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ABSTRACT: Several studies have focused on the impact of the Madden—Julian Oscillation (MJO, with a period between 30
and 60 days) on boreal summer tropical cyclone (TC) activity over the Eastern North Pacific (ENP) basin. The quasi-biweekly
oscillation (QBWO), with a period of about 20 days, is another dominant mode of intra-seasonal variability during the boreal
summer over the ENP basin. There have been fewer studies focused on the influence of the QBWO on tropical cyclogenesis
over the ENP basin. The exploratory analyses performed in this study suggest that the QBWO has a strong impact on boreal
summer ENP TC activity, with enhanced TC activity during the convectively active phase.

The significant increase (decrease) of tropical cyclogenesis events during the convectively active (inactive) QBWO phase
is found to be closely associated with the strengthening (weakening) of the low-level cyclonic circulation and increasing
(decreasing) mid-level relative humidity (vertical wind shear) over the ENP. Mid-level relative humidity and low-level vorticity
are found to be the two most important players in modulating TC genesis location and frequency, based upon the analyses of
the anomalous genesis potential index pattern and its magnitude associated with the QBWO. Associated with changes in TC
location and large-scale steering flows, distinct difference in TC tracks during different QBWO phases can be readily found
and thus cause substantial differences in basin-wide TC intensity. This study enhances our understanding of the modulation
of intra-seasonal oscillations on boreal summer ENP TC activity and has the potential to aid in the sub-seasonal prediction of

ENP TC activity.
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1. Introduction

The Eastern North Pacific (ENP) basin is the second most
active tropical cyclogenesis region in the world, experi-
encing an average of 14 named tropical cyclones (TCs)
per year (Chu, 2004). These TCs can cause large finan-
cial damage to Mexico and, on occasion, to the southwest-
ern United States (Pielke and Landsea, 1998; Pielke et al.,
2008; Emanuel, 2011). A better understanding of ENP TC
activity on various time scales and the associated physi-
cal causes, therefore, has profound socio-economic impact
and intense scientific interest.

On the intra-seasonal time scale, the Madden—Julian
Oscillation (MJO, Madden and Julian, 1971, 1972), a
well-known dominant intra-seasonal oscillation (ISO)
mode, can significantly modulate ENP TC activity. There
are generally more TCs observed over the ENP basin
during the convectively active phase and fewer TCs
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observed during the suppressed convective phase (Moli-
nari et al., 1997; Maloney and Hartmann, 2000a, 2000b;
Maloney and Dickinson, 2003; Aiyyer and Molinari,
2008; Camargo et al., 2009; Barrett and Leslie, 2009).
These studies suggested that the distinct differences dur-
ing the different MJO phases are largely due to changes
in environmental conditions or wave accumulation in
terms of barotropic energy conversion. Camargo et al.
(2009), based upon the genesis potential index (GPI)
originally proposed by Emanuel and Nolan (2004), noted
that mid-level relative humidity was the largest contributor
to global TC genesis with a secondary contribution from
the low-level vorticity. In contrast, vertical wind shear
and potential intensity (PI) contributed only weakly to
TC genesis. In order to capture the detailed features of
ENP TC genesis, Jiang efal. (2012) investigated the
actual TC genesis during different MJO phases over the
ENP basin and re-examined the roles of the four GPI
terms (i.e. mid-level relative humidity, low-level vorticity,
vertical wind shear and PI) associated with the MJO in
modulating ENP TC genesis. The results of Jiang et al.
(2012) are consistent with those of Camargo et al. (2009),
in that mid-level relative humidity and low-level vorticity
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remained the two most important factors affecting ENP
TC genesis frequency. Vertical wind shear may also play
an important role in modulating TCs over certain area
of the ENP basin during specific MJO phases (Camargo
et al., 2009; Jiang et al., 2012).

