, and P represent the total DGR and DGR at a particular MJO phase, respectively, and N is the

number of days for the particular MJO phase.

Phase 1 + 2 (805) Phase 3 + 4 (847)

Phase 5 + 6 (799)

Phase 7 + 8 (834) Non-MJO (2070)

C1 1.99 (-) 3.54
o)) 0.62 (— —) 2.95
C3 1.86 (—) 248
c4 0.99 (-) 1.89
Cs 323 1.89

538 (+ +) 1.68 (-) 415
3.50 (+ +) 2.04 1.40
438 (+ +) 2.64 222
2.50 (+) 1.56 1.93
2.50 2.52 2.32

formed in the higher latitudes and easternmost longitudes
among clusters (Table 1). The genesis location is more
vulnerable to the lower SST and westward expansion of
the subtropical anticyclone (i.e., WPSH; refer to Fig. 11).
Hence, C4 or C5 may be slightly weaker than C3.

The frequency of each cluster shows a peculiar sea-
sonal variation. For all TCs, the peak frequency appears
in August and the next highest frequency occurs in
September (not shown). June is the least frequent TC
month. C1 develops in all TC months with a rather
higher frequency for each month compared to the other
clusters. C1 peak appears in September. Peaks in C2, C3,
and CS5 occur in August, while C4 peaks in September.
C4 and C5 have a larger frequency toward the later TC
period than June and July because of stronger WPSH
activity during the earlier part of summer (not shown).

TCs are known to develop over the Asian summer
monsoon trough region, where westerly monsoon and
easterly trade winds meet (Lander 1996; Camargo et al.
2007c). All clusters are closely associated with a shear
line, the zero line between zonal westerlies and easter-
lies. The genesis locations of C1, C2, C3, and C4 are very
close to the shear line (not shown), with only C5 having a
mean genesis location slightly east of the zero contour
line in the easterly wind region. These results are re-
markably consistent with Camargo et al. (2007c¢).

4. Relationship between TC cluster patterns and
large-scale variability

a. Relationship between TC cluster patterns and
boreal summertime MJO

The MJO is the most prominent physical mode of the
intraseasonal variability. During the boreal summer, the
main center of convective variability associated with
the MJO shifts away from the equator to 10°-20°N,
complicating the propagation patterns because of the
off-equatorial thermal equator (Seo et al. 2007; Lee et al.
2012). Since the real-time multivariate (RMM) index
(Wheeler and Hendon 2004) is mostly based on the
boreal winter MJO, Li and Zhou (2013a,b) used a new

boreal summer MJO index determined by an empirical
orthogonal function (EOF) analysis for OLR data for
0°-30°N, 100°E-180°. Prior to the EOF analysis, the
seasonal cycle is removed from the data, and a 30-60-day
bandpass filtering is performed. Figure 3 shows the
two leading EOF modes of the MJO [or boreal summer
intraseasonal oscillation (BSISO)] and the composites
of the filtered OLR and wind anomalies. The EOF1
mode (Fig. 3a) shows a zonally elongated negative OLR
anomaly over the WNP. On the other hand, the EOF2
mode (Fig. 3b) exhibits a meridional dipole OLR
anomaly structure. The maximum temporal correlation
coefficient between PC1 and PC2 appears at a lag of
~10 days (not shown). The two EOF modes comprise
the canonical boreal summertime MJO life cycle, with a
northward-propagating component over the WNP. The
results coincide well with previous summer MJO studies
(Wheeler and Hendon 2004; Seo et al. 2007, 2009; Lee
etal. 2012; Li et al. 2012; Li and Zhou 2013a,b). It is seen
that the enhanced convection anomalies develop over
the tropical Indian Ocean at phases 1 + 2 (P1 + 2)
(Fig. 3c). Simultaneously, strong suppressed convective
anomalies are prominent over the WNP MDR (10°-
25°N, 110°-160°E) with an anticyclonic circulation
anomaly northwest of the suppressed convection center
(Fig. 3c). The enhanced convective center moves north-
east toward the off-equatorial Maritime Continents at
P3 + 4 (Fig. 3d), and the anomalies propagate to the
north at PS + 6 (Fig. 3e). For these phases, weak
positive OLR anomalies are also formed over the In-
dian Ocean. For P7 + 8, the positive OLR anomalies
gradually grow over the Philippine Sea and spread
zonally (Fig. 3f).

