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ABSTRACT

This study examines the features and dynamical processes of subseasonal zonal oscillation of the western Pacific
subtropical  high  (WPSH)  during  early  summer,  by  performing  a  multivariate  empirical  orthogonal  function  (MV-
EOF) analysis on daily winds and a diagnosis on potential vorticity (PV) at 500 hPa for the period 1979–2016. The
first MV-EOF mode is characterized by an anticyclonic anomaly occupying southeastern China to subtropical west-
ern North Pacific regions. It has a period of 10–25 days and represents zonal shift of the WPSH. When the WPSH
stretches  more  westward,  the  South  Asian  high  (SAH)  extends  more  eastward.  Above-normal  precipitation  is  ob-
served over the Yangtze–Huaihe River (YHR) basin.  Suppressed convection with anomalous descending motion is
located over the subtropical western North Pacific. The relative zonal movement of the SAH and the WPSH helps to
establish  an  anomalous  local  vertical  circulation  of  ascending  motion  with  upper-level  divergence  over  the  YHR
basin and descending motion with upper-level convergence over the subtropical western Pacific. The above local ver-
tical  circulation  provides  a  dynamic  condition  for  persistent  rainfall  over  the  YHR  basin.  An  enhanced  southwest
flow over the WPSH’s western edge transports more moisture to eastern China, providing a necessary water vapor
condition for the persistent rainfall over the YHR basin. A potential vorticity diagnosis reveals that anomalous diaba-
tic heating is a main source for PV generation. The anomalous cooling over the subtropical western Pacific produces
a local negative PV center at 500 hPa. The anomalous heating over the YHR basin generates a local positive PV cen-
ter.  The  above  south–north  dipolar  structure  of  PV anomaly  along  with  the  climatological  southerly  flow  leads  to
northward  advection  of  negative  PV.  These  two processes  are  conducive  to  the  WPSH’s  westward  extension.  The
vertical advection process is unfavorable to the westward extension but contributes to the eastward retreat of the WPSH.
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1.    Introduction

The  western  Pacific  subtropical  high  (WPSH)  is  a
large-scale anticyclonic circulation in the mid–lower tro-
posphere. Its major body is located over the western Pa-
cific  during  summer.  The  WPSH  is  usually  represented
by  the  5880-gpm  isoline  in  the  500-hPa  geopotential
height fields (Tao and Chen, 1987). The location and in-
tensity  of  the  WPSH  determine  the  confluence  of  the
warm and humid air from the oceanic region and the cold
and dry air from mid to high latitudes. Thus, the WPSH
has profound influences on the weather and climate over
the  East  Asian  monsoon  region  (Wu  et  al.,  1999; Lu,

2001; Lu and Dong, 2001; Mao et al.,  2003; Wen et al.,
2003; Liu et al., 2004; Ding and Chan, 2005; Zhou et al.,
2009; Wang et  al.,  2011; Hong and Ren,  2013; Yang et
al., 2014; He et al., 2015).

The  WPSH  exhibits  variations  on  the  subseasonal
timescale  (Huang  et  al.,  2003).  Especially,  the  western
edge  of  the  WPSH  exhibits  a  process  of  migration  first
westward  then  eastward  on  a  10–30-day  period  during
early summer. This zonal movement of the WPSH plays
a  crucial  role  in  the  development  of  severe  droughts  or
floods over East  Asia (Wen and Shi,  2006; Wang et  al.,
2009; Mao et al., 2010; Ren et al., 2013; Chen and Zhai,
2015; Qian  and  Shi,  2017).  Thus,  investigations  of  the
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WPSH’s  subseasonal  zonal  movement  have  attracted
much  attention  since  the  1960s  (Huang,  1963; Tao  and
Zhu,  1964).  The  present  study  focuses  on  the  features
and  dynamical  processes  of  the  WPSH’s  subseasonal
zonal movement.

When the WPSH extends westward (retreats eastward)
on  the  subseasonal  timescale,  an  anomalous  high  center
is  seen  over  Southeast  Asia  and  its  coastal  region.
Above-normal  water  vapor  is  transported  towards  east-
ern Asia (Mao et al., 2010; Ren et al., 2013; Yang et al.,
2014).  The  movement  of  the  WPSH  coordinates  with
other  circulations.  For  example,  when  the  WPSH  ex-
tends  westward,  the  South  Asian  high  (SAH)  at  the  up-
per  level  stretches  eastward.  The  subseasonal  relative
zonal  motion  of  the  WPSH  and  the  SAH  contributes  to
the rainfall anomalies over eastern China during summer
(Liu et al., 2006; Ren et al., 2007; Chen and Zhai, 2016).

