Climate Dynamics (2021) 57:657-669
https://doi.org/10.1007/500382-021-05731-x

=

Check for
updates

Influence of the QBO on tropical convection and its impact on tropical
cyclone activity over the western North Pacific

Jingliang Huangfu'® - Yulian Tang'2 - Tianjiao Ma' - Wen Chen’ - Lin Wang'

Received: 26 October 2020 / Accepted: 9 March 2021 / Published online: 18 March 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

On the basis of 70 hPa zonal wind (U70)-defined quasi-biennial oscillation (QBO) events, after removing the El Nifio—
Southern Oscillation (ENSO) signal, the present study investigates the process by which the QBO modulates tropospheric
circulation and convection during summer (between July and October), when tropical cyclone (TC) activities enter their peak
period. Concurrent with the western phase of the QBO (QBOW), significant tripole pattern modulations over the tropical
Indo-Pacific Ocean are regressed onto the residual part of U70 after removing the ENSO signal, with enhanced convection
observed over its central branch (0°-10°N, 120°E-180°) and the inactive convection branches located to both sides. A venti-
lation opening-like effect is exerted on the monsoon trough, which is shifted southward under the QBOW phase. According
to the QBO-associated changes in the circulations over the tropical western North Pacific (WNP), equatorial environments
(with low-level relative vorticity, high-level divergence, tropospheric vertical wind shear (VWS), and midlevel humidity)
tend to be favorable for TC genesis. Consequently, the off-equatorial TC tracks show a significantly decreased occurrence
frequency in the northern monsoon trough region. The present study provides a summary sketch showing the QBO-tropo-
spheric circulation modulation process. Considering that the westerly or weak easterly is observed over the upper central
Pacific (CP), QBOW phase-associated weak VWS can induce anomalous upward motion at equatorial latitudes, together
with the upwelling between the equatorial westerly and off-equatorial easterly, leading to an enlarged convective window
over the CP. Affected by the prevailing easterly within the tropics, the actual pumping shifts westward over the tropical WNP.
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1 Introduction

The quasi-biennial oscillation (QBO) is the most stable
periodic (period of approximately 28 months) phenomenon
observed in the lower stratosphere (16—50 km); the QBO
is especially notable in the zonal winds over the equator
shifting between the westerlies (QBOW) and the easterlies
(QBOE) (Reed et al. 1961; Angell and Korshover 1964;
Baldwin et al. 2001). The QBO signal propagates down-
ward in the lower stratosphere, maintaining a nearly constant
amplitude above 40 hPa, and the signal dominates the deep
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lower stratosphere to 70 hPa (Reed et al. 1961; Baldwin et al.
2001). Some years exhibit a significant vertical wind shear
(VWS) between 30 and 70 hPa, with a westerly (easterly)
shear meaning that westerly (easterly) winds increase with
height (Baldwin et al. 2001). Therefore, conclusions based
on different levels or descriptions of the QBO may result
in confusion; for example, 30 hPa westerlies generally cor-
respond to 70 hPa easterlies (e.g., Gray et al. 1992; Chan
1995; Huesmann and Hitchman 2001; Camargo and Sobel
2010; Xue et al. 2015).

Previous studies investigated the influence of the QBO
on tropical cyclone (TC) activity (Gray 1984; Shapiro 1989;
Chan 1995; Ho et al. 2009). Pioneering work was conducted
by Gray (1984), who connected the QBO to Atlantic TC
activity and employed the QBO signal as a predictor in TC
seasonal forecasts. In QBOW (30 hPa) years, the seasonal
numbers of hurricanes, hurricane days and tropical storms
are above normal levels (Gray 1984). Furthermore, approxi-
mately 30% of the total variance of Atlantic TC activity is
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explained by the QBO (30 hPa), and the 50 hPa QBO sig-
nal can show a direct correlation with TC frequency based
on extrapolation (Shapiro 1989). Similar studies were con-
ducted between the QBO and TC activity over the west-
ern North Pacific (WNP) (Gray et al. 1992; Chan 1995).
In QBOW (50, 30 and 10 hPa) years, more TCs are gener-
ated over the WNP than in QBOE years, where TCs with
greater intensity show more robust correlations (Chan 1995).
These studies mentioned that a similar correlation exists
between El Nifio—Southern Oscillation (ENSO) events and
TC anomalies, but that it is independent of the QBO-TC
correlation. Moreover, Camargo and Sobel (2010) revisited
the QBO (30 hPa)-TC correlation globally; after removing
ENSO signals, they suggested that the QBO-TC relationship
shows significant interdecadal variations before and after the
1980s, which is partly attributed to the onset of the satellite
era in 1979. In the record after the 1980s, only the central
Pacific (CP) region shows a significant QBO-TC correla-
tion. However, Camargo and Sobel (2010) questioned this
correlation mathematically, considering that only a small
number of TCs were generated in this region. Given the
longer availability of satellite data, we can now reexamine
the QBO-TC relationship for the whole Pacific basin based
on an analysis of the QBO-troposphere interaction process.

