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ABSTRACT

The western North Pacific subtropical high (WNPSH) is one of the deterministic predictors of the East Asian sum-
mer climate, and a better prediction of the WNPSH favors more reasonable forecast of the East Asian summer cli-
mate.  This  study  focuses  on  seasonal  prediction  of  the  WNPSH  during  neutral  summers  without  strong  El
Niño–Southern  Oscillation  (ENSO)  forcing,  and  explores  the  associated  predictable  sources,  using  the  one-month
lead time retrospective forecasts from the Ensembles-Based Predictions of Climate Changes and Their Impacts (EN-
SEMBLES) project during 1960–2005. The results indicate that the ENSEMBLES atmosphere–ocean–land coupled
models exhibit considerable prediction skill for the WNPSH during neutral summers, with successful reproduction of
the WNPSH in the majority of neutral summers. The anomalous WNPSH in neutral summers, which corresponds to
cyclonic/anticyclonic anomalies in the lower troposphere, is highly correlated with an east–west dipole local sea sur-
face  temperature  (SST)  distribution  over  the  tropical  WNP,  suggesting  an  intimate  local  air–sea  coupling.  Further
diagnosis of the local SST–rainfall relationship and surface heat flux indicates that the anomalous local SST plays an
active role in modulating the variation of the WNPSH during neutral summers, rather than passively responding to
the atmospheric change. The local SST anomalies and relevant air–sea coupling over the tropical WNP are reason-
ably well reproduced in the model predictions, and could act as primary predictable sources of the WNPSH in neut-
ral summers. This could aid in forecasting of the East Asian rainband and associated disaster mitigation planning.
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1.    Introduction

The western North Pacific subtropical high (WNPSH)
is one of the most important components in the seasonal
forecast  over  East  Asia,  as  it  closely  modulates  vari-
ations of the East Asian summer climate (e.g., Huang and
Sun, 1992; Wang et al., 2000; Lu, 2004). Anomalous loc-
ation and displacement of  the WNPSH are often associ-
ated with natural hazards over East Asia, such as persist-
ent  drought,  flooding,  extreme  heat,  and  landfalling

typhoons. Thus, knowledge of the predictable sources of
the  WNPSH and predictability  of  the  WNPSH could  be
of  substantial  benefit  to  disaster  mitigation  and  associ-
ated economic planning.

Current  atmosphere–ocean  coupled  forecast  systems
show  good  performance  in  predicting  the  year-to-year
variation of the WNPSH in summer (Lee et al., 2011; Li
et  al.,  2012, 2016; Lu  et  al.,  2012; Kosaka  et  al.,  2013;
MacLachlan et al., 2015; Liu et al., 2018). Using the ret-
rospective forecast (hindcast) from the Ensembles-Based
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Predictions of Climate Changes and Their Impacts (EN-
SEMBLES) project, Li et al.  (2012) pointed out that the
WNP summer precipitation and circulation anomalies in
the  lower  troposphere  are  reliably  reproduced  by  the
coupled  models,  with  the  predictable  sources  arising
mainly from the air–sea interactions over tropical oceans.

Further exploring the origin of the WNPSH predictab-
ility,  many studies  have  found that  the  air–sea  feedback
from El Niño–Southern Oscillation (ENSO) evolution is
the leading predictor (e.g., Wang et al.,  2008; Kosaka et
al.,  2012; Li  et  al.,  2014).  Interannual  variation  of  the
WNPSH is  closely  modulated by ENSO and the  associ-
ated air–sea interactions over tropical oceans (Wang and
Zhang, 2002; Wu et al., 2009; Xie et al., 2016). When an
El Niño episode develops around the tropical eastern and
central Pacific Ocean, an anomalous anticyclone tends to
occur around the Philippine Sea during the El Niño ma-
ture  winter  to  the  following  summer  (Wang and  Zhang,
2002). Furthermore, anomalous summer circulation over
the  WNP  can  also  be  excited  during  a  developing  El
Niño  phase,  due  to  the  strong  sea  surface  temperature
(SST)-forced  tropical  air–sea  interactions  (Wu  et  al.,
2009). As the dominant mode of interannual climate vari-
ability,  ENSO  is  the  dominant  contribution  to  the  sum-
mer predictable sources of the WNPSH.

