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Abstract
Sea surface temperature (SST) anomalies in the Pacific, Indian and Atlantic oceans were suggested to explain inter-annual 
variability of tropical cyclone (TC) activity over the western North Pacific (WNP). Here we show that the influences of 
these “trans-basin” SST anomalies in the three oceans can be collectively understood via two leading modes of variability 
of WNP subtropical high (WNPSH). The first mode, which is forced by SST anomalies in the eastern-central Pacific and 
tropical Atlantic, can shift TC formation locations southeastward/northwestward, but has insignificant influence on the total 
TC genesis number, albeit affects the TC tracks, total number of tropical storm days, and power dissipation index (PDI). The 
second mode, which is a coupled ocean–atmosphere mode associated with a dipole SST anomaly in the Indo-Pacific warm 
pool, has a significant control on the total TC genesis number. A set of physics-based empirical models is built to predict 
the two WNPSH modes and TC activity (genesis number, tropical storm days and PDI) in the peak TC season (July–Sep-
tember) with preceding season trans-basin SST predictors. The predictions capture very well the inter-annual variabilities 
of the WNPSH and reasonably well the variability of WNP TC activity. These results thus establish a unified framework to 
understand and forecast the inter-annual variability in TC activity over the WNP.
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1 Introduction

Billions of people in Pacific islands and coastal regions are 
frequently subject to TC-induced damages including gale 
winds, heavy precipitation, storm surges and landslides 
(Zhang et al. 2009). Extensive research works have been 
carried out to understand variations in TC activity over 
the WNP which experiences considerable inter-annual 

variability (Chan and Shi 1996; Chia and Ropelewski 2002; 
Chan 2005; Chen et al. 2006). Numerous studies suggested 
that such inter-annual variability is closely related to the 
El Niño–Southern Oscillation (ENSO) phenomenon (Chan 
1985, 2000; Lander 1993, 1994; Wang and Chan 2002; 
Camargo and Sobel 2005; Camargo et  al. 2007b; Zhao 
et al. 2010; Kim et al. 2011; Wang et al. 2013b, 2018a, b) 
Wang and Wu 2016). In summary, the warm phase of ENSO, 
namely, El Niño, can shift TC formation locations southeast-
ward by eastward migrating the low-level monsoon trough 
and tropical upper troposphere trough (TUTT), and intensify 
TCs through prolonging their lifespans over the warm ocean. 
The opposite is true for La Niña events. However, it is found 
that ENSO has little effect on the total TC genesis number 
over the WNP in the peak season (Lander 1993; Wang and 
Chan 2002).

Due to the weak relationship between the total TC genesis 
frequency and local SST variations over the WNP, recently, 
some studies tried to seek for sources of inter-annual vari-
ability outside of the WNP basin. For example, Zhan et al. 
(2011) suggested that SST anomalies over the eastern Indian 
ocean can influence the WNP TC genesis number by exciting 
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equatorial Kelvin waves propagating into the WNP that can 
lead to anomalous anti-cyclonic/cyclonic circulations over 
the WNP. Meanwhile, Du et al. (2011) examined the impacts 
of the delayed Indian ocean warming after strong El Nino 
events on TC genesis. More recently, the impact of Atlantic 
SST on the WNP TC genesis frequency has been proposed 
(Huo et al. 2015; Yu et al. 2015; Zhang et al. 2017, 2018). 
These studies suggested that Atlantic SST anomalies can 
induce SST anomalies in the eastern Pacific (Ham et al. 
2013; Huo et al. 2015) or the Indian ocean (Yu et al. 2015), 
thereby further changing large-scale circulations over the 
WNP and leading to the anomalous TC genesis. Moreover, 
the Pacific Meridional mode (PMM) is found to be tightly 
linked to the TC genesis frequency over the WNP, which 
exerts its influence through modifying vertical shear and 
vorticity (Zhang et al. 2016a; Zhan et al. 2017; Wu et al. 
2018; Wang et al. 2018b).

Although these remote SST anomalies can account for 
a portion of the inter-annual variability in TC genesis fre-
quency, it is, essentially, the local large-scale circulation 
change that modulates the TC activity over the WNP. For 
instance, an anomalous anti-cyclonic/cyclonic circulation 
over the WNP is usually used to interpret the role of remote 
SST forcing in influencing TC genesis frequency (Zhan et al. 
2011; Du et al. 2011; Tao et al. 2012; Huo et al. 2015; Yu 
et al. 2015; Zhang et al. 2016a). Therefore, understanding 

the effects of local large-scale circulations on TC activity 
over the WNP is of essential importance in the first place.

Over the WNP, large-scale circulations regulating TC 
activity include the WNPSH, the low-level monsoon trough, 
a northeast-southwest tilted convergence zone extending 
from the northern Indochina Peninsula to the Philippine 
Sea, the upper-level South Asia High, and the TUTT over 
the central North Pacific (Fig. 1, Wu et al. 2015; Wang 
and Wu 2016, 2018a, b). The configuration of these cir-
culations generally determinates the region of favourable 
large-scale environments, and thus generally determinates 
mean development area of TC (Fig. 1, Wang and Wu 2018a, 
b). However, the monsoon trough and TUTT can only shift 
the TC formation locations on the inter-annual and inter-
decadal time scales (Chen et al. 1998; Chia and Ropelewski 
2002; Matsuura et al. 2003; Wu et al. 2012, 2015; Wang 
and Wu 2016, 2018a, b; Huangfu et al. 2017). On the other 
hand, the WNPSH, which is usually accompanied by large-
scale descending motion, low humidity and low-level anti-
cyclonic vorticity, is thought to be most closely related 
to the total TC genesis frequency over the WNP (Liu and 
Chan 2013). Recently, considerable inter-annual variabil-
ity of the WNPSH has been documented (Sui et al. 2007; 
Park et al. 2010; Chung et al. 2011; Wang et al. 2013a; He 
and Zhou 2014). Although both modes are characterized by 
an anomalous anti-cyclonic circulation over the WNP, the 

