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Abstract
The Victoria mode (VM) is defined as the second empirical orthogonal function mode (EOF2) of sea surface temperature
anomalies (SSTAs) in the North Pacific north of 20°N. This study examines the influence of the spring VM on the tropical
cyclone (TC) genesis over the western North Pacific (WNP) during summer (May–August) for the period 1960–2016. Our
analysis demonstrates that the spring VM exhibits a good relationship with the following summer tropical cyclone frequency
(TCF) over the WNP, characterized by positive correlations over the eastern WNP (EWNP) and negative correlations over
the western WNP (WWNP). During strongly positive VM cases, the SSTAs in the North Pacific (5°–20°N) associated with
the spring VM persist until summer via the wind–evaporation–SST (WES) feedback. The low-level convergence (divergence)
caused by the VM-related SSTAs, combined with a strengthened (weakened) WNP monsoon trough as well as a weakened
(strengthened) West Pacific Subtropical High (WPSH), result in the enhanced (suppressed) TC genesis over the EWNP
(WWNP). It appears that the spring VM may be a useful predictor for the WNP TCs in summer.
Keywords Victoria mode · Tropical cyclone · Western North Pacific

1 Introduction
Tropical cyclones (TCs) are highly destructive weather systems accompanied by strong winds, heavy rains, and storm
surges, often causing serious economic damage and loss of
life in affected areas (Powell and Aberson 2001; Ho et al.
2005; Schultz and Cecil 2009; Knutson et al. 2010; Zhang
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et al. 2015). However, the abundant moisture carried by TCs
can relieve drought conditions to some extent. Additionally, the TC activity plays an important role in modulating
regional and global climate, as it carries heat energy away
from the low latitudes toward mid-latitudes (Emanuel 2001).
The great impact of TCs on human activity and on global
weather and climate has led to much effort being directed to
understanding and predicting the interannual variations in
TC activity (Chen et al. 2006; Wu et al. 2010; Huang et al.
2011; Yokoi and Takayabu 2013). The western North Pacific
(WNP, north of the equator and west of the date line), is the
area of most frequent TC formation in the world (Webster
et al. 2005; Knutson et al. 2010; Yu et al. 2016). Here, both
the high sea surface temperature (SST) over the warm pool
and the summer mean circulation, which includes low-level
confluence and high relative humidity, favor TC genesis
(Gray 1968; McBride 1995). About 40% of all TCs worldwide are generated in the WNP each year, with an annual
average of 33 TCs (Li et al. 2003; Xiao and Xiao 2010).
The total TC frequency (TCF) over the WNP basin exhibits a distinct interannual variation (Landsea 2000; Matsuura
et al. 2003). A number of studies have linked this variability
to various climate factors, including the El Niño–Southern
Oscillation (ENSO) (Wang and Chan 2002; Zhan et al. 2011;
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Li 2012), the WNP monsoon trough (Chia and Ropelewski
2002; Chen et al. 2006), and SST anomalies (SSTAs) in the
tropical North Atlantic and Indian Ocean (Du et al. 2011;
Zhan et al. 2011; Wu and Lin 2012; Yu et al. 2016). The
effect of ENSO events on the WNP TCF has been extensively studied (Atkinson 1971; Lander 1993; Wang and
Chan 2002). Wang and Chan (2002) reported that ENSO
has a significant influence on the mean location of TC genesis but little effect on the total TCF over the WNP. They
pointed out that the locations of TC formation shift to the
southeast during strong El Niño years but to the northwest
during strong La Niña years. Li (2012) suggested that the
TCF over the WNP depends on the ENSO phase. The WNP
TCF tends to increase during the summer of a developing
El Niño; in contrast, a marked reduction of the WNP TCF
occurs during the summer of a decaying El Niño.
In addition to ENSO, previous studies have indicated
that interannual variability of the WNP TCF is also closely
related to changes in the WNP monsoon trough, which is
a preferred formation region for TCs (Chan and Liu 2004;
Choi and Byun 2010). An intensification and eastward
extension of the WNP monsoon trough tends to be accompanied by a southeastward shift of conditions conducive to
TC genesis (Chia and Ropelewski 2002; Kim et al. 2011).
Wu et al. (2012) further suggested that an anomalous monsoon trough may be a critical factor linking ENSO to the TC
activity over the WNP.
The abovementioned studies mainly discussed the effect
of climate systems in the tropical Pacific on interannual
variations of the WNP TCF. In recent years, however, the
SSTAs in the tropical North Atlantic and Indian Ocean have
