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ABSTRACT

This study investigates characteristics of the convective quasi-biweekly oscillation (QBWO) over the South China
Sea (SCS) and western North Pacific (WNP) in spring, and the interannual variation of its intensity. Convective QB-
WO over the WNP and SCS shows both similarities and differences.  Convective QBWO over the WNP originates
mainly from southeast of the Philippine Sea and propagates northwestward. In contrast, convective QBWO over the
SCS can be traced mainly to east of the Philippines and features a westward propagation. Such a westward or north-
westward  propagation  is  probably  related  to n =  1  equatorial  Rossby  waves.  During  the  evolution  of  convective
QBWO over the WNP and SCS, the vertical motion and specific humidity exhibit a barotropic structure and the ver-
tical relative vorticity shows a baroclinic structure in the troposphere. The dominant mode of interannual variation of
convective  QBWO intensity  over  the  SCS–WNP region in  spring is  homogeneous.  Its  positive  phase  indicates  en-
hanced convective QBWO intensity accompanied by local enhanced QBWO intensity of vertical motion throughout
the troposphere as well as local enhanced (weakened) QBWO intensity of kinetic energy, vertical relative vorticity,
and wind in the lower (upper) troposphere. The positive phase usually results from local increases of the background
moisture and anomalous vertical shear of easterlies. The latter contributes to the relationship between the dominant
mode and QBWO intensities of kinetic energy, vertical relative vorticity, and wind. Finally, a connection between the
dominant mode and the sea surface temperature anomalies in the tropical Pacific Ocean is demonstrated.
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1.    Introduction

Atmospheric  10–20-day  intraseasonal  oscillation,
termed  as  quasi-biweekly  oscillation  (QBWO),  over  the
South China Sea–western North Pacific (SCS–WNP) re-
gion  is  significant  in  summer  (Chen  and  Chen,  1995;
Fukutomi and Yasunari, 1999; Li and Wang, 2005; Kiku-
chi and Wang, 2009; Chen and Wang, 2017). It has a re-
markable  impact  on  weather  and  climate  in  the  Asian
monsoon  region  (e.g., Mao  and  Chan,  2005; Jia  and

Yang, 2013; Li and Zhou, 2013; Ren et al., 2013; Chen et
al.,  2015).  Interannual  and interdecadal  variations of  the
atmospheric  QBWO  intensity  over  the  SCS–WNP  re-
gion in summer, which is an important issue when deal-
ing with its weather and climate impacts, have been stud-
ied  in  previous  works  (e.g., Zveryaev,  2002; Teng  and
Wang,  2003; Lin  and Li,  2008; Yang et  al.,  2008; Li  et
al., 2015; Hsu et al., 2017; Wu and Cao, 2017; Xu et al.,
2017). In summer, a westward- or northwestward-propa-
gating  atmospheric  QBWO  dominates  over  the  Asian
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monsoon  region,  which  is  closely  related  to  equatorial
Rossby  waves  (e.g., Chatterjee  and  Goswami,  2004;
Kikuchi  and  Wang,  2009; Chen  and  Sui,  2010).  There-
fore, over the SCS–WNP region, background atmospheric-
field  anomalies  (e.g.,  moisture  and  vertical  zonal  wind
shear)  may  influence  equatorial  Rossby  waves  (Wang
and  Xie,  1996; Xie  and  Wang,  1996)  and  subsequently
modulate  the  atmospheric  QBWO intensity.  For  ex-
ample,  developing  El  Niño  events  leads  to  anomalous
background  atmospheric  fields  (easterly  vertical  shear,
increased  lower-level  moisture,  and  enhanced  convec-
tion)  in  a  region  extending  from  the  equatorial  western
and central Pacific to tropical WNP in summer, favoring
the enhanced atmospheric QBWO intensity over the trop-
ical WNP (Wu and Cao, 2017). The Interdecadal Pacific
Oscillation  shifted  to  a  negative  phase  around  the  late
1990s,  leading  to  the  decreased  background  lower-level
moisture  and  anomalous  background  westerly  vertical
shear over the WNP in late summer (Xu et al., 2017). As
a result,  atmospheric  QBWO intensity  over  the WNP in
late  summer  has  weakened  significantly  since  the  late
1990s.