Fig. 1  Large-scale circulations regulating TC activity over the WNP. 
The upper level shows the July–September mean 200 hPa streamlines 
and vertical shear of zonal wind (the difference between 200 hPa and 
850 hPa zonal wind, shadings, m  s−1) during 1981–2010. The lower 
level shows the July–September mean 850  hPa winds (streamline) 
and relative vorticity (shadings, 10–6 s−1) during 1981–2010. TUTT 

represents the tropical upper tropospheric trough, SAH represents the 
south Asia high, MT represents the monsoon trough, and the WNPSH 
represents the western North Pacific subtropical high. The green dots 
denote the corresponding TC formation locations, and the thick white 
lines show the zero contours of zonal wind speed
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underlying physical mechanisms are quite different. Wang 
et al. (2013a) has shown that the first mode of WNPSH vari-
ability is a coupled atmosphere–ocean mode maintained by 
a positive thermodynamic feedback between the WNPSH 
and underlying dipole SST anomalies (SSTA) across the 
northern Indian ocean and WNP, while the second mode is 
a forced mode that is related to the SST anomalies over the 
equatorial central Pacific as well as the convection over the 
maritime continent. Therefore, investigation of the impact 
of these two modes on TC activity is advantageous to enrich 
our understanding about the mechanism of TC variability 
over the WNP.

Thorough understanding the variability and predictability 
of TC activity makes it possible to obtain skilful seasonal 
forecast products for TC activity. Over the WNP, the opera-
tional seasonal forecast of TC activity becomes available 
since the early 1990s (Zhan et al. 2012). Various schemes, 
including statistical methods, dynamical models, and so-
called hybrid statistical–dynamical approaches, have been 
proposed to make seasonal forecasting of the TC activity 
over the WNP (Camargo et al. 2007a; Zhan et al. 2012). 
Although the skill of coupled dynamic models in directly 
predicting TC activity has been improved continuously over 
the past decades (Chen and Lin 2013; Vecchi et al. 2014; 
Camp et al. 2015; Manganello et al. 2016), some statistical 
approaches, which are built upon the identification of the 
appropriate predictors, show significant forecasting skill and 
are still the dominant seasonal forecasting strategies for the 
TC activity over the WNP (Chan et al. 1998, 2001; Cama-
rgo et al. 2007a; Fan and Wang 2009; Lu et al. 2010; Zhan 
and Wang 2016; Kim et al. 2017; Zhang et al. 2016b; Zhan 
et al. 2012). However, the biases in the current statistical 
forecasting products have remarkably increased in recent 
years (Zhan et al. 2012), suggesting the unstable statistical 
relationships between the TC activity and predictors.

Recently, Wang et al. (2013a) proposed a strategy to 
build PEMs based on understanding of the physical pro-
cesses linking the predictors and predictand, to predict the 
WNPSH and TC activity. In this strategy, only physically 
meaningful predictors are selected, which is different from 
the traditional statistical model, and it shows better predict-
ing skill comparing to that of the purely statistical models 
(Wang et al. 2013a, 2015). Considering the large predic-
tion biases in traditional statistical models over the WNP 
(Zhan et al. 2012) and the high predictability of the WNPSH 
(Wang et al. 2013a), the PEM provides an alternative way to 
predicting TC activity if we can establish the physical con-
nection between the WNPSH and TC activity.

However, previous studies mainly focused on the effects 
of WNPSH on TC prevailing tracks (Ho et al. 2004; Wu 
et al. 2005; Liu and Chan 2008), its effect on TC formation 
has not been explicitly documented. Therefore, the primary 
objectives of this study are to reveal the effects of WNPSH 

on the WNP TC activity in terms of its two major modes of 
inter-annual variability, and to establish a set of PEMs to 
predict TC activity by taking advantage of the high predict-
ability of the WNPSH. In this work, we will demonstrate 
that the variations in the WNPSH may reflect the integrated 
influences of the SST anomalies in the tropical Pacific, 
Indian and Atlantic (trans-basin SST anomalies for short) 
on TC activity over the WNP. This will establish a uniform 
framework to understand and forecast the inter-annual vari-
ability in the WNP TC activity.

Section 2 describes the data and method. Section 3 intro-
duces the two inter-annual modes of WNPSH and the related 
trans-basin SST variability. The impacts of the two subtropi-
cal high modes on TC activity and the corresponding large-
scale conditions are illustrated in Sect. 4. Section 5 further 
presents the high predictability of WNPSH and its applica-
tion to seasonal forecasting of WNP TC activity, followed 
by a summary in Sect. 6.

2  Data and method

Best track data from the Joint Typhoon Warming Center 
(JTWC), the Japan Meteorological Agency (JMA) and the 
Chinese Meteorology Administration (CMA) are used to 
obtain TC information. TCs in this study are defined as trop-
ical storms whose maximum wind speed reach or exceeds 
17.2 m  s−1. As the results derived from the JTWC, CMA 
and JMA data are generally similar, only the findings based 
on the JTWC best track data are presented. The monthly 
atmospheric data are obtained from the National Centers 
for Environmental Prediction (NCEP)-National Center for 
Atmospheric Research (NCAR) reanalysis (Kalnay et al. 
1996). The monthly SST from Extended Reconstruction 
SST (ERSST) version 4 (Huang et al. 2015) is used to docu-
ment the SST anomalies related to inter-annual variability 
of WNPSH.