been identified as remote forcing factors of the WNP TCF
(Yu et al. 2016; Zheng et al. 2016). According to Yu et al.
(2016), the WNP TCF in July–October exhibits a tripole pattern with a high frequency in the eastern WNP and the South
China Sea, and a low frequency in the western WNP. They
argued that this longitudinal distribution of the WNP TCF
may be attributed to remote forcing by SSTAs over the tropical North Atlantic. In addition, Du et al. (2011) reported that
tropical Indian Ocean SSTAs may affect interannual variability of the WNP TCF. They found that the tropical Indian
Ocean warming suppresses convection over the WNP via the
Kelvin-wave-induced Ekman divergence, thereby inducing
a sharp decrease in the WNP TCF.
In contrast to studies documenting the significant influences of tropical forcing on interannual variability of the
WNP TCF (Wang and Chan 2002; Du et al. 2011; Zhang
et al. 2015; Yu et al. 2016), a few studies have suggested
that extratropical forcing might also have an impact on the
WNP TCF (Ho et al. 2005; Fan 2007; Choi and Byun 2010;
Du et al. 2011; Zheng and Li 2012; Zheng et al. 2014; Cao
et al. 2015; Chen et al. 2015). Most of these studies have
shown that the spring North Pacific Oscillation (NPO), the
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second leading mode of sea level pressure anomalies over
the North Pacific (Walker and Bliss 1932; Rogers 1981), is
positively correlated with the WNP TCF during the following summer (Fan 2007). Recently, Chen et al. (2015) further
investigated the mechanism by which NPO-like atmospheric
variability could affect variations in the WNP TCF. They
proposed that the spring NPO induces a tripole SSTA pattern over the North Pacific, which subsequently results in an
enhanced WNP monsoon trough as well as a weakened West
Pacific Subtropical High (WPSH), thereby favoring the TC
genesis over the WNP.
The Victoria mode (VM) is defined as the second empirical orthogonal function mode (EOF2) of SSTAs in the North
Pacific north of 20°N (Bond et al. 2003; Ding et al. 2015a,
b). The VM is distinct from the Pacific Decadal Oscillation
(PDO) (Mantua et al. 1997; Zhang et al. 1997), which corresponds to the EOF1 of SSTAs in the extratropical North
Pacific. The SSTA pattern associated with the VM is forced
by the NPO-like atmospheric variability via changes in
surface heat fluxes, and exhibits a tripole structure in the
North Pacific (Bond et al. 2003; Alexander et al. 2010; Yu
and Kim 2011; Ding et al. 2015a) (see Fig. 1). Ding et al.
(2015a, b) suggested that the VM, which acts as an ocean
bridge allowing extratropical atmospheric variability in the
North Pacific to impact tropical variability, including variations in ENSO and the Pacific Intertropical Convergence
Zone (ITCZ) summer precipitation, is more closely related
to tropical variability than the NPO. Given that the spring
NPO exerts a forcing effect on the total TCF over the WNP
and may provide a skillful predictor for the WNP TCF (Fan
2007; Chen et al. 2015), it is very likely that the spring VM
could also have a stronger impact on the following summer
WNP TCF, and may therefore act as a more robust predictor
for the summer WNP TCF.

Fig. 1  Regressions of the boreal spring (FMA) SSTA field (contour
interval 0.1 °C) onto the FMA VM index (VMI-FMA) for 1960–
2016. Shading indicates positive (red) and negative (blue) SSTAs significant at the 90% confidence level
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In the present paper, we investigate the relationship
between the spring VM and the following summer WNP
TCF for the period 1960–2016, and explore possible physical mechanisms linking the spring VM to the following summer WNP TCF. We believe that the significance of this study
is twofold. First, in contrast to previous studies (Fan 2007;
Chen et al. 2015) that only analyzed the relationship between
the NPO and area-averaged TCF over the WNP, without
examining the spatial distribution of their relationship, this
study emphasizes the regional differences in the connection
between the spring VM and the following summer WNP
TCF, featured by positive correlations over the eastern WNP
and negative correlations over the western WNP. Second, we
show that the VM may act as a more effective link with the
WNP TCF than the NPO, and may help to improve seasonal
forecasting of the WNP TCF.
The remainder of this paper is organized as follows.
Section 2 describes the datasets and analysis strategy, and
Sect. 3 presents the spatial distribution of the correlation
coefficients between the spring VM and the following summer WNP TCF. In Sect. 4, we discuss the possible mechanisms linking the spring VM to the following summer WNP
TCF. Finally, the conclusions are presented in Sect. 5.

