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ABSTRACT

Although it is well known that the tropical easterly jet (TEJ) has a significant impact on summer weather and climate
over India and Africa, whether the TEJ exerts an important impact on tropical cyclone (TC) activity over the western North
Pacific  (WNP) remains unknown. In this  study,  we examined the impact  of  the TEJ on the interannual  variability  of  TC
genesis  frequency  over  the  WNP in  the  TC season  (June−September)  during  1980−2020.  The  results  show a  significant
positive  correlation between TC genesis  frequency over  the  WNP and the  jet  intensity  in  the  entrance region of  the  TEJ
over the tropical western Pacific (in brief WP_TEJ), with a correlation coefficient as high as 0.66. The intensified WP_TEJ
results in strong ageostrophic northerly winds in the entrance region and thus upper-level divergence to the north of the jet
axis over the main TC genesis region in the WNP. This would lead to an increase in upward motion in the troposphere with
enhanced  low-level  convergence,  which  are  the  most  important  factors  to  the  increases  in  low-level  vorticity,  mid-level
humidity and low-level eddy kinetic energy, and the decreases in sea level pressure and vertical wind shear in the region.
All these changes are favorable for TC genesis over the WNP and vice versa. Further analyses indicate that the interannual
variability of the WP_TEJ intensity is likely to be linked to the local diabatic heating over the Indian Ocean-western Pacific
and the central Pacific El Niño-Southern Oscillation.
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Article Highlights:

•  A strong link exists between the WP_TEJ intensity and WNP TC genesis frequency on the interannual timescale.
•  The intensified WP_TEJ results in ageostrophic northerly winds in the entrance region with upper-level divergence to the

north, favorable for WNP TC genesis.
•  The WP_TEJ intensity might be related to the western Pacific summer monsoon rainfall and ENSO Modoki.

 

 
 

 

1.    Introduction

Tropical cyclone (TC) genesis is one of the most import-

ant  aspects  of  TC activity.  What  determines  the  variability
of TC genesis frequency (TCGF) is a scientific concern that
has  attracted  great  attention  over  the  past  2–3  decades.
However,  our  current  understanding  of  the  controlling
factors  and  the  predominant  processes  are  far  from  com-
plete  (Emanuel,  2018).  Understanding  the  processes  driv-
ing TCGF over the western North Pacific (WNP) is particu-
larly difficult because in this basin the large-scale ocean and
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atmospheric circulations are subject to variabilities on vari-
ous  timescales  and  involving  strong  nonlinear  interactions.
Among the various timescales, the variability of TCGF over
the  WNP  on  the  interannual  timescale  is  pronounced  and
the  most  important  for  seasonal  prediction  of  TC  activity
(Chan, 2005; Zhan et al., 2012). For example, the WNP wit-
nessed  34  named  TCs  in  1994  but  only  14  in  2010.  Thus,
improving  our  understanding  about  the  large-scale  climate
factors and the controlling processes on the interannual variab-
ility of TCGF over the WNP is of scientific and social import-
ance.

Many  previous  studies  have  emphasized  the  import-
ance of oceanic factors in affecting the interannual variabil-
ity  of  TCGF over  the  WNP (see  a  review by Klotzbach et
al., 2019). It has been well recognized that the El Niño–South-
ern Oscillation (ENSO), the strongest interannual climate sig-
nal on Earth, plays an important role in controlling TC gen-
esis location and frequency depending on the warming pat-
terns  (Chia  and  Ropelewski,  2002; Wang and  Chan,  2002;
Chen  and  Tam,  2010).  There  is  a  significant  eastward  dis-
placement  of  the  mean  location  of  TC  genesis  over  the
WNP in the El Niño years when the warming occurs in the
equatorial  eastern  Pacific,  while  there  is  a  significant
increase in TCGF over the WNP in the El Niño years when
the warming occurs in the equatorial central Pacific.  These
differences  have  been  found  to  be  linked  to  the  different
responses of atmospheric circulations over the WNP to the
warming–induced  convective  activity  at  different  locations
(Chen  and  Tam,  2010; Wu  et  al.,  2018).  Other  oceanic
factors, such as sea surface temperature (SST) anomalies in
the  East  Indian  Ocean  and  Atlantic  Ocean,  the  spring  SST
gradient  between  the  southwest  Pacific  and  the  western
Pacific  warm  pool  (SSTG),  and  the  Pacific  meridional
mode, also exert profound influences on the interannual vari-
ability of TCGF over the WNP (Zhan et al., 2011, 2013; Yu
et  al.,  2016; Zhang  et  al.,  2016).  Recently,  Zhan  et  al.
(2019) quantitatively evaluated contributions of several key
SST factors in the Indo-Pacific Oceans to the interannual vari-
ability of WNP TCGF and found that the spring SSTG and
East  Indian  Ocean  SST  anomalies  contribute  the  most
(about 77%).

In  addition  to  the  oceanic  factors,  large-scale  atmo-
spheric circulations also exert important controls on the inter-
annual  variability  of  TCGF  over  the  WNP  (Chan,  2005;
Wang  et  al.,  2007; Zhou  and  Cui,  2008; Guo  and  Tan,
2018).  In  particular,  some  studies  have  demonstrated  that
upper tropospheric environmental forcing can affect TC gen-
esis and development (e.g., Pfeffer and Challa, 1981; Sears
and  Velden,  2014; Wang  and  Wu,  2016; Fischer  et  al.,
2017, 2019; Wang and Wang, 2021). This is because favor-
able  upper-tropospheric  forcing  can  enhance  ascending
motion in the region of TC genesis or near the TC center or
accelerate  the  outflow  channels.  Such  outflow  channels  in
the  upper  troposphere  could  provide  favorable  conditions
for  TC genesis  and development  against  the comparatively
weak environmental resistance (Sears and Velden, 2014).

