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Abstract

The role of the 50- to 200-hPa zonal wind shear in modulating tropical cyclone (TC) genesis over the western North Pacific
(WNP) in May is investigated in this study. Concurrent with the strong cross-tropopause shear over the key region (0°-5°N,
160°-180°E), suppressed convection was observed over the tropical WNP, especially over the South China Sea and the
Philippines. The monsoon trough (MT) was confined westward. However, enhanced convection occurred in the weak shear
years and the MT extended eastward. This cross-tropopause wind shear is negatively correlated with TC genesis in May,
with a decreased (increased) number of TCs corresponding to strong (weak) cross-tropopause wind shear.

This cross-tropopause wind shear can be treated as the combined impacts of the El Nifio-Southern Oscillation (ENSO) events
and the stratospheric quasi-biennial oscillation (QBO). When decaying El Nifio events coupled with the easterly phase of
the QBO were noted, the cross-tropopause wind shear was stronger with weakened convection, and an enhanced western
Pacific subtropical high was observed. TCs are rarely generated during these years. In contrast, the modulation of the QBO
westerly phase on decaying La Nifia events is limited. Affected by the QBO westerly phase, TC genesis in the May follow-
ing La Nifia events is only slightly enhanced. The energy analysis indicates that the combined impacts of the decaying El
Nifio events and the QBO easterly phase might suppress the barotropic eddy kinetic energy conversion in May, whereas the
decaying La Nifia events and the QBO west phase act in an opposite manner.

Keywords Cross-tropopause wind shear - Quasi-biennial oscillation - ENSO event - Tropical cyclone genesis - Western
North Pacific

1 Introduction

The tropical cyclone (TC) season over the western North
Pacific (WNP) starts in May and ends after December (He
et al. 2015). TC genesis over the WNP in May exhibits dis-
tinct characteristics from the peak period of typhoon sea-
son (Chen et al. 2017; Huangfu et al. 2017a, b). Huangfu
et al. (2017a) noted that the numbers of TCs generated over
the WNP in May increased after the late 1990s, which is
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consistent with the interdecadal early onset of the South
China Sea summer monsoon (SCSSM) (Huangfu et al.
2015). This finding is in sharp contrast to the consensus that
TC genesis is decreasing in recent decades during the peak
typhoon seasons (e.g., Liu and Chan 2013). Huangfu et al.
(2017b) indicated that the early onset of the SCSSM results
in the eastward intrusion of the monsoon trough (MT) into
the WNP, leading to increased TC genesis in May. Huangfu
et al. (2017c¢) studied the effects of sea surface tempera-
ture (SST) in different tropical regions on TC genesis over
the WNP in May. They showed that warmer SSTs over the
tropical Pacific (Indian) Ocean in March lead to increased
(decreased) numbers of TCs in May. Chen et al. (2017)
investigated the impact of the summer monsoon westerlies
on TC genesis in the South China Sea (SCS) in May and
documented its genesis mechanism based on the eastward
extension of the MT.

The El Nifio-Southern Oscillation (ENSO) is an impor-
tant precursor signal of the following TC season (Xie et al.
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2009; Du et al. 2011). Xie et al. (2009) demonstrated that the
El Nifio-induced warming over the tropical Indian Ocean can
lead to an anomalous Walker circulation reversal, inducing
a persistent anomalous anti-cyclone over the WNP. Feng
et al. (2011) suggested that this anomalous anti-cyclone
can persist until the El Nifio decaying summers. Du et al.
(2011) reported that fewer TCs were generated during strong
El Nifio decaying summers. The aforementioned El Nifio-
related anomalous anti-cyclone might lead to a decreased
number of TCs by restricting the eastward extension of the
MT.