We investigate the impact of the MJO on the TC
cluster patterns and, in particular, on the TC genesis
statistics. Table 2 shows the genesis frequency of TC
cluster patterns for different MJO phases. Similar to
previous studies (Hall et al. 2001; Li et al. 2012; Li and
Zhou 2013a), a significance test has been performed by
considering the fraction between a particular cluster
daily genesis rate (DGR) and the total (i.e., all clusters)
DGR (Table 2), where DGR is calculated when MJO
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FIG. 4. Composites of the 30-60-day bandpass filtered 850-hPa wind anomalies (vector; m s ') and OLR anomalies (shaded; W m~2) for
phases P1 + 2 and P5 + 6 of the strong MJO events (absolute standard deviations > 1). The vectors and shading represent statistically
significant variables at a 95% level. The black dots denote TC genesis points and the purple open circles their average. Frequency
statistically enhanced (suppressed) at the 90% and 95% confidence level is marked by + and + + (— and — —), respectively.



15 MAY 2016 KIM AND SEO 3739
P1+2 & C1 16(-) P5+6 & C1 43(++)
40N 7 40N TS
‘{‘D_;{J ‘{ %/
30N 1 7 30N 3
7 "'"',?‘ Y s = .
i Vi 4 b
20N 1,7 \« \‘a . 20N 1 <l W
)r\ h u\ I " o
10N-> oy P}. 10N 1 L .
EQ" - %\n '/Eu & ; e EQ W r/\f.“_l _ ——.-—‘
90E 120E 150E 180 90E 120E 160E 180
P1+2 & C2 5(—-) P5+6 & C2 28{++)
40N 7~ 40N TS
?‘D:;‘;{/! ‘< Y
30N ¥ 30N { S
A /“ o, — * %
_ P . A »
20N Lf/ \4 e Q:b 20N > \:-. \/3’ ’}£¢ ®
\ . i Ty ok 2l YRR
JIY ks i |
10N % -;i\v % 10N (M |
EQ v % jlu /“,_\\ ' — EQ . W f'/g w8 + : —_—
90E 120E 150E 180 90E 120E 150E 180
P1+2 & C3 15(-) P5+6 & C3 35(++)
40N 7~ 40N =TS
?.D_n";‘f’ ‘{ 4
30N A 7 . 30N 1 7
iy 4"”‘?". K* e b, .'/” ’f N
20N-// \ £ 1 : o] & 20N-'f \}... (X o “ N »
4) \ Q‘ = AT S R NN
10N % )8 AN i 10N 1y E R NS
EQ - %\:‘6 .'/i:_.'n\ ' SR EQ . w b2 d {;‘n‘ § » - -
90E 120E 150E 180 90E 120F 150E 180
P1+2 & C4 8(—) P5+6 & C4 20(+)
40N ———77 40N =T
30N A 30N 7
s .5-""?" L] .0. )M /b,n—'/n o0®
20N{. - - 20N~ X L
L" \-'4 \ e‘ . el Elh \] “3“ .‘. P 3
mN-b T ﬁ 10N-D LA J% Peddty |
2\ 3 g
E Q - %\ b .‘/’ ;I.' \J ' . EQ . '~L1 r/‘{w » v
90E 120E 150E 180 90E 120E 150E 180
P1+2 & C5 26 P5+6 & C5 20
40N ————r 40N TS
'U_;_;{J { 3 b
30N o5 b . 30N N e
/ o 0 ,g 2
J""v‘ e L4 L
RN A7 48 o .f'o *— 20N . /7Y (5" s R
N \ Q.‘, - .. ] a alh‘-\ ! "L:- & L »
10N & NG 10N 1 N 2% S
V] o ./} 7 b _‘\L\t “i)
EQ ] = “\Q' ‘.\_?,Gj | : EQ . \(i! 'A-‘ § » .
90E 120E 150E 180 90E 120F 150E 180
| | I T T ] I =
-14 -10 -6 -2 2 6 10 14