Potential mechanisms for the QBO-troposphere interac-
tion process have been extensively discussed (Gray 1988;
Gray et al. 1992; Chan 1995; Collimore et al. 2003; Ho
et al. 2009; Fadnavis et al. 2011, 2014; Huang et al. 2012;
Liang et al. 2012; Zhang et al. 2019; Lee et al. 2019).
Gray et al. (1992) interpreted the tropical route for the
QBO-troposphere interaction process as follows: in
QBOW (30 hPa) years, horizontally, westerlies dominate
the equatorial region, while easterlies prevail in the boreal
tropics during summer. The cyclonic circulation in the
tropical lower stratosphere can lead to cross-tropopause
upwelling vertical motion over the off-equatorial regions;
vertically, westerlies in the lower stratosphere and easter-
lies in the upper troposphere result in a large VWS along
the equator, which suppresses the deep convection at the
equator. Hence, reversed Hadley circulation anomalies
are aroused in QBOW years. Note that the QBOW phase
discussed here should be interpreted as a deep and ideal-
ized system throughout the lower stratosphere; this con-
figuration changes if the westerly phase is confined above
30 hPa. Collimore et al. (2003) summarized three mecha-
nisms linking the QBO to tropical deep convection: trop-
opause height modulation, cross-tropopause wind shear
modulation and relative vorticity modulation. According
to Gray (1988), environmental influences on TCs include
not only stratospheric influence, but also influences of the
surface and surrounding system. The present study will
analyze the QBO-associated surface and surrounding sys-
tem affecting TCs, providing supplementary explanation
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regarding the QBO-TC modulation. Moreover, mecha-
nisms of the QBO-TC track modulation have also been
investigated in previous studies (e.g., Ho et al. 2009;
Fadnavis et al. 2011, 2014). Ho et al. (2009) attributed
QBO-TC track modulation to the background flow. Fur-
ther, Fadnavis et al. (2014) proposed a mechanism through
which the QBO-modulated steering winds can redistrib-
ute TC-associated deep convection and thus influence TC
tracks. As the most important background in TC peak sea-
son, changes in monsoon trough are investigated in the
present study. Further, we have included the calculation
of accumulated cyclone energy (ACE; Bell et al. 2000) to
show the QBO influence on TC strength.

Huang et al. (2012) suggest that the modulation of
the Walker circulation and deep convection changes by
QBO (30 hPa) depends upon atmospheric stability near
the tropopause, which is affected by the cross-tropopause
temperature difference. Their results further showed that
enhanced atmospheric stability anomalies are observed
over the CP in QBOW years, which is consistent with the
analysis in Gray et al. (1992). However, the zonal differ-
ences of tropospheric responses, including vertical motion
anomalies, energy conversions and mid-level tropospheric
humidity, focusing on the QBO-induced changes affecting
TC activities, still need further investigation.

Recently, Gray et al. (2018) reported another systematic
work on the QBO employing 70 hPa as the critical level for
the QBO (Gray et al. 2018). In QBOW (70 hPa) years, to
maintain thermal wind balance in the presence of strong
VWS at equatorial latitudes, a corresponding meridional
circulation is induced, with anomalous downwelling over
the equator and enhanced convection locating at off-equa-
torial latitudes. Therefore, increased summertime precipi-
tation occurs over the tropical western Pacific (WP) under
the QBOW phases (e.g., Giorgetta et al. 1999; Ho et al.
2009). Gray et al. (2018) showed that the 70 hPa zonal
wind (hereafter referred to as U70) is a better predictor
than the conventional 30 hPa zonal wind when studying
the QBO-tropical deep convection relationship. Moreo-
ver, they suggested that the 70-hPa QBO is more consist-
ent with the aforementioned QBO-troposphere mecha-
nisms (Gray et al. 1992; Baldwin et al. 2001; Collimore
et al. 2003). Therefore, it is necessary to reexamine the
QBO-TC relationship in the Pacific using U70 to explain
the process more clearly.

This study is structured as follows. The datasets and
methods used in this study are described in Sect. 2. In
Sect. 3, we examine the QBO-tropospheric circulation
anomalies in the tropics. Subsequently, we show the mod-
ulation of the QBO on the TC activities over the WNP in
Sect. 4. Section 5 summarizes this study and discusses its
potential value for future works concerning the QBO-trop-
osphere interaction process.
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2 Data and Methods
2.1 Data

(1) Observational zonal winds at 50 hPa (U50) and U70
during the period from 1979 to 2018 are obtained from
the Free University of Berlin (FUB-gbo; available at
http://www.geo.fu-berlin.de/met/ag/strat/produkte/qbo/
gbo.dat). These well-known QBO data are based on
radiosonde observations in Singapore (1.22° N, 103.55°
E). Considering that the QBO is zonally homogeneous
and centered on the equator (Belmont and Dartt 1968;
Wallace 1973), these single-station observations can
represent the zonal winds in the lower stratosphere over
the whole equator.