Several previous studies have also demonstrated that TC
activity over different tropical oceans is modulated by the
stratospheric quasi-biennial oscillation (QBO) (Gray 1984;
Shapiro 1989; Chan 1995; Jury et al. 1999; Camargo and
Sobel 2010; Goebbert and Leslie 2010; Fadnavis et al. 2014;
Caron et al. 2015). Chan (1995) used zonal winds at 50, 30
and 10 hPa over Balboa (9°N, 80°W) to represent the QBO,
suggesting that the westerly phase of the QBO (hereafter
referred to as QBO_W; the QBO_E refers to the easterly
phase of the QBO) corresponds to an increased number of
TCs over the WNP during 1958-1988. As Gray et al. (1992)
described, during the QBO_W (defined by the 30 hPa strato-
spheric winds), the deep equatorial convection is suppressed,
whereas the off-equatorial monsoon convection is enhanced,
supporting the increased TC genesis over the tropics. How-
ever, Ho et al. (2009) argued that the QBO and the number
of TC genesis over the WNP tends to be insignificantly cor-
related during 1976-2007 with the QBO phases identified
by calculating the vertical shears between the zonal winds at
50 and 70 hPa. According to Baldwin et al. (2001), the main
periods of the QBO are approximately 27 months, which
may explain the interdecadal instability of the relationship
between the QBO signal and the interannual number of TCs
generated over the WNP.

Collimore et al. (2003) discussed three mechanisms by
which the QBO modulates the deep convection, including
modulation of tropopause height, lower-stratospheric to
upper-tropospheric zonal wind shear and upper-tropospheric
relative vorticity. They suggested that the modulation of the
cross-tropopause shear, which is measured by the monthly
absolute value of the 50- to 200-hPa zonal wind shear, domi-
nates the QBO-related convective behavior when the con-
vection is concentrated away from the equator. Additionally,
their results suggested that the modulation of the QBO may
change between seasons and locations.

Therefore, it is interesting to address whether the cross-
tropopause wind shear impacts convection over the WNP
and the resultant influences on TC genesis in May. Moreo-
ver, it is important to investigate the combined impacts of
ENSO and the QBO on TC genesis. This study is structured
as follows. The data and methods are described in Sect. 2.
The interannual correlation between the cross-tropopause
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wind shear and the number of TC genesis over the WNP in
May is presented in Sect. 3. The different influences of the
strong and weak cross-tropopause vertical wind shear on the
changes in the tropical atmospheric circulation and convec-
tion over the WNP are investigated in Sect. 4. The combined
impacts of ENSO and the QBO on TC genesis over the WNP
in May and the corresponding energy conversions are ana-
lyzed in Sect. 5. Finally, the results are summarized and
discussed in Sect. 6.

2 Data and methods
2.1 Data

(1) The TC data are obtained from the International Best
Track Archive for Climate Stewardship (IBTrACS), includ-
ing data during 1979-2015 (data version: v03r09) (Knapp
et al. 2010), and the China Meteorological Administra-
tion—Shanghai Typhoon Institute, including data from 2016
(available at http://typhoon.nmc.cn/web.html). The interan-
nual numbers of TCs over the WNP (0°-30°N, 110°-180°E)
in May are counted, and the locations of TC genesis are
identified when the storm intensity exceeds the tropical
depression level. (2) The ERA-interim Reanalysis dataset
provides the daily and monthly wind and temperature data
at 2.5°x2.5° resolution during 1979-2016 (Simmons et al.
2007). (3) To verify the credibility of the stratospheric wind
data from the ERA-Interim, zonal winds at 50 hPa during the
period 1979-2016 from radiosonde observations in Singa-
pore (1.22°N, 103.55°E) provided by the Free University of
Berlin (http://www.geo.fu-berlin.de/met/ag/strat/produkte/
gbo/gbo.dat) are employed. (4) The monthly mean outgoing
longwave radiation (OLR) data during 1979-2013 with a
2.5°x2.5° resolution are derived from the National Oceanic
and Atmospheric Administration (NOAA) archives (Lieb-
mann 1996). The monthly mean OLR data for 2014-2016
are interpolated with Poisson’s equation and reorganized
based on the uninterpolated daily OLR data, which was
also obtained from the NOAA archives (https://www.
esrl.noaa.gov/psd/cgi-bin/db_search/DBSearch.pl?Datas
et=NOAA+Uninterpolated+OLR&Variable=Outgo
ing+Longwave+Radiation). (5) The monthly SST data from
1979 to 2016 with a 1° X 1° resolution are provided by the
Met Office Hadley Centre’s sea ice and sea surface tempera-
ture monthly mean datasets (Rayner et al. 2003).