FI1G. 5. Composites of the 850-hPa streamline (line; total field) and the 30—60-day bandpass filtered 850-hPa relative vorticity anomalies
(shaded; 107 s71) for phases P1 + 2 and P5 + 6 of the strong MJO events (absolute standard deviations > 1). The streamlines and shading
represent statistically significant variables at a 95% level. The black dots denote the TCs genesis points and purple open circles their average.
Frequency statistically enhanced (suppressed) at the 90% and 95% confidence level is marked by + and + + (— and — —), respectively.
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TABLE 3. Correlation coefficients between the TC frequency for
each cluster and the climate indices. The bold denotes significance
at a 95% confidence level. Detailed definitions of the climate in-
dices are presented in the appendix.

EP CP NAO PDO QBO WPSH
C1 —0.19 —0.06 0.18 —-0.22 0.14 —0.08
C2 —0.34 0.05 —0.02 0.22 0.04 —0.16
C3 0.16 0.17 0.05 0.08 —0.09 0.03
C4 0.05 0.35 —0.04 —0.08 0.14 —0.31
Cs —0.12 —0.19 -0.27 0.22 —0.28 -0.71

amplitude exceeds one standard deviation. For P1 + 2,
the TC frequencies for C1, C2, C3, and C4 are very low,
which is statistically significant at a 90% or 95% level.
This results from the suppressed convection residing in
the WNP MDR, providing unfavorable conditions for
the development of TCs. Similarly, PS5 + 6 (opposite to
P1 + 2) shows an increased TC genesis frequency over
the MDR for C1-C4. In general, the other phases (P3 +
4 and P7 + 8) do not show any significant changes in the
genesis frequency since the maximum variance centers
appear at a lower latitude, where the Coriolis force is
considerably weaker. Similarly, the TC genesis frequency
for C5 is not significantly affected by the large-scale MJO
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environment since the TC onset locations are situated
east of the MJO convective anomalies. This property
can be seen in the horizontal maps of the MJO con-
vection for each phase and cluster (Fig. 4). P1 + 2 has a
dry anomaly and corresponding anticyclonic circulation
anomaly in the WNP MDR so that the TC onset activity
is suppressed. Likewise, more TCs are found in the
MDR at PS5 + 6. Since C5 TCs are initiated clearly
outside the convection anomalies, the MJO does not
impact this cluster. Note that, as MJO amplitude be-
comes large, the frequency of C1, C2, and C3 also in-
creases for phase 5 + 6 and decreases for phase 1 + 2
(not shown). The frequency change for C1 and C2 ex-
hibits the largest sensitivity to MJO amplitude, as ex-
pected (not shown).

As supplementary information, we present the com-
posite maps of the 850-hPa streamline (which is a total
field) and the 30-60-day bandpass filtered 850-hPa rel-
ative vorticity anomalies for the different MJO phases
(Fig. 5). At P5 + 6, a well-developed monsoon trough
extends east along 10°-15°N, whereas P1 + 2 displays a
considerably weaker monsoon trough. In addition, the
WPSH for PS5 + 6 is much weaker than for P1 + 2.
Positive (negative) relative vorticity anomalies are also

-
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FIG. 6. Composites of the 850-hPa geopotential height (shaded; m), wind (vector; ms™!), and
SST (contour; °C) anomalies for (a) five warm EP years and (b) eight cold EP years. The black
dots denote the TC genesis points in C2. The number of TCs is shown in the upper-right corner.
Frequency statistically suppressed at the 90% confidence level is marked by —.
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TABLE 4. TC mean frequency for each cluster by EP index in
1979-2013. Warm (cold) corresponds to a normalized EP index
larger than 0.75 (lower than —0.75, respectively). Warm (cold) EP
cases selected are 5 (8) yr. Frequency that is statistically enhanced
(suppressed) at the 90% and 95% confidence level is in bold and
marked by + and + + (— and — —), respectively.

