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ABSTRACT

The monsoon trough (MT) is one of the large-scale pattermsrédle for tropical cyclone (TC) formation over the
western North Pacific (WNP). This study re-examines TC fdionaby treating the MT as a large-scale background for TC
activity during May—October. Over an 11-year (2000-10)qukr8.3 TC formation events on average per year are ideshtifie
to occur within MTs, accounting for 43.1% of the total TC fation events in the WNP basin. This percentage is much
lower than those reported in previous studies. Furtheryaizaindicates that TC formation events in monsoon gyreswer
included at least in some previous studies. The MT includas@soon confluence zone where westerlies meet easterties an
a monsoon shear line where the trade easterlies lie nortleahbnsoon westerlies. In this study, the large-scale fldtema
associated with TC formation in the MT is composited basetherreference point in the confluence zone where both the
zonal and meridional wind components are zero with positorticity. While previous studies have found that many TCs
form in the confluence zone, the composite analysis indicdtat nearly all of the TCs formed in the shear region, since
the shear region is associated with stronger low-levetivelasorticity than the confluence zone. The prevailing edgt
vertical shear of zonal wind and barotropic instability nago be conducive to TC formation in the shear region, thnoug
the development of synoptic-scale tropical disturbanaeke MT that are necessary for TC formation.
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1. Introduction form in the MT (e.g., Frank, 1987; McBride, 1995; Briegel

The summertime monsoon trough (MT) over the we ?_nd Frank, 1997; Ritchie and Holland, 1999), Molinari and

o ) . Vollaro (2013) noticed that the results of these obsernafio
ern North Pacific (WNP) is a convergence zone in the Iowg udies were examined mainly in a subjective manner, even
troposphere, where westerly monsoon winds are found in\'/hsthout a common definition of the MT. As mentione;j in
equatorward region, while easterly trade winds exist pol folinari and Vollaro (2013), for examplé the MT was sub-
ward of the trough. A number of studies have shown tha ' i

the MT is an important large-scale circulation pattern a'ssoJeCtively defined in Briegel and Frank (1997) and Ritchie and

. : o .Holland (1999) and details about how a TC was considered
ated with tropical cyclone (TC) formation in the WNP baS|rt1O be associated with the MT were not mentioned.

[e-g., Gray, 1968, Ramage, 1974; Holland, 1995; Lander, As an alternative, Wu et al. (2012) and Molinari and Vol-

1996; Briegel and Frank, 1997; Ritchie and Holland, 199?' ) . )

. . : ldro (2013) recently defined the MT as a geographical region
see !" (2012) for a reV|ew]_. The MT can pI’OVI(_j_e both dyin terms of monthly mean 850 hPa relative vorticity. Wu et
namical and thermodynamical large-scale conditions tteat a

favorable for TC formation, including strong low-level cy al. (2012) used the mean relative vorticity averaged over 5

clonic relative vorticity, high mid-level relative humiglj and 20°N to define the zonal variation of the MT intensity, and it

; X was not allowed to exist beyond the specified latitude range.
weak vertical wind shear (Sadler, 1967; Gray, 1968; Ram-—, . . .
age, 1974; Gray, 1975: Frank, 1987; Chia and Ropelewer] Molinari and Vollaro (2013), the MT was defined for each

I
2002; Harr and Chan, 2005; Chen et al., 2006). Althou

%Eﬁbmh as the contiguous region with positive monthly mean
many studies have documented the percentages of TCs hPa relative vorticity. Considering significant moveine

and structural changes of the MT on multiple time scales
(Harr and Wu, 2011), uncertainty still exists in Wu et al.
* Corresponding author: WU Liguang (2012) and Molinari and Vollaro (2013). That is, some for-

