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Monsoon rainfall and tropical storms (TSs) impose great impacts
on society, yet their seasonal predictions are far from successful.
The western Pacific Subtropical High (WPSH) is a prime circulation
system affecting East Asian summer monsoon (EASM) and west-
ern North Pacific TS activities, but the sources of its variability
and predictability have not been established. Here we show that
the WPSH variation faithfully represents fluctuations of EASM
strength (r = -0.92), the total TS days over the subtropical western
North Pacific (r = —0.81), and the total number of TSs impacting
East Asian coasts (r = -0.76) during 1979-2009. Our numerical ex-
periment results establish that the WPSH variation is primarily
controlled by central Pacific cooling/warming and a positive atmo-
sphere-ocean feedback between the WPSH and the Indo-Pacific
warm pool oceans. With a physically based empirical model and
the state-of-the-art dynamical models, we demonstrate that the
WPSH is highly predictable; this predictability creates a promising
way for prediction of monsoon and TS. The predictions using the
WPSH predictability not only yields substantially improved skills
in prediction of the EASM rainfall, but also enables skillful pre-
diction of the TS activities that the current dynamical models fail.
Our findings reveal that positive WPSH-ocean interaction can
provide a source of climate predictability and highlight the im-
portance of subtropical dynamics in understanding monsoon and
TS predictability.

Summer monsoons and tropical storms (TSs) affect billions of
people’s livelihoods over East Asia including China, Japan,
Korea, Indo-China peninsula, and Philippines. Prediction of the
East Asian summer monsoon (EASM) rainfall and the TS in the
western North Pacific (WNP) is a forefront scientific challenge of
great societal importance and economic value. The latest assess-
ment of the world-class climate models’ performance clearly dem-
onstrates the models’ poor skills in prediction of the monsoon
rainfall (1) and their inability to predict WNP TS variations.

The western Pacific Subtropical High (WPSH) has profound
effects on (and interact with) EASM and WNP TS activities (2-6);
it also has far reaching influence on the summer rainfall over the
Great Plains of the United States through atmospheric telecon-
nection (7, 8). Understanding the mechanism and predictability
of the WPSH is a prerequisite for better prediction of the EASM
and WNP TS.

It has been noticed decades ago that an enhanced WPSH
occurs during El Nifo decaying summer, but the physical inter-
pretation was not offered until the turn of 21st century (9-11).
Recently, the influence of the Indian Ocean (I0) warming (12)
has been revived to explain why the WPSH is abnormally strong
after a peak El Nino (13-17). Note, however, approximately one-
half of the strong anomalous WPSH years do not concur with
decaying El Nifio (Fig. S1) or IO warming (Fig. S2). Thus, it is
necessary to reshape the conventional thinking on the causes of
the interannual variation of the WPSH.

Here, we reveal two fundamental mechanisms controlling the
year-to-year variability of the WPSH, and demonstrate the high
predictability of the WPSH, which paves a promising way to pre-
dict the monsoon and TS activities.
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WPSH Index Indicative of the EASM and WNP TS Variability

Although the general connection between the WPSH and EASM/
WNP TS has been recognized for decades, quantitative relation-
ships between them have not firmly established. This problem is in
part due to the fact that a variety of interrelated WPSH indices
(18-20) and EASM indices (21) has been used to depict their
respective variations, which makes it extremely difficult to as-
certain a clear qualitative linkage between them. To make prog-
ress, here we propose to measure the intensity of WPSH by
a single objective index defined by boreal summer (June-July-
August; JJA) mean 850 hPa geopotential height (H850) anomaly
averaged over the maximum interannual variability center (15°N-
25°N, 115°E-150°E) (Fig. S34). The EASM intensity can be ob-
jectively measured by the leading principal component of the
EASM system (21). Fig. 14 shows that the WPSH index is highly
indicative of the EASM intensity with a correlation coefficient (r)
of —0.92 for the period 1979-2009. Further, the variability of the
WPSH highly reflects the variations in the TS genesis and
movement (Fig. 1 B and C). An enhanced WPSH signifies re-
duced TS days in the subtropical WNP with r = -0.81 and de-
creased numbers of TSs that impact East Asian (Japan, Korea,
and East China) coastal areas with r = -0.76 (Fig. S3B). Com-
pared with the previously used indices (18-20), the WPSH index
defined here has a higher correlation with the EASM and WNP
TS activities (Table S1). In sum, understanding the sources of
WPSH variability and predictability may pave an alternative way
for prediction of monsoon and TS activities.

