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ABSTRACT

The present study investigates the influence of the monsoon trough (MT) on the interannual variability of
tropical cyclone (TC) activity over the western North Pacific during July-November for the period 1979-2007.
It is shown that the TC activity is closely related to the MT location. During the years when the MT extends
eastward (retreats westward), more (less) TCs form within the southeastern quadrant of the western North
Pacific. Such a relationship can be explained by the changes in large-scale environmental factors associated
with the movement of the MT. An eastward extension of the MT coincides with warmed ocean surface,
enhanced convection, increased relative humidity in the lower and midtroposphere, reduced vertical shear of
zonal wind, intensified upper-level divergence, and low-level anomalous cyclonic vorticity over the southeast
quadrant of the western North Pacific. These conditions associated with the eastern extension of the MT are
favorable for TC genesis, while those associated with the westward retreat of the MT are not. Diagnosis of the
barotropic energy conversion indicates that synoptic-scale disturbances moving westward from tropical
eastern Pacific will gain the energy from the mean flow when they meet with the eastward-extending MT. This
is an important reason for the linkage between MT variability and TC genesis over the western North Pacific.

1. Introduction Oscillation (ENSO) years (e.g., Camargo and Sobel 2005;
Camargo et al. 2007; Chan 1985, 2000; Wang and Chan
2002). The interannual variations of the WNP TC activity
are closely related to several changes in atmospheric
thermodynamics and dynamics. In summer and fall, the
large-scale low-level circulation over the WNP features
low-latitude southwesterlies, a monsoon trough (MT),
and a subtropical ridge (Lander 1996). The WNP MT is

) o the near-equatorial confluence zone between the low-
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It has long been recognized that tropical cyclone (TC)
activity over the western North Pacific (WNP) has a dis-
tinct signal of interannual variations (Landsea 2000).
Previous studies have shown that a longitudinal shift in
the location of TC formation occurs in El Nifio-Southern
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enhances the cyclonic flow by diabatic heating (Holland
1995; Webster 1980). Climatologically, the MT over the
WNP extends along the southwestern periphery of the
subtropical high. The evolution of the MT is closely related
to the movement of the WNP subtropical high (Lau and
Li 1984; Wang and Wu 1997). An eastward retreat of the
subtropical high is accompanied by an eastward exten-
sion of the MT. Because of the modulation of ENSO on
the WNP subtropical high (Wang et al. 2000; Wu et al.
2003), an anomalous MT may be a key actor that bridges
ENSO and TC activity over the WNP.

Previous studies on the variability of TC activity have
focused on investigating variations in the MT. Results
show that the location of the MT exhibits a primary control
on the distribution of TC activity over the WNP. Most of
these studies suggested that roughly more than 70% of
WNP TC geneses are linked to the MT (Briegel and
Frank 1997; Chen et al. 2004; Ritchie and Holland 1999;
Ritchie 1995). Note that the TD-type disturbance refers
to the classical tropical wave types known to have a strong
impact on tropical cyclogenesis. The displacement of the
maximum genesis frequency of TCs follows that of the
MT. The intraseasonal variability of the MT (Zhou and
Chan 2005) may modulate TC activity (Chen et al. 2009,
2010). As observed by Sadler (1967), Frank (1987), Chia
and Ropelewski (2002), and Chen et al. (1998, 2006), the
MT is a favorable region for TC genesis because it pro-
vides an environment of large low-level cyclonic vorticity.
Harr and Elsberry (1991, 1995) demonstrated that vari-
ability in low-level zonal wind anomalies, which signify
the strength of the MT over the WNP, have a significant
impact on the location and track of TCs.

The linkage between the WNP TC activity and the MT,
however, is not fully understood. To date, changes in the
number, genesis location, lifetime, track, and intensity of
TCs during the years when the MT is in different states
have not been documented. Here, we focus on inves-
tigations of all these characteristics of TC variability over
the WNP and their linkage with the variability of the MT.