However,  El  Niño/La  Niña  events  occur  at  irregular
intervals of two to seven years and weak SST signals ap-
pear  over  the  tropical  eastern  and  central  Pacific  Ocean
during the majority of non-El Niño/La Niña years. Identi-
fication  of  the  alternative  predictable  sources/signals  of
the  WNPSH  when  there  is  no  strong  ENSO  remains  a
challenge for forecasters and decision makers. After isol-
ating  the  ENSO-induced  variability  by  suppressing  the
SST in a model experiment, Kosaka et al. (2013) sugges-
ted that the anomalous WNPSH variation and its meridi-
onal teleconnection with the East Asian summer climate
exist  without  ENSO.  By exploring  the  local  and  remote
factors  affecting  the  WNP  air–sea  coupling  through  the
WNP SST–rainfall  relationship, Lu and Lu (2014) poin-
ted out that remote and local SSTs make distinct contri-
butions  to  formation  of  the  ocean–atmosphere  coupled
environment  over  the  WNP.  Thus,  further  exploring  the
local ocean–atmosphere coupling could add value to the
predictable sources of the WNP summer climate.

Using  the  long-time-period  (46  yr)  hindcast  from  the
ENSEMBLES project, Li  et  al.  (2014) assessed the pre-
dictability  of  the  WNPSH  associated  with  different
ENSO  phases,  and  found  that  the  ENSEMBLES  atmo-
sphere–ocean coupled models  show considerable  capab-
ility  in  capturing  the  summer  anomalies  over  the  WNP
during neutral years without strong ENSO forcing. By re-

calculating the prediction correlation of neutral summers
following Li et  al.  (2014),  as shown in Fig.  1,  high pre-
diction  skill  for  lower-tropospheric  zonal  wind  is  found
along  the  tropical  and  subtropical  WNP,  corresponding
to a good description of the WNPSH variation (Fig. 1a).
Furthermore, SST and precipitation anomalies around the
Maritime Continent and the Philippine Sea are also well
reproduced  by  the  models  (Figs.  1b, c).  This  suggests
that skillful forecasts of the WNPSH are possible during
summers influenced by ENSO neutral conditions.

In  this  study,  we  aim  to  explore  the  underlying  pre-
dictable  sources  of  the  WNPSH  during  the  summers
without  strong  ENSO  forcing.  Local  ocean–atmosphere
coupling, including the local relationship between precip-
itation and SST and associated local surface flux adjust-
ment,  which  are  often  examined  for  understanding  the
possible  processes  of  WNP variability  (Wu et  al.,  2006;
Ding et al., 2014; Lu and Lu, 2014), are diagnosed here.

The structure of this paper is as follows. Section 2 de-
scribes  the  hindcast  systems,  data,  and  methods  used  in
this study. Section 3 shows the performance of models in
predicting the WNPSH during neutral  summers.  Section
4  discusses  the  possible  local  ocean–atmosphere  coup-
ling processes,  including the associated anomalous local
SST  and  surface  flux.  A  summary  and  discussion  are
provided in Section 5.

2.    Data and methods

2.1    Datasets

In this study, we employed the hindcast datasets from
the ENSEMBLES project initiated by the European Union
(Van  Der  Linden  and  Mitchell,  2009).  ENSEMBLES
contains  five  fully  coupled  atmosphere–ocean–land  pre-
diction  systems,  including  the  models  of  the  ECMWF,
the  Leibniz  Institute  of  Marine  Sciences  at  Kiel  Uni-
versity  (IFM-GEOMAR),  Météo-France  (MF),  the  UK
Met  Office  system  (UKMO),  and  the  Euro-Mediter-
ranean  Center  for  Climate  Change  (CMCC-INGV).  The
models  include  major  radiative  forcing  but  no  flux  ad-
justments,  with  the  atmospheric  (oceanic)  resolutions
ranging  from  T63/L19  (2°/L31)  to  T159/L62  (0.3°–
1.4°/L29).  Each  model  has  9  ensemble  members,  and
there  are  45  members  in  total.  The  hindcasts  are  per-
formed each summer (JJA: June, July, and August) from
1960 to 2005, initialized on 1 May. This longer hindcast
period  makes  ENSEMBLES  the  optimal  choice  for  in-
vestigating the prediction of neutral summers, via provid-
ing more sample data. The model output is calculated as
the multi-model ensemble (MME) through a simple com-
posite with equal weight on the 45 members.
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We  used  the  NCEP/NCAR  reanalysis  data  (Kalnay
et  al.,  1996),  NOAA  extended  reconstructed  monthly
mean SST version 4 dataset  (Huang et  al.,  2016) during
1960–2005,  and  the  Global  Precipitation  Climatology
Project (GPCP; Adler et al.,  2003) during 1979–2005 as
proxies for observations, to validate the model hindcasts.
In  addition,  the  surface  heat  flux  from  the  objectively
analyzed air–sea fluxes (OAFlux) for global oceans (Yu
and  Weller,  2007)  is  used  in  this  study,  including  long-
wave  (LW)  and  shortwave  (SW)  radiation,  and  latent
heat (LH) and sensible heat (SH) fluxes. These flux data
are uniformly used from 1984 to 2005,  according to the
length limit of LW and SW radiative flux data. A posit-
ive value indicates downward surface flux that warms the
ocean mixed layer and favors a warm SST variation.