Email: liguang@nuist.edu.cn mation events that were not associated with the MT may have
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been counted, while some formation events that formed l{&immons et al., 2007); and (3) Joint Typhoon Warning Cen-
yond the specified latitude ranges may have been missedtdn(JTWC) best track data. In this study, the FNL wind fields
addition, the positive relative vorticity of the MT in thelefi- are utilized in identifying the MT and compositing the MT
nition also includes the contribution from other systemishs structure. The 850 hPa monthly winds from ERA-interim
as monsoon gyres. In other words, TCs that form in monsodata are also used to compare the identified TC formation
gyres were included in Wu et al. (2012) and Molinari andvents with those in Molinari and Vollaro (2013). TC forma-
Vollaro (2013). Wu et al. (2013) showed that 19.8% of ation is defined when the maximum sustained wind of a TC
May—October TCs over the WNP formed in monsoon gyréisst exceeds 34 knots in the JTWC best track data.
over the period 2000-10. o .
Although the MT is a large-scale summertime flow pa12—-2- Identlflca'u_on of monsoon troughs and the associated
tern over the WNP, it includes TCs and wave trains on the 1 C formation
synoptic timescale that can alter convection, wind, and vor Inthe American Meteorological Society (AMS) Glossary
ticity, which leads to changes in the structure and position of Meteorology (http://amsglossary.allenpress.consggay),
the MT (Holland, 1995; Lander, 1996; Harr and Wu, 2011an MT is defined as a line of the minimum sea level pres-
For example, northwestward-propagating wave trains havewe in monsoonal regions. However, most previous studies
typical wavelength of 2500-3000 km and a timescale of 6—1i@ated a MT as a circulation pattern in the lower tropospher
days, consisting of alternating regions of cyclonic and-antvith convergence/confluence between westerly monsoon
cyclonic circulation (Lau and Lau, 1990; Chang et al., 199@jinds and easterly trade winds (e.g., Frank, 1982; Lander,
Sobel and Bretherton, 1999; Li et al., 2003, 2006; Li and FL996; Briegel and Frank, 1997; Ritchie and Holland, 1999).
2006; Fu et al., 2007; Chen and Huang, 2009). Numeridritchie and Holland (1999) further categorized a MT as a
studies suggest that the presence of the MT is important faonsoon confluence zone where westerlies meet easterlies
the generation of synoptic wave trains, and thus TC formatiand a monsoon shear line where the trade easterlies lie north
(Kuo et al., 2001; Aiyyer and Molinari, 2003; Li, 2006; Gallof the monsoon westerlies.
et al., 2010; Gall and Frank, 2010). In addition to provid- Following these studies, the 850 hPa low-pass filtered
ing large-scale conditions favorable for TC formation,sihe winds and the associated relative vorticity are used to-iden
studies suggest that the synoptic-scale wave trains plag-an tify MTs. As we know, it is not unusual that multiple TCs are
portant role in how the MT affects TC formation in the WNRbserved simultaneously in the WNP basin. Hsu et al. (2008)
basin. revealed that extreme events such as TCs contribute signifi-
In order to investigate how the MT affects the develoantly to the seasonal mean and the intraseasonal and inter-
ment of synoptic-scale wave trains and subsequent TC fannual variance of the 850 hPa vorticity along the TC tracks
mation, this study proposes a new approach for identifyimg the tropical WNP because the time averaging and filter-
the MT and the associated TC formation events. That is, timg processes are unable to remove higher-frequency signal
MT is treated as the background for the activity of synop~ollowing Hsu et al. (2008) and Wu et al. (2013), the TC cir-
tic systems including wave trains and TCs. Unlike previowslation in the FNL data is first removed with the procedure
studies in which large-scale patterns were composited wjiloposed by Kurihara et al. (1993, 1995).
respect to TC centers, the dynamic composite in this study After removal of the TC circulation, a 10-day low-pass
is conducted with respect to the reference point or the edsénczos filter is applied to the wind field to obtain the low-
ernmost end of the MT. The reference point here refers frequency background wind field (Duchon, 1979). Figure 1
the point in the confluence zone where both the zonal asldows an example of the MT with the 850 hPa low-pass fil-
meridional wind components are zero with positive vortidered wind field. At 0000 UTC 7 July 2006 (Fig. 1a), the
ity. It is conceivable that the identified TC formation eventMT can be roughly identified with the equatorial westerly
and the associated structure of the MT should be more rdaws that extend all the way to about T&and easterly
sonable due to a lack of contamination of the synoptic-scdatade winds on the poleward side. Typhoon Ewiniar (2006)
circulation. The TC formation events associated with the Mand a distinct cyclonic circulation to the southeast of Barin
in May—October during the period 2000-10 are examined @an be seen in the trough. About two and a half days later
this study. (Fig. 1b), the cyclonic circulation of Typhoon Bilis (2006)
becomes dominant in the wind field and it is hard to visually
identify the trough. In the corresponding 10-day low-padss fi
2. Data and methodology tered wind fields (Figs. 1c and d), however, the MT is well
21 Data defined. Figures l1e and f are the synoptic-scale wave trains
o that distort the MT in Figs. 1a and b. Here, the synoptic-
Three datasets are used in this study: (1) National Cestale flow is defined as the difference between the unfiltered
ters for Environmental Prediction (NCEP) Final (FNL) Opermwinds and the low-pass filtered winds. Figure 1 suggests that
ational Global Analysis data with1x 1° grids at six hour in- the low-pass filtering can effectively separate the lammes
tervals (http://rda.ucar.edu/datasets/ds083.2/); (@pfean MT from the synoptic-scale systems, such as TCs and wave
Centre for Medium-Range Weather Forecasts (ECMWF) Itrains, consistent with results from Fu et al. (2007, 2012) a
terim Re-Analysis (ERA-Interim) data with3° x 1.5° grids  Xu et al. (2013).
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Fig. 1. (a, b) 850 hPa unfiltered winds, (c, d) 10-day low-pass fittevends (m s1), and (e, f) 10-day
high-pass filtered winds (nT$) at (a, ¢, and €) 0000 UTC 7 July 2006 and (b, d, and f) 1200 UTC 9
July 2006, with the dots indicating the centers of Typhooririzav (2006) and Bilis (2006).

The MT mainly prevails in the WNP basin from earlypositive relative vorticity at 850 hPa. The successive west
or middle May to late September (e.g., Murakami and Magrly winds (easterly winds) to the west (east) of the MT axis
sumoto, 1994; Lau and Yang, 1997; Wu and Zhang, 19%hd positive relative vorticity at 850 hPa are then examined
Hsu et al., 1999; Zhang et al., 2002). In this study, we faletermine the western (eastern) part of the MT. Considering
cus on the MT activity and the associated TC formatich-(0 that the easterlies to the east of the MT axis can extend to the
30°N, 105°E—180) in May—October during the period 2000-eastern Pacific, the negative zonal stretching deformation
10. 80.8% of TCs (211 out of 261) were observed during thiee predetermined area is also checked to determine the east
period. Following Ritchie and Holland (1999), an MT in thiern boundary of the MT. Generally, the MT region extends
study includes two parts. The first part consists of westenly to 1500 km from its axis. Once the MT is determined, if
monsoon flows on the equatorward side and easterly tradd@C forms within this area, it is identified as a TC formation
flows on the poleward, which is called a monsoon shear liegent within the MT.
or an MT shear region. The second part is a confluence zoneWe should mention that the low-pass Lanczos filter can-
to the easternmost end of the shear line, where westerly mant completely remove the synoptic timescale component, es
soon flows from the west meet easterly trade flows from tipecially in the vicinity of the cut-off period (10 days). As a
east. First, to identify the changes of the zonal winds, tfile Mesult, the low-pass filtered winds are capable of capturing
axis is determined with the line of the zero-zonal wind arttie migration of MTs on the timescale of several days. Fig-
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ure 2 shows an example of the migration of a MT in the zonal*0°N
and meridional directions. Note that the MT axis was iden-
tified with the line of the zero contour of the low-frequency zgop/
850 hPa zonal wind in the monsoon trough. At 0600 UTC

