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ABSTRACT

The interannual variability of occurrence of multiple tropical cyclone (MTC) events during June-October
in the western North Pacific (WNP) was examined for the period 1979-2006. The number of the MTC events
ranged from 2 to 9 per year, exhibiting a remarkable year-to-year variation. Seven active and seven inactive
MTC years were identified. Compared to the inactive years, tropical cyclone genesis locations extended
farther to the east and in the meridional direction during the active MTC years. A composite analysis shows
that inactive MTC years were often associated with the El Nino decaying phase, as warm SST anomalies in
the equatorial eastern-central Pacific in the preceding winter transitioned into cold sea surface temperature
(SST) anomalies in the concurrent summer. Associated with the SST evolution were suppressed low-level
cyclonic vorticity and weakened convection in the WNP monsoon region.

In addition to the mean flow difference, significant differences between active and inactive MTC years
were also found in the strength of the atmospheric intraseasonal oscillation (ISO). Compared with inactive
MTC years, ISO activity was much stronger along the equator and in the WNP region during active MTC
years. Both westward- and northward-propagating ISO spectrums strengthened during active MTC years
compared to inactive years. The combined mean state and ISO activity changes may set up a favorable

environment for the generation of MTC events.
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1. Introduction

With statistical tropical cyclone (T'C) distribution
map, in 1968 Gray showed that the western North Pa-
cific (WNP) region undergoes the most frequent TC
activity among eight TC genesis regions in the world,
and the WNP represents 36% of the total TCs globally.
Some years later, Gray (1977) investigated the envi-
ronmental conditions around the cyclogenesis regions
and described six physical parameters for evaluating
TC genesis potential: (1) a positive relative vortic-
ity in lower troposphere, (2) a location away from the
equator, (3) a warm SST >26.1°C, (4) a small verti-
cal shear, (5) a large equivalent potential temperature
gradient between 500 hPa and the surface, and (6) a
relatively large relative humidity in the middle tropo-
sphere. Two decades later, Briegel and Frank (1997)

*Corresponding author: GAO Jianyun, fzgaojyun@163.com

added that upper-level troughs and low-level south-
westerly surges were favorable for TC genesis. Ritchie
and Holland (1999) further documented environmental
flow regimes that favor TC genesis in the WNP: the
monsoon shear line, the monsoon confluence region,
and the monsoon gyre.

Whereas the mean flow provides a favorable envi-
ronment for TC genesis, synoptic-scale precursor per-
turbations trigger individual TC events. So far, three
types of low-level precursor perturbations have been
identified in the WNP (Fu et al., 2007): (1) TC en-
ergy dispersion induced Rossby wave train (Ritchie
and Holland, 1999; Sobel and Bretherton, 1999; Li
et al., 2003; Li and Fu, 2006), (2) easterly waves
(Chang et al., 1970; Tam and Li, 2006; Fu et al.,
2007), and (3) northwest—southeast-oriented tropical-
depression (TD)-type disturbances that are not caused
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by the energy dispersion of preexisting TCs (Lau and
Lau, 1990; Takayabu and Nitta, 1993; Chang et al.,
1996; Dickinson and Molinari, 2002; Li, 2006). TC
genesis in the WNP is largely modulated by large-
scale, low-frequency systems such as the Madden—
Julian Oscillation (MJO) (Nakazawa, 1988; Liebmann
et al., 1994; Harr and Elsberry, 1995a, b; Sobel and
Maloney, 2000; Chen et al., 2000; Maloney and Dick-
inson, 2003; Camargo et al., 2007a, b; Kim et al., 2008)
and the El Niflo-Southern Oscillation (ENSO) (Chan,
1985; Lander, 1994; Chen et al., 1998; Saunders et al.,
2000; Wang and Chan, 2002; Chia and Ropelewski,
2002; Wu et al., 2004; Camargo and Sobel, 2005; Ca-
margo et al., 2007a, ¢). In addition, TC activity in the
WNP may be also affected by remote signals such as
Antarctic Oscillation (AAO), Asia-Pacific Oscillation
(APO), North Pacific Oscillation (NPO), North Pacific
sea ice cover, Hadley Circulation, and SST anomalies
east of Australia (Wang and Fan, 2007a, b; Fan, 2007;
Zhou et al., 2008; Zhou and Cui, 2008, 2011).