2.2    Methods

From 1960 to 2005, 12 neutral years are chosen as the

neutral  summers  (1960,  1961,  1962,  1967,  1979,  1980,
1981,  1990,  1993,  2001,  2004,  and  2005,  as  shown  in
Fig.  2a),  by  excluding  the  years  related  to  ENSO deve-
loping  or  decaying  phases.  An  ENSO  year  is  defined
when the Niño 3.4 (5°S–5°N, 170°–120°W) index (after
removing  the  9-yr  running  mean  to  obtain  the  interan-
nual  component)  is  larger  than 0.8°C (less  than −0.8°C)
in  winter.  The  previous  (following)  summer  of  the
ENSO winter is recognized as an ENSO developing (de-
caying) summer.  The neutral  summers are then deduced
as the remaining summers after removing the ENSO de-
veloping (decaying) summers. The criterion is similar to
that  in Chou et  al.  (2003) and Li  et  al.  (2014).  We note
that  the  result  is  robust  if  other  definitions  of  ENSO
events are used.

In this study, the WNPSH index is defined as the dif-
ference  of  the  averaged  850-hPa  zonal  wind  anomalies
between  (5°–15°N,  100°–130°E)  and  (20°–30°N,  110°–

 
P_CorFig. 1.   Prediction skill (shaded; ) of the (a) 850-hPa zonal wind, (b) precipitation, and (c) SST for ENSO-neutral summers. The ENSO-

neutral summers include 1960, 1961, 1962, 1967, 1979, 1980, 1981, 1990, 1993, 2001, 2004, and 2005 (after 1979 for precipitation). The con-
tours represent statistical significance of the prediction correlation at the 0.05 and 0.01 confidence levels. The blue boxes indicate the domains of
the WNPSH index.
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140°E)  (shown  in Fig.  1a),  following Wang  and  Fan
(1999).  A positive WNPSH index corresponds to anom-
alous cyclonic circulation anomalies over the WNP, sug-
gesting  a  weakened  and  northeastward  extension  of  the
WNPSH, and vice versa.

P_Cor

To  assess  the  prediction  skill  of  WNPSH  in  neutral
summers,  we  use  the  temporal  correlation  between  pre-
dicted  and  observed  anomalies  (prediction  correlation:

) following Li et al. (2014). The prediction correla-
tion  is  calculated  as  the  cosine  similarity  between  the
prediction and the observation, which is defined as

P_Cor =
∑n

i=1xm (i) xo (i)√∑n
i=1x2

m(i)
√∑n

i=1x2
o(i)
, (1)

xm (i)
xo (i) i
where n is  the  number  of  neutral  summers;  and

 are  the th  model-predicted  and  observed  summer
anomaly,  respectively.  The  resulting  similarity  ranges

from −1 to 1, and a larger value means a high similarity.
The significance of this correlation is determined by us-
ing Student’s t-test.

3.    Model performance in neutral summers

Figure  2a shows  the  observed  and  model-predicted
WNPSH index during all 12 neutral summers. The WN-
PSH shows  large  variability  during  these  summers.  The
corresponding standard deviation is 1.67 m s−1 in the ob-
servations,  which  is  weaker  but  comparable  to  that  dur-
ing all  hindcast years (2.06 m s−1).  The indices for most
neutral summers are positive, with some years larger than
one standard deviation. However, some years have negat-
ive  values,  particularly  1993.  Compared with  the  evolu-
tion  of  Niño  3.4  SST  index  (Fig.  2b),  it  is  inferred  that
the  change  of  WNPSH  anomalies  is  not  related  to  the

 
Fig. 2.   (a) The normalized WNPSH index for the observations (OBS; blue bar) and model predictions (MME; red bar) during all neutral sum-
mers  and  (b)  associated  observed  evolution  of  the  Niño  3.4  SST index.  The  positive  (negative)  years  with  an  observed  WNPSH index  larger
(less) than 0.8 (–0.8) are marked by grey dashed lines in (a) and green (orange) lines in (b) as the significant neutral summers.
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ENSO variation during neutral summers, as evolution of
the SST anomalies is disorganized over the Niño 3.4 re-
gion.  The  summers  with  a  positive  WNPSH  index,  for
example,  do  not  uniformly  correspond  to  La  Niña  SST
anomalies in previous winters or El Niño SST anomalies
in the following winters.

