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ABSTRACT

Previous studies have suggested that a strong monsoon trough is favorable for
tropical cyclogenesis over the western North Pacific. This study reexamined the re-
lationship between the monsoon trough and tropical cyclogenesis using a recently
developed daily monsoon trough index that captures the seasonal generation of tropi-
cal cyclones (TCs). The connection between the value of the index and the morphol-
ogy of the monsoon trough is established for further categorization and composition.
During 1979 - 2020, a total of 734 (57.3%) TC formations were associated with an
active monsoon trough, while 42.7% TCs formed when the monsoon trough was
categorized as inactive. With a climatological genesis rate of 8.4%, the daily genesis
rate ranged from 13.9 to 24.6% with an active monsoon trough, which was signifi-
cantly higher than that without an active monsoon trough. The genesis rate gradually
increased with the intensification of a monsoon trough with a peak of 24.6% when an
extraordinarily strong monsoon trough existed, with approximately one TC forma-
tion every four days. The intensity of the monsoon trough affected the favored TC
genesis latitude and longitude, and a stronger monsoon trough favored northeastward

generation, exhibiting different track types due to different steering flows.

1. INTRODUCTION

The lower-tropospheric monsoon trough is a vital plan-
etary-scale system responsible for most tropical cyclone
(TC) formations over the western North Pacific. Previous
studies have suggested that over 70% of TCs form in the
vicinity of the monsoon trough due to favorable environ-
mental conditions, such as large-scale cyclonic shear, small
vertical wind shear, high mid-tropospheric relative humid-
ity, and active moist convection (Gray 1968; Wu et al. 2012,
2020b; Ha et al. 2013; Feng et al. 2014; Huangfu et al. 2017,
2018; Tan et al. 2019).

Among the hundreds of studies focusing on the north-
western Pacific monsoon trough, the definition of the mon-
soon trough and related TCs differs significantly, confusing
the understanding of these results. The first discrepancy is
the timescale of the monsoon trough. Lander (1994, 1996)
and Holland (1995) defined a monsoon trough as a zon-
ally elongated sheared region with southwesterlies in the
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south and easterlies in the north from daily synoptic maps.
Harr and Wu (2011) stated that the monsoon trough evolves
on different timescales from daily to monthly, but they still
defined a monsoon trough on a daily basis. However, Mo-
linari and Vollaro (2013) proposed several critical draw-
backs to defining the monsoon trough on a daily basis, e.g.,
noncontiguous vorticity regions, too much influence from
TCs and the Madden-Julian Oscillation (MJO). They ar-
gued that the monsoon trough should be described as posi-
tive relative vorticity averaged over at least several months
to eliminate these higher frequency signals. However, the
identification of the monsoon trough from daily synoptic
maps is either a practical requirement for weather forecast-
ing or a scientific need where many scientific problems can
be easily explained from the daily evolution of the monsoon
trough (e.g., Ritchie and Holland 1999; Gao and Li 2011;
Cao et al. 2014a, b; Wu et al. 2020a). To overcome the
drawbacks mentioned above, Feng et al. (2020a) proposed
a daily definition and proposed a monitoring index that bet-
ter represents the monsoon trough on different timescales.
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They defined the monsoon trough as an elongated area on a
weather map showing relatively low atmospheric pressure
consisting of easterly trade winds and westerly monsoonal
winds. This definition emphasizes the role of the wester-
ly monsoonal wind involving the monsoon trough, which
separates the monsoon trough from the equatorial trough
induced by trade northeasterlies during boreal winter. They
found that the new definition better illustrates the seasonal
and interannual variations in the monsoon trough.