Warm Cold Normal Total
C1 5.40 6.00 5.18 5.40 (189)
(o) 2.00 (-) 3.00 3.18 2.97 (104)
C3 3.80 4.00 4.00 3.97 (139)
C4 3.20 2.25 2.86 2.77 (97)
C5 3.40 4.13 3.68 3.74 (131)

accompanied by the strong (weak) monsoon trough.
These apparent circulation characteristics are consistent
with the significant changes in the TC genesis frequency
for C1, C2, C3, and C4. On the contrary, C5 TCs are
located on the western edge and well inside the WPSH
so that the effect of the MJO is weak.

b. Relationship between TC cluster pattern and
ENSO

The relationships between the TC cluster patterns and
the long-term (interannual) atmospheric and oceanic
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variability are investigated, and the correlations are
examined for the same TC season. The potential factors
influencing the TC genesis and tracks are listed in Table 3.
The definition of these indices is shown in the appendix.
Among these, only ENSO-related Pacific SST indices and
the WPSH index are strongly related to the TC frequency
for certain clusters. Hadley circulation strength, North
Atlantic Oscillation (NAO), Pacific decadal oscillation
(PDO), and quasi-biennial oscillation (QBO) do not
significantly affect the WNP TC genesis frequency.

Previous studies have shown that the ENSO can affect
the WNP TC activities (Camargo et al. 2007a,c; Wang
and Chan 2002). However, most studies suggested that
the ENSO influences the WNP TC formation location.
For example, Wang and Chan (2002) showed that a
strong El Nifio (La Nifia) induces TC development
southeast (northwest) of the normal position through a
Rossby wave cyclonic (anticyclonic) circulation response
to the SST anomaly.

However, few studies showed its impact on the genesis
frequency. Without clustering, the correlation between
the total TC genesis frequency and the eastern Pacific
(EP) SST is considerably low (—0.19). The total TC
genesis frequency is also not significantly correlated with
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FIG. 7. Composites of the omega (intervals of 0.4 hPas™!) anomalies for (a) five warm EP years and (b) eight cold EP years. (c),(d) Asin
(a),(b), but for the total zonal vertical wind shear (intervals of 5Sms ™). The red dots in (c) and (d) denote the C2 TC genesis points. The TC

number is shown in the upper-right corner.
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TABLE 5. TC frequency for each cluster by CP index in 1979-
2013. Warm (cold) corresponds to a normalized EP index larger
than 0.75 (lower than —0.75, respectively). Warm (cold) CP cases
selected are 8 (9) yr. Frequency that is statistically enhanced
(suppressed) at the 90% and 95% confidence level is in bold and
marked by + and + + (— and — —), respectively.

Warm Cold Normal Total
Cl 5.36 5.11 5.56 5.40 (189)
C2 2.38 3.00 322 2.97 (104)
C3 4.36 3.89 3.83 3.97 (139)
C4 3.88 (+) 2.22 2.56 2.77 (97)
C5 4.63 3.22 3.61 3.74 (131)

