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ABSTRACT
Tropical cyclones (TCs) always develop from synoptic-scale disturbances. While early studies suggested
that the presence of synoptic-scale disturbances may enhance large-scale conditions for TC formation, recent
studies argued that TC-precursor disturbances can establish a rotation-dominant area, which can play a crucial role in organizing convective activity and converting convective heating to rotational energy for stormscale intensification. To demonstrate the synoptic-scale influence of TC-precursor disturbances, 91 TC
formation events within the monsoon trough over the western North Pacific during 2000–10 were examined by
separating TC-precursor disturbances from the low-frequency background. The composite analysis shows
that the synoptic disturbances indeed enhance the mid- and low-level relative vorticity and convergence, but
contribute little to reducing vertical wind shear.
The dynamic composite that is conducted with respect to disturbance centers indicates that TC-precursor
disturbances within the monsoon trough establish a rotation-dominant region with a radius of less than
550 km. The cyclonic rotation increases with time 72 h prior to TC formation and nearly all air particles keep
recirculating in the core area with a radius of about 220 km. Analysis of a specific case suggests that vorticity
increase occurs through the merger of mesoscale convective systems in the rotation-dominant area. The
enhancing rotation in the core area may efficiently convert diabatic heating to kinetic energy for TC formation. Thus, it is suggested that the important role of TC-precursor disturbances in TC formation is the
establishment of a limited, rotation-dominant area.

1. Introduction
It has long been known that tropical cyclones (TCs)
always develop from a preexistent low-level cyclonic
disturbance, an area of organized but weak synopticscale (;700 km) winds (Riehl 1948; Ramage 1959; Zehr
1992; Gray 1998). Such a synoptic-scale disturbance can
maintain its identity for one day or more with multiple
localized areas of heavy rain and deep convection (Gray
1998). Although necessary large-scale conditions for TC
formation (e.g., warm SST, large low-level vorticity, weak
vertical wind shear, and high humidity in the low- to
midtroposphere) have been well established (Ramage
1959; Gray 1968, 1998), the influences of preexistent
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synoptic-scale disturbances on TC formation have not
been fully understood.
Examination of satellite imagery indicates that only a
small fraction of tropical disturbances can lead to TC formation (Hennon et al. 2013). Using composited rawinsonde data, Zehr (1976), McBride and Zehr (1981), and
Lee (1989) were among the first to examine the differences
in low-level vorticity, vertical motion, temperature, and
moisture between pretyphoon cloud clusters and the
nondeveloping cloud clusters over the western North Pacific. While there are larger low-level vorticity and stronger
vertical motion in developing cloud clusters, no obvious
differences can be found in temperature and moisture
between developing and nondeveloping disturbances. In
agreement with previous studies, Fu et al. (2012) recently
estimated the relative importance of TC formation factors
and also found that dynamic factors are more important to
TC formation in the western North Pacific.
Many studies have shown that TC formation in
the western North Pacific is modulated by tropical
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intraseasonal oscillations, among which the Madden–
Julian oscillation (MJO) is the dominant mode of intraseasonal convective variability in the tropics (Madden
and Julian 1971; Liebmann et al. 1994). Once the monsoon trough is established, the shear flows and confluent
zone between the monsoon westerly and easterly trades
are favorable spots for TC formation (Holland 1995;
Ritchie and Holland 1999). The arrival of the MJO convective phase further enhances the monsoon trough and
local eddy activity (Maloney and Hartmann 2001) as
well as amplifies and contracts various incoming equatorial waves, leading to the formation of TCs (Aiyyer
and Molinari 2003; Frank and Roundy 2006; Schreck
et al. 2011, 2012). Because of the presence of lowfrequency modulations, the differences between developing and nondeveloping tropical disturbances,
which were identified in the early observational analysis
(Zehr 1976; McBride and Zehr 1981; Lee 1989), can be
contaminated by the low-frequency circulation. That is,
it is difficult to distinguish whether the contribution of
the dynamic factors result from tropical disturbances
and/or its large-scale environment.
A few recent studies suggested that TC-precursor
synoptic-scale disturbances can play crucial roles in
organizing convective activity that is essential to TC
formation and in converting convective heating to
rotational energy for the storm-scale intensification
(Dunkerton et al. 2009; Wang et al. 2009; Montgomery
et al. 2010a; Wang et al. 2012; Tory et al. 2013).
Dunkerton et al. (2009) found that TC formation in
Atlantic African easterly waves prefers to occur in
Kelvin cat’s-eye near the intersection of the wave critical latitude and trough axis. While air is repeatedly
moistened by convection and protected from dry air
intrusion, they argued that the synoptic-scale easterly
wave or wave’s pouch also provides an environment
favorable for vorticity aggregation leading to TC formation. The marsupial theory provides an effective way
to identify regions of TC formation with strong cyclonic
vorticity, weak strain, and high saturation (Wang et al.
2009; Montgomery et al. 2010b; Wang et al. 2012).
Using a normalized Okubo–Weiss parameter, Tory
et al. (2013) found that the flow near the center of the
pouch is in near-solid-body rotation and emphasized
the importance of low-deformation vorticity in the
marsupial pouch. The enhanced rotation can substantially reduce the Rossby radius of deformation and
effectively prevent diabatic heating being diffused away
by gravity waves (Schubert et al. 1980; Schubert and
Hack 1982; Ooyama 1982; Simpson et al. 1997).
In the western North Pacific, synoptic-scale tropical
disturbances are usually embedded in the monsoon trough
and are often associated with northwest-propagating
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wave trains, which are characterized by alternating
regions of cyclonic and anticyclonic circulations along
the monsoon trough axis. The development of synopticscale wave trains are attributed to a transition of mixed
Rossby–gravity (MRG) waves to off-equatorial tropicaldepression-type (TD type) waves (Takayabu and Nitta
1993; Liebmann and Hendon 1990; Dickinson and
Molinari 2002; Aiyyer and Molinari 2003; Chen and
Huang 2009), scale contraction and energy accumulation of equatorial waves (Tai and Ogura 1987; Holland
1995; Kuo et al. 2001; Sobel and Maloney 2000;
Hartmann and Maloney 2001; Maloney and Hartmann
2001; Maloney and Dickinson 2003; Tam and Li 2006;
Gall and Frank 2010), instability of summer mean flows
in the presence of a convection–frictional convergence
feedback (Li 2006), and Rossby wave energy dispersion
of a preexisting TC (Holland 1995; Li et al. 2003; Li and
Fu 2006; Li et al. 2006). Montgomery et al. (2010a;
Montgomery and Smith 2012) demonstrated that the
wave pouch of the easterly wave critical layer in the
western North Pacific provided a protective region for
TC formation, and Wang et al. (2012) found that the
marsupial theory for tropical cyclogenesis in easterly
waves also worked for tropical cyclogenesis associated with northwestward-propagating disturbances
in the western North Pacific. This suggests that the
northwestward-propagating disturbances may have
the similar influence on tropical cyclogenesis as the
easterly waves have in the Atlantic. The marsupial theory provides a way for finding the favorable or possible
areas for tropical cyclogenesis. But, more attention
should be paid to why these areas are favorable for
tropical cyclogenesis.
The objective of this study is twofold. First, the influence of synoptic-scale tropical disturbances on TC
formation is examined through a composite analysis of
the May–October TC formation events within the
monsoon trough over the western North Pacific during
2000–10. We obtain synoptic-scale disturbances using a
time filter while the monsoon trough in our analysis is
treated as the low-frequency background. Second, following Tory et al. (2013), the role of tropical disturbances in establishing a closed, rotational area for TC
formation is investigated by calculating the Okubo–
Weiss (OW) parameter and air parcel trajectories. The
rest of the paper is organized as follows. The data and
methodology are described in section 2. The structures
of developing disturbances and their contributions to
large-scale conditions for TC formation are presented
in sections 3 and 4. The role of tropical disturbances in
establishing a closed, rotational area for TC formation
is discussed in section 5, followed by the conclusions
and discussion in section 6.
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2. Data and methodology
a. Data
The primary data used in this study are the National
Centers for Environmental Prediction (NCEP) Final
(FNL) Operational Global Analysis data with 18 3 18
latitude–longitude grids at 6-h intervals. The zonal and
meridional wind components, temperature, and relative
humidity from 1000 to 100 hPa are used in the study. The
hurricane satellite (HURSAT) B1 geostationary data
(version 5) from the National Climatic Data Center
(NCDC) (Knapp and Kossin 2007) is used to examine
the convective activity in the tropical disturbance associated with Typhoon Bilis (2006). The dataset consists of
raw satellite observations from the International Satellite Cloud Climatology Project (ISCCP) B1 data centered on the historical TCs. The data include infrared
window, visible, and other channels and are provided in
3-h intervals and gridded to 8-km resolution. The TC
formation information is obtained from the Joint Typhoon Warning Center (JTWC) best track data. The TC
formation events in May–October within the monsoon
trough during the period 2000–10 are discussed in this
study. It is acknowledged that the 11-yr data period was
rather anomalous in that during many of the years
easterly trade winds were stronger than normal, which
altered the typical monsoon trough environment over
the region.