The second issue is how to define whether a TC is
formed in a monsoon trough. Strictly, when a TC is em-
bedded in the vicinity of the monsoon trough at the time of
genesis, this event is associated with the monsoon trough.
When defining the monsoon trough on a synoptic map, it
is convenient to analyze whether a TC is formed in a mon-
soon trough (Briegel and Frank 1997; Ritchie and Holland
1999; Feng et al. 2014; Zong and Wu 2015). Through this
approach, the monsoon trough accounts for approximately
70% of the total genesis events during boreal summer. The
deficiency of this approach is its reproducibility, as this
approach requires author judgment on the synoptic circu-
lation pattern. Based on Ritchie and Holland’s (1999) cat-
egories, Yoshida and Ishikawa (2013) developed a series of
algorithms and criteria that can objectively identify favored
circulation patterns leading to tropical cyclogenesis. They
reported that 64% of the TCs were related to the monsoon
trough throughout the entire year. However, these algo-
rithms require TC genesis information. These algorithms
cannot be used to identify the circulation pattern without
TC formation. Consequently, they are unable to calculate
the daily genesis rate to investigate the genesis capacity
of the monsoon. Another approach is to define the mon-
soon trough as the elongated region with positive relative
vorticity averaged for at least several months, e.g., from
June to October. The region represents a climatological or
large-scale background with a monsoon trough. Then, TCs
with genesis locations inside the positive vorticity region
are counted as forming in the monsoon trough (Wu et al.
2012; Molinari and Vollaro 2013). However, as the mon-
soon trough evolves daily, the daily position of the monsoon
trough is not necessarily in the climatological region, which
may lead to an overestimation or underestimation of the TC
genesis frequency. Molinari and Vollaro (2013) proposed
that 73% of TCs form within the monsoon trough. How-
ever, they also proposed that 100% TC formation occurs
from January to March, which is unreasonable because the
monsoon trough is commonly established following the out-
burst of the western North Pacific summer monsoon (Wang
and LinHo 2002; Wu 2002).

Due to the abovementioned discrepancy, it remains a
problem to give a complete statistical relationship between
the monsoon trough and tropical cyclogenesis. The basic
questions are as follows: (1) How frequently are TCs formed
inside a monsoon trough? (2) What is the possibility that

a monsoon trough fosters a TC? A newly developed daily
monsoon trough index (Feng et al. 2020a), which is demon-
strated to well-represent the daily variation in the monsoon
trough throughout the entire year, provides a proxy to an-
swer these questions. The present study intends to reveal
the statistical relationship between the monsoon trough and
tropical cyclogenesis using this daily index. The rest of this
paper is organized as follows: section 2 describes the dataset
and methodology. In section 3, the connection between the
monsoon trough and TC genesis is revealed. In section 4,
the genesis capacity in association with the intensity of the
monsoon trough is investigated. Finally, in section 5, the
conclusions and discussion are presented.

2.DATA AND METHODOLOGY
2.1 Datasets

The daily atmospheric fields have a horizontal resolu-
tion of 2.5° x 2.5° and 17 vertical pressure levels spanning
the period from 1979 to 2020, which were adopted from
the National Centers for Environmental Prediction Depart-
ment of Energy (NCEP-DOE) AMIP-II Reanalysis (NCEP/
NWS/NOAA/DOC 2000; Kanamitsu et al. 2002). The six-
hourly TC best track data are adopted from the International
Best Track Archive for Climate Stewardship (IBTrACS)
version 4 (Knapp et al. 2010, 2018). The genesis time is
defined as the first occurrence of the maximum near-surface
wind speed reaching 35 kt.

2.2 Definition of the Monsoon Trough Index

This study employs a revised monsoon trough index
(MTI) developed by Feng et al. (2020a), which is suitable
for monitoring the daily variation in the monsoon trough.
The definition of the monsoon trough is an elongated area
on a weather map showing relatively low atmospheric pres-
sure consisting of easterly trade winds and westerly mon-
soonal winds. The calculation of the MTI is separated into
three steps, following the above definition (Fig. 1):

(1) Step 1: Extract the monsoon trough signal by applying

the TC removal algorithm.

The monsoon trough is a favorable region for tropical cy-
clogenesis. When the TC forms, TC circulation exerts a sig-
nificant impact on planetary-scale ambient wind fields (Hsu
et al. 2008). Sometimes, trough-like circulation cannot be
directly identified from the synoptic-scale map since TC cir-
culation usually interacts with the general circulation (e.g.,
Hsu et al. 2008) or an event breakdowns the monsoon trough
(Ferreira and Schubert 1997; Cao et al. 2013). As a result,
the TC circulation should be removed before calculating the
monsoon trough index to avoid inclusion of the TC signal.
First, the TC removal approach developed by Kurihara et al.
(1993, 1995) is applied, which objectively extracts the ambi-
ent circulation by removing an asymmetric TC.
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Fig. 1. Flow chart for calculating the monsoon trough index.