In this study, we consider that the TC activity is affected
by the MT in the following two important ways. One is
the large-scale environmental condition that may trigger
TC formation and favor TC development. The monsoon
circulations near the MT are closely related to several
primary environmental factors defined initially by Gray
(1968, 1975) to be favorable for TC genesis (Harr and
Chan 2005). Another important way for TC formation is
the prior existence of enhanced low-level synoptic-scale
disturbances (Zehr 1992; Sobel and Maloney 2000), such
as mixed Rossby—gravity (MRG) waves and (tropical
depression) TD-type disturbances in the WNP (e.g.,
Frank and Roundy 2006; Zhou and Wang 2007; Chen and
Huang 2009; Aiyyer and Molinari 2003; Dickinson and
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Molinari 2002). The MT is a background field favorable
for the growth of synoptic-scale wave disturbances. Gray
(1998) found that a westward-moving cloud cluster enter-
ing a stationary MT can bring about an effective wind surge
on the equatorward side of the trough and convection
becomes rapidly enhanced. Shapiro (1977) and Zehnder
(1991) proposed that synoptic-scale disturbances act as
a possible forcing mechanism for tropical cyclogenesis
through a local increase in low-level convergence and
relative vorticity.

The present study investigates the relationship between
the MT and TC activity, and provides an understanding
of the development of low-level synoptic-scale distur-
bances within the MT from an energetic point of view. The
article is arranged into six sections. Section 2 describes data
and the data processing methods. In section 3, we pres-
ent the dominant zonal fluctuations of the MT on in-
terannual time scales. Section 4 examines the relationship
between the MT and WNP TC activity on interannual
time scales. The impact of the MT on TC activity over
the WNP is then elucidated from large-scale circulation
changes in section 5 and synoptic-scale disturbance ac-
tivities are discussed in section 6. A summary of results is
presented in section 7.

2. Data and methods
a. Data

The best-track dataset from the Joint Typhoon Warn-
ing Center (JTWC) for the period 1979-2007 is used to
construct the accumulated cyclone energy (ACE; Bell
et al. 2000) and other indices of TC activity. The
JTWC data contain the 6-hourly (0000, 0600, 1200, and
1800 UTC) center locations (latitude and longitude),
and intensities (maximum 1-min mean sustained surface
wind speeds) of TCs.

The present study uses monthly mean sea surface tem-
peratures (SSTs) from the National Oceanic and Atmo-
spheric Administration (NOAA) Extended Reconstructed
Sea Surface Temperature (ERSST) V3b (Smith et al. 2008;
Xue et al. 2003), outgoing longwave radiation (OLR) from
NOAA polar-orbiting satellites (Liebmann and Smith
1996), and several daily meteorological variables from the
National Centers for Environmental Prediction (NCEP)
Department of Energy (DOE) reanalysis version 2 (here-
after as NCEP2; Kanamitsu et al. 2002) during the period
1979-2007. Only the data from July to November, which is
the so-called TC season in the WNP, are used in this study.

b. Methods

An empirical orthogonal function (EOF) analysis
(Lorenz 1956) is employed to extract dominant interannual
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variations of the MT. The obtained EOF modes could
provide physical insight into the principal characteristics of
MT variability over the WNP. To examine and illustrate
the influence of the MT on WNP TC activity, a composite
analysis based on the leading EOF time coefficients is
performed in this study. The statistical significance of the
anomalies is estimated by the Student’s ¢ test. In addition,
Butterworth filtering is used to isolate the signal of the
synoptic-scale disturbances (with a 2-8-day period).

3. Zonal variation of the MT on interannual
time scales

Lander (1994) and Chen et al. (1998) pointed out that
the interannual variation of TC genesis may be affected
by the longitudinal variation of the MT. Flow intensi-
fication on either side of the MT increases the low-level
vorticity and enhances TC genesis (Frank 1987). To ex-
plore this possibility, we first investigate the dominant
zonal variation of the MT on interannual time scales.

The MT was found to be close to the region of low-level
cyclonic relative vorticity. The location of the MT could
be defined as an axis of maximum relative vorticity (Lau
and Lau 1992). To examine the zonal variability of in-
tensity and spatial location of the MT, the extent of the
MT was constructed by identifying the average latitude
(5°-20°N) of the 850-hPa positive relative vorticity for
July-November in each year. Figure 1a illustrates the
long-term (1979-2007) mean of the relative vorticity
averaged during the TC season in the 5°-20°N latitudinal
strip. The longitudinal extension of the MT ranges from
120°E-180°, as indicated by the local maximum positive
vortivity (Fig. 1a). The interannual fluctuation is, however,
large in both amplitude and zonal distribution, as shown in
Fig. 1b. As the cyclonic vorticity in the MT increases
(decreases), the easternmost location of the MT in the TC
season tends to extend (retreat) eastward (westward).