As  described  above,  previous  studies  mainly  focused
on the atmospheric QBWO and variation of its  intensity
over the SCS–WNP region in summer. However, less at-
tention  has  been  paid  to  these  aspects  in  spring,  which
may  also  have  an  important  impact  on  weather  and  cli-
mate (e.g., Zhou and Chan, 2005; Wu, 2018). Some stud-
ies  documented  the  origin  and  structure  of  atmospheric
QBWO  over  the  tropical  Indian  Ocean  in  spring  (Wen
and Zhang, 2008; Wen et al., 2010); however, details re-
garding  characteristics  of  the  atmospheric  QBWO  over
the  SCS–WNP  region  remain  to  be  demonstrated.  Sea-
sonal  evolution  of  the  atmospheric  20–80-day  in-
traseasonal  oscillation  intensity  in  the  tropics  during  the
El Niño–Southern Oscillation (ENSO) cycle has been re-
vealed by previous studies (e.g., Gushchina and Dewitte,
2012; Yuan et  al.,  2015; Chen et  al.,  2016; Wang et  al.,
2018). For example, Yuan et al. (2015) showed that there
is  a  strong  atmospheric  30–60-day  intraseasonal  oscilla-
tion  in  the  equatorial  western  Pacific  as  well  as  pro-
nounced  eastward-propagating  signals  in  the  tropics  in
spring of central and eastern Pacific El Niño developing
years,  and  these  features  can  also  be  observed  in  spring
of central Pacific El Niño decaying years. However, less
attention has been paid to the connection between the at-
mospheric  QBWO  intensity  over  the  SCS  and  WNP  in
spring and background sea surface temperature (SST) an-
omalies  in  the  tropical  Pacific  and  underlying  mechan-

isms involved (Wu, 2018; Wu and Song, 2018). Wu and
Song  (2018) revealed  that  the  atmospheric  QBWO  in-
tensity  over  the  SCS–WNP  region  tends  to  enhance
(weaken)  in  connection  with  anomalous  background  at-
mospheric fields in spring of La Niña (fast El Niño) de-
caying years. However, the dominant mode of interannual
variation  of  the  atmospheric  QBWO  intensity  over  the
SCS–WNP  region  in  spring  and  its  connection  with
background  SST  anomalies  in  the  tropical  Pacific  re-
mains  unknown.  Besides,  outgoing  longwave  radiation
(OLR) is usually employed to trace atmospheric QBWO.
Therefore, atmospheric QBWO usually refers to convect-
ive  QBWO.  In  fact,  variables  other  than  OLR,  such  as
vertical relative vorticity (e.g., Chen and Sui, 2010), can
also be used to trace atmospheric QBWO. However, few
studies  demonstrate  the  relationship  of  QBWO  intensit-
ies of different atmospheric variables in the troposphere.

This study, with the convective QBWO as its main fo-
cus,  aims  to  address  some  of  the  knowledge  gaps  de-
scribed above. The data and methods used are described
in Section 2. Section 3 demonstrates the characteristics of
convective QBWO over the SCS–WNP region in spring.
Section 4 presents the interannual variation of its intens-
ity. The conclusions are provided in Section 5.

2.    Data and methods

The  data  employed  in  this  study  are:  (1)  daily  OLR,
with a horizontal resolution of 2.5° × 2.5° (Liebmann and
Smith,  1996),  provided  by  the  NOAA; (2)  6-hourly  and
monthly reanalysis  data  from ERA-Interim,  with  a  hori-
zontal resolution of 1.5° × 1.5° (Dee et al., 2011); (3) the
NOAA Extended Reconstructed SST, version 3b, with a
horizontal  resolution of 2.0° × 2.0° (Smith et  al.,  2008);
and  (4)  the  Global  Precipitation  Climatology  Project
(GPCP)  monthly  precipitation,  with  a  horizontal  resolu-
tion of 2.5° × 2.5° (Adler et al., 2003).

The  Lanczos  band-pass  filter  (Duchon,  1979)  is  ap-
plied to the anomalies of daily data to extract the 10–20-
day signals.  Due to  the  cutoff  of  the  Lanczos  band-pass
filter, the period 1980–2016 is used in this study. Spring
refers to the months of March, April, and May. Convect-
ive  QBWO  is  traced  by  the  10–20-day  OLR.  In  this
study, the QBWO intensity is represented by standard de-
viations  of  the  10–20-day  variables  in  spring  (Teng and
Wang,  2003; Wang  et  al.,  2018).  For  better  comparison
with previous studies (Wu and Song, 2018),  the QBWO
intensity of kinetic energy is defined as the averaged kin-
etic energy in spring, calculated by using the 10–20-day
zonal and meridional winds.
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3.    Characteristics of convective QBWO over
the SCS and WNP in spring

