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ABSTRACT

The quasi-biweekly oscillation (QBWO) is the second most dominant intraseasonal mode over the western North Pacific
(WNP) during boreal summer. In this study, the modulation of WNP tropical cyclogenesis (TCG) by the QBWO and its
association with large-scale patterns are investigated. A strong modulation of WNP TCG events by the QBWO is found.
More TCG events occur during the QBWO’s convectively active phase. Based on the genesis potential index (GPI), we
further evaluate the role of environmental factors in affecting WNP TCG. The positive GPI anomalies associated with the
QBWO correspond well with TCG counts and locations. A large positive GPI anomaly is spatially correlated with WNP
TCG events during a life cycle of the QBWO. The low-level relative vorticity and mid-level relative humidity appear to
be two dominant contributors to the QBWO-composited GPI anomalies during the QBWO’s active phase, followed by the
nonlinear and potential intensity terms. These positive contributions to the GPI anomalies are partly offset by the negative
contribution from the vertical wind shear. During the QBWO’s inactive phase, the mid-level relative humidity appears to
be the largest contributor, while weak contributions are also made by the nonlinear and low-level relative vorticity terms.
Meanwhile, these positive contributions are partly cancelled out by the negative contribution from the potential intensity.
The contributions of these environmental factors to the GPI anomalies associated with the QBWO are similar in all five
flow patterns—the monsoon shear line, monsoon confluence region, monsoon gyre, easterly wave, and Rossby wave energy
dispersion associated with a preexisting TC. Further analyses show that the QBWO strongly modulates the synoptic-scale
wave trains (SSWs) over the WNP, with larger amplitude SSWs during the QBWO’s active phase. This implies a possible
enhanced (weakened) relationship between TCG and SSWs during the active (inactive) phase. This study improves our
understanding of the modulation of WNP TCG by the QBWO and thus helps with efforts to improve the intraseasonal
prediction of WNP TCG.
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Introduction

interdecadal or decadal (Ho et al., 2004; Chan, 2008; Liu

The western North Pacific (WNP) is the most active re-
gion for tropical cyclogenesis (TCG) worldwide. On average,
there are about 26 tropical cyclones (TCs) generated over the
WNP each year (Chan, 2005). These TCs often cause ca-
sualties and damage to property over East Asia and adjacent
regions (Zhang et al., 2009). Over the WNP, the variability
of TC activity can be found on various time scales, including
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and Chan, 2008; Zhao et al., 2014; Zhao et al., 2014; Zhao
and Wang, 2015), interannual (Lander, 1994; Chia and Ro-
pelewski, 2002; Wang and Chan, 2002; Camargo and Sobel,
2005; Zhao et al., 2010, 2011), and intraseasonal time scales
(Liebmann et al., 1994; Wang and Zhou, 2008; Camargo et
al., 2009; Wang et al., 2009; Huang et al., 2011; Li and Zhou,
2013a, 2013b; Zhao et al., 2015a, 2015b). Considering the
potential societal impacts and scientific significance of TC
activities, a better understanding of TC activities in the WNP
and their variabilities are important and necessary.

On the intraseasonal time scale, the MJO (Madden and

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2016



1362

Julian, 1971) is considered to be the dominant mode, with a
period of about 30-60 days. The MJO can modulate changes
in environmental conditions and thus lead to a clustering
of TC formation during the TC season (Gray, 1979). The
general consensus is that the MJO has a strong impact on
TCG events globally, with more TCs formed during its con-
vectively active phase in comparison with that during con-
vectively suppressed phases (Gray, 1979; Camargo et al.,
2009; Klotzbach, 2014; Klotzbach and Oliver, 2015). Over
the WNP, a prominent north-northeastward movement of the
MJO during boreal summer has been widely documented
(Yasunari, 1979; Hsu et al., 2004; Jiang et al., 2004; Yoshida
etal., 2014; Zhao et al., 2015a, 2015b). Along with the prop-
agation of the MJO, the location of WNP TCG shifts corre-
spondingly and the number of TCs increases (reduces) during
active (inactive) phases of the MJO (Liebmann et al., 1994;
Kim et al., 2008; Huang et al., 2011; Li and Zhou, 2013a; Wu
and Duan, 2015; Zhao et al., 2015a, 2015b).