(2) Step 2: Nine-point spatial smoothing is performed in-
side the monsoon trough region (positive relative vortic-
ity) to eliminate high-frequency noise. Following these
steps, a smoothing monsoon trough signal can be easily
identified from the synoptic map. The results of this pre-
processing are shown in Fig. 2 of Feng et al. (2020a).

(3) Step 3: Calculate the daily index following

MT[:aél:lé/gso (1

In Eq. (1), {50 is the relative vorticity at 850 hPa, and N
is the grid point that satisfies the following two criteria: (1)
eastward wind exists (¢ > 0 m s™') at 850 hPa and (2) the
relative vorticity exceeds a threshold ({gs0 > 1 x 10 s7)
within the tropical western North Pacific (5° - 25°N, 120°E
- 180°). The constant ¢ is a nondimensional scaling coef-
ficient that is 10 in this study.

Previous studies have usually defined the monsoon
trough index by using the average of the positive relative
vorticity at 850 hPa in the region 5° - 25°N, 120°E - 180°
(hereafter the RVI) (e.g., Wu et al. 2012; Huangfu et al.
2017; Lietal.2017). The critical advance of the current MTI
definition is the first criterion in which westerlies are intro-
duced as a necessary condition. Lower tropospheric wester-
lies are a vital component of the East Asian monsoon trough.
The criterion separates the monsoon trough from the equato-
rial trough induced by trade easterlies. Feng et al. (2020a)
demonstrated that the new MTI was better at representing
the seasonal migration of the monsoon trough than the RVI,

which did not consider the role of monsoonal westerlies.

3. STATISTICAL RELATIONSHIP BETWEEN THE
MONSOON TROUGH AND TCS

As the monsoon trough is the most favorable region
for tropical cyclogenesis over the western North Pacific, the
seasonal variation in TC occurrence usually follows the evo-
lution of the monsoon trough. Figure 2 shows the seasonal
variation in TC occurrence, MTI, and RVI averaged from
1979 to 2020. Generally, the northwestern Pacific typhoon
season lasts from June until November, which accounts for
83.3% of the total TC formations. The average genesis num-
ber is less than two in other months. During most vigor-
ous months from July to October, more than four TCs form
each month due to favorable environmental conditions. The
two monsoon trough indices generally follow the seasonal
variation in TCs. The discrepancy between the two indices
appears from November to January; the RVI illustrates a
peak neither consistent with the seasonal cycle of the mon-
soon trough nor correlated with TC occurrence, while the
MTI better captures the character of TC occurrence. A sharp
decrease in TC number can be found in November due to
the westward retreat of the western North Pacific summer
monsoon (Wang and LinHo 2002; Wu 2002), but the value
of the RVI in November has an amplitude similar to those
in August and September. The misrepresentation of the RVI
is because the trade easterlies can also induce remarkable
positive relative vorticity along the equator, which is not as-
sociated with the western Pacific summer monsoon.
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Fig. 2. Monthly average TC genesis number (bar), the MTI (red curve), and the relative vorticity index, RVI (blue curve). The MTI and RVI data
were smoothed using a 9-day running average with gray dashed curves showing the raw data.

Figure 3 shows the composited horizontal winds at
850 hPa of the monsoon trough with different intensities
and associated tropical cyclogenesis. As the definition of the
monsoon trough requires low-level westerlies, the shaded
regions with positive relative vorticity (Figs. 3a - b) are not
recognized as a monsoon trough because of the overlapping
easterly wind. The small value of the MTI denied the exis-
tence of a monsoon trough in these cases. Such a definition
is an essential difference from Molinari and Vollaro (2013),
who considered the equatorial trough induced by trade east-
erly wind to be a monsoon trough. They also counted TC
genesis events within this equatorial trough as cases that
formed in the monsoon trough. In this study, the cases with
an MTI =0.0 and 0.0 < MTI < 2.0 are categorized as NoMT
and inactive, respectively (Table 1). The cases with MTI =
2.0 are classified as active and are categorized as Cat. 1 -
4 for further discussion (Table 1). Those TC formations in
Cat. 1 - 4 days are considered to be associated with an active
monsoon trough.