Some  investigations  indicated  that  the  subseasonal
eastward stretch of the SAH at the upper level is in favor
of  the  westward  extension  of  the  WPSH  (Ren  et  al.,
2007; Chen  and  Zhai,  2016).  Other  studies  showed  that
the subseasonal zonal oscillation of the WPSH is associ-
ated with a quasi-biweekly oscillation propagating north-
westward from the tropical to the subtropical western Pa-
cific at  mid–lower levels (Hsu and Weng, 2001; Jia and
Yang,  2013; Chen  et  al.,  2015; Li  et  al.,  2015).  Espe-
cially,  the  WPSH’s  westward  extension  is  accompanied
by the northwestward migrating anticyclonic phase of the
quasi-biweekly  oscillation.  Thus,  the  latter  may  be  re-
sponsible  for  the  former  (Yang  et  al.,  2010; Li  et  al.,
2015). We speculate that both the migration of the SAH
in the upper troposphere and the quasi-biweekly oscilla-
tion in the mid–lower troposphere are responsible for the
subseasonal  westward  extension  of  WPSH.  The  related
evolution  features  and  dynamical  processes  need  to  be
investigated in a coherent way. This study intends to re-
veal  the  dynamical  mechanisms  for  the  WPSH’s  zonal
oscillation  through  performing  a  diagnosis  on  potential
vorticity (PV).

It is noted that a northward jump of the WPSH occurs
over  the  western  North  Pacific  in  mid  July  (Tao  and
Chen, 1987; Lu, 2001; Ding and Chan, 2005; Yang et al.,
2014).  The  variations  of  atmospheric  circulation  and
rainfall over East Asia show differences before and after
mid July  (Ding and Chan,  2005).  During early  summer,
the  10–30-day  zonal  oscillation  of  the  WPSH  is  more
dominant than that during the late summer. Thus, we fo-
cus on early summer (1 June–20 July) in this paper.

In  summary,  this  study  focuses  on  the  following  two
aspects:  1)  the  features  of  the  zonal  oscillation  of  the

WPSH at 500 hPa on the subseasonal timescale, and the
associated  large-scale  circulation  (especially  the  SAH);
and  2)  the  dynamical  processes  contributing  to  the  sub-
seasonal  zonal  movement  of  the  WPSH.  The  remainder
of  this  paper  is  organized as  follows.  Data  and methods
are  introduced  in  Section  2.  Section  3  investigates  the
feature of the WPSH’s subseasonal zonal oscillation dur-
ing early summer, and its connection with large-scale cir-
culation  and  rainfall  anomalies.  Section  4  analyzes  the
related dynamical processes. A summary is given in Sec-
tion 5.

2.    Data and analysis methods

2.1    Data

The 0.5° × 0.5° gridded observations of daily precipit-
ation  covering  global  land  areas  developed  by  the  US
Climate  Prediction  Center  (CPC)  are  used  in  this  study.
This gridded precipitation product came from rain gauge
observations  over  global  land  areas  (Chen  et  al.,  2008).
Daily  mean  outgoing  longwave  radiation  (OLR)  on  a
2.5° × 2.5° spatial  resolution from the National  Oceanic
and Atmospheric Administration (NOAA) is used (Lieb-
mann and Smith, 1996). The daily atmospheric elements
are  from  the  ECMWF  interim  reanalysis  (ERA-Interim;
Dee  et  al.,  2011)  at  a  resolution  of  0.75°  ×  0.75°.  All
datasets cover the period 1979–2016.

2.2    Methods

Q1The diabatic heating  is calculated according to the
method introduced by Yanai et al. (1973) and Yanai and
Tomita (1998):

Q1 =
∂T
∂t
+Vh · ∇hT +ω

(
∂T
∂p
− RT

cp p

)
, (1)

T R cp

Vh = (u,v)
ω

∇h

Q1 pt

ps

where , ,  and  are the air  temperature,  the gas con-
stant  for  dry  air,  and the  specific  heat  of  dry  air  at  con-
stant  pressure,  respectively.  is  the  horizontal
wind,  is  the  vertical  velocity  in  pressure  (p)  coordin-
ates,  and  is  the horizontal  gradient  operator.  Vertical
integration of  is  from the tropopause pressure ( )  to
the surface pressure ( ) as follows,

⟨Q1⟩ =
cp

g

w ps

pt
Q1dp, (2)

g ptwhere  is  the  gravitational  acceleration  and  is  set  to
be 100 hPa.