2 Datasets and analysis
2.1 Observational data
The best-track dataset including the TC location and intensity at 6-h intervals for the period 1960–2016 is provided
by the Regional Specialized Meteorological Centers–Tokyo
Typhoon Center, Japan Meteorological Agency (available
at http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hppub-eg/tracka rchiv es.html). The formation time and location
are defined as the time and location of the first record of a
TC track. Each TC position is binned into its corresponding 5° × 5° grid box to calculate the TCF. It is evident that
TC geneses have distinct seasonal variations over the WNP

(Fig. 2a). The analysis here will focus on the TC season from
May to August (MJJA), in which approximately half of all
TCs occur. Figure 2b suggests that the mean positions of
TC genesis in summer (MJJA) are located around the South
China Sea and the Philippine Sea region. The analysis here
will focus on the TC season from May to August (MJJA), in
which approximately half of all TCs occur.
The monthly mean SST dataset is from the Hadley
Center SST dataset (HadISST) with 1° × 1° spatial resolution (Rayner et al. 2006). Atmospheric variables are from
the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) atmospheric reanalysis (Kalnay et al. 1996), which has a horizontal resolution of 2.5° × 2.5° at 17 pressure levels (8 levels
for humidity). The NCEP-NCAR reanalysis used in this
paper includes wind, vertical pressure velocity, geopotential height, and relative humidity fields. Monthly outgoing
longwave radiation (OLR) data from the National Oceanic
and Atmospheric Administration (NOAA) for the period
1979–2016 are used (Liebmann 1996). The monthly OLR
is a good indicator of the abundance of convection over an
area. Monthly anomalies of all quantities here are computed
by removing the climatological monthly means.

2.2 Spring VM index
As the VM has maximum variance in spring (February–April; FMA) (Ding et al. 2015a, b), we perform EOF
analysis of the FMA-averaged SSTA field over the North
Pacific (100°E–100.5°W, 20.5°N–65.5°N) for the period
1960–2016. Hereafter, we refer to this SSTA EOF1 mode
as the PDO (Mantua et al. 1997; Zhang et al. 1997) and
the EOF2 mode as the VM (Bond et al. 2003; Ding et al.
2015a, b). The spring VM index (denoted as the VMI-FMA)
is the corresponding normalized time coefficient of EOF2.
The present study focuses on the interannual relationship
between the spring VM and the following summer WNP
TCF, and therefore both the time series of the VM and TCF
are detrended. Besides, we use a lanczos highpass filter to

Fig. 2  a Seasonal variations of the standard deviation of climatological mean TC frequency (TCF). b Climatological mean of summer (MJJA)
TCF for the period 1981–2010
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remove interdecadal variability from both the VMI-FMA
and TCF area-averaged over the EWNP and WWNP.
The VMI-FMA is employed to distinguish strongly negative and positive VM cases. A strongly negative (or positive)
VM case is defined as a year when the VMI-FMA is less (or
greater) than one negative (positive) standard deviation. Six
strongly positive VM years (1963, 1965, 1968, 1991, 1996,
and 2015) and six strongly negative VM years (1988, 1998,
1999, 2001, 2008, and 2010) were thus determined.

3 Relationships between the VM and WNP
TCs
To examine the possible relationship between the spring
(FMA) VM and the following summer (MJJA) WNP TCF,
we first conducted a correlation analysis between the VMIFMA and the MJJA WNP TCF. Figure 3a, b shows the spatial distributions of the correlation coefficient between the
VMI-FMA and the MJJA WNP TCF based on the JMA dataset, before and after removing the ENSO signal [represented