Most existing studies on the intra-seasonal modulation
of ENP TC activity focus on the modulation by the MJO.
There is, however, another leading intra-season oscilla-
tion (ISO): the quasi-biweekly oscillation (referred to
as the QBWO). Previous studies, by Jiang and Waliser
(2008, 2009) and Serra etal. (2014), report that the
QBWO exhibits a northwestward propagation, although
the detailed physical mechanism of its origin remains
unclear. Those studies also indicate that the large-scale cir-
culations over the ENP basin undergo substantial changes
during the different QBWO phases and, thus, should affect
ENP TC activity. However, the impact of the boreal sum-
mer QBWO mode on ENP TC activity has been less inves-
tigated than the impact of the MJO on ENP TC activity.

This study follows an approach similar to previous stud-
ies (Camargo et al., 2009; Jiang et al., 2012; Zhao et al.,
2015a, 2015b), to systematically investigate the modula-
tion of the QBWO on ENP TC genesis, TC tracks and
TC intensity. The rest of this paper is arranged as follows:
Section 2 describes the datasets used and the methodology
implemented to identify the QBWO during the boreal sum-
mer for the period 1998—2015. The modulation of ENP
TC activity by the QWBO including genesis, track and
intensity is investigated in Section 3. Section 4 illustrates
the modulation of large-scale factors affecting tropical
cyclogenesis by the QBWO mode and further explores the
relative role of large-scale factors affecting tropical cyclo-
genesis through analysis of the GPI. A summary and con-
clusions are presented in Section 5.

2. Data and methods
2.1.

TC data is obtained from the U.S. hurricane database
(HURDAT?2) best track dataset through the U.S.
National Oceanic and Atmospheric Administration
(NOAA)/National Hurricane Center (NHC) (Landsea and
Franklin, 2013), which includes the position (in latitude
and longitude) and intensity (in knots) of each TC at
6-hourly intervals (available from http://www.nhc.noaa
.gov/data/#hurdat). Only TCs with an intensity greater
than or equal to 34 knots from May to October during
the period 1998—2015 are considered in this study. Accu-
mulated Cyclone Energy (ACE) (Bell et al., 2000) and
the number of intense TCs with intensity equal to or
greater than 96 knots (i.e. the number of Cat. 3—5 TCs)
are estimated to further characterize TC activity.

Rainfall observations during 1998-2015 derived from
the Tropical Rainfall Measuring Mission (TRMM) ver-
sion 3B42 (Huffman ez al., 2007) are used to identify the
boreal summer QBWO mode over the ENP basin. Such
data processing has been widely used in previous stud-
ies (Jiang and Waliser, 2008, 2009; Jiang et al., 2012;
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Figure 1. (a) EEOF-1 and (b) EEOF-2 PCs regressed onto the 10- to
30-day filtered rainfall anomalies from May to October for the period
1998-2015. [Colour figure can be viewed at wileyonlinelibrary.com].

Zhao et al., 2015a, 2015b, 2016; Neena et al., 2017). The
TRMM 3B42 rainfall is used to identify the QBWO mode
over the ENP basin. It is a global precipitation product in a
zonal belt from 50°S to 50°N based on multi-satellite and
rain gauge analyses, with a 3-h temporal resolution and a
0.25° spatial resolution.

Daily winds, relative humidity, temperature and
sea-surface temperature (SST) are derived from the
European Center for Medium-Range Weather Forecasts
(ECMWF) Era-Interim reanalysis (Dee et al., 2011) with
a horizontal resolution of 1.5° x 1.5°. These large-scale
fields are investigated in order to explore possible physical
causes responsible for the impact of the QBWO mode on
ENP TC activity during 1998-2015.

2.2.
basin

Identification of the QBWO mode over the ENP

Extended empirical orthogonal function (EEOF) analy-
sis (Weare and Nasstrom, 1982) is used in this study to
extract the ISO modes, following previous studies (Jiang
and Waliser, 2008, 2009; Jiang et al., 2012; Zhao et al.,
2015a, 2015b, 2016; Neena et al., 2017). EEOF analysis
of the daily 10- to 30-day band-pass filtered TRMM rain-
fall anomalies during the boreal summer for the period
1998-2015 is performed (as in Jiang et al. (2012) and
Zhao et al. (2015a, 2015b)), with temporal lags of 9 days
over the following domain: (0°-30°N, 140°-90°W). The
boreal summer QBWO mode over the ENP basin is identi-
fied by the first leading pair of EEOF modes (Figure 1), as
shown in Jiang and Waliser (2008, 2009). The first leading
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Figure 2. (a) Time series of PC1 for EEOF-1 mode from May to October for the period 1998—2015 and (b) the corresponding spectrum analyses of
PC1. [Colour figure can be viewed at wileyonlinelibrary.com].