23 June 2006, the MT extended from Indonesia to°E4®

the south of the Philippines. A week later (30 June 2006), the?0°"N|
trough migrated northeast by about®1df latitude, extend-

ing from Hainan Island to 15&. At 0600 UTC 7 July 2006, 1gon| " / o -~ N
the trough moved further northeast and the east end reached

17C°E. As shown in Fig. 2, the MT subsequently retreated ¢ 06D 07-20-06
southwest. The migration was accompanied by an orienta- = < Q3 R6-23-06 N 07-08-06
tion change of the MT, as well as the MT shape, which can 105 120°F  135°F  150°F  165°  180°

be seen in the low-pass filtered 850 hPa wind fields (figure not

shown). Such a low-frequency variation of the MT is closely Fig. 2. The positions and dates of monsoon trough axes during
related to the atmospheric intraseasonal oscillation (i8O  June and July 2006, identified using the 850 hPa low-pass fil-
and Wang, 2005; Li, 2010; Hsu and Li, 2011), and also thetered winds.

guasi-biweekly oscillation (QBWO) in the region (Kikuchi

and Wang, 2009). Some studies have shown that TC for
tion can be influenced by the ISO and QBWO modes throu
their modulations of the MT (e.g., Ko and Hsu, 2009; Li an :
Zhou, 2013).

2.3. Dynamic composite analysis 3. TC formation within monsoon troughs

d the equator is calculated. Finally, the MT axis is ratate
the mean angle and all of the variables in the following
scussion are also adjusted based on the rotation.

We noticed that the composite analyses in previous stud- TC formation events within MTs are identified every six
ies were based mainly on TC or tropical depression (TD) cemours in this study. During the period 2000-10, 91 TCs are
ters (Briegel and Frank, 1997; Ritchie and Holland, 1999; Faund to form in MTs in May—October, accounting for 43.1%
et al., 2007; Xu et al., 2013). Given the large variation i@ thof the total TC formation events. On average, 8.3 TC forma-
relative positions of TC formation within MTs, the compostion events are associated with MTs per year, with a maxi-
ited large-scale patterns may be a poor representatioreof thum of 11 TCs in 2008 and a minimum of 6 TCs in 2006.
large-scale background for TC formation. In this study, th@ao and Li (2011) defined a multiple TC formation event as a
composite is conducted based on a reference point. The refgpcess in which two successive TCs form within three days,
ence pointis in the confluence zone where both the zonal amith the distance between them being less than 4000 km,
meridional wind components are zero with positive vonicit and they found that the eastward-extending WNP MT favored
The longitude of the reference point can be used to indicateiltiple TC formation events. Based on their definition, 36
the eastward extension/westward retreat of the MT. TCs are involved in such multiple TC formation events, ac-

Two typical types of MTs are identified in our analycounting for 39.6% of the TCs associated with MTs.
sis. Seventy-three TC formation events are found within During the six-month season, the monthly frequency of
southeast—northwest (SE-NW) oriented MTs, while 18 TCC formation within the MT reaches its maximum in Au-
formation events occurred in west-east (W-E) orientgulist (Fig. 3a). However, compared to the total TC formation
troughs. The SE-NW oriented MTs are dominant durirfgequency, the percentage of TC formation within the MT in-
summer in the WNP, as shown in Figs. 1c and d. This typeeases from May (44.4%) to June (70.6%) and then shows a
of MT is very similar to the one in the monthly mean 85@ecreasing trend after July. While more than 50% of TCs
hPa wind field. The other type of MT is largely zonally oriformed in MTs during June—July, the percentage becomes
ented, whose axes are nearly parallel to the equator. Lanlgss than 50% during August—October. In particular, only
(1996) showed that there are reverse-oriented MTs with th&2.9% of TCs formed within MTs in October. This agrees
western ends in the tropics extending northeastward irite swith previous studies that MTs occur mainly from early or
tropical latitudes. Such reverse-oriented MTs are exadiude middle May to late September (e.g., Murakami and Mat-
this study. sumoto, 1994; Lau and Yang, 1997; Wu and Zhang, 1998;