Fig. 3  a Correlation maps of the VMI-FMA with the following summer (MJJA) TC frequency (TCF). The crosses indicate statistical significance at the 95% confidence level, and the two green rectangles
indicate areas of positive correlation (5°N–20°N, 140°E–175°E) and
negative correlation (10°N–30°N, 120°E–130°E), corresponding to
the EWNP and WWNP, respectively. b As in a, but with the ENSO
signal from the previous winter removed from the MJJA TCF. c Time
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as the previous winter (DJF)’s Niño3.4 index] from the MJJA
TCF, respectively. The correlation patterns do not change
substantially before and after removing the ENSO signal,
indicating that the relationship between the spring VM and
the following summer WNP TCF is weakly affected by
ENSO. In both Fig. 3a, b, the correlation in the WNP is not
spatially homogeneous, but exhibits a prominent dipole pattern. Significant positive correlations are found over the eastern WNP (hereafter the EWNP: 5°N–20°N, 140°E–175°E).
In contrast, the spring VM is negatively correlated with the
following summer TCF over the western WNP (hereafter
the WWNP: 10°N–30°N, 120°E–130°E). Next we examined
the correlations between the VMI-FMA and the following
summer TCF area-averaged over the EWNP and WWNP
(Table 1). As shown in Table 1, the correlation coefficient
between the raw time series of the VMI-FMA and the TCF
area-averaged over the EWNP and WWNP are 0.51 (significant at the 99.9% confidence level) and − 0.30 (significant
at the 95% confidence level), respectively. Results with the
interdecadal variability removed based on a 9-year lanczos
highpass filter suggest that the spring VM is significantly

series of the VMI-FMA (green line) and the MJJA TCF area-averaged over the EWNP (red line) for the period 1960–2016. d Time
series of the VMI-FMA (green line) and the MJJA TCF area-averaged over the WWNP (red line) for the period 1960–2016. In c and
d, the interdecadal variability is removed from time series through a
lanczos highpass filter
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Table 1  Correlation coefficients between the VMI-FMA and TCF
area-averaged over the EWNP (TC_EWNP) and WWNP (TCF_
WWNP) for 1960–2016

VMI-FMA (R, H)

TCF_EWNP (R, H)

TC_WWNP (R, H)

0.50***, 0.33**

− 0.30**, − 0.33**

The letters R and H in brackets represent the raw and 9-year highpass time series, respectively, which the latter may represent the
interannual components of a variable with the interdecadal variations
removed
**Correlation significant at the 95% level
***Correlation significant at the 99.9% level

positively correlated with the following summer TCF over
the EWNP (r = 0.33), and is significantly negatively correlated with the following summer TCF over the WWNP (r
= − 0.33). They all exceed the 95% confidence level based
on the Student’s t test, showing that the spring VM and the
following summer TCF area-averaged over the EWNP and
WWNP are significantly correlated on the interannual timescale (Fig. 3c, d).
Furthermore, we constructed TCF composites based on
strongly positive VM years and strongly negative VM years.
During positive VM cases, positive anomalies are centered
over the EWNP, while negative anomalies are centered
over the WWNP (Fig. 4a, b), and vice versa during negative VM cases (Fig. 4c, d). Figure 4e, f show the composite

differences of the MJJA TCF between positive and negative VM years before and after removing the ENSO signal,
respectively. Compared with the negative phases, in positive phases the TCF in the EWNP increases at most locations, while the TCF in the WWNP decreases (Fig. 4e). The
composite TCF pattern over the WNP does not substantially
change when removing the ENSO signal of the previous
winter from the MJJA TCF (Fig. 4b, d, f). These results from
the composite analysis are generally consistent with those
from the correlation analysis present above.
Note that if we examine the relationship between the
spring VM and the following summer TCF area-averaged
over the entire WNP, as in previous studies (Fan 2007;
Chen et al. 2015), their positive correlation is much weaker
(r = 0.16; not significant at the 90% confidence level). This
suggests that the VM tends to have a greater impact on the
mean location of the WNP TC formation than on the total
frequency over the WNP, which is similar to the ENSO
influence on the TCF over the WNP (Wang and Chan 2002).
Therefore, it is important to consider the regional differences
when analyzing the relationship between the VM (or ENSO)
and WNP TCF. In addition, previous research reported that
the NPO, as the atmospheric forcing of the VM (Bond et al.
2003; Ding et al. 2015a), could influence the TCF over the
WNP (Fan 2007; Chen et al. 2015). This motivates us to
examine whether the influences of the VM and NPO on the
WNP TCF are exactly the same. We find that the correlation