As indicated by standard deviations of  the 10–20-day
OLR (Fig.  1a),  there are three convective QBWO activ-
ity centers over the tropical Indian Ocean to western Pa-
cific  in  spring:  the  eastern  tropical  Indian  Ocean,  the
SCS–WNP, and the South Pacific convergence zone. Al-
though  convective  QBWO activities  over  the  three  cen-
ters  are  comparable,  the  variability  of  convective
QBWO  intensity  over  the  SCS  and  WNP  is  much
stronger  than  that  over  the  other  two  centers  (Fig.  1b).
Actually,  the  variability  of  convective  QBWO  intensity
over the SCS–WNP region is the strongest in the tropics
in spring (figure omitted). To further demonstrate the sig-
nificant  convective  QBWO  activity  over  the  SCS  and
WNP, spectral analysis is separately applied to the area-
averaged  daily  OLR  anomalies  over  a  boxed  region  of
the WNP (2.5°–17.5°N, 125.0°–150.0°E; the large green
rectangle  in Fig.  1a)  and  the  SCS  (2.5°–17.5°N,
110.0°–120.0°E;  the  small  green  rectangle  in Fig.  1a).

The 5-day running averaged OLR over the two boxes is
basically less than 270 W m–2. Its climatology and stand-
ard  deviation  over  the  WNP (SCS)  box are  about  245.0
(246.0)  and  17.0  (21.0)  W  m–2,  respectively.  Based  on
the monthly OLR, Waliser et al. (1993) revealed that the
value of  260 or  270 W m–2 for  OLR can be used as the
threshold  to  distinguish  the  convective  from  non-con-
vective  regions  in  the  tropics.  Therefore,  OLR  can  be
used  to  trace  the  convection  in  the  two  boxes.  For  the
WNP box,  there  is  a  peak  of  the  multiyear  mean power
spectra  above  the  0.05  significance  level  in  the  10–20-
day  period  (Fig.  2a).  As  for  the  power  spectra  of  indi-
vidual years, 30 of 36 yr shows peaks above the 0.05 sig-
nificance level in the 10–20-day period (figure omitted).
For  the  SCS box,  the  multiyear  mean power  spectra  are
also significant at the 0.05 level in the 10–20-day period
(Fig.  2b).  Although  there  is  no  peak  for  the  multiyear
mean  power  spectra  in  the  10–20-day  period,  for  the
power  spectra  of  individual  years,  33  of  36  yr  shows
peaks  above  the  0.05  significance  level  in  this  period
(figure  omitted).  Therefore,  there  is  significant  convect-
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Fig.  1.   Standard deviations of  (a)  10–20-day OLR (W m–2)  and (b)  OLR QBWO intensity (W m–2)  in spring of  1980–2016.  The WNP box,
marked by the large green rectangle,  refers  to  the region (2.5°–17.5°N,  125.0°–150.0°E).  The SCS box,  marked by the small  green rectangle,
refers  to  the  region  (2.5°–17.5°N,  110.0°–120.0°E).  The  SCS–WNP  box,  marked  by  the  blue  rectangle,  refers  to  the  region  (2.5°–17.5°N,
110.0°–150.0°E).
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Fig. 2.   The 33-yr mean power spectra of daily OLR anomalies averaged over the (a) WNP box (large green rectangle in Fig. 1a) and (b) SCS
box (small green rectangle in Fig. 1a) in spring. The Markov red-noise spectrum (green line), a priori 0.05 significance level (blue line), and a
posteriori 0.05 significance level (red line) are also shown. Daily OLR anomalies in spring are smoothed by a 5-day running average before the
spectral analysis is employed for each year during 1980–2016.
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ive QBWO over the SCS–WNP region in spring.
To  reveal  the  spatiotemporal  evolution  of  convective

QBWO over the SCS and WNP, the composite analysis,
which  is  the  difference  between  active  and  suppressed
convective  QBWO  events,  is  carried  out.  As  shown  by
Figs.  3, 5,  evolution  of  the  convective  QBWO  over  the
WNP and SCS shows differences.  Therefore,  active and
suppressed  convective  QBWO  events  are  separately  se-
lected  for  the  WNP  and  SCS.  The  active  (suppressed)
convective  QBWO  events  over  the  WNP  are  selected
when  the  standardized  10–20-day  OLR  over  the  WNP

box  exceeds  –1  (1)  in  the  peak  phase.  The  active  (sup-
pressed) convective QBWO events for the SCS are selec-
ted in a similar way, but over the SCS box.