The average genesis locations for these two categories
are 9.5°N, 144.3°E and 12.8°N, 139.5°E (Table 1), which
are located in the lower latitudes and the western part of
the western North Pacific, respectively (Figs. 3a - b). Since
the MTI is greater than 2.0, the composite maps depict
a well-established monsoon trough extending from the
South China Sea to the central North Pacific, as shown in
Figs. 3c - f. The region with positive vorticity can be sepa-
rated into two sections from the pattern of horizontal winds:
a sheared region west of 150°E featuring significant meridi-
onal shear with westerlies in the south and easterlies in the
north and a convergent region to the east of 150°E featuring
westerlies in the west and easterlies in the east. This struc-
ture is consistent with the morphology classification that
divides the monsoon trough into a monsoon shearline and a
confluence region regardless of the strength of the monsoon
trough (Holland 1995; Ritchie and Holland 1999; Feng et
al. 2014; Zhao et al. 2015). These cases with a MTI above
2.0 are categorized as active following Feng et al. (2020a).
The prominent difference for cases with a greater MTI is

the stronger cross-equatorial monsoonal southwesterlies to
the south of the monsoon trough. With the intensification
of the monsoon trough, the average genesis location gradu-
ally shifts northeastward from 13.3°N, 140.9°E to 15.3°N,
142.0°E (Table 1), illustrating the impact of the monsoon
trough intensity on the average genesis location.

As discussed in the introduction, there are several defi-
nitions to determine whether a TC is formed in the mon-
soon trough. In the present study, TC formation events with
MTTIs above 2.0 are all counted as monsoon trough forma-
tion events, although a small number of cases occur outside
the region of the monsoon trough due to daily migration.
For instance, Fig. 3c is a composite of all daily average cir-
culations with MTIs between 2.0 and 4.0, and TC formation
events on these days are all categorized in association with
the monsoon trough. Such a definition may overestimate the
influence of the monsoon trough on tropical cyclogenesis
because the TCs that formed outside the region of the mon-
soon trough were counted. A pattern recognition approach,
such as that proposed by Yoshida and Ishikawa (2013), may
be a possible approach to address this problem.

Figure 4 shows the spatial distribution of TC occur-
rence binned for every 2.5° x 2.5° rectangle for different
intensities of the monsoon trough. For NoMT category
cases, TC formations usually occur over the ocean south of
10°N (Fig. 4a). When the monsoon trough is categorized
as inactive, the preferred genesis location is over the ocean
around the Philippines with a slightly southeastward exten-
sion (Fig. 4b). When the monsoon trough is active with an
MTTI between 2.0 and 4.0, the pattern of the preferred de-
velopment location (Fig. 4c) is similar to that of inactive
cases (Fig. 4b). However, the TC genesis rate remarkably
increases from 6.9% (448 TCs formed in 6468 days) in the
inactive category to 13.9% (377 TCs formed in 2706 days)
in the Cat. 1 (Table 1). The genesis capacity is investigated
in detail in section 4, and this section focuses on the favor-
able genesis region. When the MTI is between 4.0 and 6.0,
the preferred genesis region shifts eastward (Fig. 4d) with
an average genesis location at 13.8°N, 142.9°E (Table 1).
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Fig. 3. Composited relative vorticity (shaded, units: 10 s™') and the mean horizontal winds (vectors) at 850 hPa for cases (a) NoMT, MTI = 0; (b)
inactive, 0 < MTI <2; (¢) Cat. 1,2 < MTI < 4; (d) Cat. 2,4 < MTI < 6; (e) Cat. 3,6 < MTI < 8; and (f) Cat. 4, MTI > 8. The units for MTI are s™'.

Blue TC symbols denote genesis locations.

Table 1. Statistics of the TC genesis number and average genesis location based on the monsoon trough

index (MTI) from 1979 to 2020.