In the Indian Ocean and the western Pacific, pre-
dominant 10-20-day periodicity has been detected in
precipitation and wind fields from spectral analyses
(Murakami and Frydrych, 1974; Zangvil, 1975; Mu-
rakami, 1976; Krishnamurti and Bhalme, 1976; Krish-
namurti and Ardanuy, 1980; Chen and Chen, 1993;
Kiladis and Wheeler, 1995; Numaguti, 1995) and this
quasi-biweekly variation is sometimes viewed as a
high-frequency part of the tropical intraseasonal oscil-
lation (ISO; Zhang, 2005; Waliser, 2006). Nakazawa
(1986) reported that TC formation tends to occur
more frequently during the active phase of ISO at
both the 15-25-day and 30-60-day time scales in both
Northern and Southern Hemisphere summers. The
MJO-ENSO relationship has also been investigated
extensively in several studies (e.g., Lau and Shen,
1988; Teng and Wang, 2003; Hendon et al., 2007; Lin
and Li, 2008; Shi et al., 2009). Frank and Roundy
(2006) analyzed relationships between tropical wave
activity and tropical cyclogenesis in the Earth’s ma-
jor TC basins. In addition to their large-scale impact,
TCs do not form evenly across time; they have a ten-
dency to cluster in some periods (Krouse and Sobel,
2009; Gao and Li, 2010). Krouse and Sobel (2010)
examined TC clustering processes related to succes-
sive TC energy dispersion. Gao and Li (2010) de-
fined a more general term of a multiple tropical cyclone
(MTC) event in which two or more TCs form within
a relatively short period compared to their statisti-
cal value. They found the occurrence of MTC events
in the WNP to be largely regulated by the combined
large-scale impact of the atmospheric biweekly oscilla-
tion (BWO), ISO, and lower-frequency oscillations of
90 days or longer, including ENSO and other interan-
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nual modes.

The objective of this study was to document the
interannual variation of the occurrence of the MTC
events in the WNP. By analyzing the differences in
composite circulation and SST patterns between active
and inactive MTC years, we have elucidated physical
mechanisms that give rise to this interannual variabil-
ity. The rest of the paper is organized as follows. Sec-
tion 2 describes the data and methodology. Section 3
shows the observed features of interannual variations
of the MTC events. Our analysis of the mechanism
responsible for interannual variability is presented in
section 4. The relationship between MTC and ENSO
is further discussed in section 5. Finally, a conclusion
is presented in section 6.

2. Data and methodology

The primary datasets used in this study were ac-
quired from the National Ocean and Atmospheric
Administration (NOAA) outgoing longwave radia-
tion data (OLR; Liebmann and Smith, 1996) and
the National Centers for Environmental Prediction—
Department of Energy (NCEP-DOE) Atmospheric
Model Intercomparison Project (AMIP-IT) Reanaly-
sis data (Kanamitsu et al., 2002). Both the datasets
are global, daily averaged products with 2.5°x2.5°
grid resolution. The monthly mean SST field of the
NOAA Extended Reconstructed SST (V3) dataset has
a 2°x2° global grid. The best-track TC data from the
Joint Typhoon Warming Center (JTWC) were used to
determine TC genesis time and location in the WNP.
The typical warning by the Joint Typhoon Warning
Center (JTWC) begins when a TC first reaches trop-
ical depression intensity. Because the typhoon peak
season in the WNP is from June to October, in this
study, we referred to this period as general summer.
The MTC analysis in this study was confined to this
general summer period from 1979 to 2006, as satel-
lite products have been routinely incorporated into the
NCEP assimilation system since 1979 (Kalnay et al.,
1996).

A composite analysis method was utilized to reveal
the difference of large-scale circulation fields between
the active and inactive MTC years. A two-sample Stu-
dent’s t-test was adopted to determine the significance
of the composite differences of the fields.