According  to Fig.  3,  for  convective  QBWO  over  the
WNP,  an  anomalous  cyclonic  circulation  appears  south-
east  of the Philippines Sea (5.0°N, 150.0°E) on Day –6.
From  Days  –4  to  0,  the  anomalous  cyclonic  circulation
and  enhanced  convection  develop  and  propagate  north-
westward.  The  enhanced  convection  reaches  its  peak
over the WNP box on Day 0.  The perturbations weaken
as  they continue to  propagate  northwestward.  The verti-
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Fig. 3.   Composite evolution of 10–20-day OLR (shaded; W m–2) and 850-hPa wind (vectors; m s–1) for convective QBWO over the WNP in
spring.  The plotted  fields  are  significant  at  the  0.05  significance  level.  Day 0  indicates  the  reference  time when the  10–20-day OLR over  the
WNP box is in its peak phase.
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cal motion and specific humidity over the WNP box ex-
hibit  a  deep  vertical  structure  in  the  troposphere  (Figs.
4a, b),  but  the  vertical  relative  vorticity  is  out-of-phase
between the lower and upper troposphere (Fig. 4c). Cen-
ters of the vertical motion and specific humidity are loc-
ated  within  300–400  and  850–500  hPa,  respectively
(Figs. 4a, b).

As  shown  in Fig.  5,  for  convective  QBWO  over  the
SCS,  there  is  an  anomalous  cyclonic  circulation  east  of
the Philippines on Day –6. From Days –4 to 0, the initial
perturbations (the anomalous cyclonic circulation and en-
hanced convection) develop when propagating westward.
On  Day  0,  the  enhanced  convection  reaches  its  peak
phase  over  the  SCS  box.  The  perturbations  weaken  as
they continue to propagate westward. Over the SCS box,
the  vertical  motion  and  specific  humidity  also  exhibit  a
deep  vertical  structure  in  the  troposphere,  and  the  verti-
cal  relative  vorticity  is  out-of-phase  between  the  lower
and upper troposphere (Fig. 6).

As  revealed  above,  the  convective  QBWO  over  the
WNP and  SCS in  spring  shows  westward  or  northwest-
ward  propagation  features,  which  indicates  that  it  is
closely connected to equatorial Rossby waves. Similar to
Chen  and  Sui  (2010),  the  zonal  wavelength  and  phase
speed of the convective QBWO over the WNP and SCS
in  spring  are  calculated,  separately.  The  zonal  wave-
length  is  about  7000  (6000)  km  and  the  phase  speed  is
–5.79  (–4.96)  m s–1 over  the  WNP (SCS).  Furthermore,
during the evolution of convective QBWO over the WNP
and  SCS,  in  addition  to  the  anomalous  cyclone  at  850
hPa over the WNP–SCS (Figs. 3, 5), there is an anomal-
ous  cyclone  along  the  same  longitudinal  band  in  the
counterpart  region  of  the  Southern  Hemisphere  (figure
omitted). These features are consistent with characterist-
ics  of n =  1  equatorial  Rossby  waves.  Therefore,  the

westward or northwestward propagating convective QB-
WO over  the  WNP and  SCS in  spring  is  probably  con-
nected to n = 1 equatorial Rossby waves.

4.    Interannual variation of convective QBWO
intensity over the SCS–WNP region in
spring

In this section, the interannual variation of convective
QBWO intensity over the SCS–WNP region in spring is
investigated.  Linear  trends  of  variables  are  removed  to
extract  interannual  signals.  Empirical  orthogonal  func-
tion (EOF) analysis  is  applied to the convective QBWO
intensity anomalies over the SCS–WNP region to reveal
the  dominant  mode  of  their  variation.  The  dominant
mode (EOF1), which is independent of other EOF modes
based on the criteria of North et al.  (1982), accounts for
30.3% of the total  variance. The anomalies in EOF1 are
almost in-phase, with the center located east of the Phil-
ippines  (Fig.  7a).  Therefore,  EOF1  is  a  homogeneous
mode.  Based  on  EOF1,  an  index  of  the  convective  QB-
WO  intensity  is  defined  as  the  standardized  area-aver-
aged  convective  QBWO  intensity  over  the  SCS–WNP
box  (5.0°–17.5°N,  110°–150°E)  in  spring.  The  correla-
tion  coefficient  between  the  index  and  time  coefficients
of EOF1 (Fig. 7b) is 0.99. Therefore, the index is used to
describe the interannual variation of EOF1. When the in-
dex is greater (less) than 0.0, EOF1 is in a positive (neg-
ative) phase. That is,  there is enhanced (weakened) con-
vective  QBWO  intensity  over  the  SCS–WNP  region  in
spring.