2.2 Methods

In this study, the modulation of cross-tropopause wind shear
is investigated by computing the monthly absolute value of
the 50- to 200-hPa zonal wind shear following the work of
Collimore et al. (2003). The El Nifio events are identified
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when the Nifio3 index is greater than 0.5 for 8 months, and
the index is calculated as the normalized SST anomalies of
the tropical eastern Pacific Ocean (5°S—5°N, 150°-90°W)
(Feng et al. 2011). As the major cold ENSO episodes, La
Nifia events are identified when the Nifio3 index is less than
—0.5 for 8 months. The interannual variations of Nifio3
index are represented by the value obtained in January.

This study used the normalized stratospheric zonal
wind at 50 hPa in May to represent the QBO. The QBO_W
(QBO_E) is identified when the value is greater (less) than
0.8 (—0.8). Correlation analysis is employed to investigate
the interannual relationship between the number of TC gen-
esis over the WNP in May and the cross-tropopause shear
and related factors. To demonstrate the impact of the cross-
tropopause shears on the changes in convection and the
tropical atmospheric circulation over the WNP, composite
analyses are performed based on the normalized time series
of the cross-tropopause shear. Additionally, this method is
employed to illustrate the combined impacts of ENSO and
the QBO on TC genesis over the WNP in May. The correla-
tion coefficient and the composite anomalies are assessed
using Student’s t-test. Moreover, the energy budget is ana-
lyzed with the barotropic eddy energy conversion equation
following the work of Feng et al. (2014).

3 The interannual relationship
between the cross-tropopause shear
and the number of TCs generated
over the WNP in May

The relationship between the cross-tropopause wind shear
and the numbers of TCs generated over the WNP in May
during 1979-2016 is studied in this section. The 50 hPa
zonal wind analyzed in the cross-tropopause wind shear
is extracted from the ERA-Interim dataset. To verify its
credibility, we compared the data at 0°, 102.5°E with the
radiosonde observations from Singapore (1.22°N, 103.55°E)
(Fig. 1b). The stratospheric wind data from the ERA-interim
Reanalysis data are quite consistent with the observations,
with a correlation coefficient of greater 0.99. As shown in
Fig. 1a, negative correlation coefficients are observed over
the tropical Pacific. The significant negatively correlated
band extends northwestward from the equator to the off-
equator centered at approximately 0°-5°N, 160°-180°E. The
correlation coefficients to the west of 120°E are insignifi-
cantly positive, indicating that the modulation of the cross-
tropopause wind shear is not homogeneous over the tropics.

As noted above, the cross-tropopause shear over the
tropical Central Pacific may play an important role in the
modulation of TC genesis over the WNP in May. To inves-
tigate the interannual relationship between these systems, we
compared the normalized time series of the number of TCs
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Fig.1 a Correlation coefficients of the number of TC geneses
over the WNP in May and the absolute value of the 50- to 200-hPa
zonal wind shear. The red dashed black box denotes the key region
(0°=5°N, 160°E~180°). b Time series of the zonal winds at 50 hPa
derived from the ERA-Interim Reanalysis dataset (solid) and radio-
sonde observations from Singapore (dashed)
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Fig.2 Time series of the number of TC geneses over the WNP
in May during 1979-2016 (bar graph). The red solid curve repre-
sents the cross-tropopause wind shear over the key region (0°-5°N,
160°E-180°), the dark-green dashed curve represents the zonal wind
at 50 hPa at (0°, 165°E) in May and the blue dashed curve represents
the January’s Nifio3 index during the same period

over the WNP in May and the cross-tropopause shear over
the key areas (0°-5°N, 160°E~180°) which are obtained by
dividing the interannual anomalies by each of their standard
deviations (Fig. 2). This comparison indicates that the num-
ber of TCs in May is generally out of phase with the cross-
tropopause shear with a significant correlation coefficient of
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—0.49. Strong (weak) cross-tropopause shear over the tropi-
cal Central Pacific is related with a decreased (increased)
TC genesis over the WNP in May. In addition, we have con-
ducted a series of correlation analyses. The correlation coef-
ficient between the number of TCs over the WNP in May
and the stratospheric zonal wind at 50 hPa (QBO) in May
is 0.20, whereas that between TC numbers and the Janu-
ary Nifio3 index is — 0.44. Hence, it is advisable to study
the modulation of the stratospheric signals on TC genesis
in May with the cross-tropopause shear instead of with the
stratospheric winds or Nifio3 index. We also performed cor-
relation analyses between the cross-tropopause shear over
the key area and the QBO in May and January Nifio3 index,
and the correlation coefficients are — 0.44 and 0.52, respec-
tively. That is, the weak (strong) cross-tropopause shear
over the key area corresponds to the QBO_W (QBO_E) in
most cases, which is consistent with the work of Gray et al.
(1992). In addition, the weak (strong) cross-tropopause shear
is correlated with the negative (positive) Nifio3 index. The
greater absolute value of the correlation coefficient between
the cross-tropopause shear and the number of TCs over
the WNP in May might indicate that the QBO signals can
modulate the interannual relationship between the decaying
El Nifio (La Nifa) events and TC genesis. Therefore, the
cross-tropopause shear can be treated as a combined effect
of ENSO and the QBO.