The analysis period is from 1965 to 2016, and we focus 
on the peak season (July–September, JAS) of TC activity 
over the WNP (0°–40°N, 100°E–180°). 1965 is taken as the 
starting year because satellite monitoring became routine 
around this year (Wang and Chan 2002; Chan 2006). An 
8-year high-pass Fourier filter is first applied to all obser-
vational data to isolate interannual variability. Because 
the conventional definition of subtropical high by using 
geopotential height cannot eliminate the effects of global 
warming-induced pressure rising (Wu and Wang 2015), we 
use 850 hPa wind field to perform multivariate Empirical 
Orthogonal Function (EOF) analysis (Wang 1992) to obtain 
the dominant modes of atmospheric circulation (Park et al. 
2010; He and Zhou 2014). Composite and correlation analy-
ses are also employed to present the results and statistical 
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significance is assessed using the two-tailed Student’s t-test 
(Wilks 2006).

The PEMs are derived by multivariate regression (Wang 
et al. 2013a). All variables are standardized before regres-
sion, which allows us to infer the relative contribution of 
each predictor by examining the normalized regression 
coefficient. Two validation methods, including leave-three-
out cross-validated reforecast and independent forecast, are 
used to verify the prediction skills of PEMs (Wang et al. 
2015; Li and Wang 2017; Luo and Wang 2017). The cross-
validated reforecast is conducted by training the PEMs with 
the samples leaving 3 years out each time, and then apply the 
derived PEMs to predict the predictands in three withheld 
years (Michaelsen 1987). The training process is repeated 
for all the other years to get the cross-validated reforecast for 
1965–2000. The independent forecast is then performed for 
the rest 16-year (2001–2016). The temporal correlation coef-
ficient (TCC) and Mean Square Skill Score (MSSS) are used 
to measure the deterministic seasonal forecast skill (Murphy 
1988). The MSSS compares the Mean Square Error (MSE) 
of forecast to the MSE of climatology and thus reflect the 
forecast skill relative to the “forecasts” of climatology. The 
MSSS is defined as,

The MSE is defined as MSE = 1
n

∑n

i=1
(fi − xi)

2 , which is 
the MSE of the forecast. The MSEc, the MSE of climatol-
ogy, is given as MSEc = 1

n

∑n

i=1
(xi − x̄)2 , where n, xi , fi , and 

x̄ represent the time steps of forecasting, observation in each 
step, forecasted value in each step and climatological mean 
of observation, respectively.

3  Two dominant modes of inter‑annual 
variability of the WNPSH

Figure 2 shows the two leading EOF modes of 850 hPa 
winds over the WNP. The first (second) mode can explain 
44.8% (16.6%) of the total variance. Both modes feature 
an anomalous anti-cyclonic circulation over the WNP. The 
first mode shows an anti-cyclonic circulation anomaly occu-
pying the entire WNP with two centers located at (18°N, 
150°E) and the northernmost South China Sea, respectively 
(Fig. 2a). The anomalous easterly in the southern flank of the 
anti-cyclonic circulation is located over the tropical WNP, 
which is different from that in the second mode (Fig. 2b). 
The anti-cyclonic circulation of the second mode is slightly 
shifted northward with a center at (25°N, 140°E), and an 
anomalous cyclonic circulation occurs over tropical south-
east WNP.

The first model is thought to be related with SST variation 
over the equatorial central Pacific and the convection over 

MSSS = 1 −
MSE

MSEc

,

the maritime continent, the second mode is a coupled mode 
maintained by a positive air-sea thermodynamic feedback 
(Wang et al. 2013a). Since the EOFs derived from 850 hPa 
winds are different from those derived from the geopotential 
height, and the seasons (JJA vs. JAS) are also slightly dif-
ferent, we need to re-examine the origins of the two modes.

Figure  3 shows the regressed SST anomalies with 
respect to the principal components of the two modes. The 
first mode concurs with an equatorial dipole SST anomaly 
with a cooling in the equatorial central-eastern Pacific and 
a warming over the Marine Continent (Fig.  3a), which 
resembles that of a La Niña developing phase. The first 
principal component (PC1) is significantly correlated with 
the Niño3.4 index with a correlation coefficient of − 0.77 
(p < 0.01). On the one hand, the SST cooling over the equa-
torial central Pacific can, through suppressing convective 
heating, induce a Rossby wave response that can strengthen 
the WNPSH directly (Wang et al. 2013). On the other hand, 
the SST warming over the Marine Continent can enhance 
convective heating, inducing the equatorial easterly anomaly 
over the WNP as a Kelvin wave response, which further 
reinforces the WNPSH by generating anticyclonic shear 
vorticity (Chung et al. 2011; Wang et al. 2013a; Li et al. 
2017). Thus, to a large extent, the first mode can be viewed 
as a forced mode by ENSO. In addition, the strengthened 
WNPSH coincides with a significant anomalous SST warm-
ing over the equatorial Atlantic (Fig. 3a). Previous studies 
have suggested that the tropical Atlantic warming induced 
atmospheric heating can intensify easterly trade winds in the 
off-equatorial eastern Pacific by emanating Rossby waves 
(Vimont et al. 2001), intensifying trade winds and contrib-
uting to the equatorial Pacific cooling through the Bjerknes 
feedback (Kucharski et al. 2011; Ham et al. 2013; Wang 
et al. 2013a; McGregor et al. 2014; Li et al. 2015; Kajtar 
et al. 2017; Zhang et al. 2018). The eastern Pacific cooling 
can indirectly influence the WNPSH. In other words, the first 
mode of WNPSH, in fact, integrates the impacts of ENSO 
over the Pacific and the tropical Atlantic SST anomalies.