The  anticyclonic  circulation  corresponds  to  low  PV
values.  In  terms  of  isobaric  PV,  if  ignoring  the  friction
term,  the  local  tendency  of  PV  is  expressed  as  (Zhang
and Ling, 2012; Ren et al., 2015)
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where  is the zonal relative vorticity and  the meridi-

onal one. The term  is PV advection via

horizontal winds (part-h). The term  is PV ver-

tical  advection  (part-w).  The  term  is  non-
uniform distribution of  in the vertical direction. It is a
PV  generation  (PVG)  term.  The  last  term  in  Eq.  (3)  is
also  a  PV  generation  term  via  horizontal  non-uniform
distribution of . The last term is not considered due to
its much smaller value than the others. Thus, PV genera-
tion results mainly from the vertical gradient of .

∂PV′/∂t

By  using  the  method  introduced  by Zhang  and  Ling
(2012) and Ren et al. (2015), a variable is divided into its
time mean (denoted by an overbar) and subseasonal (de-
noted by a prime) and non-subseasonal components. The
subseasonal anomalies of local PV changes ( ) are
decided by the following processes:(
∂PV′
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where residue-h,  residue-w,  and residue-Q are  the resid-
ual  terms.  They  express  nonlinear  interactions  between
subseasonal  and  non-subseasonal  timescales.  The  terms
of residue-w and residue-Q contribute about 10% to their
individual  over East Asia and its coastal region.
The  term of  residue-h is  slightly  higher  than  10%.  This
study  focuses  on  the  subseasonal  timescale.  Thus,  the
three  residual  terms  are  ignored.  Main  contributors  to
Eqs. (4)–(6) are: the horizontal advection of subseasonal
PV  anomaly  [ ]  in  Eq.  (4),  the
vertical  advection  via  and  the  vertical  distribution  of
climatological PV [ ] in Eq. (5), and the ver-
tical  distribution  of  the  subseasonal  anomaly,  i.e.,
[ ] in Eq. (6), respectively.

The procedure to obtain the subseasonal anomalies of
every variable is as follows (Ren et al., 2015). Firstly, we
use  a  five-day  running  mean  to  remove  very  high  fre-

u v

quency  fluctuations  in  the  daily  data.  Then,  we  discard
the  daily  climatology;  and  lastly,  the  interannual  times-
cale  is  eliminated  via  deducting  seasonal  anomaly.  A
multivariate  empirical  orthogonal  function  (MV-EOF)
analysis  is  used  to  obtain  the  spatiotemporal  features  of
zonal oscillation of the WPSH on the subseasonal times-
cale. The MV-EOF analysis is performed on normalized
subseasonal  anomalies  in  horizontal  winds  (  and )  at
500 hPa over  the region (0°–45°N,  110°–150°E) for  the
period  of  early  summer  (1  June–20  July)  from  1979  to
2016  (total  1900  days).  In  comparison  with  a  regular
EOF  analysis,  the  MV-EOF  is  more  suitable  to  capture
the spatial distributions of several selected variables and
the  co-variability  relationship  among  these  variables.
Time-lagged regressions of the subseasonal variables on
the  standardized  first  principal  components  of  MV-EOF
(PC1) are calculated.  Day 0 means simultaneous regres-
sion.  A  negative  lag  day  (a  positive  lag  day)  is  per-
formed by shifting backward (forward) the number of the
leading (lag) days.

3.    Subseasonal zonal oscillation of the WPSH
and accompanied anomalies in large-scale
circulation

3.1    Basic features

Figure  1 depicts  the  climatological  early  summer
(1  June–20  July)  fields  of  geopotential  height  and  hori-
zontal  wind  at  500  and  200  hPa  (Z500,  Z200),  vertical
wind  fields  at  400  hPa  (w400),  and  precipitation  during
early  summer.  The  WPSH,  which  is  represented  by
5880-gpm  isoline  (hereafter  5880-line)  at  500  hPa,  is
zonally elongated over the western Pacific. Its ridge axis
is  along 22°N. The 200-hPa SAH’s body section is  rep-
resented  by  the  12,520  gpm  contour  (12,520-line).  The
middle and eastern part  of  the SAH’s main body is  loc-
ated  over  the  region  from  northern  India  Peninsula  to
western  Pacific  between  20°  and  30°N.  The  westerly
flow  is  located  over  the  poleward  side  of  the  SAH  and
the WPSH. The western  edge of  the  WPSH is  occupied
by southerlies. Strong ascending motion is seen over the
south and north flanks of the WPSH. Abundant rainfall is
observed over South Asia,  East Asia,  and the continents
near the equator.