Most studies have focused on the impact of the MJO on
WNP TC activity. Meanwhile, the modulation of TC activ-
ity by the quasi-biweekly oscillation (QBWO) has been rel-
atively less well studied. The QBWO over the WNP during
boreal summer tends to move northwestward, with a prevail-
ing period of 10-30 days, as identified in many previous stud-
ies (e.g., Li and Zhou, 1995; Wang et al., 2009; Chen and Sui,
2010; Li and Zhou, 2013a; Zhao et al., 2015a). Some stud-
ies have suggested that the QBWO can strongly affect Indian
and Asian monsoon rainfall (Chen and Chen, 1993; Chang
and Chen, 1995; Wang and Xu, 1997; Chen et al., 2000) and
local TC activity (Hartmann et al., 1992; Wang et al., 2009;
Li and Zhou, 2013a, 2013b; Zhao et al., 2015a). Moreover, Li
and Zhou (1995) found that the kinetic energy of the QBWO
over the WNP is much stronger than that of the MJO. We
also computed the standard deviations of rainfall based on
TRMM Product 3B42 data (Huffman et al., 2007), for the
peak TC season (May—October), 1998-2012, in both the 10—
30-day and 30-60-day bands (figure not shown). The results
showed the variance of rainfall anomalies in the 10-30-day
band to be stronger than that in the 30-60-day band, which
is consistent with previous studies (Li and Zhou, 1995; Zhao
et al., 2015a). Meanwhile, the high frequency of WNP TC
occurrence matches well with vigorous QBWO activity, im-
plying a possible link between the QBWO and WNP TCG.
In a recent study, Li and Zhou (2013a) examined the rela-
tionship between the QBWO and TCG over the WNP basin
by qualitatively investigating changes in environmental fac-
tors modulated by the QBWO. However, the impacts of these
large-scale environmental parameters on WNP TCG have not
been quantitatively assessed. Additionally, although TCG is
closely associated with large-scale conditions (Gray, 1968;
McBride and Zehr, 1981), how different large-scale condi-
tions modulate TCG over the WNP basin remains unclear.

Ritchie and Holland (1999) subjectively identified the five
basic large-scale patterns [i.e., the monsoon shear line (SL),
monsoon confluence region (CF), monsoon gyre (GY), east-
erly wave (EW), and Rossby wave energy dispersion associ-
ated with a preexisting TC (PTC)] favorable for WNP TCG.
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In order to overcome the subjectivity of these five patterns,
Yoshida and Ishikawa (2013) developed an objective algo-
rithm for identifying the five flow patterns. Many studies
have illustrated that the two leading intraseasonal oscillation
modes over the WNP, i.e., the MJO and QBWO, can dis-
tinctly modulate WNP TCG events (Kim et al., 2008; Wang
etal., 2009; Huang et al., 2011; Wu et al., 2011; Li and Zhou,
2013a; Zhao et al., 2015a, 2015b). However, studies on the
modulation of these two dominant intraseasonal oscillation
modes, and their association with different flow patterns, re-
main very limited. Recently, Zhao et al. (2015b) investigated
the impact of the MJO on WNP TCG and its association
with the five large-scale patterns mentioned above, but the
QBWO’s modulation of WNP TCG and its link to the flow
patterns were not quantitatively assessed in their study.

As an extension to Zhao et al. (2015b), the modulation
of TCG by the QBWO, and its association with the afore-
mentioned five large-scale patterns, are investigated in this
study. One of the main objectives of this work is to explore
the relative importance of environmental factors associated
with the five flow patterns in their impacts on TCG. In ad-
dition to the well-recognized impacts of these environmental
factors on TCG that have been discussed in previous studies
(Gray, 1968; McBride and Zehr, 1981; Klotzbach and Gray,
2008; Dare and McBride, 2011), synoptic-scale wave trains
(SSW5s) aligned in a southeast to northwest direction, with
a typical wavelength of about 2500-3000 km and a period
of 3-8 days, are also regarded as a major precursor to TCG
(Reed and Recker, 1971; Reed et al., 1977; Yasunari, 1979;
Nakazawa, 1986, 1988; Lau and Lau, 1990; Takayabu and
Nitta, 1993; Dickinson and Molinari, 2002; Li and Fu, 2006;
Zhao et al., 2016). To further investigate the possible link
between SSWs and the TCG associated with the five large-
scale patterns, the modulation by the QBWO of the SSWs
associated with the large-scale patterns is also discussed in
this study.

The paper is organized as follows: Section 2 describes the
datasets used in the study and the identification of the WNP
QBWO mode. A diagnostic tool for investigating the relative
role of large-scale factors in modulating WNP TCG is also in-
troduced in this section. The key factors associated with the
QBWO that affect TCG, and the modulation of the SSWs by
the QBWO, over the WNP, are explored in section 3. Section
4 summarizes the study’s key findings.