b. Identification of TC formation events within
monsoon troughs
In this study, the monsoon trough is treated as the
background relative to synoptic-scale flows such as tropical
disturbances and TCs. The TCs and synoptic-scale wave
trains in the monsoon trough can lead to changes in the
structure and position of the monsoon trough (Harr and
Wu 2011). To reduce the bias of TC circulation, following
Hsu et al. (2008) and Wu et al. (2013), the TC circulation in
the FNL data is first removed with the approach proposed
by Kurihara et al. (1993, 1995). Then a low-pass Lanczos
filter with a 10-day cutoff period is applied to the 850-hPa
wind fields to obtain the low-frequency flows (Duchon
1979). The identification of monsoon troughs is based on
the low-frequency 850-hPa winds.
The monsoon trough (MT) can be divided into two
parts: a monsoon shear line region and a confluence
zone (Ritchie and Holland 1999). The two parts reflect
the meridional and zonal changes of the zonal winds,
respectively. The monsoon trough axis that is identified
with the line of zero-zonal wind and positive relative
vorticity is used to recognize the changes of the zonal
winds. The successive westerly and easterly winds on the
both sides of the trough axis are examined to determine
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the monsoon trough. To determine the eastern boundary of the monsoon trough, the negative zonal stretching
deformation in the previously identified area is checked.
If a TC first reaches the maximum sustained wind of
34 kt (17.5 m s21) within this area, it will be counted as
a TC formation event within the monsoon trough.
Readers are referred to Zong and Wu (2015) for details.
Two typical types of MTs are identified in this study.
The southeast–northwest (SE–NW)-oriented MTs in
our study are predominant, accounting for 80.2%. The
angle between the axis and the equator is 16.18 on average, with the 90% axis angles less than 308. As Lander
(1996) showed, there are reverse-oriented [southwest–
northeast (SW–NE) oriented] MTs in the western North
Pacific. Additionally, the monsoon flow pattern sometimes evolved into a monsoon gyre pattern that behaves
as a nearly closed cyclonic gyre with a diameter of
2500 km (Lander 1994, 1996). Although TC formation in
SW–NE-oriented MTs is important, in this study we
focus only on the SE–NW-oriented MTs.