The ENSEMBLES models successfully reproduce the
WNPSH  anomalies  during  these  neutral  summers  (Fig.
2a). They reasonably predict the anomalies in the major-
ity of summers, and reproduce the large observed variab-
ility.  The  MME  prediction  correlation  is  0.90,  which  is
highly significant and higher than any individual model.
The  WNPSH  is  skillfully  predicted  by  all  models,  with
the prediction skill ranging from 0.66 (CMCC-INGV) to
0.74 (MF). The good performance of the models for the
WNPSH  index  is  consistent  with  the  significant  predic-
tion  skill  map  of  lower-tropospheric  zonal  wind  around
the WNP (Fig. 1a).

To further  explore  sources  of  the  variability  and skill
during  neutral  summers,  we  chose  the  summers  with  a
standardized WNPSH index larger than 0.8 (1961, 1967,
1981, 1990, 2001, and 2004) or less than −0.8 (1993) as
the  significant  neutral  years.  The  anomaly  in  1993  is
multiplied  by  −1  in  the  following  analysis  to  composite
with the positive summers.

During these positive summers, apparent cyclonic an-
omalies occupy the tropical and subtropical WNP in the
lower  troposphere  in  the  observations  (Fig.  3a).  Corres-

ponding to these cyclonic anomalies, more (less) rainfall
is found over the tropical (subtropical) WNP, showing a
meridional teleconnection pattern (Huang and Sun, 1992;
Kosaka  and  Nakamura,  2006).  The  SST  anomalies  are
relatively weak along the tropical region, but show a di-
pole  SST  pattern  over  the  tropical  WNP,  with  positive
anomalies around its eastern part and negative anomalies
around its  western  part  and northern  Indian  Ocean (Fig.
3c).  Further  examining  the  SST anomalies  in  individual
summers  (figures  omitted),  we  found  that  the  negative
SST  anomalies  around  the  South  China  Sea  and  Mari-
time  Continent  are  mainly  contributed  by  the  neutral
cases  before  the  late  1970s,  while  the  positive  SST  an-
omalies  around  the  western  Pacific  generally  appear  in
the years after  the late 1970s.  For the model predictions
(Figs.  3b, d),  the  cyclonic  circulation  anomalies  in  the
lower  troposphere  are  reproduced,  albeit  weaker,  so  are
the rainfall and the dipole SST anomalies over the tropi-
cal  WNP.  The  regions  with  these  anomalies  correspond
well  to the regions with significant  prediction skill  (Fig.
1). The negative SST anomalies over the northern Indian
Ocean  are  weaker  in  the  model  predictions  than  in  the
observations.  The  above  spatial  distribution  implies  a
local  air–sea coupled mode over the WNP, which exists
without strong ENSO forcing. As this is seen in both the
observations and the model predictions, the local air–sea
coupling  may  potentially  act  as  a  predictable  source  for
the  WNPSH  during  neutral  summers.  In  addition,  it  is

 
Fig.  3.   Composites  of  the  anomalies  of  (a,  b)  850-hPa  wind  (vector;  m  s−1)  superimposed  with  precipitation  (shading;  mm  day−1)  and
(c,  d)  SST (°C) during the significant  neutral  summers for  (a,  c)  observations and (b,  d)  MME predictions.  The purple  boxes indicate  the do-
mains of the dipole SST over the tropical WNP.
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worth  mentioning  that  the  warm  SST  anomalies  to  the
east  of  Japan,  which  are  shown  in  both  the  models  and
the observations,  are generally a passive response to the
atmosphere  variation,  as  they  are  associated  with  negat-
ive  rainfall  anomalies  and  a  negative  local  SST–rainfall
relationship (Wu and Kirtman, 2007).