To examine the role of the interannual variation
of ISO, we applied a Lanczos filter (Duchon, 1979) to
the daily OLR and reanalysis fields to extract the in-
traseasonal (25-70-day) component. A wavenumber-
frequency analysis was conducted to transform the
OLR field from a space-time domain to a wavenumber-
frequency domain. Following Teng and Wang (2003)
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and Lin and Li (2008), we applied the wavenumber-
frequency analysis to a finite domain (10°S—30°N, 40°—
180°E), as the boreal summer intraseasonal oscilla-
tion (BSISO) convection is effectively trapped in the
summer monsoon region by the lower boundary con-
ditions (such as SST and land and ocean surface mois-
ture distribution; Li and Wang, 1994) and the three-
dimensional background monsoon flows (Wang and
Xie, 1997). Hayashi’s (1982) formalism was adopted
in the present work; that is, the variances of the in-
traseasonal anomalies propagating in opposite direc-
tions were estimated by the co-spectrum between two
Fourier spatial decomposition coefficients. To mini-
mize the effect of discontinuity in the OLR time se-
ries, our strategy was to calculate the spectrum for
each summer first and then compile a composite for ac-
tive and inactive MTC years. For the limited domain
analysis, zonal wavenumber 1 corresponded to a wave-
length of 140° in longitude, and meridional wavenum-
ber 1 corresponded to a wavelength of 40° in latitude.
The annual mean and the first four harmonics were
removed from the original time series each year (to re-
tain the ISO signal) before the wavenumber-frequency
analysis was performed.

3. Observed features of interannual variations
of MTC events

3.1 Definition of multiple TC events

In this study, we refined the MTC definition of Gao
and Li (2010) in the following two aspects. First, we
included the month of October, because TCs in the
WNP are still quite active in October. Second, we
included a distance constraint. It has been argued
that physical mechanisms behind MTC events can be
attributed to either synoptic self-triggering or a lower-
frequency (such as ISO) forcing scenario. The former
involves the successive formation of TCs due to TC
energy dispersion (Holland, 1995; Li et al., 2003) or
energy accumulation of easterly waves in a critical lon-
gitude (Kuo et al., 2001; Tam and Li, 2006). The
latter involves the large-scale forcing of the westward-
propagating ISO in the WNP, which may trigger the
successive formation of TCs during its wet phase (Hsu
et al., 2011; Hsu and Li, 2011). In both scenarios, the
distance between two or more TCs must be confined
within a characteristic length scale.

Based on these considerations, an active MTC
phase was defined when two successive TCs occurred
at a time interval <3 days while the distance between
the two TCs was <4000 km. If two or more active
MTC phases occurred successively, they were regarded
as a single active MTC event. Compared with the
work of Gao and Li (2010), our definition ruled out
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Fig. 1. TC genesis locations (denoted by typhoon signs
with named TC numbers written below) and averaged
850-hPa wind (vector) fields during two active MTC pe-
riods from 24 July tol August 1994 (top) and 10-17

September 1999 (bottom).
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Fig. 2. The percentage of the MTC events as a function
of the TC spatial distance.

~10% of MTC events, which exceeded a distance of
4000 km.

Figure 1 shows two examples of MTC events. In
the first example, five TCs formed in a 9-day period;
in the second example, four TCs formed in an 8-day
period. Notably, the locations of TC genesis appear
in either a cyclonic vorticity or a zonal confluence re-
gion of low-level background flows averaged during the
active MTC periods.

A statistical analysis of the spatial distance be-
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Fig. 3. Time series of the total TC frequency (dashed
line) in the WNP, the number of the MTC events (solid
line), and the TC number counted during active MTC
periods (dotted line) during June—October. The correla-
tion coefficient between the number of MTC events and
the TC number occurring during active MTC periods is
0.84, and the correlation coefficient between the number
of MTC events and the total TC frequency is 0.65.
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Fig. 4. TC genesis locations associated with all MTC
events during the seven active (top panel) and seven in-
active (bottom panel) MTC years. Different symbols rep-

resent T'C locations in different years.

tween the TCs associated with the MTC events
(Fig.2) indicated that ~70% of the MTCs occurred
at a distance between 1000 and 3000 km, while ~15%
occurred at a distance either <1000 km or >3000 km.

3.2 Active and inactive MTC years

Figure 3 illustrates the time series of the number
of MTC events each year, along with the number of
TCs counted during the active MTC period and total
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TC number in June—October for the period 1979-2006.
The number of MTC events shows a marked interan-
nual variation, with nine MTC events appearing in
1992 and only two MTC events in 1983.

The correlation coefficient between the total num-
ber of MTC events and TC number during the active
MTC period was 0.84, which exceeds a 95% confidence
level. The correlation coefficient between the number
of MTC events and the total summer TC frequency
is 0.65, which also exceeds the 95% confidence level.
This implies that more frequent TCs form in summer
when the environment favors MTC formation.