Although the SE-NW oriented MTs in our study arédsu et al., 1999; Zhang et al., 2002). We also calculate MT
predominant, accounting for 80.2%, the orientation @ifctive days for each month (Fig. 3b). MT active days are days
these MTs varies significantly. To reduce the uncewith MT activity in their low-frequency wind fields. Itis cé
tainty in our composite analysis, the MT orientation is rahat the decreasing percentage of TC formation in MTs after
tated to the mean orientation based on 91 troughs arouhdy is accompanied by a decreasing number of MT active
the reference point. First, as mentioned before, the MiRys.
axis is identified by the connecting line of the zero-zonal We find that the percentages of TC formation in MTs
wind in the monsoon trough. Second, a straight line &e much lower than those in previous studies (Briegel and
used to fit the MT axis, and the angle between the adfsank, 1997; Ritchie and Holland, 1999; Molinari and Vol-
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laro, 2013). Ritchie and Holland (1999) found that 71% d§8.3%, respectively, both of which are higher than the 43.1%
TCs formed within MTs, including 42% within the monsoorestablished by our approach. Table 1 shows the monthly fre-
shear region and 29% within the confluence zone. In Molinaruency of TC formation events identified with the approaches
and Vollaro (2013), 73% of all July—November TCs formedsed in this study and in Molinari and Vollaro (2013). The TC
within MTs during the period 1988-2010, and the percentafgrmation events identified from the two datasets using the
varied interannually from as low as 50% to nearly 100%. method of Molinari and Vollaro (2013) are nearly the same
As mentioned above, the difference in the percentage m@wable 1), suggesting that the difference in the TC fornmatio
result from the different approaches for identifying mamso percentage is not a result of the different datasets.
troughs and the associated TC formation. Since we have However, the monthly percentages of TC formation in
difficulty in reproducing the results from Briegel and FrankTs from our approach are very different from the approach
(1997) and Ritchie and Holland (1999), we focus here oniraMolinari and Vollaro (2013), especially in September and
comparison with Molinari and Vollaro (2013). October. While 34 and 19 TCs are identified to form within
Molinari and Vollaro (2013) defined an MT as the conthe climatological mean MT by the approach of Molinari and
tiguous region with positive long-term mean July—Novembé&bllaro (2013), our approach identifies only 17 and 4 TCs in
850 hPa relative vorticity. Their analysis region rangenfr September and October, respectively.
122°E to 180. To understand how the different approaches Figure 4 shows a comparison of TC formation events
can affect the results, we first use the approach in Molinadientified with the two different approaches. While some TC
and Vollaro (2013) to identify the number of TCs that formetbrmation events (black) are identified by both approaches,
in MTs. To avoid a possible influence of the difference ia considerable number of TC formation events are counted
datasets, both the ERA-Interim reanalysis data and the FNhly by one or the other of the two approaches. It is clear
data from 2000 to 2010 are used. The former dataset vihat TC formation events in the South China Sea (west of
used in Molinari and Vollaro (2013). 120°E) are not counted by the approach of Molinari and Vol-
When we use the approach in Molinari and Vollartaro (2013). In addition, Fig. 4 indicates that TC formation
(2013), the TC formation percentages based on the ERévents (green) that are counted by the approach of Molinari
Interim reanalysis data and the FNL data are 58.8% aadd Vollaro (2013) are excluded in our approach, in particu-
lar after August. Among the excluded TC formation events,

6 further analysis shows that half of them formed in monsoon
(a) I Total
[ Monsoon Trough gyres. o
&b [ Monsoon Gyre Wu et al. (2013) recently indicated that, over the WNP,

19.8% of TCs formed in monsoon gyres in May—October
during the period 2000-10, but the contribution of monsoon
gyres cannot be distinguished from the MT defined in Moli-
nari and Vollaro (2013). That is, the TC formation events
from the approach of Molinari and Vollaro (2013) include
those within monsoon gyres. If the percentage of TC forma-
tion events within monsoon gyres is added, we have 62.9% of
TCs that form in both MTs and monsoon gyres. As shown in
Fig. 3a, the percentage of TC formation in monsoon gyres is
more than 20% in August—October. The increased percentage

_ May  Jun Jul Aug  Sep Oct

100% (b) [ Monsoon Trough is consistent with the increase in monsoon gyre active days
[ Monsoon Gyre in these months (Fig. 3b). Except for October (35.5%), the
80%1 _— combined percentage ranges from 61.1% in May to 82.4% in
June, which is comparable to those in previous studies.
60%- ] Figure 5 shows the composited 850 hPa low-frequency
wind field for the MTs at the TC formation time. Ritchie
o/ |
40% Table 1. Monthly frequency of TC formation in monsoon troughs
identified with low-pass filtered fields and monthly mean feii
20% May—October during 2000-10. For comparison, the monttdy fr
guency of TC formation in monsoon gyres (Wu et al., 2013) &ed t
0% ‘ —1 1 , , monthly frequency of TC formation in monsoon troughs idkéei

May  Jun Jul Aug  Sep  Oct from the ERA-Interim dataset are also shown in parenthesdsei

Fig. 3. Monthly frequencies of (a) all TC formation events (dark firstand second rows, respectively.

gray) and those formed in monsoon troughs (gray) and mon- May June July August September October
soon gyres (light gray) per year and (b) percentages of mon-
soon trough (gray) and monsoon gyre (light gray) active days Filtered Fields 8 (3) 12(2) 20 (3) 30(13) 17(13) 4(7)
for each month during 2000-10. Monthly Fields 9 (9) 9 (10) 16 (18) 35(35) 35(34) 19(19)
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Fig. 4. The mean 850 hPa relative vorticity (19s~1, shaded for positive values) and mean 850 hPa winds
(vectors, m 51) during 2000-10 using the unfiltered FNL data in (a) May, {mel (c) July, (d) August, (e)
September and (f) October. The blue and green typhoon sgniiicate the formation locations of tropical
cyclone (TC) centers based on our approach and the methodlafavi and Vollaro (2013), respectively. The
black typhoon symbols indicate the formation locations Gfcenters recognized by both methods.

and Holland, (1999) found that 29% of TCs formed within ey
the confluence zone, while 42% of the TC formation events
occurred within the monsoon shear region. As shown in Fig.

5, nearly all of the TC formation events occurred in the mon- 20° 1
soon shear region. The difference may result from the con-
tamination of synoptic-scale systems, such as TCs and wave
trains, which were included in Ritchie and Holland (1999).
In the following section, we show that the region favorable
for TC formation is associated with the favorable largelessca  0° A
conditions for TC formation.