2. Datasets and methodology
2.1. Data

The TC data are from the JTWC best-track dataset. The
peak TC season (i.e., May—October) during 1998-2012 is se-
lected for analysis. In this study, we focus on the early stage
of TCG events. Thereby, only those TCs with maximum sus-
tained wind speed greater than or equal to 13 ms~! (25 knots)
are considered.

To extract the leading QBWO mode and SSWs over the
WNP, we obtain rainfall observations for the period 1998—
2012 from TRMM Product 3B42 (Huffman et al., 2007),
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which extends from 50°S to 50°N with a 0.25° horizontal
resolution and a 3-hourly temporal resolution.

To objectively identify basic large-scale patterns favor-
able for TCG and to explore key environmental factors as-
sociated with the QBWO that affect TCG over the WNP, 6-
hourly variables including winds, relative humidity, tempera-
ture and SST are derived from JRA-25/the IMA Climate Data
Assimilation System (Onogi et al., 2007).

2.2. Methodology
2.2.1. Identification of the five large-scale patterns

Following Yoshida and Ishikawa (2013), the large-scale
patterns associated with all the 331 TCG cases during May—
October from 1998 to 2012 are classified. The large-scale
pattern with the largest normalized contribution score is re-
ferred to as the determined flow pattern for each TCG. Details
on the computation of the normalized contribution score of
the five patterns for each individual TCG event can be found
in Yoshida and Ishikawa (2013) and Zhao et al. (2015b).

Typical examples of TCG corresponding to the five major
flow patterns are obtained using the objective algorithm de-
veloped by Yoshida and Ishikawa (2013). As shown in Fig.
1a, the contribution score is highest from the SL pattern; the
second largest contribution score is from the GY pattern, fol-
lowed by the relatively weak contribution score from the PTC
pattern. Therefore, the SL pattern is identified to be the ma-
jor contribution pattern. The scores for the three patterns are
shown in Fig. 1b. It can clearly be seen that the contribution
score of the CF pattern is the largest, followed by that of the
SL and GY patterns. Similarly, the major EW pattern can be
obtained based upon the calculated contribution score shown
in Fig. 2a. In Fig. 2b, only the contribution score of the GY
pattern can be detected by the algorithm, while no score is
computed for the other flow patterns. The major PTC pattern
is presented in Fig. 3a, in which a preexisting TC and rela-
tively weak cyclonic vorticity are observed, although the rel-
atively weak contribution from the SL pattern can be found.
Specifically, an unclassified flow pattern is displayed in Fig.
3b, with no scores for the five flow patterns of interest.

The SL appears to be the most frequent flow pattern con-
tributing to WNP TCG. It is associated with about 42% of the
331 TCG events, followed by the CF (18%) and EW (16%)
patterns. The PTC (7%) and GY (4%) patterns can be de-
tected, but they only make small contributions to WNP TCG.
The same results were found by Zhao et al. (2015b), and these
results agree well with the results of previous studies (Ritchie
and Holland, 1999; Yoshida and Ishikawa, 2013). Note that
there are some slight differences in the percentages of TCG
frequency associated with each large-scale pattern between
the results of this study and that of previous studies. There
are three possible reasons for these small differences. The
first is the different detecting algorithms used. The second
reason is different study periods covered. And the last reason
is that the impact of climate change differs among different
decades.

Further analyses illustrate no significant difference in TC
locations over the peak season under the five large-scale pat-
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terns, except a more eastward shift in the average location of
TCG associated with the PTC pattern, at the 5% confidence
level.

2.2.2. Identification of the QBWO

Similar to previous studies (Wang et al., 2009; Li and
Zhou, 2013a; Zhao et al., 2015a, 2015b), an extended EOF
(EEOF) analysis is used for extracting the QBWO mode over
the WNP basin. Before performing the EEOF analysis, the
TRMM daily rainfall anomalies for the period 1998-2012 are
filtered in the 10-30-day band. The domain (0°-30°N, 100°—
160°E) is selected for the EEOF analyses. Similar to Zhao
et al. (2015b), the QBWO over the WNP can be identified
by the EEOF1 and EEOF2. A prevailing period of about 20
days for the two EEOF modes can be found in the time se-
ries of the principal components (PCs) of EEOFland EEOF2
(figure not shown), in accordance with the peak period of the
QBWO in previous studies (Wang et al., 2009; Li and Zhou,
2013a; Zhao et al., 2015a). The lagged regression patterns of
band-pass filtered TRMM rainfall for the EEOF1 and EEOF2
modes further show a pronounced northwestward propaga-
tion for the QBWO (figure not shown), which is consistent
with results in previous studies (Yasunari, 1979; Hsu et al.,
2004; Wang et al., 2009; Lee et al., 2013; Li and Zhou, 2013a;
Zhao et al., 2015a). In summary, the first two leading EEOF
modes of the observed daily rainfall anomalies can success-
fully capture the dominant QBWO mode over the WNP.