(2) The ERA-Interim Reanalysis dataset provides both
tropospheric and stratospheric wind (horizontal and
vertical) data, which are employed in the present study
to explain the QBO-troposphere interaction process
from a dynamic perspective. These reanalysis data are
highly consistent with the aforementioned observa-
tional data and have been examined in many previous
studies (e.g., Huangfu et al. 2019b). Additionally, this
dataset provides monthly sea level pressure, air tem-
perature, relative humidity, relative vorticity, diver-
gence, and surface pressure data during 1979-2018 at a
2.5°%2.5° resolution (Simmons et al. 2007; available at
https://apps.ecmwf.int/datasets/data/interim-full-moda/
levtype=sfc/).

(3) TC data from the International Best Track Archive for
Climate Stewardship (IBTrACS; data version: v04r00),
developed by the National Oceanic and Atmospheric
Administration (NOAA), are used in this study; we
employed data between 1979 and 2018 (Knapp et al.
2010, 2018). This newly released dataset provides
updated TC data by integrating the World Meteorologi-
cal Organization (WMO)-reported information into the
IBTrACS files, providing wind speeds and central pres-
sures as averages, which can be downloaded at https://
www.ncdc.noaa.gov/ibtracs/. The interannual numbers
of TCs in the present study are counted during the sea-
son when TCs are generated most frequently (July—
August-September—October; JASO) at three levels:
tropical depression (TD), tropical storm (TS; above 34
knots), and typhoon (TY; above 64 knots). Considering
that the WMO data are official data from a responsible
agency, we defined the TC genesis locations according
to the WMO-reported identity numbers.

(4) The outgoing longwave radiation (OLR) is a good
proxy for the tropical deep convection and can simi-
larly be obtained from the NOAA archives (Liebmann
1996). Interpolated monthly mean OLR data with

2.5°%2.5° resolution are provided; for this study, data
during 1979-2018 are extracted and analyzed (avail-
able at https://psl.noaa.gov/data/gridded/data.interp_
OLR.html).

(5) Monthly sea surface temperature (SST; HadISST) data
from 1979 to 2018 at 1° X 1° resolution are provided by
the Met Office Hadley Centre (Rayner et al. 2003).

2.2 Methods

In this study, we employed the observational U70 as the QBO
signal following the work of Gray et al. (2018). Further com-
parisons and analyses between U50 and U70 are described
in Sect. 3. The wavelet analysis method is applied to U70 to
verify its capacity to represent the QBO. Considering that a
specific year could be defined as a QBO year or an ENSO
event based on the aforementioned indices at the same time,
simply omitting El Nifio and La Nifia years from the record
not only removes the ENSO signal but also removes the QBO
signal. Therefore, we attempted to remove the monthly ENSO
signal (Nifio3.4 index employed in the present study) from
the original data including tropical convection, atmospheric
circulations and TC-related environmental factors by partial
regression following previous studies (Wang et al. 2007; Chen
et al. 2013). All of the datasets were preprocessed monthly
using the following calculation:

A, = A—rc(A, Nifio 3.4 Index) X Nifio 3.4 Index

where A, denotes the residual part of variable A after
removing the monthly ENSO signal, and rc denotes the
regression coefficient.

Similarly, the QBOW (QBOE) phase is identified when the
normalized U70res averaged for JASO is greater (less) than 0.6
(— 0.6), where U70res is the residual part of U70. Normaliza-
tion is conducted by dividing the anomalies by the standard
deviation of the JASO-mean time series. The selection of this
threshold (0.6) aims mainly to provide as many examples as
possible, and the composite analysis results are not sensitive
to this selection. Based on this threshold, composite analyses
are further conducted to determine the differences in the mon-
soon trough (MT) and TCs generated over the WNP under
the phases of both QBOW and QBOE. Statistically significant
differences are assessed using Student’s  test.

In addition, we calculated the genesis potential index
(GPI), which reflects the potential of TC genesis. The GPI
(Emanuel and Nolan 2004; Camargo et al. 2007) is calcu-
lated as follows:

3/2 3/V,, 3
GPI = | 10| / (H) < ”’) 1+0.1V,,,)>

50/ \ 70

where # denotes the absolute vorticity at 850 hPa, and H

denotes the relative humidity at 600 hPa. V,, denotes the
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potential intensity derived from the air temperature, sea
level pressure, and relative humidity (see Bister and Ema-
nuel 2002). Here, the potential intensity is calculated from
the surface (1000 hPa) to the tropopause (100 hPa), with 27
levels in ERA-Interim. V., denotes the magnitude of the
VWS between 850 and 200 hPa. Here, the VWS also consid-
ers the contribution from meridional winds, defined as the
standard deviation of the sum of the zonal and meridional
VWS between 850 and 200 hPa. More details can be found
in Camargo et al. (2007).