Index Categorization Days TC number Daily genesis rate  Average genesis location
MTI=0 NoMT 4298 100 0.023 9.5°N, 144 3°E
0<MTI=<2 Inactive 6468 448 0.069 12.8°N, 139.5°E
2<MTI=<4 Cat. 1 2706 377 0.139 13.3°N, 140.9°E
4<MTI=<6 Cat. 2 1138 202 0.178 13.8°N, 142.9°E
6<MTI=<8 Cat.3 487 95 0.195 14.0°N, 143.7°E
MTI > 8 Cat. 4 244 60 0.246 15.3°N, 142.0°E
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When the MTI is above 6, TCs prefer to form at relatively
higher latitudes (Figs. 4e - f) with average latitudes of 14.0°
and 15.3°N (Table 1).

The TC tracks are statistically correlated to the genesis
location, which is ascribed to the different ambient steering
flows (Lander 1996; Liang and Wu 2015; Zhou et al. 2018).
Figure 5 shows the TC occurrence frequency after genesis,
which indicates the preferred track type. For cases with an
MTI equal to 0, the TC usually moves westward across the
Philippine Islands into the South China Sea. When TCs are
generated in cases with MTIs between 0.0 and 2.0, they
move westward to the South China Sea or recurve northward
along the eastern coast of Taiwan. The track type for cases
with an MTI between 2.0 and 4.0 is preferable to the north-
eastward recurve, and the westward track is more likely to
cross the Bashi Channel rather than traverse the Philippine
Islands. After the formation over the ocean for cases with an
MTT above 4.0, TCs prefer to move northwestward toward
Taiwan Island and the East Asian continent. However, there
is no remarkable preferred track for extreme cases with an
MTI greater than 8. The plausible reason for this is that the
genesis location spreads over the ocean without a dominant

10

(b) inactive,0 < MTI <2; (c) Cat. 1,2 < MTI < 4; (d) Cat. 2,4 < MTI < 6;
2.5°. The TC symbol denotes the average genesis location.

pattern of steering flow.

Statistically, when defining the monsoon trough as ac-
tive for cases with an MTI > 2.0, there is a total of 734
(57.3%) TCs, which is the sum of TC numbers from Cat.
1 to 4 in Table 1. This percentage is less than that reported
in previous studies, which suggests that nearly 70% of TC
formations are associated with the monsoon trough (e.g.,
Ritchie and Holland 1999). The plausible reason for this is
discussed in the last section.

4. TC GENESIS CAPACITY OF THE MONSOON
TROUGH

The genesis capacity is essential to the evaluation of
the possibility of TC formation in a monsoon trough en-
vironment. The daily genesis rate (DGR) is calculated by
dividing the TC number by the total number of sample days
in different MTI ranges. The DGR represents the capac-
ity of large-scale circulation for generating TCs. A higher
DGR indicates that TCs are more likely to form in such a
circulation background. As shown in Fig. 6, the climato-
logical DGR was 0.084 from 1979 to 2020, i.e., one TC
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formed every twelve days. For NoMT and inactive cases,
the DGRs were only 0.023 and 0.069 (Table 1) without sta-
tistical significance, which were less than the climatologi-
cal rate. When the monsoon trough becomes active (Cat. 2),
the DGR jumps to 0.139, exceeding 95% statistical signifi-
cance. The peak DGR (0.246) appears for the Cat. 4 cases,
indicating that approximately one TC forms every four
days. These results suggest that a strong monsoon trough re-
sults in a higher possibility for tropical cyclogenesis. When
an active monsoon trough is established, the genesis rate is
between 0.139 and 0.246, which is approximately four to
eight days for TC formation. Interestingly, this frequency is
consistent with the periodicity (3 - 8 days) of the dominant
synoptic-scale waves over the western North Pacific (e.g.,
Takayabu and Nitta 1993), highlighting the role of the in-
teraction between the monsoon trough and equatorial waves
in TC formations.