For the period 1979-2006, the average number of
active MTC events per year was 5.36 (SD = 1.66 o).
Based on this statistical feature, a year with >7 MTC
events (which corresponds to a lower limit of the mean
plus 0.8 o) was defined as an active MTC year. A year
with <4 MTC events (which corresponds to an upper
limit of the mean minus 0.8 o), was defined as an in-
active MTC year. Years with 5 or 6 MTC events were
defined as normal MTC years. Table 1 lists all active
and inactive MTC years. Seven active MTC years and
seven inactive MTC years were identified for the pe-
riod 1997-2006.

Figure 4 illustrates each TC genesis location dur-
ing all of the active and inactive MTC years. Notably,
during active MTC years, the genesis region expanded
farther to the north, south, and east. As a result,
cyclogenesis frequencies north of 20°N, south of 10°N
and east of 160°E were much greater in active MTC
years than in inactive MTC years.

Although the correlation coefficient between the
number of the MTC event and the total summer TC
frequency is high, some differences between the two
are evident. For example, the total TC frequency was
low (only 18) in 1979, but 1979 was an active MTC
year, with seven MTC events. In 1996, the total TC
frequency (n=30) was high, but it was not an active
MTC year. This indicates that high or low total sum-
mer TC frequency does not necessarily match all of
the MTC events in active or inactive years.

The average numbers of the MTC events each
month from June to October between the active and
inactive MTC years are shown in Fig.5. The aver-
age frequency of MTC events each month was greater
in active MTC years. The maximum difference oc-
curred in June and September, and it exceeds the 95%
confidence level. Interestingly, no MTC events each
occurred in earlier summer (i.e., June) during inactive
years, whereas there was no obvious difference between
active and inactive years in October. In the following
analysis, we reveal the composite difference of large-
scale dynamic and thermodynamic fields between ac-
tive and inactive MTC years.
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Table 1. List of the number of the MTC events, the number of TCs associated with the MTC events and total TC
frequency during June-October for seven active and inactive MTC years.

Year MTC events TC associated with MTC Total TC frequency
Active MTC year (7) 1992 9 19 28
1993 8 16 25
1979 7 16 18
1989 7 16 26
1990 7 15 23
1994 7 22 33
2004 7 15 22
Inactive MTC year (7) 1980 4 9 20
2005 4 8 18
1981 3 8 21
1986 3 8 17
1998 3 14 20
2003 3 8 18
1983 2 5 17

4. Circulation patterns associated with active
and inactive MTC years

4.1 Seasonal mean patterns

The composite SST difference maps from the pre-
ceding winter (December—February) to the concurrent
summer (June-October) between active and inactive
MTC years are shown in Fig. 6. In the preceding win-
ter, significant cold SST anomalies appeared in the
equatorial central and eastern Pacific. As the TC
season progresses, cold SST anomalies in the equato-
rial central and eastern Pacific dissipate. By the con-
current summer, the SST anomalies in the equatorial
central Pacific became positive, while the cold SST
anomalies occurred in the western Pacific. Such an
evolution resembles a typical ENSO decaying phase.
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Fig. 5. Average number of the MTC events from June
to October between the MTC active (white bar) and in-
active (gray bar) years. In case a MTC event passes two
months, counted to the month in which the MTC event
had a longer period.

This result suggests that ENSO may have a delayed
impact on the summer MTC activity in the WNP,
possibly through a local thermodynamic atmosphere—
ocean feedback, as discussed by Wang et al. (2003) and
Wu et al. (2009, 2010a, b).

To what extent does the ENSO control the in-
terannual variation of the MTC frequency? To ad-
dress this question, we examined 3-month running-
mean SST anomalies in the Nino-3.4 region (5°N-5°S,
120°-170°W) in active MTC and inactive years (Table
2). The relationship with ENSO is quite complicated.
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Fig. 6. Composite SST difference patterns between ac-
tive and inactive MTC years from the preceding DJF to
the concurrent JJASO. Shading indicates the area ex-
ceeding 95% (darker color) and 90% (lighter color) con-
fidence levels.
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Fig. 7. Composite differences of (a) 850-hPa wind (vec-
tor, m s~') and vorticity (contour, 107% s™1) fields, (b)
925-hPa divergence (contour, 107¢ s7!), and (c) OLR
(W m™?2) between active and inactive MTC years during
June—October. Shading indicates the area exceeding 95%
(darker color) and 90% (lighter color) confidence levels.