Fig. 4  a Composite differences
of the MJJA TCF between
strongly positive and climatological mean. b As in a, but
with the ENSO signal of the
previous winter removed from
the MJJA TCF. c As in a, d
as in b, except for composite
differences of the MJJA TCF
between strongly negative VM
cases and climatological mean.
e As in a, f as in b, except for
composite differences of the
MJJA TCF between strongly
positive and negative VM cases.
Crosses indicate statistical significance at the 90% confidence
level
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pattern between the spring NPO and the following summer
TCF over the WNP closely resemble the spring VM-related
correlation pattern, but with much weaker correlation values
(not shown). This indicates that the spring VM, as a NPOforced SST mode, is more closely linked to the following
summer WNP TCF than the NPO itself. Therefore, the VM
may act as a more robust predictor for the summer WNP
TCF than the NPO.
Figure 5a, b displays the positions of summer WNP TC
genesis for strongly positive and negative VM years, respectively. In the EWNP, 38 TCs form during six positive VM
years, but only 6 TCs occur during six negative VM years.
In contrast, in the WWNP, 18 TCs form in the negative VM
years, but only 4 in positive VM years. Moreover, 48.7%
of the TCs are generated in the EWNP during positive VM
years, but only 9.8% in the same region during negative VM
years. In contrast, 29.5% of the TCs form in the WWNP during negative VM years, but only 5.1% during positive VM
years. These results suggest that during strongly positive VM
years, the majority of TC genesis occurs over the EWNP,
while there is much less TC formation over the WWNP,
consistent with the correlation and composite results presented above. The situation in negative VM years is the exact
opposite. The remarkable differences in the area-averaged
TCF respectively over the EWNP and WWNP from FMA to
MJJA (Fig. 5c, d) are also consistent with the above results.
The above results establish a close relationship between
the spring VM and the following summer WNP TCF. Further analysis of their relationship is performed using rotated
empirical orthogonal function (REOF) analysis of the MJJA

Fig. 5  a Genesis locations
of summer WNP TC during
strongly positive VM years.
Genesis locations are indicated
by red dots. b As in a but for
genesis locations of summer
WNP TC during strongly
negative VM years. c Seasonal
evolutions of the TCF areaaveraged over the EWNP during
strongly positive (denoted by
red bars) and negative (denoted
by blue bars) VM years. d As in
c but for seasonal evolutions of
the TCF area-averaged over the
WWNP during strongly positive (denoted by red bars) and
negative (denoted by blue bars)
VM years
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WNP TCF derived from the JMA dataset. Six factors are
chosen for the rotation (Richman 1986). Figure 6a, b shows
the first two leading REOFs of the MJJA TCF over the WNP
for 1960–2016. The REOF1 and REOF2 account for 17.6%
and 15.7% of the total variance, respectively. The structure
of REOF1 indicates that the most intensive TCF is located in
the east of Luzon Island (Fig. 6a). The structure of REOF2 is
similar to the composite TCF pattern between positive and
negative VM years (Fig. 4e, f), with negative TCF anomalies over the WWNP and positive TCF anomalies over the
EWNP (Fig. 6b). The rotated principal component (RPC1)
is not significantly correlated with the previous winter’s
Niño3.4 index (r = 0.02), but is significantly correlated with
the MJJA’s Niño3.4 index (r = 0.35, significant at the 99%
level). While RPC2 has a significant correlation with the
spring VM index (r = 0.33, significant at the 95% level). On
the other hand, there is only a small correlation between the
RPC1 and the spring VM index (r = 0.08), or between RPC2
and the Niño3.4 index from the previous winter (r = − 0.19).
Figure 6c, d shows the spatial distributions of the correlation of the RPC1 and RPC2 time series with FMA-averaged
SSTAs, respectively. Note that the RPC1 is significantly
correlated with positive FMA SSTAs over the extratropical
North Pacific, while the correlation pattern between the PC2
and FMA SSTAs closely resembles the VM-related SSTA
pattern (Fig. 1). These results further confirm that the dipole
pattern of summer WNP TCF anomalies, with positive TCF
anomalies over the EWNP and negative TCF anomalies over
the WWNP, is closely linked with the VM-related SSTA
pattern in the previous spring.
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Fig. 6  Spatial patterns of the a
REOF1 and b REOF2 modes of
the MJJA TCF over the WNP
(5°N–35°N, 105°E–175°E).
c Correlations of the RPC1
time series with the previous
spring’s North Pacific SSTAs. d
Correlations of the RPC2 time
series with the previous spring’s
Pacific SSTAs. In b, the two
green rectangles indicate the
EWNP and WWNP regions,
respectively. In c and d, areas
with a correlation significant
at the 95% confidence level are
shaded