c. Identification of tropical disturbances associated
with TC formation
A 3–8-day bandpass filter is used to extract synopticscale tropical disturbances from the FNL data (e.g., Lau
and Lau 1990; Fu et al. 2007; Peng et al. 2012). Based on
the cases of TC formation within monsoon troughs, the
disturbances associated with TC formation are traced
back to 72 h from the JTWC formation time. The maxima of the synoptic-scale relative vorticity at 850 hPa are
used to track tropical disturbances while the TC center
at the TC formation time or the previously determined
disturbance center is used as the first guess. Considering
that the movement of the tropical disturbance is confined to several hundreds of kilometers within 6 h (Kerns
et al. 2008), a radius of 550 km is used to search for the
disturbance center. The grid point with the maximum
synoptic-scale relative vorticity at 850 hPa is taken as the
position of the disturbance center.
As an example, Fig. 1 shows the identified disturbance
centers associated with the formation of Typhoon Bilis
(2006), as well as the 3–8-day bandpass-filtered 850-hPa
wind and relative vorticity fields at 272 h (1200 UTC
6 July) from the TC formation time. The disturbance
center is identified at 6-h intervals, but for clarity we
only show the 24-h disturbance centers in Fig. 1. With
the JTWC formation location at 1200 UTC 9 July, the
disturbance center at 0600 UTC 9 July was determined
based on the synoptic-scale relative vorticity. Then the
disturbance center at 0000 UTC 9 July was found by
taking the previous center as the first guess. In this study,
we trace the centers of tropical disturbances back to 72 h
from the TC formation time. Note that, as shown in
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FIG. 1. The 850-hPa synoptic-scale wind (vectors, m s21) and
relative vorticity (shaded, 1025 s21) fields at 1200 UTC 6 Jul 2006.
The dots indicate the locations of the synoptic-scale disturbances
associated with the formation of Typhoon Bilis (2006) within 72 h
prior to TC formation while the typhoon mark indicates the location of Typhoon Bilis.

Fig. 1, the disturbance center is not necessarily the circulation center of the tropical disturbance.

3. The composite structure of TC-precursor
disturbances
A total of 91 TC formation events are found within the
monsoon trough in May–October during 2000–10.
Figure 2 shows the 10-day low-pass-filtered 850-hPa
wind field composited with respect to the confluence
zone center for the 91 TC formation events and the
tropical disturbance centers at 272 and 248 h from the
TC formation time. Note that this composite is conducted based on the monsoon trough confluence zone
center, which is different from the following composites
conducted based on the disturbance center. The confluence zone center is defined as the most southward and
eastward point with zero zonal wind and positive relative vorticity. The positions of the disturbance centers
are plotted with respect to the confluence zone center.
Also, considering that the orientation of the monsoon
troughs varies significantly, the monsoon trough orientation is rotated to the mean orientation of 91 troughs
around the confluence zone center, in order to reduce
the uncertainty in our composite analysis. The trough
axis was identified first by the zero contour of zonal wind
in the monsoon trough and then fitted with a straight
line. The trough orientation is measured by the angle
between the axis and the equator. Finally the monsoon

FIG. 2. Composited low-frequency relative vorticity (shaded,
1025 s21) and wind fields (vectors, m s21) at 850 hPa for all the
monsoon troughs, and the occurrence frequencies of the synopticscale disturbances within a 2.58 radius of each point (contours) at
(a) 272 and (b) 248 h. The larger dots indicate the reference
centers while the smaller ones the tropical disturbance centers at
272 and 248 h, respectively.

trough axis is rotated to the mean angle of the 91 cases.
Although the rotation of the MT axis may turn the
western part of the trough in the midlatitude into the
tropic, this effect should have little effect in the eastern
portion of the MT where most TC formation events are
identified. Readers are referred to Zong and Wu (2015)
for details.
As shown in Fig. 2, most of the TC-precursor disturbances occur in the shear region of the monsoon trough,
especially near the eastern end of the shear line. Compared to the centers at 272 h (Fig. 2a), the disturbance
centers tend to move toward the region of maximum
relative vorticity, which can be seen from the contours of
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FIG. 3. Vertical profiles of the composited 3–8-day bandpass-filtered relative vorticity
(shading, 1026 s21) and meridional wind components (contours, m s21) at (a) 272 and
(b) 224 h for all the synoptic-scale disturbances within the monsoon trough.

the occurrence frequency (Fig. 2b). In the next section,
we will show that the tendency toward the maximum
relative vorticity affects the low-frequency relative
vorticity composited with respect to disturbance centers.
Figure 3 gives the composite vertical profiles of the
91 disturbances in the meridional wind component and
relative vorticity. At 272 h (Fig. 3a), strong northerly
winds occur to the west of the disturbance center, and
the positive relative vorticity extends up to 200 hPa.
Both of the meridional wind and relative vorticity have
maximum around 850 hPa. The 850-hPa maximum wind
occurs about 250 km away from the disturbance center.
At 224 h (Fig. 3b), compared to that at 272 h, the relative vorticity is nearly doubled, covering more than
1000 km at the lower levels and extending up to 200 hPa.
The meridional wind also intensifies, in particular on the
eastern side of the tropical disturbance.

4. The contribution of tropical disturbances
Previous studies indicated that tropical disturbances
mainly contribute to TC formation through dynamic
factors (Zehr 1976; McBride and Zehr 1981; Lee 1989;
Fu et al. 2012), and thus we focus on the relative vorticity
and vertical wind shear associated with tropical disturbances. As shown in Fig. 3, the strong positive relative
vorticity and winds are mostly confined within a radius
of 550 km from the disturbance center. For this reason,
the synoptic-scale relative vorticity and wind profiles are
averaged on the area with a radius of 550 km from the
disturbance center and then composited with respect to
the disturbance center.
Figure 4 shows the vertical profiles of synoptic-scale
relative vorticity and divergence at 272, 248, and 224 h.