The  tropical  easterly  jet  (TEJ),  which  was  first  dis-
covered by Koteswaram (1958), is among the most conspicu-
ous upper-level environmental features in boreal summer (usu-
ally June−September). The TEJ has two centers observed at
150−200  hPa  (Krishnamurti  and  Bhalme,  1976; Fontaine
and Janicot, 1992; Huang et al., 2020). The stronger one ori-
ginates from the differential heating between the Tibetan Plat-
eau and the Indian Ocean and extends eastward into the trop-
ical western Pacific, and the weaker one is located over the
tropical  eastern Pacific.  The inflow region of  the TEJ over
the  tropical  western  Pacific  is  split  into  two  branches  with
the northern branch near 20°N and the southern branch near
5°N (Lu and Ding, 1989; Liang, 1990). The southern branch
TEJ (hereafter WP_TEJ) is generally stronger than the north-
ern  branch  and  extends  further  eastward-southeastward
(Fig. 1). Previous studies have indicated that the TEJ exerts
great  impacts  on  tropical  weather  and  climate  (Krish-
namurti and Bhalme, 1976; Besson and Lemaître, 2014; Li
et  al.,  2017; Vashisht  et  al.,  2021).  It  is  well  documented
that upper-level divergence south of the TEJ exit  region or
north of the TEJ entrance region can promote convection by
forcing  ascent  and  low-level  convergence  in  accordance
with  Dines  compensation.  The  opposite  is  true  for  the
upper-level  convergence north of  the exit  region and south
of the entrance region of the TEJ (e.g., Uccellini and John-
son, 1979).

Several  studies  have  also  revealed  the  relationship
between  the  TEJ  and  TC  activity  on  the  interannual  and
decadal  variabilities  (Chen,  2006; Rao  et  al.,  2008; Krish-
namurti et al., 2018). It has been hypothesized that over the
North Indian Ocean the weakened TEJ tends to induce more
TCs  with  above-hurricane  intensities  by  reducing  large-
scale  vertical  wind  shear  (Rao  et  al.,  2008).  The  TEJ  over
the  coast  of  West  Africa  provides  favorable  conditions  for
the  strongest  Atlantic  hurricanes  in  recent  years  (Krish-
namurti et al., 2018). Chen (2006) found a significant negat-
ive  correlation between the  TEJ intensity  over  the  Arabian
Sea and TCGF over the WNP. However, how the TEJ over
the Arabian Sea affects WNP TCGF remains unknown.

As mentioned above, the TEJ over the tropical western
Pacific  has  two branches,  which are  in  the  entrance  region
of  the  major  TEJ  over  the  southern  and  southeastern  Asia
(Fig.  1),  implying  that  these  two  TEJ  branches  might  be
important  for  weather  and  climate,  such  as  the  activity  of
TCs  over  the  WNP  as  well.  However,  little  attention  has
been given to the role of these two branches in affecting TC
activity over the WNP. This is not surprising since the main
TEJ core is most often located over the North Indian Ocean
(Krishnamurti  and  Bhalme,  1976; Fontaine  and  Janicot,
1992; Nicholson, 2009). In fact, it is interesting to note that
WNP TCs predominantly form to the north of the entrance
region  of  the  WP_TEJ  (Fig.  1),  indicating  a  possible  link-
age  between  the  WP_TEJ  and  TC  genesis  over  the  WNP.
Zhang (1986) reported that the WP_TEJ was closely correl-
ated with TC count in August over the WNP with more TCs
forming  in  strong  WP_TEJ  months  based  on  the  observed
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data  during  1968−81.  However,  this  earlier  study  did  not
provide  detailed  analysis  on  how  and  to  what  extent  the
WP_TEJ may affect  TCGF over  the  WNP.  Therefore,  fur-
ther  work  over  a  longer  period  of  time  and  using  more
advanced data analysis is needed to gain a more comprehens-
ive  understanding  of  the  interannual  relationship  between
the  WP_TEJ  and  TCGF over  the  WNP,  which  would  also
enrich the understanding of the process driving WNP TC gen-
esis in general.

The  main  objective  of  this  study  is  to  examine  the
impact  of  the  WP_TEJ  on  the  interannual  variability  of
TCGF over the WNP in the TC season (June−September) dur-
ing  1980−2020  and  the  involved  physical  mechanisms
based  on  the  best  track  TC data  and global  reanalysis.  We
will  show  that  a  strong  link  exists  between  the  WP_TEJ
intensity and WNP TCGF on the interannual timescale. The
intensified  (weakened)  WP_TEJ  may  result  in  strong
(weak) ageostrophic northerly winds in the entrance region
of  the  WP_TEJ,  thus  enhancing  (reducing)  divergence  in
the  upper  troposphere  and  upward  motion  below and  low-
level convergence to the north of the jet axis in the main TC
genesis region, favorable (unfavorable) for TC genesis over
the WNP. The rest of the paper is organized as follows. The
data and methodology are described in section 2. Climatolo-
gical  characteristics  of  the  WP_TEJ  are  presented  in  sec-
tion  3.  The  correlation  between  the  WP_TEJ  and  TCGF
over  the  WNP is  analyzed in  section 4.  Section 5  explores

how the  WP_TEJ  modulates  the  large-scale  environmental
conditions  and  thus  affects  TCGF  over  the  WNP.  Conclu-
sions and discussion are given in the last section. 