Figure  2a shows  the  spatial  pattern  of  the  first  MV-
EOF  mode  (MV-EOF1),  which  accounts  for  11.6%  of
the  total  subseasonal  variance.  Although  the  percentage
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variance for the first MV-EOF1 mode is small, it is stat-
istically  distinguishable  from the other  modes according
to  the  rule  of North  et  al.  (1982).  The  pattern  of  MV-
EOF1  is  characterized  by  an  anticyclonic  anomaly  oc-
cupying  the  WPSH’s  western  part.  The  PC1  shows  a
periodicity of 10–25 days (Fig. 2b). This periodicity is a
dominant  timescale  of  subseasonal  zonal  movement  of
the  WPSH  during  early  summer  (Zhang  and  Yu,  1992;
Wen  et  al.,  2003; Ren  et  al.,  2013; Yang  et  al.,  2014).
Figure 2c displays the normalized time series of the PC1
for  summer  1995.  The  WPSH’s  westward  and  eastward
events are picked according to the normalized time series
of  the  PC1.  A  westward  (eastward)  event  is  selected
when the normalized PC1 is ≥ (≤) 1.0 (–1.0) in at least
three  consecutive  days.  During  the  early  summers  of
1979–2016, 41 westward events and 45 eastward events
are identified with the above criteria.

The leading/lagged composites of the 5880-line at 500
hPa for the westward and eastward events are plotted in

Fig.  3.  The  leading/lags  show  a  range  from  –12  to  12
days with an interval of 3 days. The zonal oscillation of
the WPSH is the dominant feature of the MV-EOF1. For
the  leading  composite  of  the  westward  events,  the  west
point  of  the  5880-line  at  day  –12  is  located  near  132°E
(Fig.  3a).  It  stretches  westward  slightly  at  day  –9.  The
western  edge  passes  southern  Taiwan  with  an  acceler-
ated  speed  and  finally  reaches  the  westernmost  location
at day 0 (Fig. 3a). The WPSH stays for three days at its
westernmost  position.  After  that,  the  WPSH  begins  to
withdraw eastward. It is over the western Pacific on day
+9 (Fig. 3b). The leading/lagged composites of the 5880-
line  shown  in Figs.  3c, d also  present  zonal  oscillation
but with the zonal migration first eastward (Fig. 3c) and
then westward (Fig. 3d).

The  simultaneous  composites  of  subseasonal  circula-
tion  and  related  features  for  the  westward  and  eastward
events of the WPSH are shown in Fig. 4.  The 5880-line
advances  more  westward  for  the  westward  events  than
the  eastward  events  (Figs.  4a, d).  For  the  westward
events, an anomalous anticyclonic circulation is centered
over  the  western  part  of  the  WPSH  from  southeastern
China  to  the  subtropical  western  North  Pacific,  while  a
cyclonic  one  exists  poleward  of  the  anomalous  anticyc-
lone (Fig. 4a). Meanwhile, negative OLR anomalies and
anomalous  ascending  motion  are  observed  over  the
Yangtze–Huaihe  River  (YHR)  basin  in  China,  accom-
panied  by  enhanced  precipitation,  and  a  large  area  of
suppressed convection with positive OLR anomalies and
anomalous  descending  motion  is  located  over  the  sub-
tropical  western  North  Pacific,  indicating  locally  re-
duced  precipitation  there  (Fig.  4b).  For  the  westward
events,  the  anomalous  anticyclone over  the  western  part
of  the  WPSH  transports  more  water  vapor  to  the  YHR
basin in China,  resulting in anomalous moisture conver-
gence  over  there  and  moisture  divergence  over  the  sub-
tropical  western  North  Pacific  (Fig.  4c).  The  simultan-
eous fields of anomalies in OLR, vertical motion, precip-
itation, and water vapor transport for the eastward events
are almost opposite to the patterns for the westward ones
(Figs. 4d, e, f).