the central Pacific (CP) SST variation (r = 0.26). Here
EP SST index is defined as the eastern Pacific SST
anomaly index summing the Nifiol+2 [10°S-0°, 90°-
80°W] and Nifio-3 [5°S-5°N, 150°-90°W] indices, and the
CP SST index as the central Pacific SST anomaly aver-
aged over [5°S-5°N, 180°E~140°W]. However, we show
here that some clusters are significantly related to the
ENSO type and phase. As shown in Table 3, the EP SST
anomalies are negatively correlated with the C2 genesis
frequency, whereas the CP SST anomalies have a sig-
nificant positive relationship with the C4 frequency.
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To examine in more detail the relationship with the
SST anomalies over the central and eastern Pacific, we
divide the EP index into positive and negative phases
using a standard deviation threshold of 0.75 and —0.75,
respectively (Fig. 6 and Table 4). The selected warm
(cold) ENSO phase corresponds to 5 (8) yr. As seen in
Table 4, only the warm EP-ENSO phase causes a sta-
tistically significant reduction in the TC genesis fre-
quency for C2, attributed to the high-pressure anomalies
extending from the Indian Ocean to the eastern Philip-
pine Sea and main TC formation region (Fig. 6a), which
arise from the downward branch of the Walker circu-
lation forced by the positive SST anomalies over the
eastern Pacific (Fig. 7a). By contrast, a cold EP-ENSO
phase does not significantly increase the C2 TC genesis
frequency (Fig. 6b), indicating a nonlinear relationship.
This may be due to a weaker magnitude of the cold SST
anomalies (EP index region mean of —0.90°C) com-
pared to the positive SST anomalies (EP index region
mean of 1.47°C) (thick lines in Fig. 6), resulting in a
weaker response of the Walker circulation (Fig. 7b). A
slight westward retreat of the lower geopotential height
anomalies causes a favorable environment outside the
C2 TC development area. Furthermore, to consider the
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FIG. 8. Composites of the 850-hPa geopotential height (shaded; m), wind (vector; ms™!), and
SST (contour; °C) anomalies for (a) eight warm CP years and (b) nine cold CP years. The black
dots denote the TC genesis points for C4. The number of TCs is shown in the upper-right
corner. Frequency statistically suppressed at the 90% confidence level is marked by +.
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FIG. 9. Composites of the 850-hPa geopotential height (shaded; m), wind (vector; ms™

] 3 4 [} [

1), and SST (contour; °C) anomalies in 1979-96

for (a) four warm CP years and (b) four cold CP years. (c),(d) Asin (a),(b), but for the four warm CP years and five cold CP years in 1997—
2013. The black dots denote the TC genesis points for C4. The number of TCs is shown in the upper-right corner.

environmental wind fields the magnitude of vertical
shear of the horizontal wind speed (200 — 850hPa) is
computed using the monthly data, which contain the
genesis dates of TC. A smaller vertical wind shear than
10ms~! (blue area in Fig. 7d), which is favorable for
the TC formation (e.g., Nolan and McGauley 2012),
appears east of the negative geopotential height anom-
alies (Fig. 6b), leading to a near-normal TC onset fre-
quency at this negative EP phase. The reduction in the
vertical wind shear over this WNP region (120°-140°E,
10°-30°N) results from the strengthened Walker circulation
(so easterly wind anomaly at the lower level and west-
erly wind anomaly at the upper level are enhanced)

induced by the cold SST anomalies over the eastern
Pacific (not shown), which, under the nominal lower-
level westerly and upper-level easterly winds, reduces
the vertical wind shear. In contrast, the large vertical
wind shear at the positive EP phase (Fig. 7c) is collo-
cated with the positive geopotential height anomaly,
resulting in a statistically significant reduction in the
onset frequency. The environmental wind shear acts to
constrain the location of the TC genesis so that no sig-
nificant changes appear for the negative EP SST phase.

The CP SST variation also has a significant relation-
ship with C4 only for the positive CP ENSO phase
(Table 5 and Fig. 8), which is in good agreement with

(a) Interannual stddev of 850—hPa HGT in Jun—Oct
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F1G. 10. Standard deviation of the interannual 850-hPa geopotential height variation in June—
October. The box represents the reference area (20°-30°N, 130°-160°E) with a local peak in-
terannual variability in the WNP.
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FIG. 11. (a) WPSH index (black line) and C5 TC frequency (red line). The red dots denote
the genesis location of entire TCs for (b) eight strong WPSH years and (c) six weak WPSH
years. The blue closed circle represents the average genesis location of C5 TCs (19.8°N,

157.2°E). The number of TCs is shown in parentheses.