2.    Data and methodology
 

2.1.    Data

⩾

The TC best-track dataset over the WNP, including the
maximum sustained 10-m wind speed and location informa-
tion  with  a  6-hour  interval  for  each  TC during  1980–2020
was obtained from the Shanghai Typhoon Institute (STI) of
the  China  Meteorological  Agency  (CMA).  The  TC  best-
track  datasets  from  the  Japan  Meteorological  Agency
(JMA)  and  the  Joint  Typhoon  Warning  Center  (JTWC)
were used to confirm the robustness of the results based on
the  CMA  best-track  dataset.  We  focused  on  TCs  with  at
least  tropical  storm intensity (with maximum sustained 10-
m wind speed  17 m s−1) in the TC season each year dur-
ing  1980−2020.  Here,  the  TC  season  is  defined  as  the
period from June to September because the TEJ prevails dur-
ing this period.

The  monthly  and  daily  National  Centers  for  Environ-
mental  Prediction  and  National  Center  for  Atmospheric
Research (NCEP/NCAR) reanalysis data with a horizontal res-
olution of 2.5° × 2.5° (Kalnay et al., 1996) were utilized to
examine  large-scale  environmental  fields.  In  addition,  the

 

 

Fig. 1. The climatological mean monthly 150-hPa horizontal wind (vectors, m s−1) and its zonal component (shaded,
m  s−1)  from  June  to  September  averaged  for  the  period  1980−2020,  and  monthly  TC  genesis  locations  (red  dots)
from June to September accumulated from 1980−2020 for:  (a)  June;  (b)  July;  (c)  August;  and (d)  September.  The
thick red lines denote the TEJ.
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monthly extended reconstructed SST data (ERSST v5) from
the  National  Oceanic  and  Atmospheric  Administration
(NOAA; Smith and Reynolds,  2004),  and the monthly Cli-
mate Prediction Center (CPC) Merged Analysis of Precipita-
tion  data  (CMAP; Xie  and Arkin,  1997)  were  also  used  in
this study. 

2.2.    Methodology

According to quasi-geostrophic theory, jet streaks are sub-
ject  to  substantial  ageostrophic  flows  in  their  entrance  and
exit  regions.  Following Chen et  al.  (2007),  the  equation of
motion  for  the  zonal  wind  component  can  be  used  to  dis-
cuss  the  ageostrophic  motion  associated  with  the  TEJ,
which can be given as 

du
dt
= f (v− vg) = f vag , (1)

where u,  v are the zonal  and meridional  wind components,
respectively, vg is the meridional component of geostrophic
wind,  and vag is  the  meridional  component  of  ageostrophic
flow. Equation (1) predicts two asymmetric divergence–con-
vergence couplets with the upper-level divergence (conver-
gence) along the poleward side of the jet entrance (exit) and
the equatorward side of the exit (entrance) region of the TEJ
(e.g.,  Uccellini  and  Johnson,  1979; Lemburg,  2019).  It
should  be  noted  that  this  equation  may  be  not  completely
applicable  for  the  region  near  the  equator  south  of  the
WP_TEJ as the Coriolis force becomes negligible there.

The  eddy kinetic  energy (EKE)  can  well  represent  the
activity  of  mesoscale  and  synoptic  disturbances,  which
provides favorable conditions for TC genesis. The EKE can
be written as 

EKE =
1
2

(u′2+ v′2) , (2)

where u' and v' represents the zonal and meridional wind com-
ponents of the eddy or synoptic motions defined as their devi-
ations  from  their  corresponding  basic  states,  which  are
defined  as  an  11-day  running  mean  of  their  corresponding
daily values. The overbar means the time mean during a TC
season in each year during the study period.

Since  low-level  relative  vorticity  is  one  of  the  domin-
ant  atmospheric  factors  controlling  TC  genesis  (Gray,
1968), the relative vorticity tendency equation was adopted
to  determine  the  main  processes  contributing  to  the  low-
level  vorticity  anomalies  associated  with  changes  in  the
WP_TEJ  using  daily  NCEP/NCAR  reanalysis  data.  Ignor-
ing the effects of surface friction and turbulent mixing, the rel-
ative  vorticity  tendency  equation  in  pressure  coordinates
can be written as (Holton and Staley, 1973): 

∂ζ

∂t
=−

(
u
∂ζ

∂x
+ v
∂ζ

∂y
+
∂ f
∂y

v
)
−ω∂ζ
∂p
− ( f + ζ)×(

∂u
∂x
+
∂v
∂y

)
+

(
∂ω

∂y
∂u
∂p
− ∂ω
∂x
∂v
∂p

)
, (3)

ζwhere  and f represent  the relative vorticity  and the Cori-
olis parameter, u, v and ω represent the zonal wind, meridi-
onal  wind,  and  vertical p-velocity,  respectively.  The  vorti-
city tendency is determined by the four terms on the right-
hand  side  of  Eq.  (3):  the  horizontal  advection  of  the  abso-
lute vorticity (HADV), the vertical advection of the relative
vorticity (VADV),  the divergence (DIV) term, and the tilt-
ing term (TILT), in that order.