Similar to previous studies (Kim et al., 2008; Li and
Zhou, 2013a, Zhao et al., 2015a, 2015b), the daily QBWO
amplitude and phase (ranging from 1 to 8) can be determined
by the two leading EEOF PCs (i.e., PC1 and PC2) following
the same method adopted in Wheeler and Hendon (2004). In
this study, QBWO events are determined for days with ampli-

tude greater than or equal to 1.0 (i.e., VPC1%+PC2” > 1.0).
2.2.3.

Diagnostics for exploring the role of environmental
factors

The genesis potential index (GPI) (Emanuel and Nolan,
2004) is used for exploring the contribution of each individ-
ual environmental factor to TCG under all the five large-scale
patterns in this study. The GPI is expressed as

30V \3
= ( 7"(;“) (1401Viea) >, (D)
where &, H, Vor, and Viheqr are the 850 hPa absolute vortic-
ity (s™!), 600 hPa relative humidity (%), potential intensity
(PI) (m g1 ), and vertical wind shear, respectively. The verti-
cal wind shear is computed as the vector difference between
the winds at 200 hPa and 850 hPa (m s~!'). The terms 5 =
1012,y = (H/50)*,¢ = (Voot/70)%, and s = (1+0.1Vipear) >
represent the four GPI components, which are associated
with 850 hPa absolute vorticity, 600 hPa relative humidity,
PI, and vertical wind shear, respectively. The algorithm of
Bister and Emanuel (2002) is used for computing PI. In this
algorithm, SST and vertical profiles of temperature and spe-
cific humidity in the troposphere are considered.

As the QBWO propagates northwestward, the anomalous

GPI = 1033 (
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Fig. 1. Examples of (a) SL and (b) CF patterns. The red stars represent the locations of TCG.
The purple stars indicate a preexisting TC about 1500 km to the west of the TCG location de-
noted by red stars at the genesis time. The yellow dotted line shows the detected leading edge of
the westerly wind by the objective algorithm, and represents a part of the CF region. The blue
dotted line indicates the shear line, which is detected near the genesis location by the objective
algorithm. Vectors are the horizontal wind field at 850 hPa and the color-shaded area is the
zonal wind at 850 hPa. Green contours represent SLP.

GPI patterns match well with TCG counts and shifts in gen- 3.  TCG associated with the QBWO

esis area, which will be shown later in section 3.1. To further L. L.

understand the modulation of WNP TCG by the QBWO, we 3.1.  Statistical characteristics

assess the respective roles of the four large-scale factors in- The composite rainfall anomalies along with TCG loca-
volved in the GPI [i.e., 7,7, ¢ and s in Eq. (1)] in contributing  tions during a life cycle of the QBWO are displayed in Fig.
to the GPI anomalies, following the methodology detailed in 4. The northwestward propagating QBWO can significantly
Jiang et al. (2012). modulate WNP TCG. For example, the TCG zone exhibits
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Fig. 2. As in Fig. 1 but for the (a) EW and (b) GY patterns. The green dotted line represents
part of the EW trough, as detected by the objective algorithm.

a clear migration coupled with the northwestward movement
of the enhanced convection from phases 1 to 4 of the QBWO.
In addition to the shift in TCG locations, a strong impact of
the QBWO on TCG counts can be readily seen. As shown in
Fig. 5a, more TCs occur during QBWO phases 1-4 and fewer
cases occur during phases 5-8, corresponding to enhanced
convection over the main development region of WNP TCG
in phases 1-4 and suppressed convection in phases 5-8 of
the QBWO. Such a distinct modulation of WNP TCG by the
QBWO mode is further indicated by the TCG rate (Fig. 5b),
which is computed by the ratio of TCG counts to the number

of total days. Similarly, it is readily found that the main de-
velopment regions of TCG events associated with each large-
scale pattern have no significant difference, except that the
TCG location associated with the PTC pattern shifts more
eastward in all the QBWO phases. Additionally, the CF flow
pattern associated with the easternmost TCG location during
phase 6 (Fig. 4) can be detected. Furthermore, the ratios of
occurrence of each individual large-scale pattern during the
QBWO phases are also examined. The results are almost
identical to those without separating them into large-scale
patterns. In all the flow patterns, except the PTC pattern,
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Fig. 3. As in Fig. 1 but for the (a) PTC and (b) unclassified flow patterns.

more TCG cases occur during the active phases (1-4) than
during the inactive phases (5-8). It is noteworthy that slightly
more TCG cases occur during the inactive phases under the
PTC pattern (Fig. 6).