Anomalies in TC further influence TC intensity
and track. TCs generating toward the southeast tend to
develop into more intense TCs and take early-turning
tracks (Camargo and Sobel 2005; Liu and Chan 2008).
Hence, we further calculated the ACE and TC occur-
rence frequency up to the TS intensity. The ACE in a
specific grid box with dimensions of 3° X 3° is calculated
as the sum of the squares of the maximum sustained sur-
face wind speed of all TCs that emerged within the box,
whereas the occurrence frequency indicates the sum of
the number of all TCs.

Fig. 1 a Time series of the

3.0

3 Impact of the QBO on Tropical
Atmospheric Circulation

We investigated the relationship between U50 and U70 to
simply depict the lowest part of the lower stratosphere. As
shown in Fig. 1a, the normalized U70 during the TC peak
season is highly consistent with the normalized U50 (cor-
relation coefficient: 0.70). Considering that 70 hPa is the
nearest level in the lower stratosphere to the tropopause,
this level is most suitable to physically explain the strato-
sphere—troposphere interaction process. Considering that the
70 hPa level is closer to the tropopause than the 50 hPa level,
the 70 hPa-defined QBO cases with great amplitudes may
exert more significant influence on the troposphere. Wavelet
analysis is conducted on the time series of the normalized
monthly U70 (shown in Fig. 1b), showing that its dominant
period is approximately 26—28 months (the red dashed line
denotes 27 months). The global wavelet-test in Fig. 1b shows
that U70 can reliably represent the QBO.

To reflect the impact of the QBO on the convection over
all of the tropics, the tropical OLR is regressed onto the time
series of U70 after removing the ENSO signal, as described
in Sect. 2.2 (Fig. 2a). Significant anomalies are observed,
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Fig.2 Anomalies of the a OLR

ony (@)
(shading; units: W m™2), b zonal 20°N

and vertical velocities averaged
between 10° S and 10° N, and ¢
meridional and vertical veloci-
ties averaged between 120° E
and 180° (vectors; units are m "
s foruand 5 x 107 Pas™! U
for w; shaded areas indicate the \
vertical velocity) regressed onto 10°S -
the U70-based QBOres index. l /}
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The vectors and stippling denote
anomalies significant at the 20°S

90% confidence level according 0°
to Student’s t test. The dashed

black box in a denotes the key

region (0°-10° N, 120° E-180°)
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L

with a clear tripole pattern over the tropical Indo-Pacific,
and with enhanced convection observed over its central
branch (0°-10° N, 120° E-180°) and the inactive convec-
tion branches located to both sides (anomalous centers at
off-equatorial latitudes in the Southern Hemisphere). Note
that the most significant influence from the QBO is concen-
trated over the WP because deep convection occurs over this
region in the boreal TC season. Of greater interest, nega-
tive OLR anomalies are observed over the tropical WNP,
meaning that convection unimpeded by the cross-tropopause

wind shear is expected to occur under the QBOW phase.
The negative OLR anomaly center is located on the equator,
with wider coverage in the Northern Hemisphere. In con-
trast, significant positive OLR anomalies are found on both
sides of the equator, with greater amplitudes in the Southern
Hemisphere. It should be noted that this pattern displays a
seasonal dependence with different regression distributions
observed in the other seasons.

More details regarding the QBO-tropical convection pro-
cess can be revealed by analyzing the Walker circulation
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response averaged between 10° S and 10° N. As shown in
Fig. 2b, a clockwise cell is clearly observed over the CP,
with a weaker anticlockwise cell immediately to its left.
These three branches are consistent with the tripole pattern
exhibited in Fig. 2a. Focusing on the levels above 100 hPa,
strong westerlies and westerly shear (westerly winds
increase with height) are observed. According to previous
studies (e.g., Baldwin et al. 2001; Collimore et al. 2003;
Lee et al. 2019), this westerly shear can induce downward
motion in the lower-level stratosphere. Generally, the zonal
mean vertical velocity is directed downward above 100 hPa
(warm colors in Fig. 2b), consistent with previous studies.
However, a ventilation opening is observed between 150° E
and 180°, where the upward motion in the troposphere can
reach up to the lower stratosphere. This ventilation open-
ing might be attributed to the weak VWS between 70 and
200 hPa over the equatorial. These enhanced vertical upward
motions are more concentrated in the lower troposphere and
split into two parts in the upper troposphere, consistent with
the significantly enhanced convection over the tropical WNP
under the QBOW phase, as shown in Fig. 2a. The eastern
part (150° E-180°) can reach up to the lower stratosphere
and the western part (120°-150° E) is mainly observed in
the middle troposphere. Affected by the significant upward
motion anomalies of the western part, the downward motion
anomalies in the upper troposphere (90° E-150° E) are con-
fined between 90° E and 150° E in the lower and middle
troposphere.