Notably, significant interannual variations in the normal-
ized time series of the cross-tropopause shear have been
observed. Therefore, we analyzed the main periods of this
wind shear using wavelet analysis (figure not shown). The
results showed that the main periods of this wind shear are
focusing on the periods of 6-18 months. Therefore, the
interannual correlation of the cross-tropopause shear and
TC genesis over the WNP in May is relatively steady inter-
decadally, and the following analysis may derive more robust
conclusions.

4 Influence of the cross-tropopause shear
on the changes in tropical convections
and atmospheric circulations

Composite analyses are performed to investigate the impact
of cross-tropopause shear on the tropical convections and
atmospheric circulations. The strong (weak) shear years
are identified by requiring the normalized time series of the
cross-tropopause shear in May to be no less (more) than 0.8
(—0.8). Nine strong shear years (1982, 1983, 1987, 1993,
1998, 2010, 2013, 2015 and 2016) and 9 weak shear years
(1985, 1988, 1989, 1996, 1997, 2001, 2003, 2004 and 2012)
were selected. Figure 3 presents composite figures of the
OLR anomalies for the strong and weak shear years. In the
strong shear years, the significantly weakened convections
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Fig.3 Composite OLR (shading; units: Wm™2) for a strong cross-
tropopause shear and b weak cross-tropopause shear in May. The
typhoon symbols indicate the locations of TC geneses. Stippling
denotes anomalies significant at the 90% confidence level according
to Student’s t-test

are located around the SCS and the east of the Philippines
(Fig. 3a). The positive OLR anomalies might result in late
onset of the SCSSM (Huangfu et al. 2015). In such situa-
tions, the MT remained west, providing an unfavorable envi-
ronment for TC genesis. In contrast, the convection over
the tropics is significantly enhanced in the weak shear years
(Fig. 3b). These OLR anomalies characterize a meridional
tripole pattern with distributions reversed from those in the
strong shear years. As mentioned above, most strong shear
years are associated with the QBO_E, whereas the weak
shear years correspond to the QBO_W. Therefore, the results
indicated that the modulation of the cross-tropopause wind
shear on convection over the WNP in May is more similar
to the modulation of the QBO during the boreal summer
(June—August), as described in the work by Collimore et al.
(2003), than that during the spring (March—May).

As shown in Fig. 3a, b, the central anomalous OLR
bands are displaced between 5° and 20°N in May. Hence,
the zonal and vertical circulations averaged along the lati-
tudinal band of 5°N-20°N are presented in Fig. 4. In this
figure, the zonal and vertical wind fields are also composites
based on the selected years as mentioned earlier. Concurrent
with the strong cross-tropopause shear, significant anoma-
lous descending motions are observed over the WNP, which
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Fig.4 Composite zonal and vertical velocities (vectors, units are
m s~ for u and 5% 1073 Pa s™! for w; shadings indicate the vertical
velocities) averaged between 5°N and 20°N for a strong cross-trop-
opause shear and b weak cross-tropopause shear in May. The vectors
shown and stippling denote the anomalies significant at the 90% con-
fidence level according to Student’s t-test

would weaken the updraft of the Walker circulation and the
convection (Fig. 4a). In contrast, the weak shear leads to
enhanced ascending motions, with relatively weak abnormal
centers of vertical circulation over the WNP (Fig. 4b).