The dynamic genesis  potential  index (DGPI) proposed
by  Wang  and  Murakami  (2020)  was  used  to  examine  the
importance  of  large-scale  dynamic  conditions  for  TC  gen-
esis  because  it  can  capture  the  interannual  variability  of
TCGF over the WNP (Wang and Murakami, 2020; Wang et
al., 2021). The DGPI is given as: 

DGPI =(2+0.1Vs)−1.7(5.5− du
dy

105)2.3(5−20w)3.3×

(5.5+
∣∣∣105η

∣∣∣)2.4
e−11.8−1 , (4)

where Vs is  the  magnitude  of  vertical  wind  shear  (VWS)
between 200 and 850 hPa, du/dy is the meridional gradient
of zonal wind at 500 hPa, w is the 500-hPa vertical pressure
velocity, and η is the 850-hPa absolute vorticity.

In the following discussion, the interannual component
of any variable was calculated by removing the signals with
timescales  over  10  years  from  the  original  data  using  the
fast Fourier transform. 

3.    Climatological  characteristics  of  the
WP_TEJ in boreal summer

Figure  1 shows the  climatological  monthly  mean  150-
hPa horizontal  wind and its  zonal  component from June to
September in the period 1980−2020. There is a strong upper
tropospheric anticyclone over the Tibetan Plateau in boreal
summer,  with  upper-level  easterly  winds  covering  most  of
the tropical regions south of the anticyclone. The TEJ with
the  monthly  mean  zonal  wind  speed  maximum  exceeding
30  m  s−1 appears  in  the  upper-level  easterlies,  extending
from  the  tropical  western  Pacific  to  the  tropical  Atlantic
with the center over the North Indian Ocean. As the Tibetan
anticyclone (which is also often termed South Asian High)
intensifies  and  shifts  northwards,  the  TEJ  strengthens  and
expands from June to August. Afterwards, the Tibetan anti-
cyclone  weakens  and  withdraws  southwards;  and  accord-
ingly,  the  TEJ  also  weakens  and  shrinks  compared  to
August.  Another  prominent  feature  is  the  two  branches  of
the TEJ over the tropical western Pacific in boreal summer
with  the  northern  branch  over  ~20°N  and  the  southern
branch over ~5°N, which has been well documented in pre-
vious studies (e.g., Lu and Ding, 1989; Liang, 1990) as men-
tioned in section 1. These two branches are in the entrance
region  of  the  TEJ.  Generally,  the  southern  branch  is  much
stronger than the northern branch, extending eastwards from
130°E in June to 150°E in July and continuing until Septem-
ber. In this study, this southern branch is referred to the west-
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ern Pacific TEJ, or in short, the WP_TEJ in the following dis-
cussion.

Since the WP_TEJ is relatively strong in the region of
(5°−10°N,  110°−120°E)  in  August  (Fig.  1),  we  examined
the  vertical  structure  of  the  climatological  August  mean
zonal wind averaged along 5°−10°N and 110°−120°E, respect-
ively,  with  the  results  shown  in Fig.  2.  The  center  of  the
WP_TEJ  is  located  at  150  hPa,  similar  to  that  of  the  TEJ.
The core of the jet over the tropical western Pacific expands
upward  with  latitude  (Fig.  2b).  That  is,  the  center  of  the
WP_TEJ  with  the  maximum  in  the  climatological  mean
zonal wind exceeding 20 m s−1 is lower in height than that
of  the  northern  branch  with  the  maximum  zonal  wind
between 15 and 20 m s−1. The climatological characteristics

of the mean zonal wind in other months of the typhoon sea-
son are very similar to those in August (figures not shown).
 

4.    Correlation  between  the  WP_TEJ
intensity and TCGF over the WNP

Figure 1 also gives the climatological monthly TC gen-
esis locations over the WNP during 1980−2020. Most TCs
clearly formed north of the WP_TEJ core, indicating a pos-
sible linkage between the WP_TEJ and TC genesis over the
WNP.  In  order  to  confirm  the  linkage  on  the  interannual
timescale,  we examined the correlation between the upper-
level  zonal  wind  and  the  TCGF  over  the  WNP  during

 

 

Fig. 2. (a) Longitude-pressure and (b) latitude-pressure sections of the climatological mean zonal wind (m s−1) averaged
in August during the period 1980−2020. The plots are averaged for (a) 5°−10°N and (b) 110°−120°E, respectively.

 

 