4.    Local air–sea coupling process

4.1    Dipole SST over the tropical WNP

To further  explore  the  role  of  the  local  SST over  the
WNP, a dipole SST index is defined as the averaged SST
differences between 10°S–20°N, 150°E–180° and 10°S–
20°N,  100°–130°E  (shown  in Fig.  3c),  which  actually
represent  the  local  east–west  SST  gradient  over  the
WNP.  The  dipole  SST  index  varies  intimately  with  the
WNPSH index  in  the  observations,  and  the  correspond-
ing correlation coefficient is 0.56 during the entire hind-
cast period (1960–2005).

Figure 4 shows the normalized dipole SST index dur-
ing the significant neutral summers. It exceeds one stand-
ard deviation in many neutral summers, although the an-
omalies  are  relatively  weak  before  standardization  (Fig.
3c).  The  SST  gradient  over  the  WNP  shows  a  coherent
variation  with  the  WNPSH  index,  with  positive  anom-
alies in the majority of summers and negative anomalies
in 1993 (Fig. 2a). The gradient is negative in 1981, which
is inconsistent  with the positive WNPSH index in 1981.
This inconsistency corresponds to a failure in prediction
of  the  WNPSH  in  1981,  where  the  model  reproduces  a
much  weaker  WNPSH  than  the  observations  (Fig.  2a).
The  correspondence  between  the  dipole  SST  over  the
WNP and the WNPSH further implies the importance of
the local  air–sea coupling process in seasonal prediction
of  the  WNPSH  during  neutral  summers.  The  models
show  excellent  performance  in  predicting  the  local  di-

pole SST, with a high prediction correlation (0.81).
Further  exploring  the  evolution  of  this  SST  gradient

(Fig.  5),  we  found  that  this  positive  SST  gradient
emerges from May and persists mainly in summer, with a
consistent variation during most of the neutral years. The
anomalies  are  generally  weak  in  spring,  suggesting  a
warmer  tendency from spring to  summer.  This  may im-
ply a seasonable dependence of the local SST anomalies
during neutral summers.

An  intimate  correspondence  between  the  local  SST
and atmospheric variability over the WNP is  found dur-
ing  neutral  summers.  Previous  studies  have  pointed  out
that the local SST and lower-tropospheric anomalies over
the  WNP  show  a  positive  feedback,  in  response  to  the
ENSO  forcing  (Wang  et  al.,  2000; Wang  and  Zhang,
2002; Wu et al., 2010). Local positive (negative) SST an-
omalies  over  the  WNP  favor  the  maintenance  of  a  cyc-
lonic (anticyclonic) anomaly in the lower troposphere via
the  Rossby  wave  response.  The  tropical  lower-tropo-
spheric  westerly  (easterly)  associated  with  the  cyclonic
(anticyclonic) anomaly can in turn modulate the SST an-
omalies by surface wind stress. To further test the air–sea
coupling, the local correlation between precipitation and
SST  is  diagnosed  to  determine  whether  the  dipole  SST
has an active or a passive role in the variation of the WN-
PSH during neutral summers.

Figure  6 shows  scatter  diagrams  of  the  standardized
SST  and  precipitation  anomalies  over  the  western  and
eastern WNP for the neutral summers. Given that precip-
itation data over the ocean are only available from 1979,
we  examine  only  the  neutral  summers  after  this  year.
Positive  correlations  between  precipitation  and  SST  an-
omalies  are  found  over  both  the  western  and  eastern
WNP during these  neutral  summers.  This  contrasts  with
that during all observed summers, in which the precipita-
tion anomalies have a weak negative correlation with the

 
Fig. 4.   The normalized dipole SST index over the WNP for the obser-
vations (OBS; blue) and the MME predictions (Model; red) during the
significant  neutral  summers.  The  index  is  defined  by  the  east–west
SST gradient over the WNP, with the domains indicated in Fig. 3c.

 
Fig. 5.   Seasonal evolution of the observed SST gradient (°C) over the
WNP. The anomaly in 1993 (short dashed line) is multiplied by −1 for
ease of comparison with the other positive years.  Com. denotes com-
posite.
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underlying  SST variation  over  the  WNP (Trenberth  and
Shea, 2005; Wang et al., 2005; Wu et al., 2006). The pos-
itive relationship during the neutral summers implies that
the  local  SST anomalies  play  a  dominant  role  in  the  at-
mospheric variability. Over the eastern WNP, the anom-
alous  warm  SST  in  the  majority  of  the  ensemble  mem-
bers corresponds in-phase to a positive precipitation vari-
ation  (Fig.  6a).  The  positive  SST–rainfall  correlation  is
more  evident  if  we focus  on the  ensemble  mean output,
which excludes the influence of internal spread variabil-
ity.  In  general,  the  SST  anomalies  spread  around  zero