Moreover, considering the northwestward extension of
the correlation distribution (Fig. 1a), the meridional and
vertical circulations averaged along the longitudinal band
of 150°-170°E are investigated in Fig. 5. The strong cross-
tropopause shear over the eastern part of the WNP can lead
to significant anomalous descending motions (Fig. 5a), cen-
tered at 5°-20°N, which is consistent with the results pre-
sented in Fig. 4a. In contrast, as shown in Fig. 5b, the weak
shear leads to enhanced upward motions, favoring the con-
vective activities. The meridional tripole patterns observed
in Fig. 5a, b are consistent with the OLR anomalies pre-
sented in Fig. 3a, b.

We further compared four dynamic/thermodynamic fac-
tors to strengthen our argument. The differences between
the strong and weak cross-tropopause shears (latter minus
former) in the 850 hPa relative vorticities, the 200 hPa
divergence, the 200—850 hPa vertical wind shear and the
700-500 hPa relative humidity are shown in Fig. 6. The
low-level vorticity is always treated as one of the most
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Fig.5 Composite meridional and vertical velocities (vectors, units
are m s~ for vand 5% 1073 Pa s~ for o; shadings indicate the verti-
cal velocities) averaged between 150°E and 170°E for a strong cross-
tropopause shear and b weak cross-tropopause shear in May. The vec-
tors shown and stippling denote the anomalies significant at the 90%
confidence level according to Student’s t-test

important dynamic factors modulating TC genesis. As
shown in Fig. 6a, the 850 hPa relative vorticity was largely
strengthened over the SCS and the surrounding regions in
the weak cross-tropopause shear years. As shown in Fig. 6b,
significant upper-level divergence was observed over the
tropics, which would reinforce the instability of atmosphere
and tropical convection. Additionally, the vertical wind shear
between 850 and 200 hPa over the WNP was investigated
(Fig. 6¢). Significantly weaker vertical wind shear was
observed with a northwest—southeast orientation over the
SCS and to the east of the Philippines. Note that the small
vertical wind shear can help develop vertical convection,
which is favorable for TC genesis. Moreover, we checked
the 700-500 hPa relative humidity, which is an important
thermodynamic factor for TC genesis (Fig. 6d). The results
showed that the weak shear years can provide more abun-
dant water vapor for TCs. These environmental factors are
considered to be influenced by the cross-tropopause shears
and responsible for the increase in TC genesis.

Affected by this cross-tropopause shear, we assessed the
conditions of TC genesis in these two groups. The locations
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of TCs are following the MT zone. According to statistics,
sixty TCs were generated over the WNP in May during
1979-2016, with approximately 1.6 TCs per year on average
(figure not shown). The 5 TCs generated in the nine strong
shear years are less than average, whereas the 19 TCs gener-
ated in the 9 weak shear years are above average.

Combined impacts of the QBO

and ENSO on TC genesis over the WNP
in May and the corresponding energy
conversions

The impact of the QBO on TC genesis is indirect. QBO may
play a more substantial role when it is coupled with ENSO
events. According to Du et al. (2011), poor TC genesis was
observed in strong El Nifio decaying summers. The present
study expanded the investigation to moderate El Nifio events
and sought to further verify the influence of El Nifio events
with more cases. The relationship between the Nifio3 index
and TC genesis number in May was investigated. The result
indicates that their correlation coefficient is — 0.40. This sig-
nificant robust correlation means that even moderate ENSO
events can influence TC genesis in May, which is our empha-
sis in the present study. Additionally, we wanted to examine
the conditions in the decaying La Nifa years. Based on the
time series of the Nifio3 index, nine El Nifio decaying years
(1983, 1987, 1988, 1992, 1998, 2003, 2007, 2010 and 2016)
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and ten La Nifia decaying years (1985, 1986, 1989, 1996,
1999, 2000, 2001, 2008, 2011 and 2012) are identified. Fig-
ure 7 presents the composite figures of OLR and the 850-hPa
streamline, and the TCs in May and the 5880 gpm lines at
500 hPa (representing the western Pacific subtropical high
(WPSH)) were superimposed. Regarding the nine El Nifio
decaying years, only seven TCs were generated, which is
significantly less than the average number (1.6 TCs per year)
(Fig. 7a). The tropical convections were significantly sup-
pressed in the low latitudes, and the anomalous wind fields
were anti-cyclonic. The 5880 gpm line was shown over the
SCS and to the east of the Philippines, meaning that the
WPSHs were stronger in these years than in normal years.
The strong WPSH led to late onset of the SCSSM and weak
eastward extensions of the MT, which induced less favorable
environments for TC genesis in May. This result is consistent
with the work of Du et al. (2011). As shown in Fig. 7b, the
composite analysis is based on ten La Nifia decaying years.
Twenty-two TCs were generated over the WNP, which is
a greater number than the average. Significant anomalous
southwesterly winds are observed in the low latitudes, mean-
ing the MT can extend farther east. The 5880 gpm lines at
500 hPa shrank to a small area around approximately 24°N,
160°E, meaning that the WPSHs were much weaker in the
La Niiia decaying years than in normal years.