pair, EEOF1 and EEOF2, represents propagating features
of the first leading mode of the 10-30-day band during
the boreal summer for the period 1998-2015. Based on
the formula proposed by North ef al. (1982), we compute
the variance explained by each EEOF mode and find that
EEOF1 and EEOF?2 stand out from the remaining EEOF
modes. Moreover, these two EEOF modes are well sep-
arated from each other. The first two EEOFs contribute
5.9% of the total anomalous variances of 10- to 30-day
band-pass filtered daily data with a lag of 9 days. The time
series of the principal components (PCs) of EEOF1 and
EEOF2 (hereafter PC1 and PC2, respectively) are illus-
trated in Figure 2. Further spectral analysis of PC1 sug-
gests a dominant period of about 20 days, which is also
found for PC2 (figure not shown). These features are gen-
erally consistent with previous studies (Jiang and Waliser,
2008, 2009; Jiang et al., 2011; Serra et al., 2014). Over-
all, the first leading EEOF mode (i.e. EEOF1 and EEOF2
modes) of the observed daily rainfall anomalies captures
well the QBWO mode. An obvious northwestward propa-
gation for the QBWO during the boreal summer over the
ENP basin is seen from the evolution of EEOF-1 mode
(EEOF-2 mode) from lag — 9 to lag + 9 (Figure 3). These
results increase our confidence in adopting the EEOF
method to extract the boreal summer QBWO mode over
the ENP basin.

© 2017 Royal Meteorological Society

The QBWO phases are defined following the work of
Wheeler and Hendon (2004), in which the first two lead-
ing PCs are used to determine daily QBWO amplitudes
and phases, ranging from phases 1 to 8. Once the eight
phases are obtained, each available day is assigned into one
of these eight phases. Composite maps of observed rain-
fall are obtained by averaging the 10- to 30-day band-pass
filtered rainfall anomalies over each QBWO phase, based
on selected strong QBWO events during the boreal sum-
mer for the period 1998-2015. A strong QBWO event is

defined as VPC1% 4+ PC2* > 1.0. The TC data are then
binned into one of these eight phases, e.g. each TC is
assigned to a specific phase of the QBWO mode based
on the day of TC formation. The number of Cat. 3-5
TCs is classified based on the QBWO phase on the day
that the TC first reached Cat. 3—5 hurricane strength.
The total ACE for a specific QBWO phase is computed
as the sum of the ACE for the total QBWO days dur-
ing a specific QBWO phase. The total Cat. 3—5 TCs
and ACE for different QBWO phases is divided by the
respective QBWO days to obtain the daily Cat. 3—5 TCs
and ACE.

2.3.

To assess the relative role of the large-scale controls of
ENP tropical cyclogenesis, the GPI is used as a diagnostic

Assessing the role of environmental factors

Int. J. Climatol. (2017)


wileyonlinelibrary.com

H. ZHAO et al.

tool in this study. Emanuel and Nolan (2004) developed
GPI with the following Equation 1:

3

_ 5 32/ H 3 Vpot -2

P =10 (55) <70 (1401x V)"
n 4 &

H
where & is the 850 hPa absolute vorticity (s7'), H is the
600 hPa relative humidity (%), V/,,, is the PI (m s~h), pro-
viding an upper bound on TC intensity of a TC under
given specific environmental thermodynamic conditions
(Bister and Emanuel, 2002), and V., is the vertical wind
shear, computed as the magnitude of the vector differ-
ence between winds at 850 and 200 hPa (ms~!). The GPI
can be represented by these four components: which is
expressed by the four terms 7, y, ¢, and S, which, respec-
tively correspond to 850 hPa absolute vorticity, 600 hPa
relative humidity, PI and vertical wind shear. Studies have
suggested that GPI can capture well both inter-annual vari-
ations of TC genesis in several basins (Camargo et al.,
2007) as well as intra-seasonal variability (Camargo et al.,
2009; Jiang et al., 2012; Zhao et al., 2015a, 2015b). Sim-
ilar to these previous studies on the intra-seasonal time
scale, each of these four linear terms contributing to GPI
anomalies can be decomposed into two components: a
climatological annual component and a departure, which
contains variability on various time scales from synoptic
to inter-annual. The GPI anomalies associated with the
QBWO can be written as the sum of 15 terms, and follow-
ing Camargo et al. (2009), the GPI anomalies associated
with the QBWO can be decomposed into four linear terms.
Their relative roles can be further explored by specifying
one term with the corresponding anomaly while the other
three terms are specified with their summer mean climato-
logical values. Moreover, the sum of the total remaining 11
terms including high-order variances of two or more terms
of the four variables is used to evaluate the contributions of
nonlinear terms. Specifically, any environmental variable
can be partitioned into a climatological annual cycle com-
ponent (X) and a fluctuation (X'), which contains variabil-
ity on synoptic, intra-seasonal, and inter-annual time scales
(i.e. X = X + X’) where X represents each GPI component
in Equation 1: #, y, ¢ and S. Then the anomalous GPI asso-
ciated with the QBWO (GPI®BWYO) can be expressed in
terms of the four GPI components as follows:

contributions of the nonlinear term are examined by the
terms that include high-order variances of two or more of
the four factors (a total of 11 terms included within the
brackets in Equation 2).

2.4. Quantification of TC activity

The daily genesis rate (DGR), which is defined as the
number of TC genesis events divided by the number of
days for a particular QBWO phase, is used to quantify
TC frequency. A statistical test was performed assuming
TC frequency is uniform among QBWO phases as the null
hypothesis, following previous studies (Hall et al., 2001;
Kim et al., 2008; Klotzbach, 2010; Li and Zhou, 2013). A
statistical parameter Z is defined as:

P-P,
Pe<1_Pe)/N

where P, represents the climatological value of DGR,
while P is the DGR, and N is the number of days of a par-
ticular QBWO phase. With this definition, the parameter
Z follows a Gaussian distribution, and the critical values
for the test are Z = + 1.65(x1.96) for the 90% (95%) con-
fidence level, respectively.

7 =

3. Impact of the QBWO on ENP TC activity

Figure 4 shows the standard deviation of 10- to 30-day
(Figure 4(a)) and 30- to 60-day (Figure 4(b)) band-pass fil-
tered rainfall anomalies along with TC genesis events dur-
ing May—October for the period 1998-2015 in the ENP
basin. Most TCs coincide with vigorous intra-seasonal
activity in the 10- to 30-day band and 30- to 60-day band
(Figure 4). Additionally, stronger variance is found for the
10- to 30-day band than for the 30- to 60-day band over the
ENP basin. Similar results are also found over the WNP
basin (Li and Zhou, 1995). These findings are suggestive
of a possible QBWO modulation on ENP TC activity.

It is readily seen in Figure 5 and Table 1 that the QBWO
has a strong modulation on TC genesis frequency over
the ENP basin in terms of both TC counts (Figure 5(a))
and DGR (Figure 5(b)). Fewer TC genesis events occur
during phases 1, 2, 3 and 8 with a significant decrease from
the climatological average during phases 1-3 (95% level),

GPI®BWO — 7 55 ,QBWO | 7 55 ,QBWO | 75 4OBWO | 5= (QBWO
78 () 475 ()0 7 (65O + 85 () V0 4 B (175 O 457 (17, ) VO
+947. (d/ g /)QBWO +¢. ( "5 ')QBWO +5. (r]’.y’.d)’)QBWO +17. (y’.d)’.s’)QBWO 2)
Ty )QBWO

The total GPI anomalies associated with the QBWO can
be decomposed into the sum of the role of the nonlinear
term and the four linear terms, which are associated with
the QBWO of each of the four factors while the other three
terms remain constant at their summer climatological val-
ues (i.e. the first four terms in Equation 2). Moreover, the