To confirm the aforementioned relationship, the time 
series of the two principal components and the equatorial 
central-eastern Pacific SST and tropical Atlantic SST are 
shown in Fig. 4. The equatorial central-eastern Pacific SST 
are averaged over the (10°S–10°N, 180°E–100°W) and the 
Atlantic SST anomalies are averaged over (10°S–20°N, 
70°W–0°). The correlation coefficient between the PC1 and 
the equatorial central-eastern Pacific SST and the Atlantic 
SST anomaly attains values of − 0.81 and 0.52, respectively. 
Note also that, the equatorial central-eastern Pacific SST 
and the Atlantic SST anomalies are statistically independ-
ent of each other (r = − 0.17 for 1965–2016), but both have 
significant correlations with the PC1, which indicates the 
synergetic effects of Pacific and Atlantic SST anomalies on 
the first mode of WNPSH (Fig. 4a, b).
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Fig. 2  Leading modes of 
850 hPa wind over the WNP. 
a The first multivariate EOF 
mode and b the second multi-
variate EOF mode of July–Sep-
tember mean 850 hPa winds 
during 1965–2016. The percent-
age of variance explained by 
individual modes is shown on 
the top-right of each panel

Fig. 3  Variability sources 
of the two WNPSH modes. 
Regressed SST anomalies in 
July–September with respect to 
the time series of a the first and 
b the second EOF modes dur-
ing 1965–2016. Purple vectors 
show the two leading modes of 
850 hPa winds shown in Fig. 2 
and the green lines outline the 
WNP. Dots denote areas that are 
significant at the 95% confi-
dence level
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For the second mode, the regressed SST anomalies are 
generally weaker than those associated with the first mode 
(Fig. 3b). Anomalous warming is seen in the northern Indian 
Ocean and the South China Sea, while weak negative SST 
anomalies can be found to the southeast flank of WNPSH. 
Wang et al. (2013a) suggested that the strengthened WNPSH 
is coupled to the underlying dipole SST pattern in the Indo-
Pacific warm pool through a positive thermodynamic feed-
back. On one hand, the anomalous northeasterly to the east 
and southeast flank of WNPSH superposed on the mean 
easterly winds, increases the total wind speed, enhances the 

sea surface evaporation, thus cools the SST. On the other 
hand, the anomalous northeasterly transport dry air to the 
southeast of the anomalous WNP anticyclone. Both the 
SST cooling and dry advection reduce convective instabil-
ity and suppress convection to the east and southeast of the 
anticyclone. The reduced convective heating can then gen-
erate descending Rossby waves, which serves to reinforce 
the WNPSH. The atmosphere–ocean feedback mechanism 
is supported by numerical experiments with coupled cli-
mate models (Lau and Nath 2003; Lau et al. 2004; Wang 
et al. 2013a; Xiang et al. 2013). This feedback mechanism 
is thought to be strong during spring and early summer and 
gradually weakening toward late summer because the cool-
ing to the east weakens. Note, however, Xiang et al. (2013) 
demonstrated that during the late summer the atmospheric 
Rossby response can be significant even to a weak SST 
anomaly (0.2–0.3 °C) in the WNP because the background 
SST is over 29 °C and mean precipitation is enhanced. In 
addition, the dry advection and atmospheric stabilization 
to the southeast of the anticyclone remain in action in late 
summer. For the Indian Ocean sector, on one hand, the 
anomalous WNPSH forcing can lead to the SST warm-
ing through reducing cloudiness and surface evaporation 
cooling (Du et al. 2009); On the other hand, the warming 
can stimulate a warm atmospheric Kelvin wave response, 
generate anticyclonic shear vorticity and suppress convec-
tion over the WNP that further enhance the WNPSH (Yang 
et al. 2007; Xie et al. 2009; Wu et al. 2009). More recently, 
the atmosphere–ocean thermodynamic feedback mecha-
nism maintaining the WNPSH is generally considered as 
a coupled ocean–atmosphere mode across the Indo-Pacific 
warm pool (Wang et al. 2013a, 2017; Xie et al. 2016; Li 
et al. 2017). That is, the second mode can be viewed as an 
atmosphere–ocean interaction mode combining the effects 
of northern Indian Ocean and WNP SST anomalies. The 
above assertion can be further confirmed by investigating 
the second principal component (PC2) and the dipole SSTA 
difference between the NIO (0°–25°N, 50°E–110°E) and the 
tropical eastern WNP (0°–15°N, 130°E–170°E) over the 
1965–2016 (Fig. 4c). Indeed, they are significantly corre-
lated with a correlation coefficient of 0.53 (p < 0.01).

Additionally, a warming signal can be found in the equa-
torial eastern Pacific (Fig. 3b). The warming over the equa-
torial eastern Pacific can favor formation and maintenance 
of the WNPSH by setting up a lower tropospheric telecon-
nection pattern. Initially, the enhanced convective heating 
associated with the eastern Pacific warming can stimulate 
an anomalous cyclone north of the equator in the central 
Pacific as a Rossby wave response. The northeasterly to 
the western flank of the anomalous cyclone can transport 
dry air and cools SST in the WNP, which in turn, enhances 
the atmosphere–ocean thermodynamic feedback associ-
ated with the WNPSH. Therefore, the SST anomaly over 