In inactive MTC years, four of seven years are related
to the El Nino decaying phase, two years (1980, 1981)
are neutral or non-ENSO (when the amplitude of the
average Nino-3.4, anomaly of SST is <0.5°C) years,
and one year (1986) is associated with the El Nifio de-
veloping phase. In active MTC years, four of seven
years were related to ENSO (either in the El Nino de-
veloping/maintaining phase or the La Nifia decaying
phase), whereas three other years (1990, 1993, 1979)
are neutral years. This data suggests that although
the year-to-year change of frequency of MTC events
is somehow correlated with ENSO variation, ENSO is
not a sole factor affecting MTC frequency. Local or
other remote forcing processes must come into play.
Next, we examined the composite atmospheric cir-
culation difference between active and inactive MTC
years. Figure 7 illustrates the composite differences of
850-hPa wind and vorticity, 925-hPa divergence, and
OLR fields between active and inactive MTC years.
Because the patterns of the composite wind and vor-
ticity anomalies are approximately a mirror image be-
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tween active and inactive years, only the difference
field is shown. Notably, a low-level cyclonic circulation
anomaly appears over the South China Sea (SCS) and
the WNP during the active MTC years and an anticy-
clonic circulation anomaly appears over these regions
during inactive years (Fig.7a). The first baroclinic
mode of anomalous circulation has an approximately
vertical structure, with an anticyclonic or cyclonic cir-
culation anomaly appearing in the upper troposphere
(at 200 hPa), even though the difference in the upper
tropospheric wind is not statistically significant. The
low-level cyclonic vorticity developed in the preceding
winter and persisted from the winter to the following
summer (figure not shown); this pattern is a mirror im-
age of the typical WNP circulation change during the
ENSO decaying phase (Wang et al., 2003; Wu et al.,
2009, 2010a, b). As discussed in Wang et al. (2003), an
anomalous anticyclone in the WNP can persist from a
mature El Nifio winter to the subsequent spring and
summer, whereas a cyclone can persist from a mature
La Nina winter. On one hand, a local, positive ther-
modynamic atmosphere—ocean feedback can maintain
the anomalous anticyclone or cyclone from boreal win-
ter to spring (Wang et al., 2003). As the WNP mon-
soon starts, the local cold SST anomaly may suppress
the monsoon convection, leading to a weak monsoon;
the local warm SST anomaly may enhance convection,
leading to a strong monsoon (Wu et al., 2010a). On
the other hand, the Indian Ocean basin-wide warming
resulting from El Nino forcing may further strengthen
the WNP anticyclone anomaly, or cooling from La
Nifnia forcing may further strengthen the cyclone (Xie
et al., 2009). As a consequence of the positive low-
level cyclonic vorticity anomaly (Fig.7a), the WNP
monsoon trough strengthened and extended eastward
during active MTC years, which favored MTC genesis
farther east.

The difference with the low-level vorticity field is
consistent with the 925-hPa divergence and the OLR
difference fields (Figs. 7b and ¢). Significant differences
in the large-scale, low-level convergence and convec-
tion are found in the WNP between active and inac-
tive MTC years. Figure 7c illustrates that convection
greatly strengthens along the WNP monsoon trough
during active MTC years. Such strengthening pro-
vides a favorable thermodynamic condition for MTC
genesis.

4.2 IS0 intensity

How does the atmospheric ISO change during ac-
tive MTC and inactive years? To address the question,
we calculated the averaged summer ISO intensity dur-
ing active and inactive years. Here the ISO intensity
was measured based on the standard deviation of 25—
70-day band-pass-filtered OLR field during June—
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Fig. 8. ISO intensity (unit: W m™2) fields composed
based on active (a) and inactive (b) MTC years and their
difference (c). The ISO intensity with a value >2 W m~2
or < —2 W m™2 is shaded in the top and middle panels.
Shading in the bottom panel indicates the area exceed-
ing 95% (darker color) and 90% (lighter color) confidence
levels.