To extract the dominant interannual variations that
are indicated in Fig. 1b, we applied the EOF analysis to
a time-longitude dataset. Figure 2 exhibits the first EOF
and the corresponding normalized time coefficients. The
contribution to the total variance by the first EOF mode
is 66.6%. In the spatial pattern (Fig. 2a), positive values
appear in the 135°-175°E longitudinal band. The tem-
poral variation (Fig. 2b) indicates that the years of positive
(negative) values are well synchronized with the eastward
extension (westward retreat) of the MT. The time co-
efficient of the leading mode displays year-to-year fluc-
tuations consistent with the SST anomalies in the Nifio-3.4
region (Fig. 2b). Their correlation coefficient is 0.89, which
exceeds the 99% confidence level. This indicates that the
interannual variation of the MT is a response to ENSO. An
El Nino event will lead to an increase in relative vorticity
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FIG. 1. July-November positive vorticity along 5°-20°N: (a) the
long-term mean for the period 1979-2007 and (b) the value for
individual years. The contour interval is 1 X 10 °s ! in (b), and
regions with values lager than 3 (6) X 10~° s~ ! are lightly (darkly)
shaded. The solid squares are the farthest annual eastward extent

of the MT.

over the western central tropical North Pacific and thus
an eastward extension of the MT.

4. TC activity associated with interannual
variations of the MT

Can the longitudinal variation of the MT cause the in-
terannual variation of TC activity? To answer this ques-
tion, we perform a composite analysis for anomalous MT
years. Based on the time coefficients of leading EOF mode,
we identify 7 yr (approximately 25% of the 29-yr period)
with the highest values of the time coefficient as strong
MT (S-MT) years, and the 7 yr with the lowest values of the
time coefficient as weak MT (W-MT) years (see Table 1);
the other 15 yr are defined as neutral MT (N-MT) years.
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FI1G. 2. (a) First EOF mode of interannal fluctuation of the July-November positive vorticity
averaged over the 5°-20°N latitude strip (as in Fig. 1b) and (b) the corresponding time co-
efficients (bar) whose scale is shown on the left and the Nifio-3.4 SST anomaly (line) with the
scale on the right. The strong (weak) MT climate condition is marked by red (blue).

Figure 3 displays composite charts of the 850-hPa
streamline for seven S-MT and seven W-MT years dis-
played in Figs. 3a and 3b, respectively. Superimposed on
these two composite charts are the locations of TC gen-
esis for corresponding years (TC seasons) and OLR.
Some striking contrasts of the 850-hPa streamline and low-
valued OLR between S-MT and W-MT years emerge from
the comparison of Figs. 3a,b. The MT extends (retreats)
eastward (westward) during S-MT (W-MT) years. The
locations of the TC genesis display notable contrasts be-
tween S-MT and W-MT years as well. More TCs are
generated east of 160°E in S-MT years than in W-MT
years. The results indicate that the interannual variations
in the location of TC genesis over the WNP are consistent
with the interannual variations in the east-west extension
of the MT.

To further clarify the effect of the longitudinal varia-
tion of the MT on TC genesis frequency, the mean
number of TCs in four intensity ranges [tropical de-
pression, tropical storm, typhoon (categories 1-3), and
severe typhoon (categories 4-5)] for different MT years is
shown in Fig. 4. There is no significant difference in the
total number of TCs over the WNP. There are more
(less) intense typhoons (ST, TY) in the S-MT (W-MT)
years than in the N-MT years.