For comparison, the corresponding vertical profiles of
low-frequency relative vorticity and divergence are also
plotted in this figure. The synoptic-scale relative vorticity
remains positive up to 200 hPa and reaches its maximum
around 850 hPa. There is little change with height in the
synoptic-scale relative vorticity between 900 and 600 hPa.
As the formation time approaches, the synoptic-scale
relative vorticity increases with time. The low-frequency
relative vorticity also reaches its maximum around 850 hPa,
decreasing with height and being negative at the upper
levels. Note that the low-frequency relative vorticity is
much stronger than the synoptic-scale one at lower levels
and also substantially increases with time. Further inspection of Fig. 2 indicates that the increase of the lowfrequency relative vorticity with time is due to the tendency
of tropical disturbances toward the maximum lowfrequency relative vorticity. The synoptic-scale divergence profile shows a deep layer of convergence in the
middle and lower level and divergence above 400 hPa,
which resembles the convective divergence profile of the
mesoscale scale systems (Fig. 4b) (Mapes and Houze
1995). The low-frequency divergence profile also takes
the form of a convective divergence profile. The increasing relative vorticity is associated with the low-level
convergence, implying the importance of the stretching
effect. The upper-level divergence suggests outflow at
the upper levels. Note that the divergence in the upper
troposphere mainly comes from the low-frequency flow
as the synoptic-scale divergence is much weaker than the
low-frequency one.
In addition, vertical wind shear is one of the important
factors influencing TC formation. Figure 5 shows the zonal
and meridional wind components at 272, 248, and 224 h.
As in the case of relative vorticity, the corresponding
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FIG. 4. Vertical profiles of the regional averages of the composited synoptic-scale (solid) and
low-frequency (dashed) (a) relative vorticity (1026 s21) and (b) divergence (1026 s21) within
the circular central area of a 550-km radius from 1000 to 200 hPa.

profiles of low-frequency wind components are also plotted in Fig. 5. An important feature is that the vertical wind
shear on the synoptic scale is negligibly small while the
vertical wind shear results mainly from the low-frequency
zonal wind between 900 and 350 hPa, where the lowfrequency zonal wind decreases in a quasi-linear manner.
We conclude that synoptic disturbances contribute little in
vertical wind shear.

5. Establishment of the rotation-dominant area
The marsupial theory emphasizes the near-solid-body
rotation (low deformation) of the flow in the synopticscale easterly wave or wave pouch (Dunkerton et al.
2009; Wang et al. 2009; Montgomery et al. 2010a; Wang
et al. 2012; Tory et al. 2013). In this section, we show that

synoptic-scale disturbances in the western North Pacific monsoon trough play an important role in establishing such a closed, rotational area for TC formation
by calculating the OW parameter and air parcel trajectories. The OW parameter has been used to quantify the rotation of the flow associated with TC
formation (Dunkerton et al. 2009; Tory et al. 2013;
Wang and Hankes 2014).
The OW parameter is a measure of the relative importance of vorticity to deformation flow (Okubo 1970;
Weiss 1991; Rozoff et al. 2006):
OW 5 z2 2 (s21 1 s22 )
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FIG. 5. Vertical profiles of the regional averages of the composited synoptic-scale (solid) and
low-frequency (dashed) (a) zonal and (b) meridional winds (m s21) within the circular central
area of a 550-km radius from 1000 to 200 hPa.
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FIG. 6. The 850-hPa composited winds (vectors, m s21) and Okubo–Weiss parameter
(shaded, 10211 s22) with (08, 08) indicating the tropical disturbance center at (a),(b) 272;
(c),(d) 248; and (e),(f) 224 h. (a),(c),(e) The synoptic-scale winds and OW parameter and
(b),(d),(f) the low-frequency parameter.

where z is relative vorticity and s1 and s2 are the
stretching deformation and shearing deformation, respectively. Positive (negative) values of the OW parameter indicate that the rotation (deformation) is
dominant in the flow. Figure 6 shows the composited
850-hPa OW parameter of the synoptic-scale and lowfrequency flows at 272, 248, and 224 h. The positive
values of the synoptic-scale OW parameter near the

disturbance center substantially increases as the formation time approaches. The positive values are confined to an area with a radius of less than 550 km around
the disturbance center. The rotation-dominant flow is
mainly in a smaller region with a radius of about 220 km.
The OW parameter associated with the low-frequency
flow is also positive near the disturbance center. Despite
the dominant influence of the synoptic-scale flow, the
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FIG. 7. Vertical profiles of the regional averages of the Okubo–
Weiss parameter (10210 s22) of the composited synoptic-scale
(solid) and low-frequency (dashed) flows within the circular central
area of a 220-km radius from 1000 to 200 hPa.

low-frequency flow also plays a role in establishing the
rotational area for TC formation, especially at 224 h.
Tory et al. (2013) showed that 95% of TCs that formed
in tropical waves are associated with low-deformation
flow at the 850- and 500-hPa levels. Here we averaged
the OW parameter within a radius of 220 km from the
disturbance center, the area with enhanced OW parameter

VOLUME 143

(Fig. 6). Figure 7 shows the vertical profiles of the OW
parameter on the synoptic and low-frequency scales. An
important feature is that the OW parameter of the
synoptic-scale flow is much larger than that of the lowfrequency flow at low- to midlevels. When the TC formation time approaches, the OW parameter increases
with time on both of the synoptic and low-frequency scales,
in good agreement with Tory et al. (2013).
As suggested in previous studies, the enhanced OW
parameter near the disturbance center also establishes
a closed area in which air is repeatedly moistened
by convection and protected from dry air intrusion
(Dunkerton et al. 2009; Tory et al. 2013; Wang and
Hankes 2014). To demonstrate this, the trajectories of
air parcels around the disturbance center are calculated
using the composited wind fields:
8
dx
>
>
> i 5 u(xi , t) 2 Ud
<
dt
,
>
dyi
>
>
:
5 y(yi , t) 2 Vd
dt
where xi and yi represent the position of air parcels at
the time i; u and y are the Eulerian velocity field as a
function of space and time, respectively; and Ud and Vd
are the averaged translation speeds of the disturbances.
The translation speed of the disturbance center is subtracted from the composited wind fields. The trajectories
are calculated by using the second-order Runge–Kutta
method. The linear interpolation and bilinear interpolation methods are used to obtain the wind velocity between
the temporal or spatial grid points, respectively.