Fig. 4  Relationship between the two WNPSH modes and trans-basin 
SST variations. Time series of a the first principal component and 
Atlantic SST (10°S–20°N, 70°W–0°), b the first principal compo-
nent and SST over the equatorial central-eastern Pacific (10°S–10°N, 
180°E–100°W), c the second principal component and dipole SSTA 
difference between the NIO (0°–25°N, 50°E–110°E) and the WNP 
(0°–15°N, 130°E–170°E), d the second principal component and the 
SST over the equatorial eastern Pacific (10°S–10°N, 120°W–80°W) 
in July–September during 1965–2016. The corresponding correlation 
coefficient R is shown on the top-left of each panel
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the equatorial eastern Pacific (10°S–10°N, 120°W–70°W) 
is closely related with the NIO-WNP dipole SSTA (r = 0.74, 
p < 0.01). Although the eastern Pacific warming is signifi-
cantly correlated with the PC2 (Fig. 4d, r = 0.46, p < 0.01), it 
is not an independent factor as it is highly correlated with the 
NIO-WNP dipole SSTA. It should be noted that the dipole 
SSTA differs from the relative SST proposed by Vecchi and 
Soden (2007). The concept of relative SST proposed by Vec-
chi and Soden (2007) is to emphasize the importance of spa-
tial pattern of SST changes on the tropical cyclone potential 
intensity, while the motivation of using the dipole SSTA in 
this study is to quantify the atmospheric dynamic response 
to the SST changes in the Atlantic and Indian ocean basins, 
and the effects of trans-basin SST variation on the western 
North Pacific subtropical high.

The two modes of WNPSH can reflect very well the 
influences of SST variations in the tropical Pacific, Indian 
Ocean and tropical Atlantic, which are usually identified as 
the potential sources of inter-annual variability in the WNP 
TC activity. Therefore, investigating the impacts of these two 
WNPSH modes on local TC activity can help us to establish 
a uniform framework to understand the connections between 

the trans-basin SST variability and the TC activity over the 
WNP.

4  Control of the WNPSH dynamics on WNP 
TC activity

Distinct circulation patterns of the two modes and the related 
driving mechanisms signify their possible different impacts 
on TC activity. Here composite analysis for the two modes 
is conducted to verify this hypothesis. The composite years 
are selected according to the criteria that the anomalous PC 
exceeds one standard deviation. Accordingly, seven strong 
positive cases (1973, 1975, 1983, 1988, 1998 and 2010) and 
nine strong negative cases (1972, 1976, 1982, 1986, 1994, 
1997, 2002, 2009 and 2015) are chosen for the first mode. 
Obviously, these years are related to developing ENSO 
event, confirming the PC1 is a forced mode. Meanwhile, 12 
strong positive cases (1965, 1969, 1976, 1980, 1983, 1987, 
1993, 1995, 1997, 2010, 2014 and 2015) and eight strong 
negative cases (1967, 1981, 1984, 1994, 1996, 2001, 2012, 
and 2016) are selected for the second mode. Note that we 

Fig. 5  Influences of the two 
WNPSH modes on TC forma-
tion distribution. a Climatol-
ogy (contours, counts) over 
1981–2010 and the composite 
TC genesis frequency anomalies 
(shadings, counts decade-1) in 
July–September between the 
positive and negative phase of 
the first mode of WNP winds. b 
the same as in a except for the 
second mode. Dots denote areas 
that are significant at the 90% 
confidence level
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have argued that the second mode is the coupled WNPSH 
and dipole SST mode. Various physical interpretations were 
proposed to explain the anomalous strong WNPSH that 
usually occurs during El Niño decaying summer, includ-
ing atmosphere–ocean interaction theory (Wang et al. 2000, 
2003, 2013a, 2017; Li et al. 2017), Indian Ocean capacitor 
theory (Yang et al. 2007; Xie et al. 2009, 2016) and combi-
nation mode theory (Stuecker et al. 2013, 2015). While the 
atmosphere–ocean interaction theory can make the WNPSH 
sustained by itself, both the latter two theories highly depend 
on the El Niño forcing. However, about one-half of the posi-
tive years for the second mode do not concur with decaying 

El Niños, indicating that the second mode can be independ-
ent of El Niño decay. Thus, the atmosphere–ocean interac-
tion theory provides a more comprehensive framework to 
understand the inter-annual variation of the WNPSH in both 
El Niño and non-El Niño years.

4.1  Impacts on the TC formation, track, 
and intensity

The influences of the two modes on the TC activity display 
distinct features in terms of the spatial distribution of TC 
genesis (Fig. 5). The composite results for the first mode 

Fig. 6  Influences of the two WNPSH modes on TC track and inten-
sity. TC tracks and intensity (color shading, knots) in July–Septem-
ber during a the positive and c negative phase of EOF1. b, d The 
same as a and c, respectively, but for the second mode. Composite 
TC track density anomalies at each 2.5° latitude × 2.5° longitude box 

(occurrences decade-1) and steering flow anomalies (vectors, m  s−1) 
between the positive and negative phase of e the first mode and f the 
second mode. Dots in e and f denote areas that the density differences 
are significant at the 90% confidence level
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feature increased TC formation number in the northwest 
quadrant and suppressed TC formation in southeast quad-
rant over the WNP. The dipole distribution resembles the 
results based on strong ENSO composites (Wang and Chan 
2002; Camargo et al. 2007b; Wang and Wu 2016). For the 
second mode, the composite TC formation displays two zon-
ally elongated anomalies separated by 15°N. To the north of 
15°N, negative anomalies prevail with the minimum positive 
center located mainly over the northeastern quadrant of the 
WNP. To the south of 15°N prevail positive anomalies with 
the maximum centered on the region over the southeastern 
quadrant of the WNP (Fig. 7b). Such a distribution gener-
ally agrees with Zhan et al. (2011), in which Indian ocean 
SST anomalies is significantly negatively correlated with the 
WNP TC genesis frequency.