Figure  8 presents  the  regressed  QBWO  intensities  of
various atmospheric variables against  the index over the
SCS–WNP region in spring. Corresponding to the posit-
ive phase of EOF1, the local QBWO intensity of vertical
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Fig. 4.   Composite vertical–time cross-sections of 10–20-day variables over the WNP box for convective QBWO over the WNP in spring. (a)
vertical motion (Omega; 10–2 Pa s–1), (b) specific humidity (Shum; g kg–1), and (c) vertical relative vorticity (Vvort; 10–5 s–1). Shading indicates
the 0.05 significance level. Day 0 indicates the reference time when the 10–20-day OLR over the WNP box is in its peak phase.
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motion is  enhanced throughout  the  troposphere  over  the
SCS–WNP  box,  with  a  maximum  at  the  middle  level
(Figs.  8a, e).  Meanwhile,  the  local  QBWO  intensity  of
specific  humidity  is  enhanced  above  700  hPa,  with  a
maximum at  500 hPa,  but  weakened slightly  below 700
hPa (Figs. 8b, f). Furthermore, the local QBWO intensit-
ies  of  vertical  vorticity  and  kinetic  energy  are  enhanced
(weakened)  in  the  lower  (upper)  troposphere  over  the
SCS–WNP  box  (Figs.  8c, d, g, h).  Similar  features  are
also found for QBWO intensities of the zonal and meridi-
onal winds (figure omitted).

As shown by Fig. 9, increase in the background mois-

ture over the SCS–WNP region in spring provides more
moisture for the 10–20-day convection, and hence favor-
ing  the  positive  phase  of  EOF1.  Corresponding  to  the
positive phase of EOF1, the maximum increase in back-
ground moisture over the SCS–WNP box is located with-
in  850–700  hPa  (Fig.  9b).  The  local  anomalous  back-
ground  easterly  vertical  shear  also  favors  the  positive
phase  of  EOF1  (Fig.  10).  Convective  QBWO  over  the
SCS–WNP region in spring is probably connected to n =
1  equatorial  Rossby  waves.  As  revealed  by  previous
studies (Wang and Xie, 1996; Xie and Wang, 1996), the
anomalous background easterly  vertical  shear  favors  the
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trapping  of  equatorial  Rossby  waves  at  the  lower  level.
As  a  result,  equatorial  Rossby  waves  are  enhanced
(weakened)  at  the  lower  (upper)  level.  The  enhanced
waves  at  the  lower  level  may  lead  to  enhanced  10–20-
day  convection  by  generating  stronger  Ekman
pumping–induced  heating.  Therefore,  the  anomalous
background  easterly  vertical  shear  over  the  SCS–WNP
region  in  spring  favors  an  enhanced  convective  QBWO
intensity, i.e., the positive phase of EOF1.

The anomalous background easterly vertical  shear  fa-
vors  enhanced  (weakened)  equatorial  Rossby  waves  at
the  lower  (upper)  level.  This  contributes  to  the  fact  that
the positive phase of EOF1 is accompanied by local en-
hanced (weakened) QBWO intensities of the vertical rel-
ative vorticity, kinetic energy, as well as zonal and meri-
dional  winds  in  the  lower  (upper)  troposphere.  To  con-
firm this, a background zonal wind vertical shear index is
defined  as  the  standardized  area-averaged  background
zonal  wind  vertical  shear  over  the  SCS–WNP  box  in
spring. Figure 11 shows the regressed QBWO intensities
of various variables over the SCS–WNP box against the
convective QBWO intensity index, with the signal of the
background  zonal  wind  vertical  shear  index  being  first
removed  by  linear  regression.  As  shown  in Fig.  11,
without  the  influence  of  the  anomalous  background  zo-
nal  wind  vertical  shear  over  the  SCS–WNP  region,  the
relationship  between  EOF1 and  local  QBWO intensities
of  the  vertical  motion  and  specific  humidity  changes
slightly  (cf. Figs.  8e, f and 11a, b).  However,  the  rela-
tionship  between  EOF1  and  local  QBWO  intensities  of
the vertical relative vorticity (cf. Figs. 8g and 11c), kinetic
energy (cf. Figs. 8h and 9d), as well as zonal and meridi-
onal winds (figure omitted) changes remarkably. Corres-
ponding to the positive phase of EOF1, local QBWO in-
tensities  of  the  four  variables  are  enhanced  throughout
the troposphere.