To investigate the combined impacts of ENSO and the
QBO on TC genesis over the WNP in May, four El Nifio
decaying years coupled with QBO_E (1987, 1992, 2010 and
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2016) and six La Nifia decaying years coupled with QBO_W
(1985, 1986, 1989, 1999, 2000 and 2011) were further iden-
tified. The number of TC genesis exhibits notable contrasts
between these two groups. Only 1 nameless TC was gener-
ated during the four El Nifio and QBO_E years (Fig. 7c).
Greater positive OLR anomalies are observed, with the
850 hPa anomalous anti-cyclones controlling the southwest
quadrant of the WNP. The coverage of the 5880 gpm line
was significantly enlarged compared with the situation in
Fig. 7a. The QBO_E might modulate the influence of the
decaying El Nifio events on TC genesis in May by weaken-
ing the tropical convection. The combined impacts of decay-
ing El Nifio events and the QBO_E led to weaker TC genesis
in May. In this group, 1987, 2010 and 2016 are also listed
in the strong shear years, indicating that the strong shears
are largely related with the decaying El Nifio events and
the QBO_E. In contrast, when La Nifia decaying years are
coupled with QBO_W phase, the distribution of the positive
OLR anomalies shifted more westward, with greater ampli-
tude but smaller coverage (Fig. 7d). The anomalous wind
fields are significantly less during El Nifio years than dur-
ing La Nifa years, as shown in Fig. 7b. The mean strengths
of the WPSH on the 500 hPa geopotential level is weaker
than those with 5880 gpm. Twelve TCs were generated in
this group, and the annual mean is basically equal to that in
La Nifa years. Compared with the weak cross-tropopause
shear years, most of the weak shear years are related to La
Nifia events (1985, 1996, 2001 and 2012). The modulation
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of the QBO_W on La Nifia events is limited, with only
1989 included. This result may indicate that the modulation
effects of the QBO on different ENSO events are asymmet-
ric. The combined impacts of the decaying El Nifio events
and the QBO_E are more influential to the cross-tropopause
shear and thus suppresses TC genesis over the WNP in May.

By affecting tropical convections and the atmospheric cir-
culations, the combined impacts of ENSO and the QBO may
change the energy conversion in the formation of TCs. The
energy analysis would help explain the dynamic processes
of TC genesis in May over the WNP. Given that the atmos-
phere is barotropically unstable in the tropics, the TC genesis
processes are concurrent with the barotropic kinetic energy
conversion (Feng et al. 2014). The barotropic eddy kinetic
conversion equation deduced by Maloney and Hartmann
(2001) is employed to investigate these processes.

0 —0_- —Jd- “,0—- 50—
"W — U -V =V - —u— V=YV

Ik
ot baro Jy ax ox . D

In Eq. (1), u and v are the horizontal zonal and meridi-
onal winds, respectively. K,,,, denotes barotropic eddy
kinetic energy, which equals (u®+v?)/2. A denotes the
mean state variables and A’ denotes the anomalous vari-
ables by subtracting the mean state. K, ~ denotes the
horizontal barotropic eddy kinetic energy (EKE). %Kl’mm
indicates the “tendency of the barotropic EKE”, which
represents the rate of change of the horizontal barotropic