A A P+ 7 /'/7/7/7/7/7/’/7'(7/7/7/7/7/
41??1\7‘;/'/////;1,114
ik'\'\1\'\'\'\'\6'\'\6\/\\\v\v\r\
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In order to understand why the monsoon shear region is C
favorable for TC formation, we conduct a composite analysis
of the MT structure of the selected 91 samples during therig. 5. Composited 10-day low-pass filtered 850 hPa wind field
period 2000-10. In agreement with previous studies (Sadlervectors, m s1) and TC genesis frequency (contours) at the TC
1967; Gray, 1968; Ramage, 1974; Gray, 1975; Frank, 1987formation time for all the monsoon troughs. The dots indicat
Chia and Ropelewski, 2002; Harr and Chan, 2005), the monthe reference centers, and the typhoon symbols the TC senter
soon shear region is associated with strong low-level yclo Rectangles A, B and C indicate the regions of different TG gen

relative vorticity, high mid-level relative humidity, anela- ~ ©SiS frequency.

4. Large-scale environment for TC formation
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tively weak vertical wind shear, which are favorable for TC Figure 7a shows the composited vertical wind shear field
formation. between 200 hPa and 850 hPa at the TC formation time. The
Figure 6a shows the relative vorticity and zonal winénvironmental vertical wind shears are weak near the MT
component across the axis of the composited MT (A1-A2)xis. Most of the TCs formed in weak vertical wind shear
As shown in Fig. 5, the cross section represents the mostless than 12.5 m¢. To further understand the spatial
favorable region for TC formation, about 1000 km west distribution pattern of TC formation in the MT, we compare
the reference point. The positive relative vorticity asated the vertical profiles of relative vorticity, zonal wind, anel-
with the MT is confined to a narrow region of about 1200 krative humidity in three selected regions. As shown in Fig.
in width, extending to about 350 hPa. On the equatorwabd Regions A and B are in the shear-line region, where there
side are the westerly monsoon winds, covering about 12i80the most TC formation events, while Region C is in the
km in width below 600 hPa. On the poleward side, the easnfluence region, featuring less TC formation. Compared to
erly trade winds cover a wider region and extend throughdregions A and B, Region C is characterized by weaker low-
the troposphere. In agreement with observations, it is sugvel relative vorticity (Fig. 8a), which is unfavorablerféC
gested that TCs that form within the MT are generally steerémrmation (Gray, 1968, 1975). But there is not much differ-
westward by the mean deep-layer mean easterly flow. ence in the mid-level relative humidity between Regions A,
Figure 6b shows the cross section of relative vorticity ariBland C (Fig. 8c).
relative humidity along the MT axis at the time of TC for- A significant feature of Region C is the westerly zonal
mation (B1-B2 in Fig. 5). The maximum relative vortic-
ity occurs around 850 hPa and the positive relative voyticit 30° @) %
is confined in the middle and lower troposphere (below 500 L :‘\ |
hPa). Consistent with the high TC formation rate, as shown A RN -
in Fig. 6b, the region with high relative vorticity and relest 20 3 U

g.. ( _ A A N R
humidity occurs in the east part of the shear region. b DO R N NN
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wind shears (ms!) between 200 hPa and 850 hPa for all the
Fig. 6. Vertical profiles of the composited 10-day low-pass fil-  monsoon troughs at the TC formation time, and (b) the fre-
tered (a) zonal wind components (contours, ™)s (b) rela- guencies of TC formation events in the monsoon trough during
tive humidity (contours, %) and (a, b) relative vorticithéled, 2000-10 in different low-frequency zonal wind shears betwe
10-6 571 for all the monsoon troughs (a) along the dashed line 200 hPa and 850 hPa. The shading indicates vertical wind shea

A1-A2 in Fig. 5 and (b) along the dashed line B1-B2 in Fig. 5 weaker than 18 ms; and the typhoon symbols indicate the
at the TC formation time. relative positions of TCs to monsoon troughs.



JULY 2015

vertical shear (Fig. 8b). In a well-known idealized modglin
study, Kurihara and Tuleya (1981) showed that mean easterly
vertical wind shear is more favorable for TC formation than
westerly vertical wind shear. In order to examine the favor-
ableness of TC formation in the easterly vertical wind shear

ZONG AND WU

we plot a histogram of frequencies of zonal wind shear in_,_.
bins of 5.0 m s? for all of the formation events in MTs (Fig.

22
—F0° —H4O° —F0° —20° —70° 0° J0° 20P
|

7b). The shear between 200 hPa and 850 hPa is calculated 3 ‘

based on individual TC events at TC formation time with |
the filtered winds. While the TCs can form only in westerly
zonal shear of less than 5.0 mls most formation events
occur in easterly zonal shear, even as high as 10.0'n s
Figure 9 shows the composited three-dimensional struofure
MTs. The low-level MT is overlaid by the northeasterly flows ~
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Fig. 9. The vertical configurations of TC formation in the mon-
soon trough. The shading in the upper panel indicates the
smaller vertical wind shear, while that in the lower panel in
dicates the easterly zonal shear. The typhoon symbolsatelic
the TC locations at the TC formation time. The bold dashed
lines indicate the monsoon trough lines.

associated with the South Asia high at 200 hPa. This is why
most of the formation events occurred in the easterly zonal
shear.