Mechanisms of the Interannual Variability of the WPSH

Note that the year-to-year pulse of the WPSH intensity as mea-
sured by the WPSH index is not concurrently correlated with El
Nino/Southern Oscillation (ENSO) during boreal summer (Fig.
S4A4; r = —0.12 for the period 1979-2009). To unravel the origins of
the WPSH fluctuation, we turn to investigate the leading modes of
summer mean H850 variation because the first two empirical or-
thogonal function (EOF) modes of H850 account for 53% (31.0%
for EOF-1 and 22.2% for EOF-2) of the total variance over the
entire Asian monsoon domain and 74% of the total variance in the
WNP region (10°N-30°N, 100°E-180°E). Both principal compo-
nent (PC)-1 and PC-2 of H850 are significantly correlated with the
WPSH index (r = 0.60 and r = 0.73). Surprisingly, the year-to-year
fluctuation of the WPSH intensity can be reconstructed extremely
well with the PCs associated with the two EOFs based on the
multivariate regression method: (1.289xPC-1 + 1.099xPC-2), and
the correlation coefficient between the observed and reconstructed
WPSH indices is 0.93 (Fig. S4D). Hence, understanding the un-
derlying dynamics of the two EOF modes is of central importance
for mining the source of predictability of the WPSH.
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Fig. 1.

WPSH and its relationship with EASM intensity and TS activities. (A) Interannual variations of the boreal summer (JJA) WPSH intensity index, EASM

strength (reversed) and the total number of TS days (reversed) over the subtropical WNP (black boxes in B and C). The numbers in parentheses indicate
correlation coefficients with the WPSH index. (B) TS tracks for the four extremely strong WPSH years. Cis as in B but for the four extremely weak WPSH years.
The extreme WPSH years with its anomaly above 120% of its standard deviation (SD) are indicated in A by the purple (green) dots. The green lines represent
the TS with maximum wind speed above 17.5 m/s but less 32.5 m/s, and the red lines represent typhoon with maximum wind speed above 33 m/s.

The EOF-1 is characterized by an intense southwest-north-
east—oriented WPSH, which concurs with suppressed rainfall on
its southeast flank and enhanced rainfall in Korea, Japan, and
the equatorial Pacific (Fig. 24). How can this WPSH anomaly
sustain itself given the chaotic nature of the atmospheric mo-
tion? We argue that a positive feedback between the WPSH and
underlying dipolar sea surface temperature (SST) anomaly in the
Indo-Pacific warm pool (Fig. 2B) plays a central role. First, to the
southeast of the WPSH anomaly, the SST is cool because the
anomalous northeasterly winds strengthen mean easterlies to the
east of the monsoon trough, thereby enhancing evaporation/en-
trainment (Fig. S5). Conversely, the resultant ocean cooling
would, in turn, reduce in situ precipitation heating (Fig. 24),
hence generating descending Rossby waves that reinforce the
WPSH in their westward decaying journey (9). This positive
thermodynamic feedback is confirmed by numerical experiments
with a coupled model (22) (Fig. S6), which demonstrates that an
initial SST cooling in the WNP can indeed maintain an anom-
alous WPSH in the ensuing summer (Fig. 2C). Second, to the
southwest of the enhanced WPSH, the northern IO warms be-
cause the easterly anomalies associated with the WPSH weaken
the southwest monsoons (Fig. 2B), thereby reducing surface la-
tent heat flux (23). Conversely, the northern IO warming would
help sustain the WPSH (refs. 13-17; Fig. S7). Thus, the interplay
between the WPSH and northern IO warming also contributes to
the maintenance of the WPSH. In sum, the EOF-1 can be viewed
as an atmosphere—ocean interaction mode and the mechanism
for the EOF-1 is summarized in Fig. S7.