To have enough TCG samples and obtain more robust re-
sults, we combine phases 1-4 into one category (hereafter,
the active QBWO phase) and phases 5-8 into another (here-
after, the inactive QBWO phase). Consequently, the dif-
ference in the TCG cases between the active and inactive
QBWO phases becomes much clearer. 43.5% of the total
number (i.e., 144) of TCG events is found in the active phase
and 29.9% of the total number (i.e., 99) of TCG events is ob-

served during the inactive phase. In summary, these results
suggest a significant impact of the QBWO on TCG events
over the WNP. Compared with the modulation of TCG events
by the MJO, discussed in Zhao et al. (2015a), the impact of
the QBWO mode on WNP TCG is weaker. This is mainly
because the QBWO has a strong impact on local TC activity,
while the MJO has a strong impact on basin-wide TC activity,
as suggested in previous studies (Li and Zhou, 2013a; Zhao
et al., 2015a).

Figure 6 further shows the TCG counts associated with
the five large-scale patterns during the active and inactive
QBWO phases. A more consistent modulation of WNP TCG
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Fig. 4. Composite rainfall anomalies (color-shaded; units: mm d~') during different QBWO phases superimposed on

TCG events. TCG cases associated with the SL (in white),

CF (in purple), EW (in green), PTC (in blue) and GY (in

yellow) large-scale patterns are given for the QBWO phases.

by the QBWO than that by the MJO is found for all five
of the flow patterns (Zhao et al., 2015b). Generally, more
events occur during the active QBWO phase under all five
flow patterns, except the PTC pattern. Under the PTC pat-
tern, there are slightly more TCG events during the inac-
tive QBWO phase than that during the active QBWO phase,
which may be associated with the northwestward propaga-
tion of the QBWO. These results are in agreement with the
determination of the five major flow patterns. Enhanced west-
erly wind, and thus intensified monsoonal circulation, can be
found during the active phase, resulting in more WNP TCG
events associated with the three monsoon-related flow pat-
terns (i.e., SL, CF and GY). In contrast, enhanced easterly
wind anomalies, and thus a weakened monsoon trough, over
the WNP, can be detected during the inactive QBWO phase,
leading to fewer TCG cases under the aforementioned three

monsoon-related large-scale patterns. Additionally, there are
slightly more TCG cases associated with the EW flow pat-
tern during the active QBWO phase. This may be because the
easterly wind intensifies (weakens) over the northeastern side
of the enhanced (weakened) monsoon trough over the WNP
basin during the active (inactive) QBWO phase, and thus pro-
vides more (less) chance for TCG. Meanwhile, TCG loca-
tions associated with the EW flow pattern shift more north-
eastward than that associated with the other three monsoon-
related large-scale patterns.

3.2. Role of environmental factors

Figure 7 shows the composite GPI anomalies and WNP
TCG locations during the convectively active and inactive
QBWO periods. Corresponding to the composite rainfall
anomalies (figure not shown), the positive (negative) GPI
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Fig. 6. TCG count associated with each of the five large-scale
patterns (SL, CF, EW, PTC, GY) during the active and inactive
QBWO phases.

anomalies are generally consistent with the active (inactive)
phase of convection. In contrast to that during the inactive
QBWO phase, enhanced TCG events can be detected in re-
gions with positive GPI anomalies during the active phase.
Furthermore, most TCG events tend to form over the mon-
soon region aligned in the northwest—southeast direction dur-
ing the active QBWO phase, while more TCG cases occur
outside the monsoon trough during the inactive phase. All
of these results suggest that the QBWO plays an important
role in modulating TCG by changing environmental factors.
It is worth noting that a certain number of TCG events can be
detected in areas of negative GPI anomalies, as shown in Fig.
7. Two possible reasons may explain this phenomenon. One
is that while the GPI reduces with respect to the base state, it
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Fig. 7. Composite GPI anomalies (color-shaded) during the (a)
active and (b) inactive QBWO phase along with TCG events.
The green icons represent typhoon.

is still high enough to support TC genesis. The other is that
other factors not included in Eq. (1) or not associated with the
QBWO, such as the MJO and convectively coupled equato-
rial waves, may affect TCG. Further study is needed to better
explore the associated physical mechanism.