October. Figure 8 shows the ISO intensity fields based
on active and inactive MTC years and their differences.
Notably, during active MTC years, ISO was greatly
enhanced over the equatorial region from 125°E to
150°E and the off-equatorial WNP region from 130°E
to 165°E, from 5°N to 20°N (Fig.8a). The compos-
ite field of inactive MTC years, on the other hand,
shows a nearly opposite pattern (Fig. 8b). ISO greatly
weakened in both the equatorial region and the off-
equatorial WNP region. This difference is statistically
significant (Fig.8c). This result suggests that the at-
mospheric ISO plays an important role in regulating
the MTC events. Large-scale circulation anomalies as-
sociated with the strengthened ISO convective activity
may favor the genesis of MTC events.

Because the summer ISO undergoes pronounced
eastward propagation along the equator and north-
ward and northwestward propagation in the off-
equatorial region, we further investigated the differ-
ences in propagation characteristics of ISO between
active and inactive MTC years. Because the BSISO
has a large-scale spatial pattern, its maximum energy
spectrum is confined in the lowest wavenumbers (Lin
and Li, 2008). Thus, in the following ISO spectrum
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discussion we focus on the zonal or meridional
wavenumber-1 and -2 modes.

Figure 9 shows the anomalous energy spectrum
of the wavenumber-1 and -2 eastward- and westward-
propagating BSISO modes during active and inactive
MTC years and their differences. Here, the anoma-
lous spectrum was defined as the difference from the
28-year composite. Notably, the eastward-propagating
ISO mode strengthened in both the equatorial and
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the off-equatorial regions during active MTC years
(Fig.9a), whereas it weakened in inactive MTC years
(Fig.9b). The maximum energy spectrum difference
existed in the equatorial region (—5°S-5°N). Mean-
while, the westward-propagating ISO mode strength-
ened in the off-equatorial region during active MTC
years (Fig.9a) but weakened in inactive MTC years
(Fig.9b). The difference map (Fig.9c) shows a sig-
nificant change in the off-equatorial region (5°-15°N)
during the intraseasonal (25-70-day) period.
Compared to the anomalous spectrum of the zonal
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propagating mode, greater variability appeared in the
meridional propagating mode (Fig. 10). During active
MTC years, the northward propagation was greatly
enhanced over 130°-180°E at a dominant period of
25—-70 days, whereas northward propagation was sup-
pressed during inactive years. The most significant
difference between the active and inactive years ap-
peared in the WNP region around 150°-170°E at the
25-70-day band (Fig. 10c).

To examine the overall interannual relationship
between the number of MTC events and the ISO
spectrum, we defined a northward-propagation and
a westward-propagation ISO intensity index. The
northward-propagation index is defined as an average
value of the northward-propagating 25-70-day spec-
trum at 150°-170°E, and the westward-propagation
indexis defined as an averaged spectrum of the
wavenumber-1 and -2 at 5°-15°N for the same pe-
riod of 25-70 days. Figure 11 shows a scatter dia-
gram between the number of the MTC events and
the northward/westward propagation intensity index
for the entire 28-year period. The overall trend re-
veals an in-phase relationship between the ISO prop-
agation strength and the yearly number of the MTC
events; that is, the ISO northward-propagation in the
western Pacific and the westward-propagation in the
off-equatorial region was enhanced with the increased
MTC events. Physically, it has been argued that the
strengthening of the seasonal-mean large-scale convec-
tion and the monsoon trough in the WNP leads to
enhanced westward and northward propagating ISO
activity (Lin and Li, 2008), and that both the mean
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Fig. 11. Scatter diagram between the number of MTC
events and the northward-propagating ISO intensity in-
dex (triangles, with the solid line denoting its linear
trend) and the westward-propagating ISO intensity index
(squares, with the dashed line denoting its linear trend)
each year during 1979-2006.
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Fig. 12. Composite differences of (a) 850-hPa wind (vec-
tor, m s™') and vorticity (contour, 107% s™1) fields, (b)
ISO intensity (unit: W m~2), and (c) energy spectrum of
the zonal wavenumber-1 and -2 eastward- and westward-
propagating BSISOs between active and inactive MTC
years during June-October when only neutral years are
considered. Shading indicates the area exceeding the 95%
(darker color) and 90% (lighter color) confidence levels.

flow and ISO changes promote favorable dynamic and
thermodynamic background conditions for the gener-
ation of MTC events.