EKE conversion. Climatologically, the MTs are the most
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active region where the energy from the mean flow was
converted into barotropic EKE, with the positive conver-
sion extending southeastward from the SCS region (fig-
ure not shown). In El Nifio decaying years, the barotropic
EKE conversion is relatively weaker over most parts of
the tropics (Fig. 8a). As mentioned above, the El Nifio-
related anti-cyclones in May can lead to the late onset of
the SCSSM and the late intrusion of the MT into the WNP.
Hence, MT-related barotropic energy conversions were
weak in these years. Concurrent with the QBO_E, an even
weaker barotropic EKE conversion is observed (Fig. 8c).
This result indicates that the QBO_E may enhance the El
Nifio-related anti-cyclone and restrict the eastward exten-
sion of the MT, leading to suppressed energy conversion
to support TC genesis. Therefore, only one nameless TC
was generated in the four decaying El Nifio and QBO_E
years. In contrast, the barotropic energy conversions were
stronger in the La Nifia decaying years (Fig. 8b). Even
stronger barotropic EKE conversions are observed in the
six decaying La Nifia and QBO_W years at low latitudes
(Fig. 8d).

The right-hand side of the barotropic eddy kinetic conver-
sion equation includes four terms: meridional shear of the
mean zonal winds, zonal shear of the mean meridional
winds, zonal wind convergence, and meridional wind con-
vergence. The terms are typically explored to examine what
type of circulation contributes more to the barotropic EKE
conversions. —u'v/ %ﬁ denotes the meridional shear of the

Fig.8 Composite 850 hPa (a)

mean zonal winds. The climatological contribution of this
term is confined to the low latitudes because the contribution
of this term is mostly attributed to the trough line of the MT.
In the years following El Nifio events, the easternmost loca-
tion of the MT remains to the west, and the anomalous baro-
tropic EKE conversion is negative over most parts of the
tropics (Fig. 9a). In the cases shown in Fig. 7b, ¢, the MT
was confined in the west. The conversion shown in Fig. 9c
exhibits a similar distribution to that in Fig. 9a. This finding
is consistent with the environment shown in Fig. 7c, where
the combined impacts of the decaying El Nifio events and
the QBO_E enhanced the WPSH and suppressed convection
over the tropical WNP. In contrast, the intrusion of the MT
in the La Nifia decaying years promotes increased EKE con-
version eastward (Fig. 9b). When La Nifia decaying events
are coupled with the QBO_W, greater EKE conversion can
be observed in the tropics (Fig. 9d). Note that the amplitudes
of the first term presented in Fig. 8 are approximately half
of those in Fig. 8.

The third term —u’> 2% denotes the zonal wind conver-
gence, which is typicaH; located eastward ahead of the MT
with the convergent area between the southwesterly and
easterly trade winds. The EKE conversion exhibits wider
coverage and greater amplitudes than those in the first term,
contributing more to the EKE tendencies (figure not shown).
Given that the MT remained in the west in the El Nifio
decaying years and the El Nifio and QBO_E years, Fig. 10a,
c resemble the distributions of Fig. 9a, c, with relatively
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Fig.9 Composite 850 hPa (a) (b)
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small contributions to the EKE tendencies. Contrasted with With the eastward extension of the MT, greater contribu-

the above cases, the contribution of the zonal wind conver-
gence is considerable in La Nifia decaying years (Fig. 10b).

tions from the zonal wind convergences are observed in the
low latitudes. The combined effect of La Nifia and QBO_W
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enlarged this EKE conversion slightly (Fig. 10d). Given
that only a portion of the MT can enter the WNP in May,
the contribution of the meridional shear of the mean zonal
winds is less important than that of the zonal wind con-
vergence. This result is different from previous studies that
demonstrated that the contributions of the first terms carry
greater importance in the peak TC season (Feng et al. 2014;
Wau et al. 2015). These results may further indicate that TC
genesis over the WNP in May exhibits distinct character-
istics. In addition, the second term (the zonal shear of the
mean meridional winds) and the fourth term (the meridional
convergence of the mean meridional winds) are negligibly
small in the analysis (figures not shown).

6 Summary and discussion

This study investigates the role of the cross-tropopause wind
shear in the modulation of TC genesis over the WNP in
May. Correlation analysis results indicate that TC genesis in
May is negatively correlated with the cross-tropopause wind
shear over the southeastern WNP and the Central Pacific
during 1979-2016. The key regions stretch northwestward
to approximately 130°E. Moreover, wavelet analysis of this
cross-tropopause shear indicates that the variations in the
cross-tropopause shear are mainly interannual. Therefore,
the correlations between the cross-tropopause shear and TC
genesis over the WNP in May are relatively steady.