To obtain a sense of the spatial feature in the interannual
variation of TC genesis frequencies, the aforementioned

analysis domain is divided into five subregions: region
southwest (SW; 0°~15°N, 120°-150°E), region northwest
(NW; 15°-30°N, 120°-150°E), region southeast (SE;
0°-15°N, 150°E~180°), region northeast (NE; 15°-30°N,
150°E-180°), and the South China Sea (SCS; 0°-25°N,
100°~120°E). This domain division is presented in Fig. 3.
The mean number of TCs in S-MT and W-MT years in the
above subregions is displayed in Fig. 5. The increase (de-
crease) of TC genesis in the S-MT (W-MT) years comes
primarily from the region SE (Figs. 3 and 5a). Such char-
acteristics are mainly seen in the intense TCs (typhoon;
Fig. 5b). The TC genesis frequency in S-MT years is en-
hanced in region SE and suppressed in the other four re-
gions. The variations are more significant in region SE.
The frequency of formation of TCs in region SE during the
S-MT years is about 3 times that during the W-MT years.

TABLE 1. Strong MT and weak MT, as defined from the zonal
variation of the MT index in Fig. 2b.

Strong MT Weak MT
1982 1984
1986 1988
1990 1995
1991 1996
1997 1998
2002 1999
2004 2007
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FIG. 3. The 850-hPa streamline charts with superimposed OLR for average of (top) seven
S-MT years and (bottom) seven W-MT years during the TC season. The solid red dots rep-
resent the locations of TCs identified at the beginnings of their life cycles. The MT is denoted by
a green, thick-dashed line. Note that areas of OLR < 218 W m ™ 2 are heavily shaded, and areas

of 218 W m ™2 < OLR < 230 W m ? are lightly shaded.

Previous works have noted that the life span, intensity,
and the location of formation of TCs are intimately related
(Camargo and Sobel 2005; Camargo et al. 2007; Wang and
Chan 2002). Wu and Wang (2004) suggested that the shift
of formation locations can have a larger influence on tracks
than the projected changes in large-scale steering flows. In
other words, the interannual variations of TC activity have
been attributed to the shift in the location of the TC gen-
esis. Figure 6 shows the mean lifetimes of TCs in the dif-
ferent TC genesis regions for S-MT, N-MT, and W-MT
years. There is no significant shift toward longer or shorter
lifetimes in different MT years. However, the TC has a
significant shift toward a longer lifetime when it is gener-
ated in the SE sector. This tendency toward a longer life-
time could explain the well-documented effect of the
location of TC genesis on the mean lifetime.

Figure 7a shows the difference between the S-MT and
W-MT years in the mean frequency of TC occurrence
during the TC season for each 2.5° X 2.5° grid. The

maximum difference in the frequency of occurrence is
used to infer the difference in the prevailing tracks.
During S-MT years, there is a significant increase in the
northwestward tracks, which start in the SE quadrant of

ST TY TS TD

total

FIG. 4. Average number of TCs (1979-2007) based on the Saffir—
Simpson scale and additional classifications for S-MT (red), N-MT
(white), and W-MT (blue) years. Tropical depression (TD), trop-
ical storms (TS), category-1-3 typhoons (TY), and category-4-5
typhoons (ST). Unit is yr—'.
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FIG. 5. Mean number of (a) TC, (b) TY, and (c¢) TS + TD genesis
per year over each region of Fig. 3 in S-MT (red), N-MT (white),
and W-MT (blue) years.

the WNP and tend to recurve from northwestward to
northeastward around 25°N, 130°E. In addition, the
frequency of a northwestward path toward Japan is
significantly higher than that during the W-MT years.
To represent spatial distribution of TC activity, the
difference in the ACE patterns in S-MT and W-MT years
is shown in Fig. 7b. There is an increase in ACE values in
most of the basin, with a pronounced maximum at 20°N,
140°E. The ACE distribution displays a clear east-west
pattern, with more TC activity east of the Philippines
than in the South China Sea. Though the sample size is
small, differences between the S-MT and W-MT years are
evident. The entire distribution of ACE per year in S-MT
(W-MT) years is shifted to larger (smaller) values, and the
differences between S-MT and W-MT years are statisti-
cally significant. This is affected by the characteristics of
TC track as well as TC intensity and lifetime, related to the
shift in the locations of genesis associated with the zonal
migration of the MT. In other words, corresponding to
more TCs in the region SE, the TC activity shifted south-
eastward and the TCs are more intense during S-MT years.
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FIG. 6. As in Fig. 5a, but for TC lifetimes per year in S-MT (red),
N-MT (white), and W-MT (blue) years.