Fig.  3.  Correlation  coefficients  between  150-hPa  zonal  wind  and  TCGF  over  the
WNP in  the  TC season during 1980−2020.  The areas  with  light  and dark  red  (light
and  dark  blue)  shades  indicate  areas  where  the  positive  (negative)  correlation  is
statistically  significant  at  the  95%  and  99%  confidence  level  based  on  the  Student
t test, respectively. The yellow box indicates the region used for the definition of the
WP_TEJ index.
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1980–2020. Figure  3 shows  the  spatial  distributions  of  the
correlation  coefficients  between  the  150-hPa  zonal  wind
and TCGF in the TC season during 1980−2020 based on the
CMA best track data. As expected, the WNP TCGF exhib-
its  significant  negative  correlations  with  the  upper-level
zonal wind extending from the tropical East Indian Ocean to
the tropical  western Pacific  with the maximum center  over
the  tropical  western  Pacific,  including  the  region  of  the
WP_TEJ.  Significant  positive  correlations  are  mainly  loc-
ated in a narrow belt over the WNP near 20°N. In sharp con-
trast, the correlation between the TEJ core and WNP TCGF
is not statistically significant. According to the above signific-
ant negative correlation regions and the climatological loca-
tion of the WP_TEJ (Fig. 1), we defined the WP_TEJ intens-
ity index as the negative value of 150-hPa zonal wind anom-
aly averaged over 0°–10°N, 110°–150°E. Note that the negat-
ive  value  of  zonal  wind  anomaly  was  considered  here  to
make  the  index  consistent  with  the  intensity  of  the
WP_TEJ, which is easterly (negative zonal wind). Namely,
the  positive  (negative)  index  indicates  the  strong  (weak)
WP_TEJ. This definition is not the same as that used in previ-
ous studies, e.g., which roughly defined the southern branch
TEJ  as  the  150-hPa  zonal  wind  anomaly  at  5°N  from  the

South China Sea to the western Pacific (Yang, 1980) or as
that  at  5°N,  100°E  (Zhang,  1986).  Our  definition  uses  a
wider region, which can better represent WP_TEJ variabil-
ity.

Figure 4 shows the normalized time series of the WNP
TCGF and the WP_TEJ index averaged over the TC season
from 1980 to  2020 based on the  original  data  and the  data
with the longer-term signal over 10 years removed, respect-
ively. Positive correlation between the WNP TCGF and the
WP_TEJ index appears in both the original data and the inter-
annual  components,  with  correlation  coefficients  of  0.59
and  0.66  (Table  1),  respectively,  both  statistically  signific-
ant  at  the  99%  confidence  level.  This  suggests  that  more
(fewer)  TCs  formed  in  response  to  the  strong  (weak)
WP_TEJ in the TC season over the WNP. The variation of
the WP_TEJ intensity can explain about 44% of the total vari-
ance of the interannual variability in WNP TCGF. To con-
firm this relationship, Table 1 also shows the correlations of
the WP_TEJ index and WNP TCGFs using the JTWC and
JMA  best  track  datasets.  The  results  are  consistent  with
those using the CMA best track dataset. The correlation coef-
ficients  with  the  WP_TEJ  index  on  the  interannual  times-
cale reach 0.53 and 0.51 for the JMA and JTWC best track

 

 

Fig. 4. Normalized time series of the WNP TCGF based on the CMA best track data (orange)
and the WP_TEJ index (blue) averaged over the TC season during 1980–2020 using (a) the
original data and (b) the interannual components.
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datasets, respectively, which although somewhat lower than
that  using  the  CMA  dataset,  are  both  statistically  signific-
ant over the 99% confidence level as well.

To further demonstrate the dependence of WNP TCGF
on  the  WP_TEJ  intensity,  we  defined  six  strong  WP_TEJ
years  (1982,  1985,  1994,  2009,  2018,  and  2019  with  the

WP_TEJ  index ≥1  standard  deviation)  and  five  weak
WP_TEJ years (1983, 1988, 1998, 2010, and 2020 with the
WP_TEJ index ≤−1 standard deviation) based on Fig. 4b on
the interannual time scale. It is found that on average there
were  19.5  yr−1 and  11.6  yr−1 in  the  strong  and  weak
WP_TEJ years, respectively, much more and less than the cli-
matological mean of 15.9 yr−1 averaged during 1980−2020.
The  difference  in  WNP  TCGFs  between  the  strong  and
weak years is statistically significant at the 95% confidence
level based on the Student’s t test. 

5.    Possible physical mechanisms

The above statistical  analyses  suggest  that  the  interan-
nual  variability  of  WNP TCGF is  significantly  affected  by
changes in the WP_TEJ intensity. A natural question arises

 

 

Fig.  5.  Composite  (left)  150-hPa  and  (right)  850-hPa  wind  fields  (vector)  and  TC genesis  locations  (red  dots)  for
weak WP_TEJ years (a, d) and strong WP_TEJ years (b, e), and the composite differences between the strong and
weak WP_TEJ years (c, f). The monsoon trough is denoted by a blue solid line in (d) and (e). Thick arrows indicate
areas where the difference is statistically significant at the 95% confidence level by the Student’s t test.

Table 1.   Correlation coefficients between the WP_TEJ index and
the  WNP  TCGFs  averaged  in  the  TC  season  during  1980–2020
based on original data and interannual components from the CMA,
JMA and JTWC best track datasets.

Correlation coefficients

CMA JMA JTWC

Original 0.59 0.46 0.38
Interannual 0.66 0.53 0.51
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as  to  how  changes  in  the  WP_TEJ  intensity  affect  TCGF
over the WNP. Figure 5 shows the composite 150-hPa and
850-hPa  wind  fields  for  strong  and  weak  WP_TEJ  years,
and  their  composite  differences.  The  most  prominent  fea-
ture in the wind fields is  the enhanced upper-level  easterly
winds and the deepened low-level monsoon trough over the
tropical western Pacific in the strong WP_TEJ years. Corres-
pondingly,  the  TC  genesis  locations  extended  eastward  in
the  strong  WP_TEJ  years  relative  to  those  in  the  weak
WP_TEJ years. As a result, an anomalous upper-level anticyc-
lone and an anomalous low-level cyclone over the WNP can
be seen in the composite difference fields, a situation more
favorable for TC genesis. In contrast, there is no significant
difference in the Tibetan anticyclone between the strong and
weak  WP_TEJ  years,  suggesting  that  the  effect  of  the
WP_TEJ  on  WNP  TCGF  is  independent  of  the  TEJ  core
over the North Indian Ocean.