Zhang et al. (2012). The enhanced C4 genesis frequency
for the warm CP phase results from the descending
Rossby wave response to the warm anomaly over the CP
(Fig. 8a). The actual Rossby response appears off the
equatorial regions in both hemispheres (Fig. 8), consis-
tent with a Gill-type response (Gill 1980). The low-level
cyclonic circulation develops northwest of the SST
forcing (i.e., over the WNP). The cold CP phase seems
to induce the anticyclonic circulation over the WNP
(Fig. 8b), leading to a reduction in the TC genesis fre-
quency, although not statistically significant (Table 5).
This asymmetric property can be ascribed to an

interdecadal variation of the cold CP phase; that is,
the SST anomalies composited for four cold CP
events during an earlier period (i.e., 1980s) were
not strong (Fig. 9b), resulting in a very weak circula-
tion response over the WNP (Fig. 9b) and little effect
on the TC frequency change. More recently (e.g., 1997
onward; Fig. 9d), however, a strong negative SST
forcing over the CP (Fig. 9d) appeared, resulting in a
strong anticyclonic circulation response, which sig-
nificantly reduced the TC frequency with eight TCs in
five cold CP years (Fig. 9d). Oppositely, the positive
CP phase behavior was more or less similar for the two
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TABLE 6. TC frequency for each cluster by WPSH index in 1979—
2013. Strong (weak) corresponds to a normalized CP index larger
than 0.75 (lower than —0.75). Strong (weak) WPSH events selected
are 8 (6) yr. Frequency that is statistically enhanced (suppressed) at
the 90% and 95% confidence level is in bold and marked by + and
+ + (— and — —), respectively.

KIM AND SEO

Strong Weak Normal Total
C1 5.63 5.33 5.33 5.40 (189)
C2 2.25 3.17 3.19 2.97 (104)
C3 3.63 3.17 4.33 3.97 (139)
C4 213 333 2.86 2.77 (97)
Cs5 1.38 (— ) 6.00 (+) 4.00 3.74 (131)

periods (Figs. 9a,c). The interdecadal variation of the
CP SST anomalies complicated the analysis, but more
recent data (Figs. 9¢c,d) showed a more linear statis-
tical behavior between the warm and cold CP ENSO
phases. All four CP SST cases show a TC development
over small environmental wind shear regions (not
shown).
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To summarize, the enhanced EP SST anomalies lead
to a significant decrease in the C2 TC frequency,
whereas the increased CP SST anomalies significantly
increase the C4 TC frequency. Note that the C4 fre-
quency change is almost consistent with Camargo et al.
(2007¢) and Kim et al. (2011) for the CP El Nifio phase.
However, while these two previous studies demon-
strated some association with the La Nifia phase, our
result does not show any statistically significant re-
lationships with either the EP or CP La Nifia phase.
Furthermore, C2 in the current study shows a decrease
in TC frequency during EP El Nifio years, which has not
been analyzed in their studies.

c. Relationship between TC cluster patterns and
WPSH

It is well known that the WPSH impacts the WNP TC
frequency and tracks. The interannual variation of the
WPSH is due mainly to both the air—sea interaction over
the western Pacific and northern Indian Ocean and the
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F1G. 12. Composites of the 850-hPa geopotential height (shaded; m) and wind vector

anomalies (arrow; ms~') for (a) eight strong and (b) six weak WPSH years. The black dots
denote the TC genesis points for C5. The number of TCs is shown in the upper-right corner.
Frequency statistically enhanced (suppressed) at the 90% and 95% confidence level is marked
by + and + + (— and — —), respectively.
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F1G. 13. Composites of the SST (shaded; °C) and total zonal vertical wind shear (contour;
ms ') for (a) eight strong and (b) six weak WPSH years. The black dots denote the TC genesis
points for C5. The number of TCs is shown in the upper-right corner.

descending Rossby wave response to the cold equatorial
central Pacific SST anomalies (Wang et al. 2013). Wang
et al. (2013) defined a WPSH index to establish a re-
lationship between the WNP TC days and the total
number of TCs impacting the East Asian coasts for
June-August. However, we define the TC season from June
through October. The WPSH index is then redefined
by calculating the interannual standard deviation of the
850-hPa geopotential height (Fig. 10). An area defined
by [20°-30°N, 130°-160°E] is selected to represent the
interannual variation of the WPSH in relation to the
WNP TC MDR. This reference area is slightly more
northeast compared to Wang et al. (2013). Using the
normalized WPSH index time series (black line in
Fig. 11a) and the threshold of +0.75, we have selected
eight strong and six weak WPSH years (Table 6). As in
Table 3, which demonstrates that the WPSH variation is
only significantly correlated with C5 (r = —0.71), both
phases of the WPSH variation are significantly negatively
related with the C5 genesis frequency (Table 6). The in-
terannual variations of the C5 TC frequency and the