The above analyses reveal obvious differences between
S-MT and W-MT years in the TC intensity, track, and
ACE. These differences suggest that there may be dif-
ferences in the genesis locations between these two ex-
treme MT states. Since the S-MT and W-MT years are
related to changes in the large-scale circulation and
synoptic-scale disturbances over the WNP, such changes
should also explain these observed anomalies in TC
genesis, which will be discussed in the next section.

5. Large-scale circulation changes

Many previous studies have demonstrated that TC
formation and development are associated with the
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F1G. 7. Difference between anomalies in S-MT and W-MT years
of the (a) total number of TC occurrences in each 2.5° X 2.5° grid
and (b) ACE. Units for number of TC are yr~! and for ACE is
10° m? s 2 yr L
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large-scale environmental changes. The variables ex-
amined in previous studies (e.g., Briegel and Frank 1997,
Chan and Liu 2004; Cheung 2004; Chu 2002; Ramsay
et al. 2008; Sobel and Camargo 2005; Wu and Chu 2007)
are 1) OLR, 2) 500-700-hPa relative humidity (RH),
3) 200-850-hPa vertical wind shear, 4) upper-level di-
vergence, and 5) low-level vorticity.

Figure 8a displays the OLR difference between the
S-MT and W-MT years. It shows a somewhat east—west-
oriented low-OLR region along the equator and 12°N,
with significant reduced values (stronger convection) up
to —10 W m ? in the SE region concurrent with the
zonal migration of the MT.

A high value of RH in the lower troposphere, which is
roughly represented by the 500-700-hPa layer-mean rela-
tive humidity, is favorable for TC formation (Cheung
2004). The differences in 500-700-hPa relative humidity
(Fig. 8b) are similar to those in OLR, with increased
values up to 6% in the SE region that is basically in the
MT region.

An increase in the formation of TCs usually occurs in
a low vertical wind shear environment because strong
vertical wind shear disrupts the development of organized
deep convection, and thus limits the chance of building up
a center with an upper-level warm core and large vorticity
(Cheung 2004; Chu 2002; DeMaria 1996). The 200-850-hPa
vertical wind shear (VWS) is defined as follows:

172

B 2
VWS = [(4y00npa — ~ Vgsonpa) 1

2
Ugsonpa)” T (V200npa

FIG. 8. Composite difference in (a) OLR (W m™2),
(b) 500-700-hPa relative humidity (%), (c) vertical wind
shear (m s~ ') between 200 and 850 hPa, (d) 850-hPa
relative vorticity (107 s 1), and (e) 200-hPa divergence
(107% s71) (contour) between the S-MT and the W-MT
years. The shadings denote regions of differences sig-
nificant at the 95% confidence level.

where u and v are the zonal and meridional wind com-
ponents, respectively. The difference in vertical wind
shear between the two types of years is shown in Fig. 8c.
There is a statistically significant decrease of VWS in the
SE region in the S-MT years. Additionally, it is in-
teresting to note that the difference over the SE is as large
as 4 m s~ ! and the crucial vertical shear line, as repre-
sented by the 10 m s~ ' isotach (Chu 2002), shifts east-
ward along the MT in the S-MT years, implying a larger
tropical area of weak VWS in the S-MT years.

Strong upper-level divergence in the vicinity of a low-
level cyclonic vorticity enhances the possibility of de-
velopment of deep convection, and thus is often favorable
for TC activity (Cheung 2004). The difference in the 850-
hPa relative vorticity, which is shown in Fig. 8d, displays
positive vorticity anomalies predominating around the
MT locations in the S-MT years. This is because the low-
level cyclonic vorticity maximum over the WNP during
the TC season is usually located along the MT. A band of
significant increase of low-level cyclonic vorticity approx-
imately follows the MT and stretches from 130°E to the
date line, associated with the zonal variation of the MT
(Fig. 2). The distribution of the 200-hPa divergence dif-
ference shows a good agreement with the difference in the
850-hPa relative vorticity (Fig. 8e).