over  the  western  WNP,  when  taking  only  the  neutral
summers after 1979 into consideration. However, a signi-
ficant  positive  SST–rainfall  correlation  is  shown  here,
which is 0.62 among all members in Fig. 6b. The distri-
bution  of  the  SST–rainfall  correlation  during  neutral
summers agrees well with previous results in Lu and Lu
(2014), in which local SST anomalies over the WNP tend
to result in a positive SST–rainfall correlation and the in-
verse SST–rainfall relationship is associated with the re-
mote  forcing,  especially  the  evolution  of  ENSO.  Here,
we further point out the model’s successful reproduction
of this local positive SST–rainfall correlation. In view of
the  significant  prediction  skill  for  SST  over  the  eastern
WNP (Fig. 1c), it can potentially act as a primary source
for  good  prediction  of  the  WNPSH during  neutral  sum-
mers.

For the atmospheric component over the WNP during
neutral  summers,  the  local  convection  shows  good  cor-
respondence  with  the  variation  of  the  WNPSH (Fig.  7).
The  correlation  coefficients  between  the  WNPSH  index
and  the  precipitation  anomalies  over  the  eastern  and
western  WNP  among  all  the  members  are  0.61  and
−0.31,  respectively,  both  exceeding  the  99% confidence
level  according  to  Student’s t-test.  Over  the  eastern
WNP, more rainfall  from moist  adiabatic  adjustment fa-
vors  the  maintenance  of  an  anomalous  low-level  cyclo-
nic  circulation,  via  a  Rossby wave response  to  the  local
warm  SST  change  (Wang  et  al.,  2000).  The  anomalous
convection over the western WNP, especially that around
the  Maritime  Continent,  however,  could  also  modulate
the  WNPSH  variation  through  an  eastward-extended
Kelvin wave propagation (Wu et al., 2005; Kosaka et al.,
2013).  Here,  the  large  number  of  ensemble  members  in
the model predictions provides ample samples to support
the good correspondence among the local SST, precipita-
tion, and WNPSH anomalies during neutral summers.

Compared  with  the  SST  anomalies  during  neutral
summers, the remote SST anomalies play a more domin-
ant  role  in  the  source of  the  WNPSH predictability  dur-
ing the ENSO forcing summers. An east–west dipole lo-
cal SST also appears over the WNP during ENSO decay-
ing  and  developing  summers  (Fig.  7  in Li  et  al.,  2014).
However, the local SST–rainfall relationship is generally
negative  during  ENSO  decaying  summers  (Wu  et  al.,
2009),  suggesting  that  in  general,  the  SST  anomalies
passively  respond  to  the  atmospheric  variations,  which
are forced and maintained by the ENSO signals from the
previous seasons (Wang et al., 2000) and the tropical In-
dian  Ocean  SST  anomalies  (Xie  et  al.,  2009).  During
ENSO  developing  summers,  in  contrast,  a  positive
SST–rainfall  relationship  is  found  around  the  Maritime

 
Fig. 6.   Scatter diagrams of the standardized SST and precipitation an-
omalies  over  the  (a)  eastern  and (b)  western  WNP for  the  significant
neutral  summers after 1979. The blue,  red,  and grey markers indicate
the  observations,  the  MME  prediction,  and  the  individual  ensemble
members, respectively. The domains for the eastern and western WNP
are  shown in Fig.  3c.  The  anomaly  in  1993  is  multiplied  by  –1.  The
correlation  coefficients  between  the  SST  and  precipitation  anomalies
for all these dots are 0.28 in (a) and 0.62 in (b).
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Continent (Wu et al., 2009), which could add value to the
predictability  of  the  WNPSH.  However,  the  significant
SST  anomalies  around  the  tropical  eastern  Pacific  re-
lated to the developing ENSO play a more dominant role
in the source of the WNPSH predictability, and also con-
tribute  to  the  SST  anomalies  around  the  Maritime  Con-
tinent (Wang and Zhang, 2002).