Figure 7 shows the spatial distribution of the DGR in
each grid cell over the western North Pacific. The DGR in
each grid cell increases with the strengthening of the mon-
soon trough. Another notable feature is the inhomogeneous
genesis rate in the eastern and western regions for Cat. 2 and
3 cases. The geneses are concentrated in the western part of

the tropical northwestern Pacific (Fig. 7c), as the monsoon
trough only extended to approximately 150°E in these cases
(Fig.3c). However, the genesis rate is almost homogeneous-
ly distributed in the latitude belt between 10° and 20°N in
the background with a strong monsoon trough (Figs. 7d - f).
When the monsoon trough intensifies, the eastern end of
the strong relative vorticity can reach nearly the dateline
(Fig. 3). Thus, the regions over the tropical western North
Pacific are all favorable for tropical cyclogenesis due to
the large-scale cyclonic vorticity and monsoonal northeast-
ward moisture transport in this latitude belt. After dividing
the tropical western North Pacific by 145°E longitude, the
genesis rates in the western and eastern parts are calculated
individually. When the monsoon trough intensifies, the gen-
esis rate in the western part only increases from 0.081 to
0.123 TC per day. In contrast, the genesis rate in the eastern
part increases twice from 0.058 to 0.123 TC per day (Figs.
7c - f). With the intensification of the monsoon trough, the
genesis rate in the western part is less affected, while the
genesis rate in the eastern part is remarkably higher. These
results are consistent with previous studies showing that the
TC geneses in the southeastern region are more correlated
with the monsoon trough (e.g., Wu et al. 2012).
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The samples with different MTIs were not evenly
distributed in each season. The seasonal variations in the
monsoon trough and associated TC formations are illustrat-
ed in Fig. 8. During boreal winter, the circulation patterns
are primarily classified into NoMT or inactive categories
(Fig. 8a) due to the prevailing trade easterlies over the west-
ern North Pacific, accompanied by a low TC genesis rate
(Figs. 8b - ¢). In spring, the southwesterly monsoonal winds
gradually penetrated the South China Sea and the western
North Pacific, favoring the establishment of the monsoon
trough. In May, 23.8 days were categorized as NoMT or
inactive, and 5.3 days were categorized as having a Cat.
1 monsoon trough (Fig. 8a). During summer, there was a
pronounced increase in the days with an active monsoon
trough (Cat. 1 - 4) in July. This increase was consistent with
the seasonal evolution of the monsoon trough, in which a
stable monsoon trough circulation was usually established
in mid-July (Wu 2002; Feng et al. 2020a). The month with
the most active monsoon trough was August, and 11.4 days
were considered very active (Cat. 2 - 4), and 8.5 days were
marked as Cat. 1 (Fig. 8a). Although August was the most
active month for the monsoon trough, there were 11.1 days
without an active monsoon trough (Fig. 8a). During these
days, the monsoon trough experienced a breakdown (Fer-
reira and Schubert 1997; Cao et al. 2013) or northward mi-
gration (Lander 1996; Feng et al. 2014) without an active
trough over the tropical western North Pacific. The TC gen-
esis rate also experienced a seasonal cycle in which the peak
genesis rate occurred during July and September (Fig. 8b).
Moreover, some drastic fluctuations in the DGR were found
for Cat. 3 and 4 cases during January and May (Fig. 8c),

which may be ascribed to the small sample size. However,
these cases with extraordinary variation in the monsoon
trough outside the summer monsoon may deserve examina-
tion and explanation.

During the entire typhoon season of the western North
Pacific (from May to November), the relationship between
the DGR and the monsoon trough intensity is revealed in
Fig. 8c. Focusing on the boreal summer, the DGR for Cat. 3
cases were greater than Cat. 2 cases by approximately 0.03
TC per day. The DGR for Cat. 2 cases was generally greater
than Cat. 1 cases by approximately 0.03 TC per day except
for August. The DGR for Cat. 1 cases was greater than in-
active cases. The Cat. 4 cases were slightly exceptional in
that the DGRs during May and August led those in all other
cases but decreased remarkably after September. These re-
sults provide quantitative evidence to support the common
understanding that a stronger monsoon trough has a greater
possibility of generating a TC.