The  convective  QBWO  intensity  index  is  signific-
antly and negatively correlated with background SST an-
omalies  in  the  equatorial  central  and  eastern  Pacific  in
the preceding winter to summer (Figs. 12a–c), but insig-
nificantly correlated to those from autumn to the follow-
ing  winter  (Figs.  12d, e).  This  indicates  that  EOF1  is
mainly influenced by the preceding ENSO, but probably
has no connection to the development of ENSO. A simi-

100
(a) Omega

150

200
250
300

400
500
600
700
850
925

1000
−10 −8 −6 −4 −2 0

Day
2 4 6 8 10

100
(b) Shum

150

200
250
300

400
500
600
700
850
925

1000
−10 −8 −6 −4 −2 0

Day
2 4 6 8 10

100
(c) Vvort

150

200
250
300

400
500
600
700
850
925

1000
−10 −8 −6 −4 −2 0

Day
2 4 6 8 10

SCS-QBWO-events

Pr
es

su
re

 (h
Pa

)

 
Fig. 6.   As in Fig. 3, but for the SCS box for convective QBWO over the SCS in spring. (a) vertical motion (Omega; 10–2 Pa s–1), (b) specific hu-
midity (Shum; g kg–1), and (c) vertical relative vorticity (Vvort; 10–5 s–1). Shading indicates the 0.05 significance level. Day 0 indicates the refer-
ence time when the 10–20-day OLR over the SCS box is in its peak phase.
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SCS–WNP box in spring during 1980–2016.  The dominant  mode ac-
counts for 30.3% of the total variance.
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lar relationship between the QBWO intensity of 850-hPa
kinetic  energy  and  ENSO  was  revealed  by Wu  (2018).
Background  atmospheric  fields  over  the  SCS–WNP  re-
gion in spring can be influenced by the preceding ENSO,

for example, as revealed by Wang et al. (2000) and Yuan
and Yang (2012). Therefore, EOF1 can be modulated by
background SST anomalies  in  the equatorial  central  and
eastern  Pacific  in  the  preceding  winter,  as  demonstrated
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Fig. 8.   Regressed spring QBWO intensities of (a, b) 500-hPa vertical motion (Omega; 10–2 Pa s–1) and specific humidity (Shum; g kg–1), and (c,
d)  850-hPa  vertical  relative  vorticity  (Vvort;  10–5 s–1)  and  kinetic  energy  (KE;  m2 s–2)  against  the  convective  QBWO  intensity  index  during
1980–2016. (e–h) As in (a–d), but for vertical profiles of regressed QBWO intensities over the SCS–WNP box. Dashed and solid lines in (a–d)
indicate the 0.10 and 0.05 significance level, respectively; and blue and red dots in (e–h) indicate the same.
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below.
When EOF1 is in its positive phase, La Niña-like SST

anomalies appear in the tropical Pacific in the preceding
winter  and  spring  (Figs.  12a, b).  Accordingly,  there  are
increased  (decreased)  precipitation  over  the  SCS–WNP
region,  Maritime  Continent,  and  South  Pacific  conver-
gence  zone  (equatorial  central  and  eastern  Pacific)  (fig-
ure omitted),  and enhanced Walker circulations over the
tropical  Indian  Ocean  and  Pacific  in  spring  (Fig.  13).
Corresponding to the enhanced Walker circulation in the
Indian  Ocean,  anomalous  westerlies  (easterlies)  prevail
in the lower (upper) troposphere over the tropical Indian
Ocean to WNP (Fig. 13). Therefore, the anomalous back-
ground  easterly  vertical  shear  appears  over  the
SCS–WNP  region  (Fig.  12).  Furthermore,  the  increased
precipitation over the SCS–WNP region, which is caused
by  the  local  air–sea  interaction  and  remote  effects  from
the  colder  SST in  the  equatorial  central  and  eastern  Pa-