Figure 6 further shows the TC track and intensity in the 
positive and negative phases of the two modes and their 
corresponding differences (Fig. 6e, f). During the positive 
phases of the first mode, the effects of suppressed TC for-
mation in the southeastern WNP and enhanced eastward 
steering flow overwhelms the effect of increasing TC for-
mation in the northwest WNP, leading to suppressed TCs 
activity east of 120°E (Figs. 5a, 6e). On the other hand, for 
the second mode, the track density anomalies are featured 
with growing number of TCs influencing the region south 
of 17.5°N and less TC entering subtropical region during 
the positive phase, which is consistent with the anomalous 

TC formation distribution and the zonally dominated anti-
cyclonic steering flow anomalies (Figs. 5b, 6f). The TC 
intensity can be indicated by its residence time over the 
tropical warm ocean (Wang and Chan 2002; Camargo and 
Sobel 2005; Wing et al. 2007; Zhao et al. 2011; Wang and 
Wu 2012, 2015). In particular, the TC formation locations 
shift northwestward and their tracks are much shortened in 
the positive phase of PC1, which reduces the time for TC 
staying on the warm ocean, and thus TCs are weaker than 
those during the corresponding negative phases (Fig. 6a, c). 
Again, TCs formed during positive phases of PC2 can attain 
stronger intensity than those in negative phases due to the 
equatorward shift of TC formation locations and prolonged 
path (Fig. 6b, d).

Concerning the TC genesis number, both the WNPSH 
modes tend to suppress TC formation over the WNP. On 
average, 12.2 TCs formed over the WNP in positive phases 
and 13.6 TCs formed in negative phases of the first mode. 
For the second mode, 13.3 TCs formed over the WNP dur-
ing positive phases and 16.7 TCs formed in negative phases. 
But only the difference of the second mode is significant at 
90% confidence level. Indeed, the distinct effects of the two 
modes on TC formation can be found in their inter-annual 
time series as well (Fig. 7). It can be seen that the TC gen-
esis frequency over the WNP has no significant correlation 
with PC1, but it is significantly correlated with PC2 during 
1965–2016 (correlation coefficient r = − 0.64, p < 0.01). It 

Fig. 7  Relationship between 
the two WNPSH modes and TC 
genesis number over the WNP. 
Time series of the normalized 
WNP TC genesis number (red) 
along with a PC1 (blue), and b 
PC2 (blue) in July–September 
during 1965–2016. The correla-
tion coefficient R is shown on 
the top-left of each panel
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is found that the PC2 is also significantly correlated with 
the PMM (r = − 0.33, p < 0.05), which was identified as an 
important factor modifying WNP TC activity (Zhang et al. 
2016a). Actually, both the PMM and PC2 are maintained 
through atmosphere–ocean interaction (Wang et al. 2000; 
Chiang and Vimont 2004). More recently, some studies 
found that the positive PMM index in 2016 mainly contrib-
ute to the unexpected enhanced WNP TC activity following 
the strong 2015/2016 El Niño (Zhan et al. 2017; Wu et al. 
2018; Wang et al. 2018b). These results indicate the crucial 
role of SST variations over the subtropical central-eastern 
North Pacific in the WNP TC activity.

4.2  Influences of the large‑scale environmental 
parameters on TC formation

Large-scale parameters have profound impacts on the TC 
formation (Gray 1968; Emanuel and Nolan 2004; Murakami 
and Wang 2010). Therefore, investigation the corresponding 
large-scale conditions may be instrumental for clarifying the 
distinct impacts of the two modes on TC formation (Fig. 8).

Generally, the overall patterns of anomalous large-scale 
parameters are consistent with that of TC formation. During 
the positive phase of EOF1, the anomalous anti-cyclonic 
vorticity and the increased vertical wind shear over the 
eastern WNP are in accordance with the suppressed TC 
formation in the southeastern WNP. Meanwhile, mid-level 
relative humidity (500 hPa omega) displays a negative (posi-
tive) anomaly over the eastern WNP but positive (negative) 
anomalies over the tropical western WNP and subtropical 
eastern WNP, which is in line with the TC formation as well. 
For the second mode, the meridional tri-polar patterns of rel-
ative vorticity and vertical motion mainly contribute to the 
anomalous TC formation. However, the decreased humidity 
in the tropical WNP and vertical wind shear north of 15°N 
are inconsistent with the TC formation in these regions.

To demonstrate the integrated effects of these large-scale 
parameters on TC formation, a genesis potential index (GPI) 
developed by Emanuel and Nolan (2004) is presented in Fig. 9. 
Although some discrepancies exist, the anomalous GPI dis-
tribution for two WNPSH modes generally reproduced the 
anomalous TC formation pattern. The consistency between the 
GPI and TC formation suggested that the WNPSH can convey 

Fig. 8  Influences of the two WNPSH modes on the large-scale envi-
ronmental parameters. Composite differences between the positive 
and negative phases of the first mode in a 850 hPa relative vorticity 
(shadings,  10−6  s−1) and 600 hPa relative humidity (green contours, 
%) and c vertical wind shear (shadings, m  s−1) and 500 hPa omega 

(green contours,  10−2 Pa  s−1) in July–September. b, d Same as a, c, 
respectively, but for the second mode. The black contours are the cor-
responding anomalous TC formation shown in Fig. 5. Solid (dotted) 
contours denote the value greater (less) than zero
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its impact on TC formation through modifying the ambient 
large-scale environments.