We further investigate the meridional circulation response
averaged between 120° E and 180° (Fig. 2c). In this section,
enhanced Hadley circulation is observed under the QBOW
phase, with the upward motion branch dominating the equa-
torial region (between 5° S and 10° N) and a downward
motion branch on both sides. Another ventilation opening
is detected over 20° N, which should be attributed to lower-
level stratospheric pumping induced by the positive vorti-
city between the equatorial westerly and the off-equatorial

Fig.3 Anomalies of the

prevailing easterly in the lower stratosphere. This process
is different from equatorial pumping. In other words, both
the narrow pumping along the equator (10° S-10° N,
200-50 hPa) and the wide pumping off the equator (10°
N-20° N, 150-50 hPa) contribute to the ventilation between
the lower stratosphere and upper troposphere. In addition,
downward motion anomalies that suppress off-equatorial
convection are observed between 10° N and 25° N in the
troposphere. Considering the distribution shown in Fig. 2a,
the downward off-equatorial branch is concentrated over the
region of 10° N-25° N, 150° E-180°.

The QBO-tropospheric circulation interaction can also
be reflected by the regressed conversion rate from the avail-
able potential energy (APE) to kinetic energy (KE) in the
troposphere considering both the vertical wind and the tem-
perature together. According to Lau and Lau (1992), the
conversion of eddy available potential energy (EAPE) into
eddy kinetic energy (EKE) indicates the-rising motion of
warm air parcels and is calculated as —% @ T, where R is the
gas constant for dry air, 287 J/(kg K), and P is the pressure
at each level (unit: Pascal). The overbar indicates an average
over a selected period. Usually, a partial differential is added
to o and T to denote a bandpass filter, thereby extracting
some special wave activities from the original data to stress
their impacts (e.g., Tsou et al. 2014). In the present study,
we retained all the signals caused by the vertical motions
of air parcels, calculated the conversion rate from the APE
to KE as —% oT, and performed vertical integration in the
troposphere (between 1000 and 100 hPa; 27 levels in ERA-
Interim). As shown in Fig. 3, a similar distribution to that
in Fig. 2a is exhibited, with a significant tripole pattern
observed over the tropical Indo-Pacific. Positive regressed
anomalies over 0°-10° N, 120° E-180° indicate enhanced
conversion from the APE into KE; i.e., baroclinic processes
provide energy to the deep convection, enabling the con-
vection to rise even higher. In contrast, the off-equatorial
region (10°-20° N, 150° E-150° W) shows the opposite

Reg_Baroclinic Energy

O
vertically integrated conver- 20°N
sion rate of APE to KE in the
troposphere between 1000 Pa o b
10°N -

and 100 hPa (shading; units:
10~' W m™) regressed onto the
U70-based QBOres index. The
stippling denotes anomalies sig- 0°
nificant at the 90% confidence
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W

t test. The dashed black box 10°S
denotes the key region (0°-10°
N, 120° E-180°)
20°S
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regressed anomalies, which lead to suppressed impacts on
tropospheric processes.

4 Modulation of the QBO on TC Activity

As mentioned above, significant QBO-associated changes
in circulations have been observed over the tropical WNP,
which is the key region for TC activities. The QBO-asso-
ciated tropospheric circulation discussed in Sect. 3 may
lead to profound changes in both surfaces and surround-
ing environments, which are influential to TC development.
Hence, further investigation focusing on the environmen-
tal factors affecting TCs is conducted in Sect. 4. As shown
in Fig. 4, the relative vorticity at 850 hPa, divergence at
200 hPa, VWS between 850 and 200 hPa, and mean humid-
ity between 700 and 500 hPa are usually considered to be

Reg vor850
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30°N

20°N

10°N

OO
90°E

105°E 120°E 135°E 150°E 165°E

-1 -0.75-0.5-025 0 025 05 075 1

(b) Reg div200

30°N
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10°N.:
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90°E
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Fig.4 Anomalies of the a 850 hPa relative vorticity (units: 107° s™"),
b 200 hPa divergence (units: 1076 s71), ¢ 200-850 hPa VWS (units:
m s7!) and d mean relative humidity between 700 and 500 hPa

1
180°

T f - T T
105°E 120°E 135°E 150°E 165°E 180°

the most important factors affecting TC genesis (Gray 1968;
Feng et al. 2014; Huangfu et al. 2019a). The relative vorti-
city at 850 hPa regressed onto the U70-based QBOres index
(Fig. 4a) is enhanced in the southern part of the MT region
in the tropical WNP under the QBOW phase. However,
negative relative vorticity anomalies are observed in the
northern part, leading to the opposite influence on TC gen-
esis. This distribution may be reinforced by the upper-level
divergence, as shown in Fig. 4b. The divergence anomalies
at 200 hPa cover a large extent of the southern WNP; the
most significant region is that within 0°-10° N, 120° E-150°
E. This distribution is consistent with the regressed wind
field shown in Fig. 2b. Moreover, the VWS is calculated
and regressed onto the QBOres index (Fig. 4c). The VWS
distribution resembles that of the relative vorticity shown in
Fig. 4a, with the most significant weak VWS anomalies con-
centrated over the southeast quadrant of the tropical WNP. In
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denotes anomalies significant at the 90% confidence level according
to Student’s t test
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addition, mid-level moisture provides important support to
TC genesis. As shown in Fig. 4d, enhanced relative humid-
ity anomalies are observed in the southern WNP, favoring
TC genesis in this region. Similar to the dynamic factors,
the region from 10° N to 25° N, 150° E to 180° bears the
opposite anomalies.