WPSH index are shown in Fig. 11a. Figures 11b and
11c show the genesis location of TCs for strong and
weak WPSH years. For strong WPSH years, 15 TCs
are formed per year, mostly over the western WNP
(~150°E) and along the western boundary of the
WPSH. In contrast, for weak years, the TC number is
significantly higher (21 TCs per year) with the genesis
points spread across the WNP and more TCs de-
veloping over the eastern WNP than for strong WPSH
years.

Figure 12 shows the composites of the 850-hPa geo-
potential height and the wind vector for C5 in strong and
weak WPSH years. A broad positive geopotential height
and anticyclonic circulation are dominant over the WNP
in strong WPSH years with only a few TCs. If one as-
sumes that, on average, four TCs develop for this cluster,
the frequency is reduced by 66% for this phase (Table 6).
On the contrary, weak WPSH years show the widespread
negative geopotential height and cyclonic circulation
anomalies over the WNP region, creating favorable
conditions for storm genesis. The negative WPSH phase
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FIG. 14. Summary of the relationship between the five TC clusters and the intraseasonal and
interannual atmospheric and oceanic variability. The red upward- (blue downward-) pointing
arrow represents an increase (decrease) in the TC frequency.

produces six TCs per year, which corresponds to a 50%
increase (Table 06).

It is interesting to note that, regardless of positive or
negative WPSH years, TCs tend to develop over weak
total vertical wind shear regions (<10ms ') in the WNP
(Fig. 13). Therefore, in strong WPSH years, the weak
shear region and TCs are shifted northward (Fig. 13a).
For weak WPSH years, TCs develop slightly south of the
negative WPSH anomaly center (Fig. 13b).

5. Summary and discussion

The moving tracks of the TCs that developed over the
WNP area during 1979-2013 are classified through a
self-organizing map (SOM) technique. For this, an ob-
jective determination of the optimal cluster number is
performed with an FDR method, a field significance test.
Five different TC clusters are identified. Previous studies
demonstrated a significant influence of intraseasonal
and interannual variability (e.g., the MJO, ENSO, and
WPSH) on the genesis location and frequency of TCs
over the WNP (Wang and Chan 2002; Li et al. 2012; Li
and Zhou 2013a,b; Wang et al. 2013). In this study,
we investigated these connections for each cluster.
Figure 14 summarizes the relationships between the
five TC clusters and the intraseasonal and interannual
atmospheric and oceanic variability.

The intraseasonal MJO significantly affects the gen-
esis frequency for all clusters except for C5 (with the
easternmost genesis location). The C1-C4 TCs fall well
inside of the MJO convective and circulation anomalies.

For example, MJO PS5 + 6 (P1 + 2), with enhanced
(suppressed) convection over the WNP region, provides
significantly favorable (unfavorable) large-scale condi-
tions for TC genesis in C1, C2, C3, and C4.

Even though statistically insignificant relationships
between the interannual variations of the total TC gen-
esis frequency and the two ENSO types are present, a
significant relationship appears for some clusters at a
certain ENSO phase. A warm EP-ENSO event decreases
the C2 TC frequency by 40% because of the forma-
tion of a downward motion and thereby high-pressure
anomalies across the tropical Eastern Hemisphere
from the Indian Ocean to the C2 genesis area because
of a strong reversed Walker circulation forced by the
EP SST anomalies. Meanwhile, the warm CP ENSO
event generates a cyclonic Rossby wave circulation
response northwest of the SST forcing, leading to a
50% increase in the C4 TC frequency. The negative
phases of EP and CP ENSO have nonsignificant re-
lationships with C2 and C4 because of the weaker cold
SST forcing and the interdecadal variation in the am-
plitude of the cold CP SST anomalies, respectively.
These nonlinear characteristics result in low correla-
tions (~0.35) between the EP/CP ENSO and the C2/C4
genesis frequency.