3.2    Relative zonal shift of the SAH and the WPSH

The time-lagged  regression  of  Z500 and  Z200 anom-
alies, as well as w400 anomaly onto the normalized PC1
are plotted in Fig. 5, superimposed on time-lagged com-
positions  of  5880-line  and  12,520-line  for  the  westward
events.  We  first  analyze  the  evolution  at  500  hPa  (left
panels  in Fig.  5).  At  the  WPSH’s  early  stage  of  west-
ward  extension  (during  days  –9  to  –6),  a  center  with
weak positive Z500 anomaly and anomalous descending

 
Fig. 1.   Climatological early summer (1 June–20 July) fields of (a)
geopotential height at 500 hPa (Z500, blue contour of 60-gpm inter-
vals), horizontal winds at 500 hPa (vector, m s–1), and rainfall (shaded,
mm day–1); and (b) geopotential height at 200 hPa (Z200, blue contour
of 120-gpm intervals), horizontal winds at 200 hPa (vector, m s–1), and
vertical velocity ω at 400 hPa (w400, shaded, 0.01 Pa s–1).
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Fig. 2.   (a) Spatial pattern of MV-EOF1 on normalized subseasonal anomalies in horizontal winds (u and v) at 500 hPa during early summer of
1979–2016. (b) Averaged mean power spectra (red line) of the principal component of MV-EOF1. (c) Time series of daily PC1 for the summer
of 1995 (red line). The blue line in (a) is the climatological 5880-line. The black dashed line in (b) is the red noise spectrum and the black solid
line in (b) is the spectrum of 95％ confidence level.

 
Fig. 3.   Composites of the 5880-line at 500 hPa for (a, d) westward events and (b, c) eastward events from (a, c) day –12 to (b, d) day +12 with
intervals of 3 days.
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motion  are  seen  over  the  subtropical  western  Pacific  to
the  east  of  120°E.  Accompanied  by  the  robustly  west-
ward extension of the WPSH, above positive anomalous
center  propagates  northwestward  toward  East  Asian
coastal waters with an increasing amplitude, and reaches
eastern Asia and its coastal waters at day 0. After day 0,
the  above  positive  Z500  anomaly  begins  to  weaken.
Meanwhile,  the  WPSH  begins  to  retreat  eastward.  Dur-
ing  the  process,  anomalous  ascending  motion  is  estab-

lished gradually over the YHR basin from days –9 to –3.
It reaches its peak at day 0, corresponding to the locally
above-normal precipitation shown in Fig. 4a.

In the upper troposphere, the SAH shows eastward ex-
tension  during  days  –9  to  0  and  then  westward  retreat
after day 0 (right panels in Fig. 5). Accompanied by the
eastward stretch of the SAH, a negative Z200 anomalous
center with anomalous convergence is seen over the sub-
tropical  western  North  Pacific.  Meanwhile,  a  positive

 
Fig. 4.   Simultaneous composites of subseasonal circulation for (a–c) westward and (d–f) eastward events. (a, d) Subseasonal anomalies in Z500
(black contour, gpm) and precipitation (shaded, mm day–1) superimposed on the composite climatological 5880-line (thick blue contour). (b, e)
Subseasonal anomalies in w400 (black contour, 0.01 Pa s–1) and OLR (shaded, W m–2). (c, f) Subseasonal anomalies in integrated water vapor
transport (IVT, vector, kg m–1 s–1) and its divergence (shaded, 10–5 kg m –2 s–1). Zero contours are omitted in all figures.
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Fig. 5.   Regressed fields of (a–e) Z500 (black contour at intervals of 4 gpm) and w400 (shaded, 0.01 Pa s–1) anomalies; and (f–j) Z200 anom-
alies (black contour at intervals of 5 gpm) and divergence of horizontal winds at 200 hPa (shaded, 10–7 s–1) onto the normalized PC1 for days –9,
–6, –3, 0,  and +3 for westward events.  The composite 5880-line at 500 hPa in (a–e) and the composite 12,520-line at 200 hPa in (f–j) for the
westward events are plotted as thick blue contours. The shading denotes significant area at the 95% confidence level for w400 in (a–e) and diver-
gence of horizontal winds at 200 hPa in (f–j).
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Z200  anomalous  center  with  anomalous  divergence  is
observed over eastern China. At both 500 and 200 hPa, a
wave  train  is  seen  across  Eurasian  continent  north  of
35°N. It is especially clear at 200 hPa. A positive–negat-
ive–positive  pattern  with  centers  over  West  Siberian
Plain, west of Lake Baikal and southeast of Lake Baikal
is  established  at  day  –9,  and  then  moves  to  southeast
from day –9  to  0.  At  day  0,  the  low center  of  the  wave
train is located poleward of the YHR region.