We further examined several other large-scale environ-
mental  fields  that  could  affect  TC  genesis  over  the  WNP.
Figure 6 shows the regressed 850-hPa vorticity, sea level pres-

sure  (SLP),  vertical  wind  shear  (VWS),  middle  tropo-
spheric  vertical p-velocity,  600-hPa  specific  humidity,  and
850-hPa  EKE  with  respect  to  the  WP_TEJ  index.  In
response to the strong WP_TEJ, the lower troposphere over
the main TC genesis region over the WNP is dominated by
cyclonic vorticity anomalies (Fig. 6a), negative SLP anom-
alies (Fig. 6b) and positive EKE (Fig. 6f). The middle tropo-
sphere over the main TC genesis region is covered by anomal-
ous ascending motion (Fig. 6d) and increased specific humid-
ity (Fig. 6e). Meanwhile, the VWS is reduced in the regions
north  of  20°N  and  west  of  140°E,  and  south  of  20°N  and
east of 140°E (Fig. 6c). These thermodynamic and dynamic
conditions are favorable for TC genesis over the WNP (e.g.,
Gray, 1968; Zhan et al., 2012; Klotzbach et al., 2019).

To reveal the combined effects and the relative import-
ance of the large-scale dynamical conditions on TC genesis,
the DGPI proposed by Wang and Murakami (2020) was ana-
lyzed. Figure 7a shows the composite differences in TCGF
density  and  DGPI  anomalies  over  the  WNP  between  the
strong  and  weak  WP_TEJ years.  As  expected,  the  positive

 

 

Fig. 6. Regressed patterns of (a) 850-hPa vorticity (Vor850; 10−5 s−1), (b) sea level pressure (SLP; Pa), (c) vertical
wind shear (VWS; m s−1), (d) 500-hPa vertical p-velocity (10−2 Pa s−1), (e) 600-hPa specific humidity (q600; g kg−1),
and  (f)  EKE  at  850  hPa  (m2 s−2)  in  the  TC  season  with  respect  to  the  WP_TEJ  index.  The  areas  with  red  (blue)
shades indicate areas where the positive (negative) difference is statistically significant at the 95% confidence level
based on the F test. The regression is performed with respect to the WP_TEJ index.
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DGPI  anomalies  correspond  well  with  the  positive  TCGF
anomalies  in  the  strong  WP_TEJ  years,  both  prevailing  in
the main TC genesis region of the WNP. This is consistent
with  positive  correlation  between  the  WP_TEJ  index  and
TCGF  over  the  WNP  as  shown  in Fig.  4.  This  also  indic-
ates that the DGPI indeed has good skill in representing the
WNP  TCGF  variability.  We  further  calculated  the  relative
contribution of each dynamic factor to the DGPI anomalies
by varying one variable with the others fixed as in climato-
logy  (Figs.  7b−e).  Clearly,  the  positive  DGPI  anomalies
induced  by  the  intensified  WP_TEJ  were  mainly  contrib-
uted  by  the  anomalous  meridional  gradient  of  zonal  wind
(du/dy),  midlevel  vertical  velocity,  and  850-hPa  vorticity,
with  the  most  important  factor  being  the  midlevel  vertical

velocity and the second being the low-level vorticity.
Since  the  low-level  vorticity  plays  a  key  role  in  con-

trolling TC genesis,  we estimated the  possible  contributors
leading to the low-level vorticity anomalies based on the relat-
ive  vorticity  tendency  equation. Figure  8 shows  the
regressed patterns in the four terms that contribute to the posit-
ive  low-level  vorticity  anomalies  averaged  over  the  core
region  of  low-level  vorticity  anomalies  (10°–20°N,  130°–
150°E) shown in Fig. 6a. Changes in the low-level relative
vorticity  are  strongly  dominated  by  the  divergence  term
induced by the WP_TEJ. The vertical advection term also con-
tributes to the positive anomalies of the low-level relative vor-
ticity,  but  the values are  much smaller  than the divergence
term. In contrast, the contributions from the horizontal advec-

 

 

Fig. 7. Composite differences between the strong and weak WP_TEJ years in (a) TCGF density (contour; larger than
0.0  with  interval  0.5)  and  DGPI  (shaded)  anomalies  and  (b–e)  contributions  of  the  four  terms  to  DGPI  anomalies
over the WNP. The four terms include (b) vertical wind shear (VWS), (c) meridional gradient of zonal wind (du/dy),
(d) 500-hPa vertical p-velocity (omega), and (e) 850-hPa vorticity (Vor850). The dotted areas indicate areas where
the positive (negative) difference is statistically significant at the 95% confidence level based on the Student’s t test.
In (a), TCGF density indicates TCGF binned in each 5° longitude × 5° latitude grid box.
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tion term and the tilting term are negative.
The above results suggest that the midlevel vertical velo-