4 Mechanisms linking the VM to TCs
over the WNP
Our results have shown a significant relationship between
the spring VM and the following summer WNP TCF.
However, the underlying mechanism for this relationship is
unclear. Previous studies suggested that the TC formation
is closely related to thermodynamic, dynamic, and environmental factors (Zhang et al. 2002; Chan and Liu 2004;
Wang 2012). Therefore, we attempt to explain the differences in large-scale conditions associated with the WNP
TC genesis between strongly positive and negative VM
years by analyzing thermodynamic factors (SST and relative humidity), dynamic factors (vertical pressure velocity, OLR, divergence and relative vorticity), environmental
factors (vertical wind shear), and large-scale background
circulation (WPSH and monsoon trough).

Figure 7a shows the composite differences of summer
(MJJA) SSTAs between strongly positive and negative VM
years. During strongly positive VM years, there is a large
SSTA gradient in the EWNP, with positive SSTAs in the
east of EWNP and negative SSTAs in the west of EWNP.
Such a large SSTA gradient could give rise to low-level wind
convergence and hence enhanced convection over the EWNP
(Ding et al. 2015b), which is favorable for TC formation in
the EWNP. In contrast, negative SSTAs that are unfavorable
for TC formation are concentrated in the WWNP.
In addition to the effect of SST, evaporated water vapor
is often transported to the middle- and upper-level troposphere, primarily through convection, and the latent heat
is released to the atmosphere during condensation, thereby
playing a vital role in TC formation (Kuo 1965; Sellers et al.
1997; Maloney and Hartmann 2015). Furthermore, previous
studies have noted that the water vapor distribution at different levels produces different impacts on TC genesis, and

Fig. 7  a Composite differences
of MJJA SSTAs (°C) between
strongly positive and negative
VM cases. b As in a except for
700 hPa relative humidity (%).
Dots indicate statistical significance at the 90% confidence
level
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the high humidity in the middle troposphere can enhance
deep cumulus convection that favors TC formation (Sellers
et al. 1997; Trenberth 2005). Figure 7b shows that during
strongly positive VM cases, there are significantly positive
relative humidity anomalies at 700 hPa over the EWNP, but
significantly negative relative humidity anomalies over the
WWNP. According to Sellers et al. (1997) and Trenberth
(2005), these water vapor conditions in the middle troposphere during positive VM years are favorable (unfavorable)
for summer TC genesis over the EWNP (WWNP).
The composite differences of the vertical pressure velocity and OLR between strongly positive and negative VM
cases are shown in Fig. 8a, b, respectively. During strongly
positive VM cases, anomalous upward motion is centered
over the EWNP, while anomalous downward motion is
located over the WWNP (Fig. 8a, though not significant).
The anomalous upward motion over the EWNP promotes
deep convection, whereas the anomalous downward motion
over the WWNP tends to suppress convection (Fig. 8b). At
the same time, the anomalous vertical motion gives rise
to divergence (EWNP) and convergence (WWNP) in the
upper troposphere (200 hPa) (Fig. 8c). In addition, the relative vorticity in the lower troposphere (850 hPa) increases
in the EWNP due to surface convergence caused by the VMrelated SSTA gradient (Fig. 8d). These dynamic conditions
also tend to favor (suppress) the genesis and development of
TC over the EWNP (WWNP).
Previous studies have noted that vertical wind shear
(VWS) is important for TC formation (Wong and Chan
Fig. 8  a Composite differences of MJJA 500 hPa vertical
pressure velocity (102 Pa s−1)
between strongly positive and
negative VM cases. b As in
a except for OLR (W m−2).
c As in a except for 200 hPa
divergence (10−6 s−1). d As in
a except for 850 hPa relative
vorticity (10−6 s−1). In a–d, dots
indicate statistical significance
at the 90% confidence level