Figure  6a displays  the  longitude–time  section  (aver-
aged over 10°–25°N) of regressed anomalies in Z500 and
OLR  onto  the  normalized  PC1.  The  above  anticyclonic
circulation  with  suppressed  convective  activity  is  firstly
seen  over  the  subtropical  western  Pacific  at  150°E
around day –9. It  then propagates westward and reaches
its  peak  at  day  0  and  day  +1  between  120°  and  130°E.
After day +3, it  fades away. Accompanied by the above
signal, the western ridge points of the WPSH, which are
denoted  by  the  blue  dots  in Fig.  6a,  move  westward
gradually  and then retreat  eastward  after  day +2. Figure
6b is  the  longitude–time  section  (averaged  over  25°–
35°N) of regressed anomalies in Z200, OLR, and precip-
itation.  Accompanied  by  the  eastward  extension  of  the
SAH’s eastern ridge point (blue dot in Fig. 6b), positive
Z200  anomalies  are  established  over  East  China  and  its
coastal waters. Meanwhile, persistent rainfall is seen over
the YHR basin.

3.3    Vertical structure

v
Figure  7 shows  latitude–height  sections  of  regressed

anomalies in geopotential height, wind fields of  and ω,
and  divergence  of  horizontal  wind  averaged  over  110°–

125°E. During days –6 to –4, a low–high–low pattern is
established  in  the  upper  troposphere.  Ascending  motion
over  the  YHR  basin  and  weak  descending  motion  over
subtropical  western  North  Pacific  are  observed  at  mid–
lower  levels  (Fig.  7a).  Meanwhile,  weak  divergence  is
seen south of 40°N (Fig. 7d). During days –3 and –1, the
anomalous local vertical circulation of mid-level intensi-
fied  ascending  motion  with  upper-level  divergence  over
the  YHR  basin,  and  mid-level  descending  motion  with
upper-level  convergence  over  subtropical  western  North
Pacific, is established well (Figs. 7b, e). During days 0 to
+2,  this  anomalous  local  vertical  anomalous  circulation
reaches  its  mature  stage.  Above  analysis  indicates  that
the eastward extension of SAH is favorable for the estab-
lishment of the vertical meridional circulation during the
westward extension of the WPSH, which provides a ne-
cessary  dynamical  condition  for  persistent  rainfall  over
the YHR basin.

4.    Dynamical processes for the subseasonal
zonal shift of WPSH

Figure  8 plots  the  longitude–time  section  (averaged
over 10°–25°N) and latitude–time section (averaged over
110°–135°E)  of  regressed  anomalies  in  Z500 and PV at
500  hPa  (PV500).  The  propagating  characteristics  of
PV500  are  indeed  similar  to  those  of  Z500.  A  negative
PV500 anomaly is corresponding to a positive Z500 an-
omaly.  In  the  following,  we  show  the  three  dynamical
processes responsible for the WPSH’s subseasonal zonal
shift by performing the PV diagnostic analysis according
to Eqs. (4) –(6).

 
Fig.  6.   Longitude–time  sections  of  regressed  subseasonal  anomalies  in  (a)  Z500  (contour,  gpm)  and  OLR  (shaded,  W  m–2)  averaged  over
10°–25°N; and (b)  Z200 (contour,  gpm),  OLR (shaded,  W m–2),  and precipitation (red contour  with interval  of  0.5  mm day–1),  averaged over
25°–35°N. Western ridge points of the WPSH in (a) and eastern ridge points of the SAH in (b) are denoted by blue dots.
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Figure 9 shows regression fields of subseasonal anom-
alies of PVG, part-w, and part-h onto the normalized PC1
averaged from day –3 to +3. The PVG anomalies at 500
hPa  are  decided  mostly  by  the  PV  generation  term

−g( f + ζ̄)∂Q′1/∂p −∂Q′/∂p[ ]. The PVG term and  are alike
in the spatial pattern and propagation features. The non-
uniform  rainfall  patterns  over  the  subtropical  western
North  Pacific  and  eastern  China  can  induce  anomalous

 
Fig. 7.   Latitude–height sections (averaged over 110°–125°E) of regressed subseasonal anomalies in (a–c) geopotential height (shaded, gpm) and
vertical velocity ω (black contour at intervals of 0.004 Pa s–1); and (d–f) wind fields (vector; v, m s–1; ω, –0.01 Pa s–1) and divergence of horizon-
tal wind (shaded, 10–7s–1), averaged between days (a, d) –6 and –4, (b, e) –3 and –1, and (c, f) 0 and +2.