FIG. 8. The trajectories of the air parcels and the initial composited unfiltered wind fields. Trajectories are seeded
(a) equal to or less than and (b) larger than 550 km from the disturbance center at 850 hPa and calculated for 66 h
forward in time. The thin solid lines indicate the trajectories while the thick ones some randomly chosen trajectories
for clarity. The dashed circles indicate the domain with a radius of 550 km. The smaller dots indicate the locations of
the air parcels while the large dot the disturbance center.
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FIG. 9. The Fengyun 2c (FY-2c) satellite imagery of the infrared brightness temperature (K, 10.3–11.5 mm)
from the ISCCP B1 data record, synoptic-scale winds (vectors, m s21), and Okubo–Weiss parameter of the
synoptic-scale flow (contours, 1029 s22) at (a) 0000 UTC 8 Jul, (b) 0600 UTC 8 Jul, (c) 1200 UTC 8 Jul, (d)
1800 UTC 8 Jul, (e) 0000 UTC 9 Jul, and (f) 0600 UTC 8 Jul 2006. The crosses indicate the tropical disturbance
center associated with Typhoon Bilis.
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FIG. 10. (a),(c) The 850-hPa synoptic-scale and (b),(d) low-frequency relative vorticity (contours, 1025 s21),
Okubo–Weiss parameter (shaded, 1029 s22), and winds (vectors, m s21) at (a),(b) 1200 UTC 7 Jul and (c),(d) 1200 UTC
8 Jul 2006, with dots indicating the tropical disturbance center associated with Typhoon Bilis.

The trajectories are seeded around the disturbance
center and calculated for 66 h forward in time, terminating
6 h prior to TC formation, as shown in Fig. 8. Among the
air parcels within a radius of less than 550 km from the
disturbance center (Fig. 8a), 75.3% of the air parcels take a
circular track toward the disturbance center. In particular,
nearly all of the air particles recycle in the core area or the
region of the enhanced OW parameter within a radius of
220 km from the disturbance center. It is suggested that the
enhanced OW parameter identifies a region of enhanced
rotation that is favorable for TC formation.
In the rotation-dominant core region, as suggested in
the marsupial theory, vorticity aggregation occurs through
the merger of mesoscale convective systems and diabatic
heating is efficiently converted to kinetic energy for
system-scale intensification. Figure 9 gives an example of
the MCS activity in the synoptic-scale disturbance associated with the formation of Typhoon Bilis (2006). Bilis

formed in a cyclonic circulation of a wave train in the
monsoon trough (Fig. 10). Both the synoptic-scale and
low-frequency flows provided a rotation-dominant environment around the disturbance associated with the formation of Bilis.
As indicated by the low brightness temperature, mesoscale convective systems can be identified in the
rotation-dominant region with positive values of the OW
parameter. Relatively small mesoscale convective systems
were scattered within the disturbance (Figs. 9a–c), 36–24 h
prior to the formation of Bilis (0000, 0600, and
1200 UTC 8 July 2006). The horizontal size of the mesoscale convective system became larger during the last 24 h
as the formation time approached (Figs. 9d–f). We noticed
that the convective activity weakened 12 and 6 h prior to
the formation of Bilis (Figs. 9e and 9f). That is, the convection tended to weaken at 0900 local time. Mapes and
Houze (1993) found that the convection in the organized
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cloud clusters in the western Pacific warm pool is strongest
before dawn and decreased in the morning. It seems that
the weakening of the convective activity is probably related to the diurnal cycle. This specific case indicates that
the rotation-dominant core region is favorable for the
merger of mesoscale convective systems.

6. Summary
Tropical cyclones always develop from a preexistent
low-level cyclonic disturbance (Riehl 1948; Ramage
1959; Zehr 1992; Gray 1998), which may enhance largescale conditions for TC formation (Zehr 1976; McBride
and Zehr 1981; Lee 1989; Fu et al. 2012). However, recent studies suggested that TC-precursor disturbances
can establish a rotation-dominant area, in which vorticity aggregation occurs through the merger of mesoscale convective systems and convective heating is
efficiently converted to kinetic energy for storm-scale
intensification (Dunkerton et al. 2009; Wang et al. 2009;
Montgomery et al. 2010a; Wang et al. 2012; Tory et al.
2013). To demonstrate the role of TC-precursor disturbances in establishing a rotation-dominant area, we examined 91 TC formation events within the monsoon
trough over the western North Pacific during 2000–10.
Our composite analysis with respect to the disturbance
center indicates that tropical disturbances indeed enhance
the mid- and low-level relative vorticity and convergence,
but contribute little to reducing vertical wind shear. In this
study, the TC-precursor disturbances were separated
from their low-frequency background using a 3–8-day
bandpass filter. This is different from previous observational analysis (e.g., Zehr 1976; McBride and Zehr 1981;
Lee 1989), in which the synoptic-scale disturbances were
defined mainly on their horizontal scale. In fact, the
synoptic-scale disturbances in these studies contained the
low-frequency background circulation. In the present
study, the synoptic-scale disturbances are defined on both
time and horizontal scales. Our analysis shows that the
synoptic-scale relative vorticity and divergence at midand low levels are weaker than the low-frequency ones.
We argue that the important role of TC-precursor
disturbances in TC formation is the establishment of a
limited, rotation-dominant area. As shown by Tory et al.
(2013), the rotation-dominant area is characterized with
positive values of the OW parameter with a radius of less
than 550 km. Calculation of the trajectories of air particles indicates that nearly all air particles keep recirculating in the core area with a radius of about
220 km, where the cyclonic rotation increases with time
72 h prior to TC formation.
Gray (1998) pointed out that tropical disturbances
cannot intensify over the entire region instantaneously,