city  and  the  low-level  vorticity  anomalies  associated  with
the intensified WP_TEJ are two key factors to TCGF, while
the  low-level  vorticity  anomalies  are  mainly  modulated  by
the  low-level  divergence.  To  understand  how the  WP_TEJ
intensity in the upper troposphere modulates the middle and
lower tropospheric thermodynamic and dynamic conditions,
we  examined  the  regressed  150-hPa  ageostrophic  winds,
150-hPa and 850-hPa divergence fields, and vertical circula-
tion  averaged  between  130°–150°E  with  respect  to  the
WP_TEJ index, with the results shown in Fig. 9. The intensi-
fied  upper-level  anticyclonic  ageostrophic  flow  (Fig.  9a)

with enhanced divergence in the upper troposphere (Fig. 9b)
induced by the intensified WP _TEJ is located north of the
entrance  region  of  the  WP_TEJ,  which  is  consistent  with
the  dynamical  forcing  of  a  quasi-geostrophically  balanced
upper-level  jet  stream  (Uccellini  and  Johnson,  1979).  The
upper-level  divergence  leads  to  enhanced  upward  motion
throughout  the  whole  troposphere  (Fig.  9c)  and  induces
anomalous convergence in the lower troposphere (Fig. 9d).
Note that the enhanced upper-level divergence, low-level con-
vergence,  and  the  deep  upward  motion  by  the  strong
WP_TEJ  are  collocated  with  the  main  TC  genesis  region
over  the  WNP.  Therefore,  the  strong  (weak)  WP_TEJ  can
lead to the enhanced (reduced) ageostrophic northerly wind
in  the  upper  troposphere  in  the  entrance  region  of  the  jet
with  enhanced  (reduced)  upper  tropospheric  divergence,
low-level  convergence,  and  deep  upward  motion  to  the
north of the jet core in the main TC genesis region over the
WNP. The low-level convergence (divergence) anomalies fur-
ther  contribute  to  the  positive  (negative)  low-level  relative
vorticity  and  humidity  anomalies.  As  a  result,  the  strong
(weak)  WP_TEJ  exerts  favorable  (unfavorable)  thermody-
namic  and  dynamic  conditions  for  TC  genesis  over  the
WNP.

The  above  results  strongly  suggest  that  the  WP_TEJ
plays  an  important  role  in  affecting  TC  genesis  over  the
WNP.  However,  it  is  unclear  whether  the  intensity  change
in  the  WP_TEJ  is  the  cause  or  consequence  of  changes  in
TC activity because a feedback between the upper-level jet
and the TC exists at the synoptic scale (Bosart et al., 2000).
That is, diabatic heating in a strong TC can lead to an out-
flow jet  to the southwest  of  the low-level  TC center  as the

 

Fig.  8.  Regressed  contributions  to  the  vorticity  budget  by
horizontal  advection  term  (HADV;  10−12 s−2),  vertical
advection  term  (VADV;  10−12 s−2),  divergence  term  (DIV,
10−12 s−2),  and  tilting  term  (TILT;  10−12 s−2)  in  the  vorticity
equation  averaged  over  the  region  of  10°–20°N,  130°–150°E
at 850 hPa.

 

 

Fig. 9.  Regressed patterns of (a) 150-hPa ageostrophic wind (vectors) and meridional velocity (shaded; m s−1),  (b)
150-hPa  divergence  (10−6 s−1),  (c)  vertical  circulation  averaged  between  130°–150°E,  and  (d)  850-hPa  divergence
(10−6 s−1) in the TC season with respect to the WP_TEJ index. In (a,b,d), the areas with red (blue) shades indicate
areas where the positive (negative) difference is statistically significant at the 95% confidence level based on the F
test.  In  (c),  vertical  velocity  has  been  multiplied  by  50,  and  the  red  arrows  indicate  areas  where  the  difference  is
statistically significant at the 95% confidence level by the F test.
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Rossby  wave  response  (Wang  and  Holland,  1996),  which
could affect the location and strength of the upper-level jet.
To examine whether the change in the WP_TEJ intensity is
the cause or consequence of TC activity,  we calculated the
lead-lag  correlation  of  daily  WP_TEJ  index  with  500-hPa
and 850-hPa vertical p-velocity, 850-hPa vorticity and 150-
hPa  divergence  averaged  over  the  region  (10°−20°N,
130°−150°E).  A  maximal  positive  (negative)  correlation
with  a  negative  time  lag  indicates  the  intensified  WP_TEJ
leading the TC activity. We can see from Fig. 10 that at the
synoptic  scale,  the  strengthened  WP_TEJ  corresponds  to
anomalous  upper-level  divergence  (Fig.  10b),  upward
motion (negative vertical p-velocity) in the middle-lower tro-
posphere  (Fig.  10a),  and  the  increased  low-level  vorticity
(Fig. 10b), consistent with the seasonal mean fields (Fig. 6).
More importantly,  the  change in  the  WP_TEJ significantly
leads  the  anomalies  in  upper-level  divergence by two days
in  terms  of  the  vertical  motion  at  500  hPa  and  by  two  or
three days at  850 hPa,  and in 850-hPa relative vorticity by
about four days. We also tracked each TC genesis and calcu-
lated  the  TCGFs  accumulated  in  different  intervals  of  the
pentad-mean WP_TEJ intensity anomalies prior to TC gen-
esis  (Fig.  11).  In  total,  about  60% of  TCs formed over  the
WNP when the WP_TEJ intensified within a pentad prior to
TC  genesis.  This  strongly  demonstrates  that  the  WP_TEJ
anomaly is more likely to have driven changes in the thermo-
dynamic and dynamic conditions affecting TC genesis over
the WNP, and the feedback of TC activity on the WP_TEJ
is secondary. 