Composite analysis reveals that the modulation by the
strong cross-tropopause wind shear on the tropical con-
vection in May is similar to the modulation of the QBO
on the boreal summer (June—August), as described in the
work of Collimore et al. (2003), instead of that during the
spring (March—-May). Concurrent with the strong shear,
significant weak convection anomalies are observed over
the tropical WNP, especially over the SCS and to the east
of the Philippines. In contrast, stronger convection corre-
sponds to weak shear. Further analysis revealed that the
strong cross-tropopause shear may weaken the convection
over the warm pool and lead to suppressed vertical motions
centered at 5°N—20°N. In addition, the weak shear leads to
enhanced convection, with enhanced ascending motions over
the WNP, which favor tropical convection. The TCs gener-
ated in the strong and weak shear years exhibit notable con-
trasts. Only 5 TCs were generated in the nine strong shear
years, whereas 19 TCs were generated during the 9 weak
shear years.

According to our analysis, the cross-tropopause shear is
not independent from the QBO and ENSO events. The QBO
signals might modulate the interannual relationship between
decaying ENSO events and TC genesis. The cross-tropo-
pause shear can be treated as a combined effect of ENSO and
the QBO. As suggested by Du et al. (2011), fewer TCs will
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be generated in the years following strong El Nifio events.
This study expanded the investigation to moderate El Nifio
events and examined the modulation by the QBO_E. The
results revealed that TC genesis in May following El Nifio
events is significantly weaker than normal. With the WPSH
remaining strong and stretched to the west in May, fewer
TCs were generated. This suppression is intensified when
coupled with the QBO_E. Stronger WPSH was observed,
with the 850 hPa anomalous anti-cyclone controlling the
tropical WNP. The convection over the tropical WNP was
even weaker. Only one nameless TC was generated in these
years. In contrast, following La Nifia events, different distri-
butions of anomalous convections and tropical circulations
are observed. The convection was enhanced, and the WPSH
was significantly weakened. A greater number of TCs was
generated over the WNP. This situation was enhanced when
the decaying La Nifia events were coupled with the QBO_W.
In addition, concurrent with the different atmospheric
responses, barotropic kinetic energy conversions are ana-
lyzed to reveal the internal dynamics of the modulations
from the combined effect of ENSO and the QBO. In the
years following the El Nifio events, the El Nifio-related
anti-cyclones in May led to late eastward extensions of the
MT, and the MT-related barotropic energy conversions were
accordingly weak. Given that MTs rarely intrude into the
WNP in May, the combined impacts of the decaying El Nifio
events and the QBO_E on the EKE conversions are signifi-
cant, with considerably weak amplitudes in both the contri-
butions of the meridional shear of the mean zonal winds and
the zonal wind convergence. In contrast, the cases following
La Nifia events exhibited significantly enhanced EKE con-
versions in the lower tropics, favoring increased numbers of
TC genesis over the WNP in May. When coupled with the
QBO_W, the EKE conversion was enhanced slightly. Com-
pared with the cross-tropopause shear years, the combined
impacts of the decaying El Nifio events and the QBO_E are
more influential to the strong cross-tropopause shear and
thus the suppression of TC genesis, whereas the modulation
of the QBO_W on decaying La Nifia events is limited.
Tropical cyclone genesis over the WNP in May is sensi-
tive to the eastward extension of the MT. Hence, in addition
to ENSO and the QBO, other important climate events may
induce changes in TC genesis in May by affecting the MT
and MT-related energy conversions. Previous studies have
shown that El Nifio developing years can also influence TC
activity (Lander 1994; Chen et al. 1998). The mean TC gen-
esis location tended to shift more southeastward and would
lead to a slight increase in the numbers of TCs in El Nifio
developing summers. Clark and Chu (2002) revealed that the
changes in TC activity are related to the eastward extension
in El Nifio developing years, which is quite different from
the situation in El Nifio decaying years. In addition, studies
have focused on the influences of the central Pacific (CP) El
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Nifio and the eastern Pacific (EP) El Niiio events. Wu et al.
(2018) suggested that the influence of the extreme EP El
Nifio is similar to that of the CP El Nifio, leading to a notable
southeastward shift in TC genesis locations. These changes
are clearly different from the effects of moderate EP El Nifio
and weak EP El Nifio events. Therefore, further elaborations
regarding the modulation of the QBO on different ENSO
events are also needed in future studies.
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