5. Discussion

Our calculations show that a simultaneous corre-
lation between the summer MTC frequency and the
Nino-3.4 SSTA index for the period 1979-2006 is not
statistically significant. Both active and inactive MTC
years can occur even when the eastern equatorial Pa-
cific SSTA is in a normal state (Table 2). In fact, three
neutral years (1993, 1979, and 1990) were identified as
active MTC years, and two neutral years (1980 and
1981) were identified as inactive MTC years. These
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results suggest that ENSO is not the sole factor that
controls the yearly occurrence of the MTC events.

To identify significant large-scale circulation differ-
ences in these non-ENSO cases between active and in-
active MTC years, we conducted an additional com-
posite analysis. The composite differences of 850-hPa
wind and vorticity fields as well as the ISO inten-
sity during June—October between active and inactive
MTC years (with only five neutral years) were consid-
ered (Fig.12). Notably, during the active MTC years,
positive low-level cyclonic vorticity anomaly and en-
hanced ISO intensity appeared over the WNP region.
The spectrum analysis shows that the BSISO west-
ward propagation in the off-equatorial WNP region
strengthened. The difference fields are statistically sig-
nificant in some of the WNP regions. The result im-
plies that even in the absence of ENSO, the favorable
large-scale circulation and strengthened ISO activity
may still occur. The source of the large-scale circula-
tion change in this case may have arisen from local or
other remote forcing factors.

The composite SSTA evolution (Fig.6) primarily
reflects the four inactive MTC years (1998, 1983, 2003,
and 2005), all of which were concurrent with an El
Nino decaying phase. By separating ENSO phases,
Lin and Li (2008) showed that the BSISO intensity
differs significantly in the ENSO developing and de-
caying phases. An enhanced northward- and eastward-
propagating ISO spectrum appeared during an El Nino
developing summer, whereas a weakened ISO spec-
trum appeared during an El Nino decaying summer,
consistent with our results. The seasonal mean cir-
culation anomalies showed similar ENSO-phase de-
pendence: suppressed convection and low-level anti-
cyclonic (cyclonic) flow occured during the El Nifio
decaying phase, and enhanced convection and low-
level cyclonic flow occurred during the El Nifio de-
veloping phase (Wang et al., 2003; Li, 2010). There-
fore, the temporal evolution of eastern Pacific SSTAs
from the preceding winter to the concurrent summer
rather than the simultaneous SSTA determines the
seasonal mean circulation anomaly and the ISO in-
tensity change in the WNP.

How does the ISO dynamically influence the MTC
events? An observational analysis by Hsu et al.
(2011) showed that the ISO flow may affect the
synoptic-scale activity (including TC activity) through
barotropic energy conversion. They noted that both
the ISO low-level rotational and divergent flows en-
hanced barotropic energy conversion from the back-
ground flow to synoptic eddies during an ISO active
phase. Given the marked intraseasonal (20-90-day)
periodicity, ISO may exert a low-frequency modulation
of synoptic wave and TC activity. The circulation and
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Table 2. Three-month-running-mean ERSST.v3b SST anomalies in the Nino-3.4 region (5°N-5°S, 120°-170°W) during
seven active and inactive MTC years. Bold numbers highlight El Nifio and La Nifa episodes defined when the SST
anomalies exceed the threshold of £0.5°C for a minimum of five consecutive overlapping seasons.

Year DJF JFM FMA MAM AMJ MJJ JJA JAS ASO SON OND NDJ
Active Years 1992 1.8 1.6 1.5 1.4 1.2 0.8 0.5 0.2 0 -0.1 0 0.2
1993 0.3 0.4 0.6 0.7 0.8 0.7 0.4 0.4 0.4 0.4 0.3 0.2
1979  —0.1 0 0.1 0.1 0.1 -0.1 0 0.1 0.3 0.4 0.5 0.5
1989 -1.7 -1.5 -1.1 -08 -06 -04 -03 -03 -03 -03 -02 -0.1
1990 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.4
1994 0.2 0.2 0.3 0.4 0.5 0.5 0.6 0.6 0.7 0.9 1.2 1.3
2004 0.4 0.3 0.2 0.2 0.3 0.5 0.7 0.8 0.9 0.8 0.8 0.8
Inactive years 1980 0.5 0.3 0.2 0.2 0.3 0.3 0.2 0 -01 -0.1 0 -01
2005 0.7 0.5 0.4 0.4 0.4 0.4 0.4 0.3 02 -01 -04 —07
1981 —-03 =05 0.5 -04 -03 -03 -04 -04 -03 -02 -01 =01
1986 —-0.5 —-04 —0.2 -0.2 0.1 0 0.3 0.5 0.7 0.9 1.1 1.2
1998 2.3 1.9 1.5 1 0.5 0 -0.5 -0.8 -1 -11 -1.3 -1.4
2003 1.2 0.9 0.5 0.1 -0.1 0.1 0.4 0.5 0.6 0.5 0.6 0.4
1983 2.3 2 1.5 1.2 1 0.6 02 -02 -06 -08 =09 =07