© 2017 Royal Meteorological Society

while more TC genesis events occur during phases 4, 5,
6 and 7 with a significant increase during phases 4 and
6 (90% level) and 5 (95% level). Reduced TCs observed
during phases 1, 2, 3 and 8 are associated with negative
rainfall anomalies, while increased TCs during phases
4, 5, 6 and 7 correspond to positive rainfall anomalies

Int. J. Climatol. (2017)



Figure 3. Lead-lagged regression patterns of TRMM rainfall versus the time series of EEOF-1 PCs from lag —9days to lead +9 days during
May—October for the period 1998-2015: (a) —9 days, (b) —6 days, (c) —3 days, (d) 0 days, (e) +3 days, (f) +6 days and (g) +9 days. [Colour
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Figure 5. (a) TC counts and (b) DGR of TCs for all QBWO phases from
May to October for the period 1998-2015. The symbols “**” and “*”
(“++” and “+”) indicate the DGR is statistically significant from the

eight-phase average at the 95 and 90% confidence level, respectively.

Figure 4. Standard deviation of the (a) 10- to 30-day and (b) 30- to 60-day
band-pass filtered rainfall anomalies from May to October for the period
1998-2015. [Colour figure can be viewed at wileyonlinelibrary.com].
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Table 1. Statistics of TC genesis latitude and longitude, number of TCs, number of cat. 3—5 TCs and ACE for different QBWO

phases.?

TC genesis TC genesis Number of Number of cat. ACE (*1.0e+05

latitude (°N) longitude (°E) TCs 3-5TCs knot?)
Total basin/Eastern ENP/Western ENP
Phase 1 15.34+/15.6++/13.9 251.5/254.6/237.6%* L 1H5%/Q%%/2 %% 3121 9.5%/7.8/1.7%%*
Phase 2 13.5%%/14.2%%/13.0%* 246.2%*%/258.84++/236.2 OF%/4+%(5 3/0%*/34+ 11.5/1.9%%/9.64++
Phase 3 15.1/14.5%/15.6++ 248.0%/254.6/242.3 13%%/6%%/7 2%%[1¥%/1 9.0%*%/4.6%%/4.4
Phase 4 14.7/14.7/14.8 251.1/255.5/241.94+ 25+/17++/8++ T+/6++/1 17.34++/14.0++/3.3
Phase 5 14.4/14.5%/13.7 254.944/257.94+4/242.84++  35++/284++/7 1244+/104+4+/24+4+  25.9++/22.7++/3.2
Phase 6 14.2%%/14.5%/13.5% 250.9/255.0/242.2 25+/184+4+/7 6/6++/0%* 22.94+4/18.7++/4.2
Phase 7 16.0++/15.4++/17.6++ 251.2/254.8/242.6 24/17+/7 2¥%[2/0%** 9.1%%/8.3/0.8**
Phase 8 15.1/15.74++/13.8 249.1/253.8%/239.6 15/10%/5 3/2/1 8.27%/4.4%*/3 8
Average of phases 14.8/14.9/14.5 250.4/255.6/240.4 19.63/13.63/6 4.75/3.63/1.13 14.2/10.3/3.9
1-8

“Phases of these variables are statistically enhanced (decreased) from the eight-phase average at 90 and 95% confidence are indicated by + and ++ (* and **), respectively.

(figure not shown). Lower DGR is also observed during
phases 1, 2, 3 and 8, with a significant reduction occurring
in phases 1 (90% level) and 2 (95% level). Higher DGR
is observed during phases 4, 5, 6 and 7, with a signifi-
cant increase at the 95% level occurring during phases 4
and 5. In addition, higher ACE is generally found during
phases 4—7 and more Cat. 3—5 TCs during phases 4—6
(Table 1). In order to further highlight these observed dif-
ferences, we combine phases 1, 2, 3 and 8 into one category
named convectively inactive QBWO phase and phases 4,
5, 6 and 7 into another category named convectively active
QBWO phase. The difference in DGR can be clearly seen
in Figure 6. Significantly higher DGR (11.6%) at the 95%
confidence level is seen during the active QBWO phase,
compared to the climatological DGR value (7.7%). Signifi-
cantly lower DGR is seen during the inactive QBWO phase
(5.3%) at the 95% confidence level. This difference is
associated spatially with the patterns of composite rainfall
anomalies during convectively active and inactive QBWO