We further calculate the thermodynamic GPI consider-
ing all of the above four factors together (Camargo et al.
2007). However, the humidity (H) term in the GPI equa-
tion employs the relative humidity at 600 hPa (500-700 hPa
mean in Fig. 4d). As shown in Fig. 5, positive GPI anoma-
lies are observed along the MT region, especially over its
southern part (0°-10° N, 120° E-180°; solid box in Fig. 5),
meaning that more TCs are probably generated here under
the QBOW phase. Note that GPI used here is also preproc-
essed, with the ENSO signals have been removed. In con-
trast, significant negative GPI anomalies are observed in the
northern tropical WNP (10°-25° N, 150° E-180°; dashed
box in Fig. 5), presenting suppressed TC genesis trends.
The regions within these two boxes are the most important
regions of TC genesis, and the areas of the boxes are selected
based on both the significance shown in Fig. 5 and the QBO-
induced circulation anomalies depicted in Fig. 2.

Gray (1984) suggested that the TCs over the Atlantic are
associated with trade easterlies, whereas the TCs generated
over the WNP are related to the MT. Hence, we composited
the MT anomalies in both the QBOW and the QBOE phases
(represented by the relative vorticity at 850 hPa; shaded in
Fig. 6). The composite years are selected based on the time
series of the normalized U70res, as illustrated in Sect. 2.
Eleven QBOW cases are identified, namely, 1981, 1983,

Reg GPI
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00
90°E

I
105°E 120°E 135°E 150°E 165°E

4 3 2 -1 0 1 2 3 4

1
180°

Fig.5 Anomalies of the GPI (units: %) regressed onto the U70-based
QBOres index. The stippling denotes anomalies significant at the
90% confidence level according to Student’s t test. The solid black
box denotes the key region (0°-10° N, 120° E-180°), and the dashed
black box denotes the adjacent northern region (10° N-25° N, 150°
E-180°)
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Fig.6 Composited 850 hPa vorticity anomalies (units: 107® s™1) for
the a QBOW and b QBOE phases. Stippling denotes anomalies sig-
nificant at the 90% confidence level according to Student’s t test. The
typhoon symbols indicate the locations of TCs generated in the south-
ern key region (red symbols) and the northern region (blue symbols),
as shown in Fig. 5

1986, 1995, 1997, 2000, 2002, 2009, 2011, 2014 and 2017;
ten QBOE cases are identified, namely, 1982, 1984, 1987,
1992, 1994, 2001, 2010, 2015, 2016, and 2018. Based on
the JASO mean Niflo 3.4 index, we removed strong El Nifio
and La Nifia cases from the QBOW and QBOE groups.
Nine QBOW cases (1981, 1983, 1986, 1995, 2000, 2009,
2011, 2014, and 2017) and six QBOE cases (1984, 1992,
1994, 2001, 2016, and 2018) are employed to conduct the
composite analysis in this study. As shown in Fig. 6a, a
meridional contrast is observed, with the southern (north-
ern) part of the MT enhanced (weakened) under the QBOW
phase. The positive anomalies of the relative vorticity show
an eastward extension of the MT, while the off-equatorial
region exhibits a negative response to the QBO modulation.
In contrast, the MT generally shows opposite anomalies in
the QBOE phase, consistent with the analysis in Fig. 4a.
Further, the TCs within the boxes shown in Fig. 5 (above
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the TS level) are superimposed in Fig. 6. The TCs generated
in the southern box (red TC symbols) in the QBOW phase
occur more frequently in the eastern part than the TC in the
QBOE phase, especially east of 160° E. Additionally, the
annual number of TCs generated in the QBOW phase is 5.4
(49 TCs generated in 9 cases), slightly more than that in the
QBOE phase (5.3; 32 TCs generated in 6 cases). However,
due to the diverse anomalies in the northern part of the MT
region, the annual number of TCs generated in the QBOW
phase (3.4; 31 TCs in 9 cases) is less than that in the QBOE
phase (5.3; 32 TCs in 6 cases). This tendency corroborates
previous studies (e.g., Wu et al. 2012) in which more TCs
tend to be generated over the eastern tropical WNP when
the MT extends eastward. As shown in Table 1, we have
calculated the correlation coefficients between the QBOres
index (including different levels: 70, 50, 40, 30, 20, and
10 hPa) and TC numbers (including three different levels:
tropical depression, tropical storm, and typhoon) based
on the datasets during the period from 1979 to 2018, with
updated 10-year data. The correlation between the QBO and
TC numbers over the WNP is still not statistically significant
at the 90% confidence level, which is consistent with the
result based on the period from 1983 to 2008, with no more
decadal changes observed. However, the correlation analysis
may not be appropriate enough to examine the QBO-TC
relationship. Future studies focusing on specific regions with
updated data may still conclude meaningful results. In addi-
tion, the modulation effect of QBO might be different when
coupled with different tropospheric events.