but it is more efficient for the disturbance to intensify
in a limited area. Our results show that such a rotationdominant area is established by TC-precursor disturbances. The enhanced rotation may reduce the local
Rossby deformation radius, leading to efficient conversion from the convective heating to the kinetic energy
for the system-scale intensification (Schubert et al. 1980;
Schubert and Hack 1982; Ooyama 1982). Moreover, as
illustrated in the formation case of Typhoon Bilis, vorticity aggregation occurs through the merger of mesoscale convective systems in the rotation-dominant area,
which has been suggested to be important for TC formation (Simpson et al. 1997). Further investigation is
needed to understand the merger of mesoscale convective systems through observational analysis and highresolution numerical simulation.
Acknowledgments. This research was jointly supported by the National Basic Research Program of
China (2013CB430103 and 2015CB452803), the National Natural Science Foundation of China (Grant
41275093), and the project of the specially appointed
professorship of Jiangsu Province.
REFERENCES
Aiyyer, A. R., and J. Molinari, 2003: Evolution of mixed Rossby–
gravity waves in idealized MJO environments. J. Atmos.
Sci., 60, 2837–2855, doi:10.1175/1520-0469(2003)060,2837:
EOMRWI.2.0.CO;2.
Chen, G., and R. Huang, 2009: Interannual variations in mixed
Rossby–gravity waves and their impacts on tropical cyclogenesis over the western North Pacific. J. Climate, 22, 535–549,
doi:10.1175/2008JCLI2221.1.
Dickinson, M., and J. Molinari, 2002: Mixed Rossby–gravity
waves and western Pacific tropical cyclogenesis. Part I: Synoptic evolution. J. Atmos. Sci., 59, 2183–2196, doi:10.1175/
1520-0469(2002)059,2183:MRGWAW.2.0.CO;2.
Duchon, C. E., 1979: Lanczos filtering in one and two dimensions. J. Appl. Meteor., 18, 1016–1022, doi:10.1175/
1520-0450(1979)018,1016:LFIOAT.2.0.CO;2.
Dunkerton, T. J., M. T. Montgomery, and Z. Wang, 2009: Tropical
cyclogenesis in a tropical wave critical layer: Easterly waves.
Atmos. Chem. Phys., 9, 5587–5646, doi:10.5194/acp-9-5587-2009.
Frank, W. M., and P. E. Roundy, 2006: The role of tropical waves in
tropical cyclogenesis. Mon. Wea. Rev., 134, 2397–2417,
doi:10.1175/MWR3204.1.
Fu, B., T. Li, M. S. Peng, and F. Weng, 2007: Analysis of tropical
cyclogenesis in the western North Pacific for 2000 and 2001.
Wea. Forecasting, 22, 763–780, doi:10.1175/WAF1013.1.
——, M. S. Peng, T. Li, and D. E. Stevens, 2012: Developing versus
nondeveloping disturbances for tropical cyclone formation.
Part II: Western North Pacific. Mon. Wea. Rev., 140, 1067–
1080, doi:10.1175/2011MWR3618.1.
Gall, J. S., and W. M. Frank, 2010: The role of equatorial Rossby
waves in tropical cyclogenesis. Part II: Idealized simulations
in a monsoon trough environment. Mon. Wea. Rev., 138, 1383–
1398, doi:10.1175/2009MWR3115.1.

Unauthenticated | Downloaded 01/09/23 08:48 AM UTC

3432

MONTHLY WEATHER REVIEW

Gray, W. M., 1968: Global view of the origin of tropical disturbances and storms. Mon. Wea. Rev., 96, 669–700, doi:10.1175/
1520-0493(1968)096,0669:GVOTOO.2.0.CO;2.
——, 1998: The formation of tropical cyclones. Meteor. Atmos.
Phys., 67, 37–69, doi:10.1007/BF01277501.
Harr, P. A., and C. C. Wu, 2011: Tropical cyclone characteristics
and monsoon circulations. The Global Monsoon System: Research and Forecast, 2nd ed. C.-P. Chang et al., Eds., World
Scientific Publishing, 357–372.
Hartmann, D. L., and E. D. Maloney, 2001: The Madden–Julian
oscillation, barotropic dynamics, and North Pacific tropical cyclone formation. Part II: Stochastic barotropic modeling. J. Atmos.
Sci., 58, 2559–2570, doi:10.1175/1520-0469(2001)058,2559:
TMJOBD.2.0.CO;2.
Hennon, C. C., and Coauthors, 2013: Tropical cloud cluster climatology, variability, and genesis productivity. J. Climate, 26,
3046–3066, doi:10.1175/JCLI-D-12-00387.1.
Holland, G. J., 1995: Scale interaction in the western Pacific
monsoon. Meteor. Atmos. Phys., 56, 57–79, doi:10.1007/
BF01022521.
Hsu, H. H., C. H. Hung, A. K. Lo, C. C. Wu, and C. W. Hung, 2008:
Influence of tropical cyclones on the estimation of climate
variability in the tropical western North Pacific. J. Climate, 21,
2960–2975, doi:10.1175/2007JCLI1847.1.
Kerns, B., K. Greene, and E. Zipser, 2008: Four years of tropical
ERA-40 vorticity maxima tracks. Part I: Climatology and
vertical vorticity structure. Mon. Wea. Rev., 136, 4301–4319,
doi:10.1175/2008MWR2390.1.
Knapp, K. R., and J. P. Kossin, 2007: New global tropical cyclone
data set from ISSCP B1 geostationary satellite observations.
J. Appl. Remote Sens., 1, 013505, doi:10.1117/1.2712816.
Kuo, H. C., J. H. Chen, R. T. Williams, and C. P. Chang, 2001:
Rossby waves in zonally opposing mean flow: Behavior
in Northwest Pacific summer monsoon. J. Atmos. Sci.,
58, 1035–1050, doi:10.1175/1520-0469(2001)058,1035:
RWIZOM.2.0.CO;2.
Kurihara, Y., M. A. Bender, and R. J. Ross, 1993: An initialization
scheme of hurricane models by vortex specification. Mon. Wea.
Rev., 121, 2030–2045, doi:10.1175/1520-0493(1993)121,2030:
AISOHM.2.0.CO;2.
——, ——, R. E. Tuleya, and R. J. Ross, 1995: Improvements in the
GFDL hurricane prediction system. Mon. Wea. Rev., 123, 2791–
2801, doi:10.1175/1520-0493(1995)123,2791:IITGHP.2.0.CO;2.
Lander, M. A., 1994: Description of a monsoon gyre and its effects
on the tropical cyclones in the western North Pacific during
August 1991. Wea. Forecasting, 9, 640–654, doi:10.1175/
1520-0434(1994)009,0640:DOAMGA.2.0.CO;2.
——, 1996: Specific tropical cyclone track types and unusual
tropical cyclone motions associated with a reverse-oriented
monsoon trough in the western North Pacific. Wea. Forecasting, 11, 170–186, doi:10.1175/1520-0434(1996)011,0170:
STCTTA.2.0.CO;2.
Lau, K. H., and N. C. Lau, 1990: Observed structure and propagation characteristics of tropical summertime synoptic scale
disturbances. Mon. Wea. Rev., 118, 1888–1913, doi:10.1175/
1520-0493(1990)118,1888:OSAPCO.2.0.CO;2.
Lee, C. S., 1989: Observational analysis of tropical cyclogenesis in
the western North Pacific. Part I: Structural evolution of
cloud clusters. J. Atmos. Sci., 46, 2580–2598, doi:10.1175/
1520-0469(1989)046,2580:OAOTCI.2.0.CO;2.
Li, T., 2006: Origin of the summertime synoptic-scale wave train in
the western North Pacific. J. Atmos. Sci., 63, 1093–1102,
doi:10.1175/jas3676.1.