0.12 =
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0.06 1

Daily genesis rate

0.04 | 1

0.02 1
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Figure 6. DGR of TCs for the inactive and active QBWO phases and

climatology. The symbols “**” and “++" indicate that the DGR of TCs

are statistically significant from the climatology at the 95% confidence
level. [Colour figure can be viewed at wileyonlinelibrary.com].
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phases (Figure 7). More TCs (109 TCs) are associated with
positive rainfall anomalies during the convectively active
QBWO phase (Figure 7(a)), and fewer TCs (48 TCs) are
associated with negative rainfall anomalies during the con-
vectively inactive QBWO phase (Figure 7(b)).

In addition to the modulation by the QBWO of tropical
cyclogenesis events and the DGR, TC genesis locations
(Figures 8(a) and (b); Table 1) show a difference with
a moderate eastward and southward shift in TC genesis
during the convectively active phase compared to that
during the convectively inactive phase, as indicated by
the contours of the probability density function. This
suggests that during the convectively active phase TCs
are more likely to form closer to the Mexican coast. Such

(@)
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Figure 7. Composite rainfall anomalies (shading) for the: (a) active
and (b) inactive QBWO phases from May to October for the period
1998-2015. Also plotted are TC tracks. [Colour figure can be viewed

at wileyonlinelibrary.com].
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a southward shift of TC genesis during the convectively
active phase may partly contribute to the significant
north—south variations of TC genesis locations over the
ENP basin as suggested by Wang er al. (2016). The details
of this issue deserve further study. Moreover, significant
differences are also seen in TC tracks with more TCs hav-
ing westward trajectories during the convectively inactive
phase and more TCs having northwestward trajectories
during the convectively active phase (Figures 8(c) and (d)).
Such changes of trajectories are closely associated with
the changes of the large-scale steering flow (Figure 9). The
large-scale steering flow is computed as the wind aver-
aged from 850 to 300 hPa, a definition adopted in previous
studies (Wu and Wang, 2004; Wu et al., 2005; Zhao et al.,
2010; Wang et al., 2011; Zhao et al., 2014). Figures 9(a)
and (b) show the composite large-scale steering flow for
the convectively active and inactive phases, as well as the
difference in the large-scale steering flow between the
active and inactive phases (Figure 9(c)). Note the cyclonic
circulation anomaly seen over the main development
region (Figure 9(c)), consistent with increased TCs during
the convectively active phase. Meanwhile, an obvious
westerly anomaly is seen north of 20°N, which favours
more northwestward tracks.

The QBWO not only modulates TC genesis location
and trajectories, it is also associated with significant
differences in intensity (Figure 10). There is higher ACE
during the convectively active phase than during the
convectively inactive phase (Figure 10(a)). Closer
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examination suggests that the significant difference of
ACE between the convectively active and inactive phases
is mainly due to the significant difference of TC number
especially for intense TCs. More major hurricanes (Cat-
egories 3 through 5; Cat. 3—5 TCs) are observed during
the convectively active phase than during the convectively
inactive phase (Figure 10(b)). To better quantify the impact
of the QBWO on basin-wide TC intensity, total ACE and
the number of major hurricanes for different phases is
divided by the respective QBWO days to obtain the daily
ACE and DGR for major hurricanes (Figures 10(c) and
(d)). Compared to climatology, significantly higher ACE
and DGR of major hurricanes is seen (at a 95% confidence
level) during the convectively active phase. Conversely,
significantly lower ACE and DGR of major hurricanes is
seen during the convectively inactive phase.