In the TC peak season, the MT dominates the tropical
region over the WNP. The northeast side of the MT (south-
easterlies) is adjacent to the southwest rim of the western
Pacific subtropical high (WPSH). In other words, the relative
vorticity anomalies in Fig. 6a also show the retreat of the
WPSH, concurrent with the eastward extension of the MT,

which is influential to the tracks of TCs (Ho et al. 2009). Ho
et al. (2009) revealed significant changes in the TC tracks
outside the tropics under different QBO phases with a zonal
dipole pattern observed in the band between 25° N and
35° N. With updated data, we analyzed the corresponding
changes in the TC tracks based on the regression on the U70-
defined QBOres index (c.f., Ho et al. 2009 employed the
VWS between 50 and 70 hPa as the QBO index). As shown
in Fig. 7a, the ACE of TCs is calculated in each 3° X 3° box
over the WNP and regressed onto the QBOres index. Con-
sidering that weak ACE accumulates in the southern part of
the tropical WNP, most regressed signals are observed off
10° N. Significant negative ACE anomalies are observed
along the northern part of the MT, showing a significant
influence on TC tracks toward Taiwan. In contrast, the posi-
tive ACE anomalies in the South China Sea and East China
Sea show an opposite response to the QBOW phase. The
ACE anomalies to the north of 25° N are consistent with
the study of Ho et al. (2009). Further, we calculated the
TC occurrence frequency and obtained a similar distribu-
tion. The results shown in Fig. 7b indicate that the ACE
anomalies can mostly be explained by changing TC tracks.
As reported by Gray et al. (2018), the intertropical conver-
gence zone (ITCZ) shifts southward under the QBOW phase,
as does the MT. Therefore, the TC tracks shift southward
accordingly, and more TC tracks would move toward Tai-
wan under the QBOE phase. The distributions in Fig. 7a,b
are consistent with the results in Fig. 6. The positive ACE
anomalies and more frequent TC in the QBOE phase are
significant in the northern part of the MT region, which can
be explained predominantly by the enhanced TC genesis in
the off-equatorial eastern WNP (Fig. 6b). The shift of TC
tracks toward Taiwan under the QBOE phase can improve
the seasonal forecasts of TC activity over the surrounding
regions.

Table 1 Correlation coefficients

: Indices U70 U50 U40 U30 U20 ul0

between the QBO index (U70,

U50, U40, U30, U20, and WNP_NTC -0.15 -025 -0.14 -0.02 0.02 0.03

Ul0hPa) and TC numbers —— gyp N 0.07 0.00 0.05 0.04 ~0.03 ~0.19

(including three different levels:

tropical depression, NTC; NWNP_NTC -0.08 -0.14 -0.05 0.04 0.03 - 0.05

tropical storm, NTS; typhoon, WNP_NTS -0.07 -0.13 -0.07 - 0.03 - 0.07 -0.07

NTY) SWNP_NTS 0.09 0.05 0.07 0.04 - 0.06 —024
NWNP_NTS —-0.03 -0.07 - 0.01 0.02 —-0.04 -0.13
WNP_NTY -023 - 025 -021 -0.08 0.10 0.22
SWNP_NTY 0.05 0.02 0.02 0.02 0.01 -0.12
NWNP_NTY -0.11 -0.12 —-0.09 -0.02 0.04 0.04

WNP denotes the region within 0°-30°N, 120°E-180°, SWNP denotes the region within 0°~10°N, 120°E-
180°, and NWNP denotes the region within 10°-25°N, 150°E-180°, respectively
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Fig.7 Anomalies of the a ACE (in a 3°X3° box; unit: 10° m? s72)
and b frequency of TC occurrence (in a 3°X3° box) regressed onto
the U70-based QBOres index. The stippling denotes anomalies sig-
nificant at the 90% confidence level according to Student’s t test