The interannual variability in the C5 TCs is strongly
controlled by the variation of the WPSH with a corre-
lation of —0.71, the highest in this study. A positive
WPSH phase reduces the C5 genesis frequency by 66 %,
while negative WPSH anomalies enhance it by 50%.
These linear properties result in a higher correlation, in
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contrast with the nonlinear relationships for the EP and
CP ENSO. The C5 TCs tend to develop over the re-
duced vertical wind shear area.

The TC genesis frequency for each cluster has no
significant relationship with the Hadley circulation
strength, NAO, PDO, or QBO. Although the result with
the variation of Indian Ocean SST is not presented here,
any significant relationship is not seen with this factor.
The interannual variation of the monsoon trough (not
shown), the strength of which can be represented by the
low-level relative vorticity (Wu et al. 2012), shows a
statistically significant relationship with the C4 gen-
esis frequency (r = 0.39), as expected from our results.
CS5 TCs appear to closely relate with the monsoon
trough variation since the mean genesis position is
located between 150° and 160°E (Figs. 2 and 14).
However, the calculated correlation is almost zero
because the mean latitude of the C5 TC genesis lo-
cation is more toward the higher latitude compared to
the monsoon trough extension during strong WNP
monsoons (~5°-15°N).

With the current clustering analysis, the applicability
for near-real-time determination of clusters is tested for
the genesis dates. For independent testing, 2014 data are
used, and 10 tropical cyclones are randomly selected. A
TC cluster has been determined by using only the first
four 6-h interval data (just one day) from the onset date
and by the lowest Euclidean distance from a cluster
centroid. As shown in Fig. 15, eight tropical cyclones are
correctly classified, indicating high prediction skill and
effective clustering in this study. Two TCs (Figs. 15¢,f)
are wrongly forecasted because of a rather zonally ori-
ented pathway along 12°N and 26°-35°N, respectively. A
better performance is expected when including data of
TC track density and interannual large-scale atmo-
spheric and oceanic variability, which will be the subject
of future research.

The current study mainly focused on the relationships
between the genesis frequency for different TC clusters
and the intraseasonal and interannual large-scale vari-
ability. The characteristics of the TC tracks, activities,
seasonal variation, and landfall for each cluster and their
relationships with longer and large-scale atmospheric
and oceanic variability will be examined in detail in the
future. For example, the relationship between changes
in TC track density and the stratospheric QBO (Ho et al.
2009) phase will be sought.
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APPENDIX

Definition of Indices

EP Eastern Pacific SST anomaly index made by
summing the Nifio-1+2 [10°S-0°, 90°-80°W]
and Nifio-3 [5°S-5°N, 150°-90°W] indices

Central Pacific SST anomaly averaged over
[5°S-5°N, 180°E-140°W]

The first EOF mode of the rotated principal
component analysis for the 500-hPa geo-
potential height over 20°~90°N. This index is
provided by the NOAA (http://www.cpc.
ncep.noaa.gov/products/precip/ CWlink/pna/
norm.nao.monthly.b5S001.current.ascii)

The leading EOF mode of the monthly SST
anomalies over the North Pacific during the
tropical cyclone season. This index is pro-
vided by the University of Washington
(http://jisao.washington.edu/pdo/PDO.latest)

The maximum interannual standard deviation
of the 850-hPa geopotential height averaged
over [20°-30°N, 130°-160°E] during the trop-
ical cyclone season

The maximum value of the zonal mean mass
streamfunction occurring within the lat-
itudinal zone of 0°~30°N (Oort and Yienger
1996)

The monthly and zonal mean equatorial zonal
wind at S0hPa provided by the NOAA/
Climate Prediction Center

Cp

NAO

PDO

WPSH

Hadley

QBO
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