The relative importance of the four factors involved in the
GPI index is further investigated in this section. The spatial
distributions of the four linear terms associated with the total
GPI anomalies during the active and inactive phases, along
with TCG events, over the WNP, are shown in Fig. 8. During
the active phase, positive GPI anomalies with varying 850
hPa relative vorticity (referred to as GPI-VOR) and 600 hPa
relative humidity (referred to as GPI-RH) appear to be more
consistent with WNP TCG events, and the PI variation also
contributes to TCG events. However, most of TCG events
over the WNP are associated with negative GPI anomalies
with varying vertical wind shear (referred to as GPI-Shear).
In contrast to that during the active phase, the largest contri-
bution to the total GPI anomalies during the inactive phase is
from the mid-level relative humidity. Distinct from that dur-
ing the active phase, the PI variation in the eastern part of the
WNP (referred to as GPI-PI) makes a positive contribution to
the GPI anomalies. Generally, the contributions of environ-
mental factors to the GPI anomalies depend on the QBWO
phase. During the active phase, the two leading contributions
to positive GPI anomalies are from the enhanced 850 hPa
relative vorticity and increased 600 hPa relative humidity,
whose contributions are slightly offset by the negative con-
tributions from the vertical wind shear. A relatively similar
and small contribution from the nonlinear term (referred to as
GPI-nonlinear) can be found during both active and inactive
phases (Fig. 9). This is different from the case associated
with the MJO mode, as indicated in Zhao et al. (2015b). The
nonlinear term appears not to be a significant contributor,
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Fig. 9. Spatial distributions of the contributions of nonlinear
terms to the total GPI anomalies over the WNP during the (a)
active and (b) inactive phases. The green icons represent ty-
phoon.

i.e., 850 hPa relative vorticity and 600 hPa relative humid-
ity. A weak positive contribution from the nonlinear and PI
terms can also be found. Meanwhile, it is readily seen that the
negative contribution from the vertical wind shear can partly
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reduce the positive contributions discussed above. These re-
sults are similar to the results from analyzing the total 331
WNP TCG cases without considering them under the five
large-scale patterns, as shown in section 3.1. Specifically, the
GPI anomalies associated with the GY flow pattern appear to
be larger than those associated with other flow patterns, and
a weak positive contribution can be found from the vertical
wind shear. During the inactive phase, the mid-level relative
humidity makes the most important contribution to the posi-
tive anomalies. Positive contributions can also be found from
the nonlinear term and vertical wind shear, and a weak posi-
tive contribution from the 850 hPa relative vorticity. The pos-
itive contribution is largely offset by the negative contribution
from the PI term. These results are also similar to the results
obtained without distinguishing the large-scale patterns, ex-
cept the role of vertical wind shear. During the active phase,

the positive contribution to the GPI anomalies can be found
from the vertical wind shear for the GY large-scale pattern,
which is distinct from the result obtained without distinguish-
ing the large-scale patterns.

Considering the possible contamination of the influence
of TCs themselves on the magnitude of the GPI anoma-
lies, the magnitude of the averaged composite GPI anoma-
lies with the 10° X 10° domain centered on the TCG loca-
tion for all TCG cases associated with each large-scale pat-
tern on the 1348 non-TC days is computed for the active and
inactive QBWO phases, respectively. The roles of these fac-
tors in contributing to GPI anomalies is basically similar to
those without excluding TC days during the active and inac-
tive phases, although a slight difference in magnitude can be
found. Therefore, the results discussed above on the impor-
tance of environmental factors in contributing to the compos-
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ite GPI anomalies are robust.

3.4. Modulation of SSWs by the QBWO

The SSW train is one of the most frequent occurring
weather patterns during boreal summer over the WNP. Many
studies have suggested that SSWs actually serve as a major
source for WNP TCG events (Sobel and Bretherton, 1999; Li
et al., 2006; Fu et al., 2007). In this section, the modulation
of SSWs by the QBWO is investigated, which sheds light on
the impact of the QBWO on WNP TCG cases.