5 Summary and Discussion

Based on the findings in the present study, a schematic is
summarized in Fig. 8 to provide a clearer and updated over-
view of the QBO-troposphere interaction process over the
Pacific. The climatological mean fields are shown in gray,
and the colored shapes are associated with the QBO phases.
Following Gray et al. (2018), we employed 70 hPa as the
critical level of the QBO, with Fig. 8a (8b) showing the
state in the QBOW (QBOE) phase. At this level, the QBO
is zonally homogeneous and centered on the equator (west-
erlies, red vectors; Belmont and Dartt 1968; Wallace 1973).
Within the tropical region in the Northern Hemisphere, the
westerlies over the equator and the easterlies over the off-
equatorial region can form a cyclonic band, providing an
upwelling force to the tropopause (c.f., Fig. 2¢). Although
this force is treated as zonally homogeneous, the effect of
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this force is quite different when considering the underlying
upper-tropospheric winds. According to the climatological
mean state of the zonal wind in the upper-troposphere along
the equator, which is the upper-level region of the Pacific
Walker circulation, as shown at 200 hPa, notable westerlies
(or weak easterlies in some years) can be observed over the
CP, with the WP and eastern Pacific (EP) both controlled
by easterlies (Ma and Zhou 2016). Hence, the weak VWS
between 70 and 200 hPa over the equatorial CP reinforces
the upward motion anomalies (blue vector; c.f., Fig. 2b).
Therefore, with both the stratospheric pumping and the force
from the equatorial VWS, the convection over the eastern
WNP within the off-equatorial region is enhanced due to the
influence of the QBO, leading to a higher tropopause (thick
blue curve). In contrast, the stronger VWS on both sides of
the upward branch leads to suppressed vertical motions over
the equator (red vectors). Based on the results in the present
study, we found approximately opposite anomalies during
the QBOE phase (Fig. 8b).

After revisiting the anomalies in the QBO-associated cir-
culations, we examined the corresponding changes in TC
activities over the WNP. Although significant circulation
anomalies are also observed on both sides of the WNP, TC
activities are not active in these regions, especially in the
Southern Hemisphere. Hence, we focus mainly on the TC
activities in the WNP. Concurrent with the QBOW phase,
a favorable environment for TC genesis is observed along
the southern MT, yet the northern MT is unfavorable for
TC genesis. Considering the QBO-associated circulation
anomalies, we conducted statistical analysis, the results of
which reveal that under the QBOW phase, more TCs tend to
generate in the equatorial region of the WNP, whereas fewer
TCs are generated in the off-equatorial region over the WNP.
All levels of TCs (TD, TS, and typhoon) show consistent
trends. Moreover, the TC tracks show significant changes
under different QBO phases. Concomitant with the QBOE
phase, the MT shifts northward, and more TCs occur closer
to Taiwan. These results may add more tropical signals to
the study of Ho et al. (2009).

The main purpose of the present study is to reveal the
different modulation effects of the QBO on the troposphere
in the zonal direction. With greater convective activities
over the WP, a significant response to stratospheric ven-
tilation is observed. With the ventilation opening located
over the western CP, the QBOW phase shows a westward-
tilted pumping effect on convections due to the prevailing
easterlies in the upper troposphere. In addition to the focus
on TC activities in the present study, additional tropical
events should be reexamined to discern their relationship
with QBO events, especially over the WNP. Moreover, the
present study focuses mainly on the central branch of the tri-
pole pattern mentioned in the regressed convection anoma-
lies. The impacts exerted by both sides have still not been
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Fig.8 Schematic diagram of the impacts of the a QBOW and b QBOE phases on tropical convection over the Pacific
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Table 2 Correlation coefficients between the QBO index (U70, U50,
U40, U30, U20, and U10 hPa) and ENSO indices (Nifio 3 index,
Nifio3.4 index, Nifio 4 index and EMI) based on monthly data in
JASO during the period 1979-2018

Indices Nifio 3 Nifio 34 Nifio 4 EMI

u70 —0.05 —-0.09 —-0.09 —-0.11
Us0 0.07 0.03 —-0.02 —-0.09
U40 0.13 0.09 0.03 —0.05
U30 0.20 0.19 0.14 0.07
U20 0.24 0.26 0.24 0.18
Ul5 0.19 0.22 0.20 0.16
ul10 0.10 0.13 0.11 0.08

thoroughly discussed under different QBO phases. Addition-
ally, the influence of the QBO on TC activity is limited.
Further studies should be carried out to study the combined
impacts of the QBO and the tropical Indian Ocean, which
is considered to be the dominant factor influencing boreal
summertime TCs (Zhan et al. 2011, 2014; Ha et al. 2015;
Huangfu et al. 2019a).

In addition, we calculated the correlation coefficients
between the QBO index (seven levels in FUB-gbo: 70 hPa,
50 hPa, 40 hPa, 30 hPa, 20 hPa, 15 hPa and 10 hPa zonal
winds) and ENSO indices [Nifio 3 index, Nifio 3.4 index,
Nifio 4 index and El Nifio Modoki Index (EMI)] based on
monthly data in JASO during the period 1979-2018. The
correlation coefficients are not statistically significant in
this period (Table 2), indicating that the regression results
based on the residual data bear great resemblance to those
based on the original data. As has been discussed in previous
studies (c.f., page L06702 in Ho et al. 2009 or page 5816 in
Camargo and Sobel 2010), the QBO-TC activity relation-
ship is essentially unchanged after removing the ENSO sig-
nal. Additionally, previous studies always treated the QBO
effects as symmetric along the equator, although some rea-
nalysis data oppose this notion. Perhaps future research can
provide systematic and convincing observational data above
the tropopause, with which we can conduct meaningful stud-
ies on the asymmetric impacts of the QBO.
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