VOLUME 143

——, and B. Fu, 2006: Tropical cyclogenesis associated with
Rossby wave energy dispersion of a preexisting typhoon. Part
I: Satellite data analyses. J. Atmos. Sci., 63, 1377–1389,
doi:10.1175/JAS3692.1.
——, ——, X. Ge, B. Wang, and M. Peng, 2003: Satellite data
analysis and numerical simulation of tropical cyclone formation. Geophys. Res. Lett., 30, 2122, doi:10.1029/2003GL018556.
——, X. Ge, B. Wang, and Y. Zhu, 2006: Tropical cyclogenesis
associated with Rossby wave energy dispersion of a preexisting typhoon. Part II: Numerical simulations. J. Atmos. Sci., 63,
1390–1409, doi:10.1175/JAS3693.1.
Liebmann, B., and H. H. Hendon, 1990: Synoptic-scale disturbances near the equator. J. Atmos. Sci., 47, 1463–1479,
doi:10.1175/1520-0469(1990)047,1463:SSDNTE.2.0.CO;2.
——, ——, and J. D. Glick, 1994: The relationship between tropical
cyclones of the western Pacific and Indian oceans and the
Madden–Julian oscillation. J. Meteor. Soc. Japan, 72, 401–412.
Madden, R. A., and P. R. Julian, 1971: Detection of a 40–50 day
oscillation in the zonal wind in the tropical Pacific. J. Atmos.
Sci., 28, 702–708, doi:10.1175/1520-0469(1971)028,0702:
DOADOI.2.0.CO;2.
Maloney, E. D., and D. L. Hartmann, 2001: The Madden–
Julian oscillation, barotropic dynamics, and North Pacific
tropical cyclone formation. Part I: Observations. J. Atmos.
Sci., 58, 2545–2558, doi:10.1175/1520-0469(2001)058,2545:
TMJOBD.2.0.CO;2.
——, and M. J. Dickinson, 2003: The intraseasonal oscillation and
the energetics of summertime tropical western North Pacific
synoptic-scale disturbances. J. Atmos. Sci., 60, 2153–2168,
doi:10.1175/1520-0469(2003)060,2153:TIOATE.2.0.CO;2.
Mapes, B. E., and R. A. Houze, 1993: Cloud clusters and superclusters over the oceanic warm pool. Mon. Wea. Rev.,
121, 1398–1416, doi:10.1175/1520-0493(1993)121,1398:
CCASOT.2.0.CO;2.
——, and ——, 1995: Diabatic divergence profiles in western Pacific
mesoscale convective systems. J. Atmos. Sci., 52, 1807–1828,
doi:10.1175/1520-0469(1995)052,1807:DDPIWP.2.0.CO;2.
McBride, J. L., and R. Zehr, 1981: Observational analysis of tropical
cyclone formation. Part II: Comparison of non-developing
versus developing systems. J. Atmos. Sci., 38, 1132–1151,
doi:10.1175/1520-0469(1981)038,1132:OAOTCF.2.0.CO;2.
Montgomery, M. T., and R. K. Smith, 2012: The genesis of Typhoon Nuri as observed during the Tropical Cyclone Structure
2008 (TCS08) field experiment—Part 2: Observations of the
convective environment. Atmos. Chem. Phys., 12, 4001–4009,
doi:10.5194/acp-12-4001-2012.
——, L. L. Lussier III, R. W. Moore, and Z. Wang, 2010a: The
genesis of Typhoon Nuri as observed during the Tropical
Cyclone Structure 2008 (TCS-08) field experiment—Part 1:
The role of the easterly wave critical layer. Atmos. Chem.
Phys., 10, 9879–9900, doi:10.5194/acp-10-9879-2010.
——, Z. Wang, and T. J. Dunkerton, 2010b: Coarse, intermediate
and high resolution numerical simulations of the transition of a
tropical wave critical layer to a tropical storm. Atmos. Chem.
Phys., 10, 10 803–10 827, doi:10.5194/acp-10-10803-2010.
Okubo, A., 1970: Horizontal dispersion of floatable particles in the
vicinity of velocity singularities such as convergences. DeepSea Res., 17, 445–454, doi:10.1016/0011-7471(70)90059-8.
Ooyama, K. V., 1982: Conceptual evolution of the theory and
modeling of the tropical cyclone. J. Meteor. Soc. Japan, 60,
369–380.
Peng, M. S., B. Fu, T. Li, and D. E. Stevens, 2012: Developing
versus nondeveloping disturbances for tropical cyclone