cific  (Zhang  et  al.,  1996; Wang  et  al.,  2000; Wu  et  al.,
2017), induces a Rossby-wave response with an anomal-
ous  cyclone  (anticyclone)  in  the  lower  (upper)  tropo-
sphere to its northwest (Fig. 13). This also contributes to
the  anomalous  background  easterly  vertical  shear  over
the SCS–WNP region. Besides,  corresponding to the in-
creased precipitation, anomalous ascent dominates in the
troposphere and anomalous horizontal convergence dom-
inates  in  the  lower  troposphere  over  the  SCS–WNP  re-
gion.  Therefore,  moisture  in  the  lower  troposphere  in-
creases  (Fig.  10).  Influenced  by  the  increased  back-
ground moisture and anomalous background easterly ver-
tical shear, EOF1 tends to be in its positive phase.

An  interesting  question  is:  without  the  influence  of
background SST anomalies  in  the equatorial  central  and
eastern  Pacific  in  the  preceding  winter,  is  the  dominant
mode still homogeneous and what is its relationship with
background  SST  anomalies?  EOF  analysis  is  applied  to
the  convective  QBWO  intensity  anomalies  over  the
SCS–WNP  in  spring  after  removing  the  signal  of
Niño3.4  index  in  the  preceding  winter  by  linear  regres-
sion.  As shown in Fig.  14a,  the dominant mode (termed
RE-EOF1)  is  still  a  homogeneous  mode,  and  independ-
ent  of  other  modes,  but  its  anomalies  over  the  SCS  de-
crease  remarkably  and  the  explained  variance  drops  to
20.1%. The convective QBWO intensity index,  with the
Niño3.4 index signal in the preceding winter removed, is
used to  represent  the  interannual  variation of  RE-EOF1.
This  is  because  the  correlation  coefficient  between  the
convective  QBWO intensity  index  and  time coefficients
of  RE-EOF1 (Fig.  14b)  is  0.89.  The  index  is  insignific-
antly  correlated  with  background  SST  anomalies  in  the
equatorial  central  and  eastern  Pacific  in  the  preceding
winter (Fig. 15a). It  is,  however, significantly and posit-
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Fig. 9.   (a) Regressed 700-hPa background specific humidity (g kg–1) and (b) vertical profile of regressed background specific humidity (g kg–1)
over the SCS–WNP box in spring against the convective QBWO intensity index during 1980–2016. Black dots in (a) indicate the 0.05 signific-
ance level. Red dots in (b) indicate the 0.05 significance level.
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Fig.  10.   Regressed  background  zonal  wind  vertical  shear  (200  hPa
minus 850 hPa; m s–1) in spring against the convective QBWO intens-
ity index during 1980–2016. Black dots indicate the 0.05 significance
level.
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ively  (negatively)  correlated  to  background  SST  anom-
alies  in  the  tropical  WNP (equatorial  eastern  Pacific)  in
spring  (Fig.  15b).  SST  anomalies  in  these  two  regions
may  lead  to  the  anomalous  Walker  circulation  in  the
tropical Indian Ocean and anomalous precipitation in the
tropical WNP (figure omitted),  which results in anomal-
ous  background  atmospheric  fields  as  described  above

modulating  the  interannual  variation  of  RE-EOF1.  The
pattern  of  background  SST  anomalies  persists  to  sum-
mer and disappears in autumn (Figs. 15c, d).

5.    Conclusions

In  spring,  there  are  three  convective  QBWO  activity
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Fig. 11.   Vertical profiles of regressed spring QBWO intensities over the SCS–WNP box of (a) vertical motion (Omega; 10–2 Pa s–1), (b) specif-
ic humidity (Shum; g kg–1), (c) vertical relative vorticity (Vvort; 10–5 s–1), and (d) kinetic energy (KE; m2 s–2) against the convective QBWO in-
tensity index during 1980–2016, with the signal of background zonal wind vertical shear over the SCS–WNP being first removed in the linear re-
gression. Blue and red dots indicate the 0.10 and 0.05 significance level, respectively.
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Fig.  12.   Regressed  background  SST  (°C)  in  the  preceding  winter  to  following  winter  against  the  convective  QBWO  intensity  index  during
1980–2016. (a) Preceding winter, (b) spring, (c) summer, (d) autumn, and (e) winter. Black dots indicate the 0.05 significance level.
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centers over the tropical Indian Ocean to western Pacific:
the  eastern  tropical  Indian  Ocean,  the  SCS–WNP,  and
the  South  Pacific  convergence  zone.  As  indicated  by
spectral  analysis,  the  convection  exhibits  significant