The EOF-2 mode features a strong anomalous WPSH and
a weak IO low (Fig. 34). The anomalous WPSH ridge and the
associated suppressed convection extend from the Philippine Sea
southeastward to the equatorial western Pacific. The enhanced
WPSH concurs with equatorial central Pacific cooling (Fig. 3B);
the corresponding principal component is negatively correlated
with the Nifo3.4 index [SST anomaly (SSTA) averaged over
5°8-5°N, 170°W-120°W (r = -0.68), Fig. S4C]. It suggests that
the EOF-2 mode reflects a developing (or persisting) La Nifa
event signifying a stronger than normal WPSH, and vice versa.
The enhanced WPSH associated with the EOF-2 is arguably
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forced by the central Pacific cooling that shifts the east-west
circulation (Walker) cell with the rising limb shifting westward,
thus reducing convection around 160°E and increasing convection
over the maritime continent (Fig. 34). The suppressed convection
can directly strengthen the WPSH by emanation of descending
Rossby waves. This assertion is confirmed by numerical experi-
ments with the ECHAM atmospheric general circulation model
(24) forced by the central Pacific SST cooling, which reproduces
realistic precipitation and H850 anomalies (Fig. 3C). Meanwhile,
the reinforced maritime continent convection can also enhance
the WPSH via inducing equatorial easterlies over the western
Pacific (25), which generates off-equatorial anticyclonic shear
vorticity over the Philippine Sea.

High Predictability of the WPSH

To estimate the lower bound of the predictability for the WPSH,
we built an empirical model to predict the WPSH intensity with
three predictors based on multivariate regression that are tightly
linked to the first two EOF modes (Fig. S8):

WPSH index = 1.704 x SSTA (IO — WNP)

—0.713 x ENSOgeyelop —0.283 x NAOI, th
where SSTA(IO-WNP) represents the April-May mean dipolar
SSTA difference between the 10 (10°S-10°N, 50°E-110°E) and
the WNP (0°-15°N, 120°E-160°E), which acts as a predictor for
the EOF-1 (r = 0.76). The ENSOgeyeiop denotes the May-minus-
March SSTA in the central Pacific (15°S-5°N, 170°W-130°W),
which is a predictor for the EOF-2 (r = -0.47). Additionally, the
North Atlantic Oscillation (NAO) (26) index (NAOI) in April-
May is used as a predictor for EOF-2 (r = -0.38), because the
NAOI (27) was found to be a complementary predictor for EASM
(28, 29). Physically, the SSTA associated with anomalous NAO in
April-May can lead to the equatorial Pacific SSTA during the
following summer (29) (Fig. S8C), thus providing a predictor for
the EOF-2. Hence, all three predictors are selected based on the
physical processes that govern the two predictable EOF modes.
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Fig. 2. Origins of the EOF-1 (the coupled atmosphere-ocean) mode. (A)
Spatial pattern (contours) of the leading EOF mode derived from summer
(JJA) H850 in the Asian-Australian monsoon domain (20°5-40°N, 30°E-180°E).
Shown is also the correlated precipitation (shading) in the Indo-Pacific do-
main with correlations significant at 90% confidence (r > 0.3). (B) The cor-
related SSTA (shading) and 850 hPa wind anomalies with reference to the PC
of EOF-1. (C) The simulated JJA mean precipitation (shading in millimeters
per day), H850 (contours in meters) and 1,000 hPa wind anomaly (only
vectors with absolute value larger than 0.3 m/s are shown) in response to an
initial SST perturbation over the WNP in a coupled model experiment (Fig. S6).