Unauthenticated | Downloaded 01/09/23 08:48 AM UTC

SEPTEMBER 2015

ZONG AND WU

formation. Part I: North Atlantic. Mon. Wea. Rev., 140,
1047–1066, doi:10.1175/2011MWR3617.1.
Ramage, C. S., 1959: Hurricane development. J. Meteor., 16, 227–
237, doi:10.1175/1520-0469(1959)016,0227:HD.2.0.CO;2.
Riehl, H., 1948: On the formation of typhoons. J. Meteor., 5, 247–265,
doi:10.1175/1520-0469(1948)005,0247:OTFOT.2.0.CO;2.
Ritchie, E. A., and G. J. Holland, 1999: Large-scale patterns associated with tropical cyclogenesis in the western Pacific. Mon.
Wea. Rev., 127, 2027–2043, doi:10.1175/1520-0493(1999)127,2027:
LSPAWT.2.0.CO;2.
Rozoff, C. M., W. H. Schubert, B. D. McNoldy, and J. P. Kossin,
2006: Rapid filamentation zones in intense tropical cyclones.
J. Atmos. Sci., 63, 325–340, doi:10.1175/JAS3595.1.
Schreck, C. J., J. Molinari, and K. I. Mohr, 2011: Attributing
tropical cyclogenesis to equatorial waves in the western North
Pacific. J. Atmos. Sci., 68, 195–209, doi:10.1175/2010JAS3396.1.
——, ——, and A. Aiyyer, 2012: A global view of equatorial waves
and tropical cyclogenesis. Mon. Wea. Rev., 140, 774–788,
doi:10.1175/MWR-D-11-00110.1.
Schubert, W. H., and J. J. Hack, 1982: Inertial stability and tropical
cyclone development. J. Atmos. Sci., 39, 1687–1697,
doi:10.1175/1520-0469(1982)039,1687:ISATCD.2.0.CO;2.
——, ——, P. L. Silva Dias, and S. R. Fulton, 1980: Geostrophic adjustment in an axisymmetric vortex. J. Atmos. Sci., 37, 1464–1484,
doi:10.1175/1520-0469(1980)037,1464:GAIAAV.2.0.CO;2.
Simpson, J., E. Ritchie, G. J. Holland, J. Halverson, and S. Stewart,
1997: Mesoscale interactions in tropical cyclone genesis. Mon.
Wea. Rev., 125, 2643–2661, doi:10.1175/1520-0493(1997)125,2643:
MIITCG.2.0.CO;2.
Sobel, A. H., and E. D. Maloney, 2000: Effect of ENSO and the
MJO on western North Pacific tropical cyclones. Geophys.
Res. Lett., 27, 1739–1742, doi:10.1029/1999GL011043.
Tai, K. S., and Y. Ogura, 1987: An observational study of easterly
waves over the eastern Pacific in the northern summer using
FGGE data. J. Atmos. Sci., 44, 339–361, doi:10.1175/
1520-0469(1987)044,0339:AOSOEW.2.0.CO;2.

3433

Takayabu, Y. N., and T. Nitta, 1993: 3-5-day period disturbances
coupled with convection over the tropical Pacific Ocean.
J. Meteor. Soc. Japan, 71, 221–246.
Tam, C. Y., and T. Li, 2006: The origin and dispersion characteristics of the observed tropical summertime synoptic-scale
waves over the western Pacific. Mon. Wea. Rev., 134, 1630–
1646, doi:10.1175/MWR3147.1.
Tory, K. J., R. A. Dare, N. E. Davidson, J. L. McBride, and S. S.
Chand, 2013: The importance of low-deformation vorticity in
tropical cyclone formation. Atmos. Chem. Phys., 13, 2115–
2132, doi:10.5194/acp-13-2115-2013.
Wang, Z., and I. Hankes, 2014: Characteristics of tropical easterly
wave pouches during tropical cyclone formation. Mon. Wea.
Rev., 142, 626–633, doi:10.1175/MWR-D-13-00267.1.
——, M. T. Montgomery, and T. J. Dunkerton, 2009: A
dynamically-based method for forecasting tropical cyclogenesis
location in the Atlantic sector using global model products.
Geophys. Res. Lett., 36, L03801, doi:10.1029/2008GL035586.
——, T. J. Dunkerton, and M. T. Montgomery, 2012: Application
of the marsupial paradigm to tropical cyclone formation from
northwestward-propagating disturbances. Mon. Wea. Rev.,
140, 66–76, doi:10.1175/2011MWR3604.1.
Weiss, J., 1991: The dynamics of enstrophy transfer in two dimensional hydrodynamics. Physica D, 48, 273–294,
doi:10.1016/0167-2789(91)90088-Q.
Wu, L., H. Zong, and J. Liang, 2013: Observational analysis of
tropical cyclone formation associated with monsoon gyres.
J. Atmos. Sci., 70, 1023–1034, doi:10.1175/JAS-D-12-0117.1.
Zehr, R., 1976: Tropical disturbance intensification. Dept. of Atmospheric Science Paper 259, Colorado State University, 91 pp.
——, 1992: Tropical cyclogenesis in the western North Pacific.
NOAA Tech. Rep. NESDIS 61, U. S. Department of Commerce, Washington, DC, 181 pp.
Zong, H., and L. Wu, 2015: Re-examination of tropical cyclone
formation in monsoon troughs over the western North Pacific.
Adv. Atmos. Sci., 32, 924–934, doi:10.1007/s00376-014-4115-2.

Unauthenticated | Downloaded 01/09/23 08:48 AM UTC