moisture anomalies during an active ISO period may
promote a favorable environment for the generation of
the MTC events.

Studies by Wang and Fan (2006) and Wang et
al. (2007) showed a significant simultaneous correla-
tion between WNP TC frequency and AAO/NPO in-
dex. To determine whether or not such a relation-
ship exists for MTC events, we calculated correlation
coefficients of the summer MTC frequency using the
AAO/NPO index in the preceding winter (DJF) and
spring (MAM) and the concurrent summer (JJASO)
for the period 1979-2006. The correlation analysis re-
sults show no significant simultaneous relationship be-
tween the MTC frequency and the AAO or the NPO.
The correlation coefficients are 0.05 and —0.01. The
correlations with the AAO index in the preceding win-
ter and spring are also statistically insignificant. The
correlation coefficients are only 0.06 and 0.07. The
only significant correlation (0.39) was found between
the NPO index in the preceding spring. The spe-
cific process through which the NPO in the preceding
spring affects the summer MTC frequency is not clear
at the moment, and it deserves further observational
and modeling studies.

6. Conclusion

In this study, a multiple tropical cyclone (MTC)
event was defined based on the statistics of TC gene-
sis frequency during the June-October for the period
1979-2006 in the WNP, as derived from the JTWC
best-track data. This definition was based on both
the time interval and the relative location of two suc-
cessive TCs. The number of so-defined summer MTC
events ranged from two to nine per year, exhibiting

a pronounced interannual variation. For the period
1979-2006, the average number of active MTC events
per year was 5.36 (SD = 1.66 o). Based on this sta-
tistical feature, we defined an active MTC year as one
in which >7 MTC events occurred, an inactive MTC
year was one in which <4 MTC events appeared, and
an MTC normal year was one in which the number
of the MTC events was 5 or 6. With the criterion,
seven active and seven inactive MTC years were iden-
tified during the period 1979-2006. Compared with
inactive MTC years, TC genesis locations during ac-
tive MTC years extended farther to the east and in
the meridional direction. The maximum difference of
average MTC frequency between active and inactive
MTC years occurred in June, August, and September.

The composite differences of large-scale SST and
circulation patterns between active and inactive MTC
years showed that inactive MTC years are often asso-
ciated with a warm SST anomaly in the equatorial
central-eastern Pacific in the preceding winter. As
the season progresses from the winter to the concur-
rent summer, the SST transitions from a warm to a
cold anomaly. This SST evolution characteristic re-
sembles a typical El Nifio decaying phase. Weakened
low-level cyclonic and upper-level anticyclonic vortic-
ity and suppressed large-scale convection along the
WNP monsoon trough are associated with this SST
evolution. An opposite pattern appears during active
MTC years, but the number of such events is much
less.

In addition to the mean flow difference, significant
differences are also found in the intraseasonal variabil-
ity. Compared to inactive MTC years, ISO convec-
tive activity is greatly strengthened along the equator
and in the WNP region during active MTC years. A
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finite-domain wavenumber-frequency analysis was per-
formed to examine the difference of propagation fea-
tures of ISO between active and inactive MTC years.
The results show that both the ISO westward propa-
gation in the off-equatorial region and the northward
propagation over the WNP strengthened during active
MTC years and weakened during inactive MTC years.
Thus both the enhanced mean monsoon trough and
the strengthened ISO activity may set up a favorable
environment for the generation of MTC events.

The overall relationship between the number of
MTC events and the northward- and westward-
propagating ISO intensity indices during the entire
28-yr period exhibits an in-phase relationship. This
correlation implies that the enhanced westward prop-
agation in the off-equatorial region and the enhanced
northward propagation in the western Pacific could re-
sult in more frequent MTC events in the WNP.
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