4.2    Surface flux

Figure  8 shows  spatial  distributions  of  the  surface
fluxes over the WNP in the observations and model pre-
dictions  during  neutral  summers.  In  the  observations,
positive LW radiation flux anomalies appear over a large
region of the WNP, implying that the downward LW flux

makes  a  positive  (negative)  contribution  and  favors
warmer SSTs over the eastern (western) WNP (Fig. 3c).
In contrast, the anomalous SW and LH fluxes contribute
negatively (positively) to the eastern (western) SST vari-
ation,  with  negative  anomalies  over  most  regions  of  the
WNP.  The  negative  SW  anomalies  correspond  to  the
positive  precipitation  anomalies  over  the  tropical  WNP
(Fig.  3a),  favoring  increased  cloud  cover  but  not  favor-
able for the maintenance of warm SSTs over the eastern
WNP. The negative LH flux is closely related to the an-
omalous  cyclonic  lower-tropospheric  circulation  (Fig.
3a),  which favors more evaporation and a cooling effect
on the local SST. Relatively, the SH flux over the WNP
is  much  weaker  than  the  other  flux  anomalies,  suggest-
ing  a  weak  contribution  to  summer  SST  anomalies.  In
general,  the  model  predictions  reproduce  the  distribu-
tions of surface flux anomalies over the WNP, especially
the positive LW and negative SW anomalies  around the
Philippine Sea. This good performance suggests that the
coupled models have a certain capability in capturing the
effect of atmospheric feedback on the surface ocean vari-
ability.

Owing to contributions of the SW and LH fluxes, the
total  surface  flux  anomalies  over  the  eastern  WNP
around the Philippine Sea are negative (Fig. 9). The aver-
aged  flux  anomalies  averaged  over  the  eastern  WNP
(10°S–20°N,  150°E–180°)  are  −9.06  and  −6.94  W  m−2

for  the  observations  and  the  model  predictions,  respect-
ively.  By comparison, the spatial  distribution of the sur-
face  flux  anomalies  shows  a  large  contrast  to  the  SST
distribution  over  the  WNP,  but  more  closely  resembles
the atmospheric components (Fig. 3). This indicates that
these  surface  flux  anomalies  are  not  favorable  for  the
maintenance of local SST anomalies over the WNP. The
local  SST  anomalies  dominate  the  air–sea  interactions
during  neutral  summers,  rather  than  passively  respond-
ing  to  the  atmospheric  variations.  The  ENSEMBLES
coupled models demonstrate a good capability in describ-
ing  these  local  air–sea  interactions,  especially  the  local
SST  anomalies,  and  thus  contribute  to  the  considerable
prediction skill of the WNPSH during neutral summers.

5.    Summary and discussion

As the dominant interannual climate variability, ENSO
acts  as  the  leading  predictor  for  the  East  Asian  summer
monsoon.  Nevertheless,  there  still  exist  many  neutral
years  in  which  the  associated  seasonal  forecast  cannot
rely on the ENSO evolution and associated air–sea inter-
actions.  Interannual  variation  of  the  WNPSH,  which
links  tropical  signals  with  the  East  Asian  summer  cli-

 
Fig. 7.   As in Fig. 6, but for the standardized WNPSH index and pre-
cipitation  anomalies  over  the  (a)  eastern  and  (b)  western  WNP.  The
correlation  coefficients  between  the  WHPSH  index  and  precipitation
anomalies for all these dots are 0.61 in (a) and –0.31 in (b).
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mate,  directly  modulates  the  East  Asian  summer  mon-
soon. In this study, we assess the performance of the EN-
SEMBLES  coupled  models  in  predicting  the  WNPSH
during  neutral  summers  without  strong  ENSO  forcing,
and  further  identify  the  predictable  sources  from the  lo-
cal  air–sea  coupling  process.  The  hindcasts  of  the  EN-
SEMBLES  project  initialized  on  1  May  during  1960–
2005 are used here.  This  long hindcast  period is  needed
to provide a sufficient number of neutral summer cases.

Considerable prediction capability for the WNPSH in-
dex and associated summer anomalies is demonstrated by

the models. The prediction correlation of the WNPSH in-
dex  reaches  0.90  among  the  12  neutral  summers  in  the
MME  output.  Without  strong  ENSO  forcing,  the  WN-
PSH also shows large interannual variability, correspond-
ing to anomalous cyclonic/anticyclonic circulation in the
lower troposphere,  precipitation anomalies,  and an east–
west  dipole  SST  distribution  over  the  tropical  WNP.
These  features  are  successfully  captured  by  the  model
predictions.