The physically based prediction model (Eq. 1) can reproduce
the WPSH index realistically with a temporal correlation skill of
0.81 for 1979-2009 (Fig. 44). To test its predictive capability, the
cross-validation method (30) with a leaving-three-out approach
(31) was used to reforecast the WPSH index. The temporal cor-
relation skill for the 31-y cross-validated reforecast skill is 0.75.
As a comparison, we have assessed reforecast performance of
three state-of-the-art coupled climate models (32) in predicting
the WPSH index with initial conditions on June 1 of each year
(Fig. S94). The skills of these dynamical models range from 0.72
to 0.76 with a three-model ensemble mean skill of 0.82 for the
period of 1981-2009 (Fig. S94). The high predictability of the
WPSH may open a pathway to ameliorate monsoon and TS
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predictions because of their close relationships with the WPSH
(Fig. 14).

Prediction of the EASM and WNP TS

Using WPSH predictors and predictability, we have attempted to
directly predict the EASM intensity, the subtropical WNP TS
days, and the total number of TSs impacting East Asia; the re-
sults show promising and valuable deterministic and probabilistic
prediction skills (Fig. 4). The high predictability of the WPSH
makes WNP TS prediction possible although the global models
generally cannot directly resolve and predict the tropical cyclones.
For example, predictions of the subtropical WNP TS days and the
total number of TSs impacting East Asian coasts can achieve
temporal correlation skills of 0.73 and 0.66, respectively (Fig. 4 C
and D). Furthermore, using the predictability of the two major
modes of the WPSH, an empirical model for direct prediction of
the EASM rainfall anomalies can be constructed. The direct em-
pirical prediction can provide a significantly higher reforecast skill
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Fig. 3. Origin of the EOF-2 (the forced) mode. (A and B) The same as in Fig.
2 A and B, but for the EOF-2 mode. (C) Simulated JJA H850 (contours in
meters) and precipitation (shading in millimeters per day) anomalies using
ECHAM model forced by the prescribed cold SSTA over the equatorial cen-
tral Pacific (blue contours in Celsius).

Wang et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214626110/-/DCSupplemental/pnas.201214626SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214626110/-/DCSupplemental/pnas.201214626SI.pdf?targetid=nameddest=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214626110/-/DCSupplemental/pnas.201214626SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1214626110

>

219 & S B R o
T 2 7 P & A N\ A :
g_) 0 : / “‘\‘ = - — vM l'l “-‘o “\ . ’R\ ‘:%19’0\\
= I oINS \“" - . 4 \kM \\:/' - \‘\\(\
21 1cs-os81, Bss=041 - o - - B
1980 1984 1988 1992 1996 2000 2004 2008
B ‘
e SR R S o o
s ‘ A R RS .
2 0N e =\ Ao
LV AT YR
“21 1cs-o07s, BSs=037 o - o o B
1980 1984 1988 1992 1996 2000 2004 2008
C
o
P4
2
n
P
O
[a]
© =21 1cs-0.73, BSs=0.21 ‘ ‘ ‘ ‘ ‘
1980 1984 1988 1992 1996 2000 2004 2008
D
%
O
o
o
<
S
Q227 % ‘ ‘
TCS=0.66, BSS=0.17

1980 1984 1988 1992

1996 2000 2004 2008

Fig. 4. Prediction of the WPSH, EASM, and WNP TS activities with the physically based empirical models by using WPSH predictability. The observation (black)
and prediction (red) of the WPSH index (A); the EASM strength (B); the TS days over the subtropical WNP (C); and the total TS numbers impacting the EA coast
regions during JJA (D). Uncertainty of the each prediction measured by standard forecast error is given (shading). The deterministic prediction skills in terms
of temporal correlation skill (TCS) for these three indices reach 0.81, 0.78, 0.73, and 0.66, respectively, and the corresponding cross-validated reforecast skills
reach 0.75, 0.72, 0.68, and 0.59, respectively. The probabilistic prediction skills in terms of Brier skill score (BSS) (1) for the four predictands in A-D are 0.41,

0.37, 0.21, and 0.17, respectively.

for summer monsoon rainfall than the dynamical models (Fig. S9 B
and C). The temporal correlation skill for prediction of area-
averaged rainfall over East Asia (5°N-40°N, 110°E-140°E) is 0.50
(empirical) versus 0.21 (dynamical). Thus, the two mechanisms
underlying the WPSH variability provide a physical basis for pre-
dicting EASM and the WNP TS, and use of the WPSH pre-
dictability can significantly improve the monsoon rainfall and TS
predictions.