To extract the SSWs over the WNP from the data, an
EEOF analysis of 3-8-day bandpass filtered TRMM rain-
fall is performed. Similar to the QBWO mode, the SSWs
can be captured by the first two leading EOF modes, as
shown in Fig. 11. The amplitude of the SSW activity can be
computed as the magnitude of the two leading EEOF PCs,

i.e., SSWamplitude = VPC12 + PC22. Looking at the lead—
lag SSW patterns, it is found that the SSWs are character-
ized by a northwestward propagation, with a typical wave-
length of about 2500 km. To further explore the impact of
the QBWO on the SSWs, the amplitude of the SSWs during
the active and inactive QBWO phases is computed. The re-
sults are shown in Fig. 12. During the active QBWO phase,
the SSW amplitude is about 1.50, which is stronger than the
SSW amplitude 1.15 during the inactive phase. A similar
and consistent result under all five large-scale patterns can be
obtained, i.e., the amplitude is larger in the active than the in-
active QBWO phase (figure not shown), which corresponds
to more (fewer) TCGs over the WNP during the active (inac-
tive) QBWO phase. SSW trains may be an important factor
determining the productivity of TCG events over the WNP.
Further study is necessary to reveal the detail of the possible
link between them, as well as the possible underlying physi-
cal mechanism.

4. Summary and conclusions

This paper is an extension of the work of Zhao et al.
(2015b); it focuses on investigating the modulation of WNP
TCG events by the QBWO, and the association with five
large-scale patterns, during the peak TC season for the pe-
riod 1998-2012. The five flow patterns favorable for WNP
TCG events have been illustrated in previous studies (Ritchie
and Holland, 1999; Yoshida and Ishikawa, 2013). Following
Yoshida and Ishikawa (2013), the five flow patterns, i.e., SL,
CF, EW, PTC and GY, are also identified in this study. The
results of the present study in this regard are consistent with
those of previous studies (Ritchie and Holland, 1999), which
suggest that the majority of TCG cases are associated with
the SL flow pattern, a moderate number of TCG cases are
associated with the CF and EW patterns, and very few TCG
events are linked to the PTC and GY patterns. Based on the
identification of each large-scale pattern, three of the patterns
(i.e. SL, CF and GY) are linked uniquely to monsoonal circu-
lation. Meanwhile, the EW flow pattern is closely associated
with enhanced easterly wind from the Central Pacific, and

ZHAO ET AL.

1371

TC cases under the PTC pattern are closely associated with
the Rossby wave energy dispersion of previous TCG events.

The modulation of WNP TCG events by the QBWO un-
der different large-scale patterns is investigated by assessing
the relative importance of environmental factors. A strong
impact of the QBWO on local WNP TCG events is found,
with more TCG events forming over the WNP during the ac-
tive phase compared to the inactive phase. Apart from the
PTC pattern, similar results are found for all of the basic pat-
terns. Different from Zhao et al. (2015b), slightly more TCG
cases are detected during the inactive phase than during the
active phase.

The respective contribution of each factor involved in the
GPI is further assessed following previous studies (Jiang et
al., 2012; Zhao et al., 2015a, 2015b). During a life cycle of
the QBWO, large positive GPI anomalies are spatially corre-
lated with WNP TCG events. Further analyses suggest that
the roles of these environmental factors depend largely on the
different QBWO phases. During the active QBWO phase,
the mid-level relative humidity and low-level relative vortic-
ity are the two most important factors contributing to positive
GPI anomalies. Weak contributions are made by the nonlin-
ear and PI terms. These positive contributions are partly off-
set by the negative contribution from the vertical wind shear
term. Contrary to that during the active QBWO phase, the
mid-level relative humidity appears to be the only large con-
tributor to positive GPI anomalies during the inactive phase.
The positive contribution from the nonlinear term during the
inactive phase is slightly higher than the contribution from
the low-level relative vorticity, which is distinctly different
from the situation during the active phase when the contri-
bution made by the low-level relative vorticity is the second
most important. The vertical wind shear term makes a posi-
tive contribution to GPI anomalies during the inactive QBWO
phase, also different from that during the active phase. These
positive contributions are also partly cancelled out by the neg-
ative contribution made by the PI term. Almost identical re-
sults can be obtained for all of the five large-scale patterns,
except GY. For the GY pattern, the total GPI anomalies and
the contribution of each linear factor to the GPI anomalies
appear to be larger than that for the other four flow patterns.
Additionally, the role of vertical wind shear in the compos-
ite GPI anomalies for the GY flow pattern is distinct from
that obtained without distinguishing the large-scale patterns.
These results may partly stem from very few TCGs being as-
sociated with the monsoon-related GY pattern over the WNP,
but this needs further investigation.