4. TImportance of large-scale factors affecting TC
genesis

Figure 11 displays composite anomalies of 850 hPa winds
and 850hPa relative vorticity, while Figure 12 shows
600 hPa relative humidity and vertical wind shear dur-
ing the convectively active and inactive QBWO phases.
More TCs generally occurred with cyclonic circulation
anomalies at 850 hPa (Figure 11) and positive mid-level
relative humidity anomalies (Figure 12; in shading) that
are favoured during the convectively active phase. Con-
versely, fewer TCs generally occurred with anti-cyclonic
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Figure 9. Large-scale steering flow averaged from 850 to 300 hPa for the:
(a) active QBWO phase, (b) inactive QBWO phase and (c) the difference
between (a) and (b).

circulation anomalies at 850 hPa (Figure 11) and nega-
tive mid-level relative humidity anomalies (Figure 12; in
shading) that are favoured during the convectively inactive
phase. More TCs are observed in regions of negative verti-
cal wind shear anomalies, and fewer TCs are associated
with positive vertical wind shear anomalies (Figure 12;
contour). As suggested in previous studies (Gray, 1968;
McBride and Zehr, 1981), these large-scale parameters are
more favourable for tropical cyclogenesis events, and thus
TCs are clearly seen here to be enhanced during the con-
vectively active QBWO phase.

In order to explore the key factors associated with the
QBWO’s modulations of ENP basin TC genesis, the
relative role of large-scale factors is further assessed by
utilizing a GPI analysis following the approach in Jiang
et al. (2012) and Zhao et al. (2015a, 2015b) and described
briefly in Section 2.3. Figures 13(a) and (b) show the
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evolution of GPI anomalies along with TC genesis during
the convectively active and inactive QBWO phases. Cor-
responding to the observed rainfall anomalies displayed in
Figure 7, positive (negative) GPI anomalies are generally
associated with active (inactive) convective phases. The
majority of TCs occur over regions with positive GPI
anomalies. Note that a small number of TCs can also be
found over regions with negative GPI anomalies, which
may be attributed to other factors not considered in the
definition of GPI (Equation 1) or not associated with
the QBWO mode. Nevertheless, the GPI anomalies have
considerable skill in capturing TC genesis over the ENP
basin associated with the QBWO. Therefore, we proceed
to isolate the role of each of the factors included in the
GPI in contributing to the TC genesis associated with
the QBWO.

The spatial distribution of each of the factors of the GPI
anomalies associated with the convectively active QBWO
phases is seen in Figures 13(c) and (e), and 14(a), (c) and
(e), respectively. Positive GPI anomalies varying each of
the four environmental factors are highly spatially corre-
lated with the TC genesis events during the convectively
active phase. If the ENP is divided into eastern and western
sub-regions at 112°W, as suggested by Ralph and Gough
(2009) and Jien et al. (2015), it is clear that TC genesis
is not spatially uniform. TC genesis events are consistent
with the distribution of GPI anomalies by varying each of
the four factors over the two sub-regions, with somewhat
lower consistency with GPI anomalies while varying PI
over the western sub-region. These findings suggest that
all four factors play a positive role in contributing to the
GPI anomalies associated with the QBWO. In contrast, the
spatial distribution of each of the factors of the GPI anoma-
lies associated with inactive QBWO phases is displayed
in Figures 13(d) and (f), and 14(b), (d) and (f). The GPI
anomalies varying each of the four environmental factors
during the inactive phase are not as consistent as during the
active phase. In particular, the GPI anomalies varying ver-
tical wind shear and PI do not align well with TC genesis
events. The relative importance of each of the four envi-
ronmental factors (as well as the nonlinear terms) will be
assessed from the pattern correlation for the ENP basin and
each of the two sub-regions and changes in magnitude of
GPI anomalies.