6.    Conclusions and discussion

In this study, the impact of the WP_TEJ on the interan-
nual variability of TCGF over the WNP is examined based
on the best-track TC data and global reanalysis. A statistic-
ally significant positive correlation on the interannual times-

cale between the WP_TEJ intensity and the WNP TCGF in
the TC season (June–September) is documented, with correla-
tion  coefficient  of  0.66  during  1980−2020.  The  associated
physical  processes  are  conceptualized  in Fig.  12.  The

 

Fig. 10. Lead-lag correlation of the daily WP_TEJ index with
500-hPa  and  850-hPa  vertical p-velocity,  850-hPa  vorticity
(850Vor), and 150-hPa divergence (150Div) averaged over the
region (10°−20°N,  130°−150°E) during 1980−2020.  Negative
time lags indicate that an intensified WP_TEJ leads the fields
examined.

 

 

Fig.  11.  TC  frequency  accumulated  in  the  different  intervals  of  the  pentad-mean  WP_TEJ
intensity anomalies prior to TC genesis. The abscissa is aligned with respect to the maximum
in the range. For example, a 5-day mean WP_TEJ index in the range larger than or equal to
−2.5 and less than 0 will be aligned with 0.
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changes  in  WP_TEJ  intensity  affect  TC  genesis  over  the
WNP by modulating deep upward motion and low-level vorti-
city.  The  strengthened  WP_TEJ  can  lead  to  the  enhanced
upper-level  ageostrophic  northerly  wind  in  the  entrance
region  of  the  jet  with  enhanced  upper  tropospheric  diver-
gence,  deep  upward  motion,  and  low-level  convergence  to
the north of the jet core in the main TC genesis region over
the WNP. As a result, the strong WP_TEJ exerts a signific-
ant  influence  on  the  thermodynamic  and  dynamic  condi-
tions affecting TC genesis,  including an increase in middle
tropospheric humidity, positive anomalies in low-level relat-
ive  vorticity  and EKE,  reduced sea  level  pressure  and ver-
tical  wind  shear  over  the  WNP.  These  changes  are  favor-
able for TC genesis over the WNP. The opposite is true for
the weak WP_TEJ.

An interesting issue is what controls the interannual vari-
ability of the WP_TEJ intensity. As mentioned in section 1,
the  TEJ  core  over  the  North  Indian  Ocean  is  energetically
maintained by the meridional  thermal  contrast  between the
Tibetan Plateau and the Indian Ocean (Koteswaram, 1958).
The interannual variability of the TEJ core is considered to
be closely linked to the interannual variability of the Walker
and local Hadley circulations induced by the anomalous heat-
ing over the Tibetan Plateau, Indian summer monsoon rain-
fall,  and  ENSO  (Chen  and  van  Loon,  1987; Pattanaik  and
Satyan,  2000; Rao  and  Srinivasan,  2016).  Although  the
WP_TEJ is part of the TEJ, the change in the WP_TEJ intens-
ity seems to be independent of that in the TEJ core. There-
fore,  factors  controlling  the  interannual  variability  of  the
WP_TEJ  intensity  might  be  different  from that  of  the  TEJ
core, although the basic principles, such as the thermal wind
balance, resulting in the upper-level jet changes, are similar
to  each  other.  We  examined  the  composite  differences
between  the  strong  and  weak  WP_TEJ  years  in  tropo-
spheric air temperature averaged between 500 and 150 hPa,
precipitation,  and  SST  (Fig.  13).  As  expected,  the  intensi-
fied  WP_TEJ  is  accompanied  by  the  increased  meridional
thermal  contrast  between  the  tropical  western  Pacific  and

 

 

Fig. 12. Schematic diagram showing the processes through which the
intensified  WP_TEJ  affects  the  WNP  environment  associated  with
TC genesis in the TC season.

 

Fig.  13.  The  composite  differences  between  the  strong  and
weak  years  in  (a)  tropospheric  air  temperature  (K)  averaged
within the layer between 500−150 hPa, (b) precipitation (mm d−1)
and  (c)  SST  (K).  In  (a),  the  contour  indicates  the  difference,
and the areas with red (blue) shading indicate areas where the
positive  (negative)  difference  is  statistically  significant  at  the
95% confidence level based on the Student’s t test. In (b) and
(c), the shading indicates the differences, and the dotted areas
indicate  areas  where  the  positive  (negative)  difference  is
statistically  significant  at  the  95%  confidence  level  based  on
the Student’s t test.
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the Maritime Continent (Fig.  13a),  which can be explained
by  the  thermal  wind  balance.  When  the  WP_TEJ  intensi-
fied,  there  is  more  precipitation  over  the  tropical  western
Pacific  and  less  precipitation  over  the  Maritime  Continent
and  the  North  Indian  Ocean.  The  composite  difference  in
SST shows a pattern like ENSO Modoki. The former might
be related to the anomalous local Hadley circulation, while
the  latter  contributes  to  the  changes  in  the  Walker  circula-
tion.  Therefore,  it  is  not  unreasonable  to  hypothesize  that
the  interannual  variability  of  the  WP_TEJ  intensity  might
be  related  to  the  interannual  variability  of  the  Walker  and
local Hadley circulations induced by the western Pacific sum-
mer  monsoon  rainfall  and  ENSO  Modoki,  respectively.
However, the detailed mechanisms and their relative import-
ance need further examination in future work.
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