5. CONCLUSIONS AND DISCUSSION

5.1 Conclusions

The present study performed a statistical examination
on the relationship between the northwestern Pacific mon-
soon trough and tropical cyclogenesis using a daily mon-
soon trough index, which was proposed recently (Feng et al.
2020a). This index better captures the seasonal evolution of
TC formations than a simple index using relative vorticity,
which has commonly been used in previous studies. Based
on this index, the large-scale daily circulation over the west-
ern North Pacific from 1979 to 2020 was categorized as
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Fig. 8. Seasonal evolution of (a) occurrence day, (b) TC number, and (c) daily genesis rate for different monsoon trough categories.



1224 Tao Feng & Tao Zheng

NoMT, inactive, and active (Cat. 1 - 4) based on the value
of the MTI. The connection between the value of the MTI
and the morphology of the monsoon trough was established
for further examination. A total of 734 (57.3%) TCs formed
associated with an active monsoon trough. The intensity of
the monsoon trough affects the average TC genesis latitude
and longitude. A stronger monsoon trough favors eastward
generation, exhibiting different track types due to different
steering flows. The genesis capacity of the monsoon trough
was examined using the DGR. The climatological DGR was
0.084, and one TC formed every twelve days. The rate in-
creased to one TC formation every four days when an ex-
traordinarily strong monsoon trough existed over the west-
ern North Pacific (Cat. 4). The average genesis rate ranged
from 0.139 to 0.246 with an active monsoon trough (Cat. 1
- 4). These results provide a statistical understanding of the
occurrence of the active monsoon trough and related tropi-
cal cyclogenesis.

5.2 Discussion

Previous studies have established a connection be-
tween the monsoon trough and tropical cyclogenesis based
on a multimonth mean (e.g., Wu et al. 2012). This method
may overestimate the contribution of monsoon troughs to
TC formation since the days without monsoon troughs are
counted for time averaging (Molinari and Vollaro 2013). As
indicated in Fig. 8a, approximately one-third of the days do
not have an active monsoon trough, even in August, which
is the most active month for the monsoon trough. The pres-
ent study excluded days without an active monsoon trough
for composition. Statistically, 57.3% of TCs form in asso-
ciation with the monsoon trough, which is lower than previ-
ous results by Ritchie and Holland (1999) and Molinari and
Vollaro (2013). One plausible reason for this is that the pres-
ent study does not count TCs formed in an inactive monsoon
trough (34.9%). The percentage of 57.3% is close to that
of Yoshida and Ishikawa (2013), who suggested that 58%
of TCs are formed in the monsoon trough. Moreover, the
current approach overestimated the percentage, as the TCs
that formed outside the region of the monsoon trough were
counted. A pattern identification method similar to that used
by Yoshida and Ishikawa (2013) should be integrated to ex-
clude formation events outside the monsoon trough region.

A stronger monsoon trough usually leads to a higher
TC genesis frequency, which has been proposed based on
a multimonth averaging in previous studies (e.g., Wu et al.
2012). Using a composite method of daily data, the pres-
ent study provides a quantitative estimation to represent
the genesis capacity of the monsoon trough from 0.139 to
0.246 TC per day through the boreal summer. However, the
genesis rate of the monsoon trough with a certain intensity
also changes with the season in which the peak genesis rate
occurs in August or September. Supposing that the mon-

soon trough is the only factor that impacts TC genesis, the
genesis rate for the monsoon trough with a certain intensity
is expected to change little as the strength of the monsoon
trough is restricted by the index. Such a result implies a non-
negligible role of other large-scale or synoptic-scale factors
in modulating TC genesis, i.e., the upper-level tropospheric
trough (Wang and Wu 2016; Feng et al. 2020b), equato-
rial waves (Dickinson and Molinari 2002; Feng et al. 2016,
2020c, d), cross-equatorial flow (Love 1985; Feng et al.
2017), and local sea surface temperature (Fu et al. 2012;
Tang et al. 2020). With these factors, the genesis rate for
Cat. 2 monsoon troughs changes from 0.03 (April) to 0.23
(July) TC per day (Fig. 8), exerting a remarkable impact. As
the critical role of the monsoon trough is to provide cyclonic
relative vorticity, the impacts of different factors may be
decomposed by the genesis potential index (Emanuel and
Nolan 2004) to address the relative role of these coupled
systems. These results will be reported in the future.
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