 
Fig. 8.   Longitude–time sections of regressed subseasonal anomalies in (a) PV500 (shaded, 0.1 PVU) superimposed on Z500 anomalies (con-
tour, gpm) averaged over 10°–25°N. (b) Same as (a) but for latitude–time section averaged over 110°–135°E.
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−∂Q′/∂p −∂Q′/∂p −g( f + ζ̄)
∂Q′1/∂p

distributions  in  diabatic  heating.  During  the  period  of
days –3 to +3, the rainfall anomalies over the East Asian
region reach the peak. Negative Rainfall  anomalies over
the  subtropical  western  North  Pacific  leads  to  negative

.  Negative  induces  negative 
 and  then  contributes  to  negative  PV  anomaly.

Meanwhile, positive rainfall anomaly over eastern China
and  to  the  south  of  the  Tibetan  Plateau  generates  posit-

−ω′(∂PV/∂p)
ω′

−∂PV/∂p

Q′ ω′

ive  PV  locally  (Fig.  9a).  The  term  part-w is  caused
mostly by . It is mainly determined by sub-
seasonal  anomalies  of  vertical  velocity ( )  at  mid–high
levels.  This  is  because  the  climatological  PV  decreases
from  high  to  low  level.  Thus,  the  term  is  al-
ways positive  at  500 hPa over  the  subtropical  East  Asia
to  western  Pacific  regions.  Anomalous  descending  mo-
tion carries high PV value from high level to lower level,
causing positive PV anomalies at  500 hPa over the sub-
tropical western North Pacific (Fig. 9b). Because the pat-
terns of  and  are alike, the feature of the PVG term
in Fig.  9a bears  close  resemblance  to  that  of  the  part-w
term in Fig. 9b.

−∂Q′/∂p

−(ū ∂PV′/∂x+ v̄ ∂PV′/∂y)

It  can  be  noted  that  the  negative  PV  anomaly  gener-
ated  by  is  only  located  over  the  subtropical
western  North  Pacific  south  of  20°N  (Fig.  9a).  Thus,  it
can only contribute to the anomalous anticyclone at  500
hPa over oceanic region. In the observation (left panel in
Fig. 5), the western part of the 500-hPa anomalous anti-
cyclone  as  well  as  the  5880-line  is  located  over  south-
eastern  China.  Other  dynamical  process  should  be  re-
sponsible for the landing of the 500-hPa anomalous anti-
cyclone and the WPSH’s 5880-line during days –3 to +3.
That is the horizontal advection process. The term part-h
is mainly determined by climatological horizontal winds
and  horizontal  gradient  of  subseasonal  PV  anomaly  in
Eq. (4) [ ]. Because of the north
positive–south negative PV pattern in Fig. 9a and clima-
tological  southerly  over  the  western  part  of  the  WPSH,
negative PV anomalies is transported northward from the
subtropical western North Pacific to southern China and
its coastal waters (Fig. 9c).  Therefore, the term part-h is
responsible for the landing of the 500 hPa anomalous an-
ticyclone and thus the westernmost and northernmost po-
sition of WPSH during days –3 to +3.

−∂Q′/∂p

To  show  the  evolution  of  above  three  processes,  the
latitude–time  sections  of  the  three  terms  (PVG,  part-w,
and  part-h)  are  plotted  in Fig.  10,  averaged  over
110°–135°E  .  The  vertical  gradient  of  diabatic  heating
( )  is  also  plotted  in Fig.  10a.  It  bears  close  re-
semblance  with  the  PVG term.  During  days  –6  to  +6,  a
south negative–north positive pattern of PVG term is sig-
nificantly seen in Fig.  10a.  The negative diabatic  anom-
alies  (decreased  rainfall  and  anomalous  descending  mo-
tion) over the subtropical  western North Pacific contrib-
ute to the increasing of  negative PV locally during days
–3  to  0  through  the  PVG term.  The  part-w term’s  posi-
tion  overlaps  mostly  with  that  of  PV500  anomalies  in
Fig.  10b.  The  anomalous  descending  motion  over  the
subtropical  western  North  Pacific  increases  positive  PV
locally through the part-w term. Thus, it is unfavorable to

 

¡@Q 0=@p
Fig. 9.   Regressed subseasonal anomalies of (a) PVG term (shaded,
0.01 PVU day–1) and vertical gradient of diabatic heating ( )
(black contour at  intervals of 10–3  K day–1  hPa–1),  (b)  part-w  term
(shaded, 0.01 PVU day–1) and w500 (black contour at intervals of 0.01
Pa s–1), and (c) part-h term (shaded, 0.01 PVU day–1) onto the normal-
ized  PC1,  averaged  between  days  –3  and  +3  (with  zero  contour
omitted).
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the westward extension but favors the eastward retreat of
the WPSH. The part-h term causes negative PV500 (pos-
itive Z500) anomaly north of 20°N during days –6 to +6.
As  mentioned  above,  it  favors  westward  and  northward
extension of the WPSH to the land region.