During the S-MT years, the well-established MT is
consistent with the greater low-level cyclonic vorticity,
upper-level anomalous divergence, lower OLR, higher
500-700-hPa relative humidity, and weaker vertical
wind shear (Fig. 8) within the SE region. Those primary
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large-scale circulation changes approximately follow the
eastward expansion of the MT in the adjacent region,
such that they may significantly influence regional TC
formation and track.

6. Interannual variation of synoptic-scale
disturbance activity

a. Observed relationship

The synoptic-scale disturbances have been presented
as a possible forcing mechanism for tropical cyclogenesis
(Chen and Weng 1998). Those synoptic-scale distur-
bances in the MT environment are often associated with
westward-propagating wave disturbances in the easterlies,
such as MRG waves and TD-type disturbances. The
characteristics of the synoptic-scale disturbance activity
can be described by the eddy kinetic energy (EKE), cal-
culated from the eddy winds (u’, v'):

EKE = %(ﬁ +v72),

where the overbar represents a time average during TC
seasons and prime denotes a perturbation from the
time mean. These perturbations are obtained by ap-
plying a bandpass filter with a 2-8-day period to the
daily data.

Figure 9 shows the 850-hPa EKE averaged over the
days of the TC season over the WNP in the S-MT and
W-MT years and the difference between the two types
of years. Maximum EKE is observed in the MT region.
Following the eastward extension of the MT, maxi-
mum EKE values extended farther eastward during
the S-MT years than during the W-MT years. A large
area of positive and statistically significant difference
in synoptic-scale disturbances covers the tropical cen-
tral Pacific to WNP (centered in the extension region
of the MT) during the S-MT years (Fig. 9c). As a result,
the low-level synoptic-scale disturbances are more
active during the S-MT years than during the W-MT
years.

The above result explains why the WNP TCs are more
active during the S-MT years than during the W-MT
years. The existence of a larger number of synoptic-scale
disturbances is an important mechanism for TC genesis.
Just as the zonal extent of synoptic-scale disturbance
activity expands and contracts with the MT from year to
year, the zonal extent of TC genesis locations expands
with the eastward extension of the MT and contracts
with the westward retreat of the MT. The major increase
in synoptic-scale disturbances is observed in the region
of the MT extension (i.e., the SE region).

WU ET AL.

147

(a)
20N
15N
10N

SN -Q

EQ e
5s I D o 5

T00E 120E 140E 160E 180
(b)
20N -
15N - %@/
10N A / 9 <:)
£q D% 4 e ™
oo N2 I PSSy W L
T00E 120E 140E 160E 180
(c)

5N -Q

== &

o e
10N - Q h".‘y \\_,‘\:\ Q 1. é

O R ey

=5

N

S
100E

120E

140E

160E

180

FIG. 9. Average 850-hPa EKE during the TC season (July—
November) for the (a) S-MT years, (b) W-MT years, and (c) dif-
ference between (a) and (b), in units of m s~ '. Shadings in (c) indicate
areas of difference exceeding the 95% confidence level using a
Student’s ¢ test.

b. Physical mechanism

The observational analysis above reveals the differ-
ence of the synoptic-scale disturbances between the
S-MT and the W-MT years. To further understand how
the MT-induced mean flow change modulates the ac-
tivity of synoptic-scale disturbances, we diagnose the
effect of the barotropic energy conversion in the growth
of synoptic-scale disturbances.

For a given time-invariant basic state, the conversion
from the basic state (MT) to the EKE is encapsulated in
the following expression (Maloney and Hartmann 2001):

d 1 N7 "N — ﬁa — ﬁa =
&Kbaro = {K,K } = —uv 5” —u Uav
—5 0 —3 0
_ urziﬁ _ ‘U/zfﬁ,

0x Jdy

where the overbar represents a time average and the
prime a deviation; and u, v, and K represent zonal and
meridional velocity, and the kinetic energy, respectively.
We have computed the barotropic conversion term
(0K,.,/9t) from the 850-hPa wind data. The overbar is
not computed by an average over the whole data record,
but average during the TC season. The prime is defined
using 2-8-day bandpass-filtered fields.
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change rate due to the barotropic energy conversion (unit:
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composite, (b) W-MT composite, and (c) their difference (S-MT
composite minus W-MT composite). Shadings in (c) indicate areas
where the difference is significant at the 95% level based on the
Student’s ¢ test.