Discussion
We used observational analyses and numerical experiments to
show the fundamental dynamics governing the WPSH variability.
Compared with relative mature midlatitude dynamics (quasi-geo-
strophic theory) and equatorial dynamics (equatorial wave theory),
the subtropical dynamics is an area calling for further major efforts
to develop our theoretical understanding. We hope that our work
paves a way toward developing subtropical dynamics theories.
Traditional theory suggested that climate predictability arises
from the forcing in slowly varying lower boundary conditions,
such as SST (33, 34). The findings here demonstrate that the WPSH
is not just a passive response to SST change, and the positive
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WPSH-ocean interaction can provide a source of climate pre-
dictability that extends ENSO impacts to upstream midlatitudes
and to the ENSO transition phases when ENSO forcing is weak
or absent. This result adds a perspective to the existing climate
predictability theories and for mining sources of the predictability.
Our finding also highlights the importance of translating the
models’ circulation predictability into rainfall and TS predictability
and motivates additional research in how changes in subtropical
circulation may be influencing long-term trends and future changes
of monsoon precipitation and TS impacts.

Methods

Models and Experiments. Two numerical climate models were adopted in this
study. The first is an atmospheric general circulation model ECHAM (v4.6)
(24). Two sets of forced experiments were carried out by using ECHAM
model. One is a control run (20-y) forced with observed climatological SST
and sea ice, and the other is a sensitivity experiment (20 ensemble members)
with imposed cold SSTA during JJA over the equatorial central Pacific to test
whether the EOF-2 mode is a forced mode (Fig. 3C). The second model is a
coupled model, POEM, which consists of ECHAM (v4.6) atmospheric model
and POP (v2.0) ocean model (22). This coupled model reproduces realistic
surface wind fields, which provides precondition to testify the positive
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thermodynamic feedback in sustaining the WPSH associated with EOF-1
mode (Fig. S6). We conducted two sets of experiments. The first is a control
run that is freely coupled (20 y) to provide 20 ensembles of summer clima-
tology. The other is a sensitivity experiment that shares the same initial
condition of the above 20 ensemble runs but with an imposed cold SST ten-
dency perturbation in the WNP for 10 d from May 21 to May 31 (Fig. S6A).
After May 31, the model is relaxed to a free coupled run. We then compared
the ensemble mean results averaged in JJA with the control runs to identify
whether the initial SSTA can maintain and generate the WPSH anomaly.

Datasets. Several datasets were used in this study, including (/) monthly mean
SST from National Oceanic and Atmospheric Administration Extended
Reconstructed SST (ERSST, v3b) (35); (ii) monthly mean precipitation from
Global Precipitation Climatology Project (v2.1) datasets (36); and (iii) monthly
mean circulation data from National Centers for Environmental Prediction—
Department of Energy Reanalysis 2 products (37). Summer (JJA) anomalies are
calculated by the deviation of JJA mean from the 31-y climatology (1979-2009).
We also used the International Best Track Archive for Climate Stewardship
(IBTrACS, v03r03) World Meteorological Organization (WMO) data (www.
ncdc.noaa.gov/oalibtracs/index.php?name=ibtracs-data) to estimate the
positions of the TS. The IBTrACS data for TS positions are first transformed
into an area-averaged TS frequency at 5 x 5 degree point. The TS days
were then defined as the averaged TS occurrence divided by four because
the IBTrACS data for TS positions are reported every 6 h.

EASM Intensity Index. The EASM index used here is based on the first leading
multivariate EOF analysis of a set of six JJA mean meteorological fields over the
domain (0°-50°N, 100°E-140°E), including precipitation, zonal and meridional
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