5  High predictability of the WNPSH paves 
a way for seasonal TC forecast

Here we first built PEMs (Wang et al. 2015) to predict the 
two WPSH modes in the TC peak season with trans-basin 
SST predictors and linear regressions. Persistent signals 
defined as the two months mean (May–June) before the 
forecasting season (July–September), and tendency signals 
are defined as the difference between May–June mean and 
previous December–January mean.

For the first mode, two persistent predictors, the SSTA 
in the central-eastern Pacific and tropical Atlantic are used 
to construct the PEM for the first mode (Table 1, denoted 
by CEP and TA, respectively). The correlation coefficient 
between the May–June mean Pacific and Atlantic SSTA 
with PC1 are − 0.65 and 0.47, respectively. Physically, the 
May–June mean SSTA, which in the development phases 
of an ENSO cycle, can infer the equatorial Pacific SSTA 

in the ensuing months by taking advantage of the strong 
phase-locking property of ENSO (Rasmusson and Car-
penter 1982). In addition, the summer Atlantic SST was 
found can foreshadow the WNPSH variation in the fol-
lowing months, and thus providing an additional source 
of predictability for the EOF-1. The second mode, which 
is an atmosphere–ocean interaction mode across the Indo-
Pacific warm pool, can be predicted by a precursory dipole 
SSTA difference between the Indian Ocean and the north-
western Pacific (Table 1, denoted by IOWP). In addition, a 
tendency predictor for the second mode was identified over 
North Pacific (Table 1, denoted by NPT), which can favor 
the WNPSH by transporting dry and cold air and increas-
ing atmospheric stabilization to its southeast. Hence, all 
these predictors are adopted based on the physical pro-
cesses that govern the two predictable EOF modes (Wang 
et al. 2013a).

The PEMs derived using the SST predictors listed in 
Table 1 can reasonably reproduce the inter-annual variabil-
ity of two modes of the WNPSH (Fig. 10). The prediction 
(simulation) temporal correlation coefficient skills for the 
first and second modes are 0.82 and 0.72, respectively, over 

Fig. 9  Influences of the two 
WNPSH modes on GPI. Com-
posite differences of the GPI 
in July–September between the 
positive and negative phase of 
a the first and b second mode. 
Dots denote areas where the 
differences are significant at the 
90% confidence level. The green 
contours are the corresponding 
anomalous TC formation shown 
in Fig. 5. Solid (dotted) con-
tours denote the value greater 
(less) than zero
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the 52-year period of 1965–2016. In order to test the skill 
of the PEM, A leave-three-out cross-validated reforecast is 
performed by taking 3 years out around the predicted year 
for 1965–2000. The TCC (MSSS) skills of cross-validated 
reforecast during 1965–2000 for the first and second modes 
are 0.79 (0.4) and 0.73 (0.33), respectively, indicating more 
than 50% of the total variance of these two modes is poten-
tially predictable. To confirm the capacity of the predicting 
scheme, we used the data of 1965–2000 as training period to 
derive a prediction equation, and the independent forecast is 
then made for the rest 16-year during 2001–2016 (Fig. 10). 
The independent forecast for the first (second) mode has 
TCC and MSSS skills of 0.83 (0.44) and 0.56 (0.19) for 
the recent 16 years (2001–2016). The significant TCC of 
hindcast results indicates the quality skill of the PEMs in 
predicting the two WNPSH modes.

The high predictability of the two WNPSH modes, in 
fact, provides a way to predict the TC activity due to the 
close connection between the WNPSH modes and the WNP 
TC activity (Figs. 5, 6, 7). Here we attempt to predict the TC 
activity in peak season (July–September) with zero-month 
lead (starting from June 30th) by using the two modes of 
WNPSH as predictors. Namely, we first predict the two 
modes of WNPSH and then predict the TC activity accord-
ing to the relationship between the WNPSH modes and TC 
activity.

Before building the PEMs, we first estimate the poten-
tial predictability of TC activity related to WNPSH modes 
by simulating the TC activity metrics with the observed 
WNPSH modes in peak TC season (Fig. 11). The TC metrics 
include basin-wide TC genesis number, tropical storm days 
and power dissipation index (PDI) over the WNP. The tropi-
cal storm days are defined as the total days of 6-h TC records 

Table 1  Definitions of the four predictors for WNPSH modes

Name Definition Meaning

CEP May–June SSTA over (10°S–10°N, 180°W–100°W) Central-eastern Pacific SST predictor
TA May–June SSTA over (10°S–20°N, 60°W–20°W) Tropical Atlantic SST predictor
IOWP May–June SSTA difference between (10°S–25°N, 50°E–110°E) and the (10°–30°N, 

130°E–150°W)
Indo-Pacific dipole SST predictor

NPT May–June minus December–January SST tendency over (45°N–55°N, 150°E–170°W) North Pacific SST predictor

Fig. 10  Prediction skills of 
the PEMs for the two WNPSH 
modes. Time series of a PC1, 
and b PC2 obtained from the 
NCEP reanalysis (black line), 
cross-validated reforecast (blue 
line) and prediction (green line). 
The corresponding TCC and 
MSSS are shown in the bottom 
of each panel
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east of 120°E (Wang et al. 2010), and the PDI is defined as 
the cubic power of the 96-h maximum wind speed summed 
along the TC lifetime over the WNP (Emanuel 2005). It can 
be seen that about 40% of the total variance of TC activ-
ity can be reproduced by the simulation, suggesting that 
to a considerable extent, the TC activity variability can be 
predicted if dynamic models can perfectly forecast the two 
WNPSH modes. This provides a practical estimate for the 
lower bound of the WNPSH-related potential predictability 
for TC activity over the WNP.