Compared with the results of Zhao et al. (2015b), it is
found that the contributions of the four linear terms to the
positive GPI anomalies associated with the QBWO are sig-
nificantly different to those associated with the MJO. First,
the contribution of the PI term to GPI anomalies associated
with the QBWO (MJO) mode is positive (negative) during
the active (inactive) phase of the QBWO (MJO). The contri-
bution from the PI term appears to be out of phase between
the MJO and QBWO phases. Second, the contribution of
relative vorticity to GPI anomalies is second most important



1372

50N

QUASI-BIWEEKLY OSCILLATION AFFECT TROPICAL CYCLONE

EEOF 1

.

(\/Euwﬁ‘z

EQ +
100E

120E  140F

160E

SON

15N 1

g

\ fbdﬂ?

EQ
100E

S0N

120E 140

160E

15N +

% .

Q /EM«;

OE  120E

140E

160E

EQQ M!‘J
100E 120E  140E  160E
30N
15N\j;ii%ii" I
EQ
10 1205 140E  160E
30N
15N - 4‘5"
tQ ﬂ@!!l'?
EQ\ r/zl,:m :
100E  120E  140E 160E
30N 15
0 —
15N“:§iiig;i'i
e
FQ QE I —
100E 120E  140E  160E

SON

EEOF2

e,

120E 140F

160E

30N

Ty

Hfiggﬁ

EQ +=
100E

30N

120E  140F

160E

15N_“:§iiié§il’
2. & 2

\

30N

i-/;ﬁ(‘}

OF  120E  140F

160E

f P

30N

120E 140E

160E

w?

(‘f/i,w(‘z

30N

120E  140F

160E

EQ
100k

120E 140E

160E

30N

19N

fr,

(\///ir/—}:ﬂc?

EQ 4=
10

OE 120E 140EF

160E

Fig. 11. Evolution of SSW patterns from lag(—3) to lag(+3) days (units: mm d-h.

VOLUME 33

3.5

2.5

1.5



DECEMBER 2016

a)Active phase (AMP=1.50)

30N
6
20N A 5
4
10N E 3
2
\« ik
EQ . T
100E 120E 140E 160E 0.5
(b)Inactive phase(AMP=1.15) L {05
30N
-1
0 -15
20N & = o
-2.5
10N A a -3
ﬁi ) [ )
Q (\’/E = -
EQ s = i :
100E 120E 140E 160E
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active and (b) inactive QBWO phases.

during the MJO inactive phase, whereas its contribution is
weak during the QBWO inactive phase. Additionally, the
non-linear term (contributing positively towards the positive
GPI anomalies) has a relatively similar contribution during
the active and inactive phases of the QBWO, different from its
impact during the MJO. During the convectively active MJO
period, the positive contribution of the nonlinear term tends to
be larger than that during the convectively suppressed period.
This may be linked to different physical mechanisms being
responsible for the modulation of WNP TCG events by the
two intraseasonal modes (Zhou and Li, 2010). Note that in-
teractions between SSWs and the low-frequency large-scale
oscillations of the QBWO and MJO may lead to changes in
GPI anomalies and TCG cases. The relationship between GPI
anomalies and TCG cases might be different under the influ-
ences of the QBWO and MJO, which is deserving of further
investigation.

The possible link between TCG and SSWs over the WNP
associated with the QBWO is also investigated. The SSWs
are regarded as a major seeding for WNP TCG (Li, 2006;
Fu et al., 2007). During the active QBWO phase, the SSW
amplitude is larger than that during the inactive phase. The
result is valid for all of the large-scale patterns, except GY,
and more TCGs occur during the active QBWO phase. In
this study, only about 7% of the total 311 TCG events oc-
cur under the PTC pattern. Based upon the definition of TC
cases associated with the PTC pattern, it is explicitly under-
stood that these TCs correspond to SSWs over the WNP.
Similarly, the considerable number of TC cases occurring
under other flow patterns might also be closely associated
with SSWs. For example, as suggested in previous studies,
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a mixed Rossby—gravity wave can transit to SSWs in an en-
vironment of active convection and zonal wind confluence
(Dickinson and Molinari, 2002; Aiyyer and Molinari, 2003),
suggesting TCG events under the EW pattern and CF pattern
may be associated with SSWs. Thus, the variability of SSWs
may bear a close relationship with WNP TCG events. Addi-
tionally, a number of studies have suggested that TCG over
the WNP basin might also be related with other convectively
coupled equatorial waves (Bessafi and Wheeler, 2006; Frank
and Roundy, 2006). To date, studies on the equatorial waves
and TCs associated with the five major large-scale patterns
are relatively limited.
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