As shown in Figure 15(a), these pattern correlation coef-
ficients are significant at the 95% confidence level during
the convectively active phase. In an operational setting, a
pattern correlation of 0.60 is deemed as a lower limit for
a field forecast that is synoptically useful (Wilks, 2006).
This value has been used as the reference value to exam-
ine the performance of a model (Cheng and Chan, 2012)
and to assess the importance of factors for the associ-
ated specific pattern (Zhao et al., 2014). Over the whole
ENP basin, low-level relative vorticity and mid-level rel-
ative humidity are the two most important contributors
to the pattern of GPI anomalies during the active phase.
These results are consistent with previous studies on other
time scales (Camargo et al., 2009; Jiang et al., 2012; Zhao
etal., 2015a, 2015b). Note that the nonlinear term is
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Figure 11. Composite 850hPa wind anomalies (vectors) and relative

vorticity anomalies (shading) from May to October for the period

1999-2015 for: (a) active and (b) inactive QBWO phases. The sym-

bols indicate the location of TC genesis. [Colour figure can be viewed
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also an important factor in contributing to the pattern of
GPI anomalies, while the vertical wind shear and PI play
a secondary role. Similar results are found for the two
sub-regions, except for a relatively weak role of vertical
wind shear over the eastern sub-region and a relatively
weak role of PI over the western sub-region. During the
convectively inactive phase, the pattern correlations also
indicate that the low-level relative vorticity, mid-level rela-
tive humidity and nonlinear terms are the three most impor-
tant contributors to the distribution of GPI anomalies over
the total ENP basin, while the vertical wind shear and PI
play a weak role (Figure 15(b)).

The contributions of the four environmental factors
to the magnitude of GPI anomalies as a function of the
QBWO phase are computed for the whole ENP basin
as well as the two sub-regions and are displayed in
Figure 16. The relative importance of each of the four
terms of the GPI anomalies is largely dependent on the
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QBWO phase, consistent with previous studies (Jiang
et al.,2012; Zhao et al., 2015a, 2015b). Mid-level relative
humidity is the most important player in contributing to
the GPI anomalies. The changes of GPI anomalies are
due to the combined positive contributions from the four
factors and the nonlinear term. During the convectively
active phases, the four factors and the nonlinear term show
consistent positive contributions. During the convectively
inactive phase, the negative GPI anomalies are mainly
from the low-level vorticity, vertical wind shear, PI and
the nonlinear term. These negative GPI anomalies are
partly cancelled by the positive contribution from 600 hPa
relative humidity, especially over the eastern sub-region.

5. Summary

This study investigates the impact of the QBWO on the
boreal summer ENP TC activity, a topic which has until
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Figure 14. Same as Figure 13 but for: (a) and (b) GPI varying vertical wind shear (GPI-SHEAR); (c) and (d) varying potential intensity (GPI-PI).
(e) and (f) are the composite GPI anomalies for the nonlinear term (GPI-NONLINEAR). [Colour figure can be viewed at wileyonlinelibrary.com].

now been studied relatively infrequently. Results from the
analysis of 10- to 30-day filtered precipitation suggest that
the QBWO strongly modulates ENP TC activity. More
TCs are observed during the convectively active phase
than during the convectively inactive phase. Furthermore,
TCs tend to track more northwestward during the convec-
tively active phase, while TCs tend to track more westward
during the convectively inactive phase. These changes in
trajectories are related to changes in intensity, with higher
ACE and more major hurricanes observed during the con-
vectively active phase and lower ACE and fewer major hur-
ricanes observed during the convectively inactive phase.
The relative importance of the four environmental
factors included in the GPI is assessed based upon the
analyses of the magnitude and spatial distribution of their
anomalies. Mid-level relative humidity and low-level
vorticity are found to be the two largest positive contrib-
utors to the distribution of GPI anomalies associated with
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the QBWO. The nonlinear-term is found to be another
important factor with vertical wind shear and PI having
weaker contributions. Analyses of the magnitude of GPI
anomalies suggest that mid-level relative humidity is the
most important contributor, with secondary roles from
the low-level relative vorticity, vertical wind shear, and
PI and a weak contribution from the nonlinear term.
Although the results are not identical based upon on the
pattern and magnitudes of GPI anomalies, all suggest that
mid-level relative humidity and low-level vorticity are
the most important modulators of GPI anomalies. These
results agree well with results obtained for TC variability
at other timescales in previous studies (Camargo et al.,
2007, 2009; Jiang et al., 2012). As a final remark, the
robustness of the QBWO-TC relationship in this study
should be further investigated due to the fact that rain-
fall associated with TCs may contribute to the QBWO
variance.
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