5.    Summary

This study investigates features of zonal oscillation of
the  WPSH at  500  hPa  during  early  summer  on  the  sub-
seasonal  timescale,  and the  related three  dynamical  pro-
cesses responsible for the zonal movement of the WPSH.
The MV-EOF analysis is conducted by using daily hori-
zontal  winds  at  500  hPa  over  the  region  (0°–45°N,
110°–150°E) for the period of 1 June–20 July from 1979
to 2016. The first MV-EOF mode shows that an anticyc-
lone  circulation  occupies  over  the  western  part  of  the
WPSH,  reflecting  zonal  oscillation  of  the  WPSH.  The
PC1 time series have a periodicity of 10–25 days. When
the WPSH reaches its westernmost position, a strong an-
omalous high at Z500 fields is sustained over southeast-
ern  China  and  the  subtropical  western  North  Pacific.
Meanwhile,  above-normal  precipitation  occurs  over  the
YHR  basin  and  below-normal  precipitation  occurs  over
the  subtropical  western  North  Pacific.  For  the  eastward
events,  the  WPSH  is  located  more  eastward  with  oppo-
site  circulation  and  rainfall  patterns  compared  with  the
westward events.

The  WPSH’s  westward  shift  is  accompanied  by  the
eastward  stretch  of  the  SAH.  The  relative  zonal  move-
ment  of  the  SAH  and  the  WPSH  results  in  an  anomal-
ously local vertical circulation of ascending motion in the

troposphere  with  upper-level  divergence  over  the  YHR
basin,  and  descending  motion  with  upper-level  conver-
gence  over  the  subtropical  western  Pacific.  This  pattern
is  a  dynamic  condition  for  persistent  rainfall  over  the
YHR basin. The enhanced southwestly over the WPSH’s
western edge transports more moisture towards the YHR
basin, providing necessary water vapor condition for per-
sistent rainfall over there.

The  PV500  anomalies  on  the  subseasonal  timescale
over  the  East  Asian  region  are  mainly  decided  by  the
subseasonal  anomalies  in  PV  generation  term,  and  the
vertical and horizontal advection terms. The subseasonal
anomaly of PV generation is mainly due to vertical non-
uniformity  of  diabatic  heating.  The  vertical  advection
term  is  determined  by  anomalous  vertical  motion.  The
horizontal  advection  term  mainly  depends  on  climato-
logy horizontal  winds and the horizontal  gradient  of  PV
anomaly.

Q′
The northwestward propagation of the suppressed con-

vection (negative ) over the subtropical western North
Pacific  induces  a  negative  PV  anomaly  locally,  via  the
diabatic heating feedback process. Meanwhile, the posit-
ive rainfall anomaly over the YHR basin generates a pos-
itive  PV anomaly  locally.  Because  of  the  above  meridi-
onal  gradient  of  PV  anomalies  and  the  climatological
southerly  flow over  the  western  edge  of  the  WPSH,  the
horizontal  advection  process  transports  the  negative  PV
anomaly northward. These two processes (PVG and part-
h)  favor  the  subseasonal  westward  extension  of  the
WPSH.  The  vertical  advection  process  induces  a  posit-
ive  PV anomaly  over  the  subtropical  western  North  Pa-
cific,  being  unfavorable  to  the  westward  extension  but

 

¡@Q 0=@p
Fig. 10.   Latitude–time sections of regressed subseasonal anomalies averaged over 110°–135°E of (a) PVG term (shaded, 0.01 PVU day–1) and

 (red contour at intervals of 10–3 K day–1 hPa–1) at 500 hPa, (b) part-w term (shaded, 0.01 PVU day–1), and (c) part-h term (shaded, 0.01
PVU day–1). The black contours in (a–c) denote regressed subseasonal anomalies of PV500 at intervals of 0.01 PVU. The y-axis is time (day).
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contributing to the eastward retreat of the WPSH.
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