Although this result is in agreement with the idealized
modeling result in Kurihara and Tuleya (1981), the favor-
ableness of easterly zonal shear in MTs may be associated
with other large-scale conditions and the initial synoptic
scale tropical disturbances that always precede TC foomati
Using a multilevel, nonlinear baroclinic model, Li (2006)
suggested that the synoptic wave train in an MT may re-
sult from instability of the environmental flow. His numer-
ical experiments indicate that an easterly shear can lead to
a faster growth and northwestward propagation of synoptic
wave trains than a westerly shear. Ge et al. (2007) exam-
ined the effect of vertical shear on wave trains induced by TC
energy dispersion and found that an easterly (westerlygrshe
favors the growth of the wave train in the lower (upper) tropo
sphere. Wang and Xie (1996) found that vertical wind shear
can significantly affect the Rossby wave and westward Yanai
wave. While westerly shear favors trapping of these waves in
the upper troposphere, easterly shear tends to confine them t
the lower troposphere. In all of the 91 TC formation events,
we find that 38 cases were clearly associated with synoptic
wave trains. We should mention that the resulting wave rain
or tropical disturbances may provide a synoptic environmen
to counter the low-frequency vertical wind shear and enbanc
the other favorable conditions for TC formation. Further in
vestigation is called for in this respect.

Ferreiraand Schubert (1997) and Li (2006) suggested that
the initial disturbances for TC formation may arise from the
instability of the environmental flow. Based on numerical

Fig. 8. Vertical profiles of the regional averages of the (a) rela- simulations, Li (2006) argued that the origin of the synop-

tive vorticity, (b) zonal winds, and (c) relative humiditgrfthe

regions A, B and C in Fig. 5.

tic wave train arises from both the dynamic effect of the MT
flow and the thermodynamic effect of the convective heating
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feedback. In order to examine the possible role of barotrogAntarctic Oscillation (AAO), and the sea ice cover over the
instability, the meridional gradients of the absolute iy  North Pacific (e.g., Wang and Fan, 2006; Wang et al., 2007a,
of the composited MT were calculated. There are indeed i2307b). In those studies, the influences were associatéd wit
lated regions with the sign reversal of the absolute vayticithe changes in the large-scale environmental conditions fo
gradient (figure not shown). This suggests that the barmtrof C formation. It is possible that they may affect TC for-
instability of the MT flow may play a role in TC formation in mation through changing the orientation and zonal extensio

MTs. of the monsoon trough. Further investigation in this field is
needed.
5. Summary Acknowledgements. This research was jointly supported by

Unlike previous studies in which the MT was subjectivel{’® National Basic Research Program of China (Grant Nos.

defined (Briegel and Frank, 1997: Ritchie and Holland, 199§)13CB430103, 2015CBA452803), the National Natural Seienc
or treated as a geographical region in terms of monthly mefefndation of China (Grant No. 41275093), and the projechef
850 hPa relative vorticity (Wu et al., 2012; Molinari and Vol “SPecially-Appointed Professorship” of Jiangsu Province
laro, 2013), this study re-examines the TC formation in the
MT over the WNP by treating it as a large-scale background REFERENCES
for the activity of synoptic systems, including wave traémsl
TCs. Given the possible distortion of the large-scale patte
composited with respectto TC centers in previous studies du
to. Iqrge variation in. the relative positions of_ TQ formation Briegel, L. M., and W. M. Frank, 1997: Large-scale influenoas
within MTs (e.g., Briegel ?”‘?' Fra.nk’ 1997.; Ritchie and Hol- tropical cyclogenesis in the western North Paciflon. Wea.
land, 1999), the composite in this study is conducted based Rey 125 1397-1413.
on a reference point in the confluence zone where both thenang, C. P, J. M. Chen, P. A. Harr, and L. E. Carr, 1996:
zonal and meridional wind components are zero with posi- Northwestward-propagating wave patterns over the trd)pica
tive vorticity. western North Pacific during summéfon. Wea. Rey124,
During the period 2000-10 in May—October, 91 TC for- 2245-2266.
mation events are identified in MTs, with a seasonal averlchen, G. H., and R. H. Huang, 2009: Interannual variations in
age of 8.3 formation events or 43.1% of all TC formation =~ Mixed Rossby—gravity waves and their impacts on tropical
events in the WNP. The percentage of TC formation in MTs gg?ogzgesns over the western North PacificClimate 22,
04 i 0% i _ — :
g percentage of TG formation events n MTs s much lowel ™ T-C: S-Y. Wang.and M1 C. Yen, 2005: ntramuava
. . . . ation of the tropical cyclone activity over the western Nort
th.an t_hose in previous studies (_e.g._, Briegel and Frank7;199 Pacific.J. Climate 19, 5709-5720.
Ritchie and Holland, 1999; Molinari and Vollaro, 2013). The chja, H. H., and C. F. Ropelewski, 2002: The interannuakiski
difference may result from the different approaches used in ity in the genesis location of tropical cyclones in the Nerth
identifying MTs and the associated TC formation events. In  west PacificJ. Climate 15, 2934—2944.
addition, we argue that previous studies may have includeduchon, C. E., 1979: Lanczos filtering in one and two dimemsio
TC formation events in monsoon gyres (Molinari and Vol-  J. Appl. Meteor.18, 1016-1022.
laro, 2013). Wu et al. (2013) found that 19.8% of TCs formed-erreira, R. N., and W. H. Schubert, 1997: Barotropic aspett
in monsoon gyres in May—October during the period 2000—  ITCZ breakdownJ. Atmos. Sci54, 261-285. .
10. Except for October (35.5%), the combined percentage iﬁranléllox\és'\l(ﬂll(’)nlgvﬁli:a Iﬁ;gizcgl%cgggactenst|cs of trapiya
s o Mon. . -586.