The WNPSH-related TC potential predictability lends 
confidence to predict the TC activity by constructing PEMs 
with the predicted two WNPSH modes as predictors. Indeed, 
the results display valuable predicting skills (Fig. 12). The 
predicted (simulated) TC genesis frequency, tropical storm 
days and the PDI over the WNP can achieve significant TCC 

skills of 0.59, 0.6 and 0.6 during 1965–2016, respectively. 
It should be noted that the predictability source of WNP TC 
genesis frequency mainly comes from the second mode of 
WNPSH, while the first mode has little contribution (Fig. 7). 
Additionally, the cross-validated reforecast and independent 
forecast reasonably reproduced interannual variation of the 
TC metrics as well. For the TC genesis number, the TCC 
(MSSS) skill of cross-validated reforecast during 1965–2000 
is 0.55 (0.17), and the independent forecast has significant 
TCC skill of 0.56 for the recent 16 years (2001–2016). The 
TCC skills of the cross-validated reforecast and independent 
forecast for the tropical storm days (PDI) are 0.59 (0.46) and 
0.52 (0.71), respectively.

Fig. 11  Predictability of TC 
activity associated with the two 
WNPSH modes. Time series of 
observed (blue line) and simu-
lated (red line) a TC number, 
b tropical storm days and PDI 
with the two observed WNPSH 
modes in peak TC season. The 
corresponding correlation coef-
ficient R is shown in the top left 
of each panel
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6  Summary

6.1  Conclusion

We find that the two leading EOF modes of WNPSH can 
integrate the effects of the trans-basin SST anomalies in the 
Pacific, Atlantic and Indian oceans on TC activity, and thus 
establish a unified framework to understand the inter-annual 
variability of the TC genesis, track and intensity. Particu-
larly, the first mode, which shows an anti-cyclonic circula-
tion anomaly occupying the entire WNP with two centers 
located at (18°N, 150°E) and the northern South China Sea, 
can integrate the effects of ENSO and Atlantic SST vari-
ations. The second mode is a coupled atmosphere–ocean 
mode between the anomalous WNPSH and underlying 

Indo-Pacific warm pool, which can incorporate the Indian 
ocean SST effects.

It is shown that the first mode has insignificant influ-
ences on the total TC genesis frequency but can shift loca-
tions of TC formation southeastward or northwestward. 
However, the second mode is significantly correlated with 
the total TC genesis number. All of these variations are 
found to be consistent with large-scale conditions associ-
ated with the GPI.

A set of PEMs is built to predict the two WNPSH 
modes in the TC peak season (July–September) with 
May–June mean trans-basin SST predictors. The PEMs 
can reproduce very well the inter-annual variability of the 
two WNPSH modes and reasonably well the TC activity. 
In particular, the cross-validated reforecast (independent 
forecast) of the first mode for 1965–2000 (2001–2016) 

Fig. 12  Prediction skills of 
the PEMs for the TC activity 
over the WNP. Time series of a 
TC genesis number, b tropical 
storm days and PDI obtained 
from the JTWC best track (black 
line), cross validated reforecast 
(blue line) and prediction (green 
line). The corresponding TCC 
and MSSS are shown in the bot-
tom of each panel
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achieves significant TCC skill of 0.79 (0.83). For the sec-
ond mode, the cross-validated reforecast and independent 
forecast can achieve significant TCC skill of 0.73 and 
0.56, respectively. Taking the predicted two WNPSH 
modes as predictors, we further established a set of PEMs 
to predict the TC genesis number, tropical storm days and 
PDI in July–September. The cross-validated reforecast 
(independent forecast) for genesis number, tropical storm 
days and PDI for 1965–2000 (2001–2016) achieves sig-
nificant TCC skill of 0.55 (0.56), 0.59 (0.52), 0.46 (0.71), 
respectively. Considering the coupled models remain to 
be difficult to resolve TCs (Camargo 2013; Tory et al. 
2013; Davis 2018), the significant prediction skills here 
have important application to the seasonal forecasting of 
TC activity over the WNP.

6.2  Discussion

Although the prediction skills for the TC metrics are sta-
tistically significant, one may note that only 20–30% of the 
total variance can be predicted by using the current pre-
diction schemes. Such a limited predicting skill may par-
tially result from the inadequate targeted predictands for the 
whole WNP, because previous studies have found that the 
TC activity over the WNP experiences distinct regional fea-
tures, and this might make it difficult to predict the TC activ-
ity over the WNP as a whole (Wang and Chan 2002; Kim 
et al. 2010). Therefore, we further predicted TC genesis fre-
quency in five sub-regions [i.e., South China Sea (0°–30°N, 
100°E–120°E), southwest WNP (0°–16°N, 120°E–140°E), 
northwest WNP (16°N–40°N, 120°E–140°E), south-
east WNP (0°–16°N, 140°E–180°) and northwest WNP 
(16°N-40°N,140°E-180°)]. It is found that the predictabil-
ity comes mainly from the east and northwest WNP, while 
the prediction skills in the South China Sea and southwest 
WNP are relatively low. Such a low predictability in the two 
sub-regions limits the predicting skill.

In addition, we also try to forecast the TC genesis fre-
quency in the five sub-region forecasts by using the four 
WNPSH predictors (SST anomalies) directly, and the results 
are generally similar to those by taking the predicted two 
WNPSH modes as predictors. These results suggest that the 
potential predictors may vary from one sub-region to another 
due to distinct regional features of climatological large-scale 
parameters over the WNP (Wang and Chan 2002; Camargo 
et al. 2007b; Tippett et al. 2011). Therefore, Consideration 
of TC prediction in individual sub-regions of the vast WNP 
with different predictors may be a more viable strategy, and 
we intend to explore this issue in a future study.
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