The  dipole  SST  distribution  over  the  tropical  WNP
with  an  east–west  SST  gradient  is  positively  related  to

 
Fig. 8.   Composites of the surface fluxes from the observations (left panels) and MME predictions (right panels) during the significant neutral
summers, including (a, b) longwave (LW) radiation, (c, d) shortwave (SW) radiation, (e, f) latent heat (LH) flux, and (g, h) sensible heat (SH)
flux. The units are W m−2 and positive values indicate downward flux.
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the local  precipitation anomalies.  Over the tropical  east-
ern  WNP,  on  the  one  hand,  the  positive  SST anomalies
tend to  induce enhanced local  precipitation.  The surface
flux  anomalies  over  this  region,  especially  the  SW  and
LH fluxes, are negative during neutral summers and can-
not support the maintenance of these positive SST anom-
alies. This suggests that the anomalous SSTs around the
tropical  eastern  Pacific  may  dominate  the  local  atmo-
spheric  variations.  The  models  reasonably  describe  the
local air–sea coupling process over the WNP, including a
high  prediction  correlation  of  SST anomalies,  the  posit-
ive SST–rainfall relationship, and the surface flux anom-
alies. These good performances contribute to the consid-
erable  prediction  skill  of  the  WNPSH  during  neutral
summers.  Over  the  tropical  western  WNP,  on  the  other
hand, the significant positive local SST–rainfall relation-
ship also implies the importance of local SST change, al-
though the anomalies are not uniformly negative after the
late 1970s.

This  study  focuses  on  the  hindcasts  with  one-month
lead time that  are initialized in May. We also assess the
prediction skill of the hindcasts with longer lead times in

ENSEMBLES,  and  find  that  the  high  WNPSH  predic-
tion skill  could also be achieved with a four-month lead
time  (initialized  on  1  February).  The  prediction  correla-
tion between the MME and the observations for the WN-
PSH  index  is  0.86.  The  good  predictions  achieved  here
indicate that the coupled model output for the WNPSH is
reliable during neutral summers, and could act as a good
reference  for  forecasters  and  decision  makers,  in  fore-
casting the position and intensity of the East Asian rain-
band, and for disaster mitigation of the associated floods,
droughts,  and  landfalling  tropical  cyclones.  Unfortu-
nately, the skill turns relatively low for the predictions at
seven-month  lead  time  (initialized  on  the  previous  1
November).  The  corresponding  prediction  correlation  of
the WNPSH index is 0.43.

In  this  study,  we  emphasize  the  importance  of  local
SSTs  to  the  high  WNPSH  predictability  during  ENSO-
neutral  summers.  While  the  anomalous  local  SSTs  over
the  WNP  play  an  active  role  in  the  maintenance  of  the
anomalous WNPSH, we have not explored the causes of
the anomalous SSTs themselves, and this would be inter-
esting  future  work.  In  addition,  it  is  intriguing  that  the

 
Fig. 9.   As in Fig. 8, but for the total surface flux anomalies.
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WNPSH  index  is  generally  positive  in  the  neutral  sum-
mers  shown  here,  showing  an  anomalous  lower-tropo-
spheric  cyclone over  the  tropical  WNP (Figs.  2a, 3a).  It
can  be  argued  that  this  may  arise  from  an  insufficient
number  of  samples  of  neutral  summers.  However,  this
situation also appears in the model predictions, which in-
clude  plenty  of  ensemble  members  and  could  offset  the
impact  of  insufficient  samples.  For  a  better  understand-
ing  of  these  positive  anomalies  in  neutral  summers,  fu-
ture  studies  focusing  on  the  asymmetric  features  of  the
WNPSH variation are needed, including its nonlinear re-
sponse to ENSO evolution.

This  study  mainly  discusses  the  contributions  of  the
tropical  SST to  the  WNPSH during ENSO-neutral  sum-
mers.  The  results  are  valid  in  both  the  observations  and
the  model  simulations.  Some  other  factors,  such  as  the
midlatitude  wave  disturbances  (e.g., Lu  et  al.,  2002;
Hong  and  Lu,  2016; Li  et  al.,  2017),  monsoon  diabatic
heating  (e.g., Rodwell  and  Hoskins,  2001; Kosaka  and
Nakamura,  2006),  and  land–sea  thermal  contrast  (Wu
and  Liu,  2003; Miyasaka  and  Nakamura,  2005),  have
been proposed to modulate the formulation and mainten-
ance of  the  WNPSH. These  factors  may vary  from case
to  case  among  the  neutral  summers  and  are  not  dis-
cussed  here.  In  addition,  the  models  in  the  ENSEM-
BLES  project  used  here  are  relatively  old,  even  though
this project has provided a quite long hindcast. We would
expect a similar or better prediction for the WNPSH dur-
ing  neutral  summers  if  current  coupled  models  with  a
considerably higher resolution were used.
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