Y 52 i i . 657 Tl ykon sl o

' . . : Tropical CyclonesR. L. Elsberry, Ed., University of Chicago
Nearly all of the TC formation events occur in the MT Press, 53-90.
shear region, while previous studies indicated thata demsi £, g 1. Li, M. S. Peng, and F. Z. Weng, 2007: Analysis of trop
able number of TCs formed in the confluence zone. The shear jcal cyclogenesis in the western North Pacific for 2000 and

Aiyyer, A. R., and J. Molinari, 2003: Evolution of mixed Rdss
gravity waves in idealized MJO environmenis Atmos. Sci.
60, 2837-2855.

line region is associated with stronger low-level relatroe- 2001.Wea. Forecasting?2, 763—780.
ticity, easterly vertical shear of zonal wind, and barottap-  Fu, B., M. S. Peng, T. Li, and D. E. Stevens, 2012: Developing
stability. The favorableness of easterly shear agreesthéth versus nondeveloping disturbances for tropical cyclome fo

observational analysis in Lee (1989) and the modelingtesul ~ mation. Part Il: Western north Pacifitlon. Wea. Rey14Q
in Kurihara and Tuleya (1981). We argue that the favorable-  1067-1080. .
ness in the WNP may be associated with the development G@ll: J- S, and W. M. Frank, 2010: The role of equatorial Rgss

precursor tropical disturbances in the MT that are necgssar waves in tropical cyclogengss. Part |I: Idealized simofa
for TC formation in a monsoon trough environmentlon. Wea. Rey.138

. 1383-1398.
In the last decade or so, some studies have found TC 9€Rall, J. S., W. M. Frank, and M. C. Wheeler, 2010: The role of

esis frequency to be related to long-term atmospheric-0scil  equatorial Rosshy waves in tropical cyclogenesis. Paek: |
lations, such as the North Pacific Oscillation (NPO) and the  alized numerical simulations in an initially quiescent lac



JULY 2015

ground environmentMon. Wea. Rey138 1368-1382.

Gao, J. Y., and T. Li, 2011: Factors controlling multipleptical
cyclone events in the western North Pacifiton. Wea. Rey.
139 885-894.

ZONG AND WU

933

cloud clustersJ. Atmos. Scj46, 2580-2598.

Li, R. C. Y., and W. Zhou, 2013: Modulation of western North Pa

cific tropical cyclone activity by the ISO. Part I: Genesislan
Intensity.J. Climate 26, 2904—2918.

Ge, X. Y., T. Li, and X. Q. Zhou, 2007: Tropical cyclone en- Li, T., 2006: Origin of the summertime synoptic-scale wanart

ergy dispersion under vertical shea@eophys. Res. Let84,
L23807, doi: 10.1029/2007GL031867.

Gray, W. M., 1968: Global view of the origin of tropical distu
bances and stormblon. Wea. Rey96, 669—700.

Gray, W. M., 1975: Tropical cyclone genesis. Paper No. 2&htD
of Atmos. Sci., Colo. State Univ., Ft. Collins, CO, 121 pp.

Harr, P. A., and J. C. L. Chan, 2005: Monsoon impacts on tedpic
cyclone variability. WMO Tech. Doc. 1266, TMPR Rep. 70,
WMO, 512-542.

Harr, P. A., and C.-C. Wu, 2011: Tropical cyclone charast&s
and monsoon circulation¥he Global Monsoon System: Re-
search and Forecas2nd ed., C.-P. Chang et al., Eds., World
Scientific Publishing, 357-372.

Holland, G. J., 1995: Scale interaction in the western Raeifin-
soon.Meteor. Atmos. Phys56, 57—79.

in the western North Pacifid. Atmos. Sc;j.63, 1093-1102.

Li, T., 2010: Monsoon climate variabilitieClimate Dynam-

ics: Why Does Climate Va®yGeophys. Monogr. SeiD.-Z.
Sun and B. Frank, Eds., American Geophysical Union, doi:
10.1029/2008GM000782.

Li, T., 2012: Synoptic and climatic aspects of tropical oggn-

esis in western North Pacifi€yclones: Formation, Triggers
and Contro| K. Oouchi and H. Fudeyasu, Eds., Nova Science
Publishers, Inc., 61-94.

Li, T., and B. Wang, 2005: A review on the western North Pa-

cific monsoon: Synoptic-to-interannual variabilitidgrres-
trial, Atmospheric and Oceanic Sciencé$, 285-314.

Li, T., and B. Fu, 2006: Tropical cyclogenesis associateth wi

Rossby wave energy dispersion of a pre-existing typhoon.
Part |: Satellite data analysek.Atmos. Scj63, 1377-1389.

Hsu, H.-H., C.-T. Terng, and C.-T. Chen, 1999: Evolution ofLi, T., B. Fu, X. Ge, B. Wang, and M. Peng, 2003: Satellite data

large-scale circulation and heating during the first tramsi
of Asian summer monsood. Climate 12, 793-810.
Hsu, H.-H., C.-T. Terng, A.-K. Lo, C.-C. Wu, and C.-W. Hung,

analysis and numerical simulation of tropical cyclone for-
mation.Geophys. Res. LetB0, 2122, doi: 10.1029/2003GL
018556.

2008: Influence of tropical cyclones on the estimation of cli Li, T., X. Y. Ge, B. Wang, and Y. T. Zhu, 2006: Tropical cyclo-

mate variability in the tropical western North Pacific.Cli-
mate 21, 2960-2975.

Hsu, P.C.,and T. Li, 2011: Interactions between boreal senim
traseasonal oscillations and synoptic-scale disturtsaaeer
the western North Pacific. Part 1l: Apparent heat and mois-
ture sources and eddy momentum transpbrClimate 24,
942-961.