QBWO over the SCS–WNP region in spring. Convective
QBWO  over  the  WNP  and  SCS  shows  similarities  and
differences.  Convective  QBWO  over  the  WNP  usually
originates  from  southeast  of  the  Philippines  Sea  and

40N
(a) MAM 850-hPa wind

20N

0

20S

40S
60E 90E 120E 150E 180 150W 120W 90W

1.5
40N

(b) MAM 200-hPa wind

20N

0

20S

40S
60E 90E 120E 150E 180 150W 120W 90W

1.5

 
Fig.  13.   Regressed  background  (a)  850-  and  (b)  200-hPa  wind  (m  s–1)  in  spring  against  the  convective  QBWO  intensity  index  during
1980–2016. Light and dark shadings indicate the 0.10 and 0.05 significance level, respectively.
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Fig.  14.   (a)  Dominant  mode  and  (b)  its  standardized  time  coefficients  of  EOF  analysis  of  convective  QBWO  intensity  anomalies  over  the
SCS–WNP region in spring during 1980–2016, with the signal of Niño3.4 index in the preceding winter being first removed. The dominant mode
accounts for 20.1% of the total variance.
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Fig. 15.   Regressed background SST (°C) against the convective QBWO intensity index during 1980–2016, with the signal of the Niño3.4 index
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ance level.
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moves  northwestward.  In  contrast,  convective  QBWO
over the SCS can usually be traced to east of the Philip-
pines  and propagates  westward.  The westward or  north-
westward  propagation  is  probably  connected  to n =  1
equatorial  Rossby  waves.  During  the  evolution  of  con-
vective QBWO over the WNP and SCS, the vertical mo-
tion and specific humidity exhibit a barotropic structure,
and  vertical  relative  vorticity  shows  a  baroclinic  struc-
ture in the troposphere.

The  dominant  mode  of  interannual  variation  of  the
convective  QBWO intensity  over  the  SCS–WNP region
in spring is homogeneous, with an anomalous center loc-
ated east of the Philippines. It accounts for 30.3% of the
total variance. The positive phase of the mode, which in-
dicates  enhanced  the  convective  QBWO  intensity  over
the  SCS–WNP  region  in  spring,  is  accompanied  by  the
local  enhanced  QBWO  intensity  of  vertical  motion
throughout the troposphere, with the center located at the
middle level.  Moreover,  it  is  also connected to the local
enhanced (slightly weakened) QBWO intensity of specific
humidity  above  (below)  700  hPa.  Meanwhile,  it  is  also
accompanied  by  local  enhanced  (weakened)  QBWO  in-
tensities  of  the vertical  relative vorticity,  kinetic  energy,
as well  as zonal  and meridional  winds in the lower (up-
per)  troposphere.  On  the  interannual  timescale,  both  the
local  increased  background  moisture  and  anomalous
background easterly vertical shear tend to favor the posit-
ive  phase  of  the  dominant  mode.  Furthermore,  the  local
anomalous  background  easterly  vertical  shear  is  prob-
ably a factor contributing to the relationship between the
dominant  mode  and  QBWO intensities  of  the  four  vari-
ables  in  the  troposphere.  Sea  surface  temperature  cool-
ing  in  the  central  and  eastern  equatorial  Pacific  in  the
preceding  winter  can  lead  to  the  increased  background
moisture  and  anomalous  background  easterly  vertical
shear over the SCS–WNP region in spring, hence favor-
ing the positive phase of the dominant mode. There is no
significant  relationship  between  the  dominant  mode  and
background SST anomalies in the following winter.

Without  the  influence  of  background  SST  anomalies
in the equatorial central and eastern Pacific in the preced-
ing winter, the dominant mode of interannual variation of
the convective QBWO intensity over  the SCS–WNP re-
gion  in  spring  is  still  a  homogeneous  mode,  but  the  ex-
plained  variance  decreases  to  20.1%  and  its  anomalies
over the SCS decrease remarkably. Corresponding to the
positive phase of this mode, there is sea surface warming
(cooling) in the tropical WNP (equatorial eastern Pacific)
in  spring,  which  modulates  background  atmospheric
fields over the SCS–WNP region. Such a pattern of back-
ground  SST  anomalies  persists  to  summer  and  disap-

pears in autumn.
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