The top two panels of Fig. 10 show the composite of
barotropic conversion term in the S-MT and the W-MT
years, respectively. In both cases, a longitudinally ori-
ented tongue of maxima is seen in the MT region around
5°-20°N, indicating local eddy growth through barotropic
eddy-mean flow interactions. The tongue of large energy
tendency also shifts remarkably eastward, concurrent with
the eastward extension of the MT in the S-MT years. The
bottom panel (Fig. 10c) shows the difference between the
two types of years, Fig. 10a minus Fig. 10b. This plot in-
dicates that the magnitude of the barotropic conversion
term averaged over the tongue is larger in the S-MT years
than in the W-MT years. The anomalous barotropic en-
ergy conversion term is significant in the SE region where
the MT expands eastward (retreats westward) during the
S-MT (W-MT) years. The result implies that the more
(less) rapid growth of the perturbation during the S-MT
(W-MT) years is attributed to more (less) efficient low-
level barotropic energy conversion. Thus, the MT-induced
mean flow change modulates the energy conversion
between the mean flow and the synoptic eddies and
determines the local growth rate of the synoptic-scale
disturbances and thus the frequency of TC genesis.
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We have also performed a diagnosis of wave propa-
gation, such as the barotropic version of Plumb’s (1986)
wave activity flux formulation that was applied by Sobel
and Bretherton (1999). Indeed, the results of wave
propagation diagnosis are very similar to those of the
energetic diagnosis.

7. Conclusions

The possible linkage between MT variability and TC
activity over the WNP has been analyzed in this study. It
is found that the frequency of TC formation increases
remarkably in the SE region (0°-15°N, 150°E-180°) and
decreases in the other regions during the S-MT years.
When the MT extends eastward in the tropical WNP to
around 160°E, TC activity is above normal over most
parts of the WNP east of ~125°E, and slightly fewer TCs
tend to occur near the Philippines and the South China
Sea (SCS). The present study also shows that there is
a tendency in the S-MT years toward both more intense
and longer-lived TCs than in the W-MT years.

Previous studies have shown the modulation of ENSO
on the TC activity over the WNP (Chan 1985, 2000;
Sobel and Camargo 2005; Camargo et al. 2007; Chia and
Ropelewski 2002; Wang and Chan 2002; Zhan et al.
2011; Chen and Weng 1998). In the El Nifio years, the TC
genesis position shifts southeastward and TCs have lon-
ger lifetimes and are stronger. This ENSO-TC relation-
ship is likely to be explained by changes in the large-scale
circulation associated with the MT. In view of the link
between ENSO and the MT, the MT acts as a medium
connecting the ENSO to the TC activity over the WNP. It
should be noted that other factors could also affect the
TC activity over the WNP through modulating the MT,
such as the Indian Ocean SST (Zhan et al. 2011; Zhou
et al. 2005) and the Hadley circulation signal (Zhou and
Cui 2008), but these are not examined here.

The modulation of the MT on the TC genesis has been
shown in many previous studies from a synoptic perspec-
tive (e.g., Harr and Elsberry 1995; Ritchie and Holland
1999; Chen et al. 2009, 2010). The present study shows the
influence of the MT on the interannual variation of the
TC genesis over the SE region where the interannual
variations of WNP TC genesis are most pronounced. A
strong MT is followed by enhanced convection, increased
relative humidity in the lower and midtroposphere, re-
duced vertical zonal wind shear, stronger upper-level
divergence, and low-level vorticity over the region SE,
which are favorable factors for TC genesis, while a weak
MT is not. The synoptic-scale disturbance activity may
offer a physical explanation of why more frequent TCs
form in the southeast region of the WNP during the
S-MT years. The eastward-extending MT during the S-MT
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years may interact with the synoptic-scale disturbances
and lead to the growth of perturbations as the MT is
maintained in the WNP around 160°E. The MT favors
the growth of the perturbations through the barotropic
energy conversion and results in more tropical cyclo-
genesis in the southeast quadrant of the WNP.
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