Kikuchi, K., and B. Wang, 2009: Global perspective of thegjua
biweekly oscillationJ. Climate 22, 1340-1359.

genesis associated with Rossby wave energy dispersion of a
pre-existing typhoon. Part II: Numerical simulatiords.At-
mos. Sci.63, 1390-1409.

McBride, J. L., 1995: Tropical cyclone formatio@lobal Perspec-

tives on Tropical CycloneR. L. Elsberry, Ed., World Mete-
orological Organization, 63—105.

Molinari, J., and D. Wollaro, 2013: What percentage of west-

ern north pacific tropical cyclones form within the monsoon
trough?Mon. Wea. Rey141, 499-505.

Ko, K. C., and H. H. Hsu, 2009: ISO modulation on the sub-Murakami, T., and J. Matsumoto, 1994: Summer monsoon over

monthly wave pattern and recurving tropical cyclones in the
tropical western North Pacifid. Climate 22, 582—-599.

the Asian continent and western North Pacilidvieteor. Soc.
Japan 72, 719-745.

Kuo, H. C., J. H. Chen, R. T. Williams, and C.-P. Chang, 2001:Ramage, C. S., 1974: Monsoonal influences on the annual varia

Rossby waves in zonally opposing mean flow: Behavior in
northwest Pacific summer monsodnAtmos. Scj58, 1035—
1050.

Kurihara, Y., and R. E. Tuleya, 1981: A numerical simulation
study on the genesis of a tropical stodon. Wea. Rey109,
1629-1653.

Kurihara, Y., M. A. Bender, and R. J. Ross, 1993: An initial-
ization scheme of hurricane models by vortex specification.
Mon. Wea. Rey121, 2030-2045.

Kurihara, Y., M. A. Bender, R. E. Tuleya, and R. J. Ross, 1985:
provements in the GFDL hurricane prediction systéhon.
Wea. Rey.123 2791-2801.

Lander, M. A., 1996: Specific tropical cyclone track typesl an
unusual tropical cyclone motions associated with a reverse
oriented monsoon trough in the western North Pacifiea.
Forecasting 11, 170-186.

Lau, K. H., and N. C. Lau, 1990: Observed structure and propa-

tion of tropical cyclone development over the Indian and Pa-
cific oceansMon. Wea. Rey102 745-753.

Ritchie, E. A., and G. J. Holland, 1999: Large-scale patt@sso-

ciated with tropical cyclogenesis in the western Pachfon.
Wea. Rey.127, 2027-2043.

Sadler, J. C., 1967: On the origin of tropical vort&toc. Work-

ing Panel on Tropical Dynamic Meteorologiaval Weather
Research Facility, Norfolk, VA, 39-75.

Simmons, A., S. Uppala, D. Dee, and S. Kobayashi, 2007: ERA-

Interim: New ECMWF reanalysis products from 1989 on-
wards.ECMWEF Newsletterl 10, 25-35.

Sobel, A. H., and C. S. Bretherton, 1999: Development of

synoptic-scale disturbances over the summertime tropical
Northwest PacificJ. Atmos. Scj56, 3106-3127.

Wang, B., and X. S. Xie, 1996: Low-frequency equatorial veane

vertically sheared zonal flow. Part I: Stable wawg&sAtmos.
Sci, 53, 449-467.

gation characteristics of tropical summertime synoptilesc Wang, H. J., and K. Fan, 2006: Relationship between the Atitar

disturbancesMon. Wea. Rey118 1888—-1913.

Lau, K. M., and S. Yang, 1997: Climatology and interannuai-va
ability of the southeast Asian summer monsaoady. Atmos.
Sci, 14, 141-162, doi: 10.1007/s00376-997-0016-y.

Lee, C. S., 1989: Observational analysis of tropical cyefasis

Oscillation in the western North Pacific typhoon frequency.
Chinese Science Bulletifl, 561-565.

Wang, H. J., J. Q. Sun, and K. Fan, 2007a: Relationships leetwe

the North Pacific Oscillation and the typhoon/hurricane fre
guenciesScience in ChingD), 50, 1409-1416.

in the western North Pacific. Part I: Structural evolution of Wang, H. J., K. Fan, J. Q. Sun, X. M. Lang and M. J. Lin, 2007b:



934

HOW MANY TROPICAL CYCLONES FORMED IN MONSOON TROUGHS? VOLUM 32

Some advances in the researches of the western North Pacifi¢u, L. G., H. J. Zong, and J. Liang, 2013: Observational aialy
typhoon climate variability and predictio@hinese Journal of tropical cyclone formation associated with monsoon gyre
of Atmospheric Science3l, 1076-1081. (in Chinese) J. Atmos. Scj.70, 1023-1034.

Wu, G. X., and Y. S. Zhang, 1998: Tibetan Plateau forcing dedt Xu, Y. M., T. Li, and M. Peng, 2013: Tropical cyclogenesis in

timing of the monsoon onset over South Asia and the South  the western North Pacific as revealed by the 2008—09 YOTC

China SeaMon. Wea. Rey126, 913-927. Data.Wea. Forecasting?8, 1038—1056.

Wu, L., Z. P. Wen, R. H. Huang, and R. G. Wu, 2012: Possiblezhang, Y. S., T. Li, B. Wang, and G. X. Wu, 2002: Onset of the
linkage between the monsoon trough variability and theitrop summer monsoon over the Indochina Peninsula: Climatology
cal cyclone activity over the western North Pacifiton. Wea. and interannual variations. Climate 15, 3206—3221.

Rev, 140, 140-150.