13

2004; Latif et al. 2007). Figure 9 shows the composite differences of the MJJA-averaged VWS between strongly positive and negative VM cases. Negative VWS anomalies are
seen over the EWNP, indicating that the MJJA-averaged
VWS for the positive VM years tends to be weaker than for
the negative VM years in this region. Weakened VWS may
lead to the enhancement of convection and unstable energy
accumulation in the EWNP, which is favorable for TC formation there (Wong and Chan 2004; Latif et al. 2007). In

Fig. 9  Composite differences of MJJA vertical wind shear (VWS;
shaded) between strongly positive and negative VM cases and climatological mean of MJJA VWS (contour lines) for the period 1981–
2010. The VWS (m s−1) is defined as the magnitude of the wind
vector differences between 200 and 850 hPa. Dots indicate statistical
significance at the 90% confidence level
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contrast, the positive (but not significant) VWS anomalies
in the WWNP may result in a decrease in the number of TCs
formed in this region.
The WPSH and monsoon trough, constituting the largescale background circulation over the WNP, also have an
important influence on the WNP TC formation (Chen et al.
2006; Wu et al. 2012). Therefore, we examine the differences of the WPSH and monsoon trough between strongly
positive and negative VM cases. The 500 hPa geopotential
height 5870 line is used to define the area where the anomalous WPSH is dominant. The axis of the WPSH ridge is
defined by the line connecting the centers at each level (Li
and Zhu 2010). During strongly positive VM summers, the
WPSH weakens and shrinks over the WNP (Fig. 10a, b).
Meanwhile, the monsoon trough extends eastward to 150°E
(Fig. 10c, d). The weakening and retreat of the WPSH and
the eastern extension of the monsoon trough tend to be
accompanied by an eastward shift of favorable conditions
for TC genesis (Li et al. 2010; Wu et al. 2012), thereby leading to more (less) frequent TC over the EWNP (WWNP).
The above analyses suggest that the VM may influence the WNP TC formation via changes in SST, relative
humidity, vertical pressure velocity, relative vorticity,
vertical wind shear, the WPSH, the monsoon trough,
and so on. We next summarize a possible explanation
of processes through which the VM-related SSTAs
affect the WNP summer TC formation. During strongly
positive VM cases, the spring VM-related SSTAs in
the North Pacific (5°–20°N) persist until summer via
the wind–evaporation–SST (WES) feedback (Xie and

Philander 1994; see also Fig. 11). At this time, there are
positive SSTAs in the east of EWNP and negative SSTAs
in the west of EWNP, leading to an enhanced SSTA gradient across the EWNP region that then strengthens the
anomalous southwesterlies in the tropical western Pacific
and causes low-level convergence in the EWNP. The lowlevel convergence causes vigorous upward motion and
deep convection in the EWNP, which is favorable for the
intensification of the upper-level divergence there (same
as Zhang et al. 2017). At the same time, the low-level convergence results in enhanced moisture convergence, and
water vapor is transported to the middle and upper troposphere by the ascending motion. Moreover, the low-level
anomalous westerly winds generated from the low-level
convergence and high-level anomalous easterly winds
generated from the high-level divergence reduce the VWS
over the EWNP (Fig. 12). In addition, the WPSH tends
to weaken and retreat eastward, possibly in response to
the VM-related negative SSTAs in the western part of the
WNP (Fig. 11). In contrast, the monsoon trough tends to
strengthen and extend eastward possibly as a response to
the large positive vorticity over the EWNP. The weakened
eastward-retreating WPSH, together with the strengthened eastward-extending monsoon trough, provide a
favorable environment (including abundant water vapor,
cyclonic vorticity and deep convection) for the occurrence
of TCs. Under these conditions, the majority of TCs form
over the EWNP during strongly positive VM cases. In
contrast, in the WWNP, the low-level divergence leads to
the descending motion and suppressed deep convection

Fig. 10  a Composite of the
WPSH for the positive VM
cases (red), negative VM cases
(blue), and climatological mean
(black). The solid lines represent the extent of the WPSH,
and the dashed lines represent
the WPSH ridge. b As in a
except for the average position
(dashed line) of the WPSH
ridge over 120°E–140°E. c
Composites of relative vorticity
(10−6 s−1; shaded) and streamlines (contours) for the positive
VM phases. d As in c except for
composites of relative vorticity
and streamlines for the negative
VM phases. In c and d, the
dashed line links the ridge of
the WPSH, the location of the
cross-equatorial flow, and the
general position of the monsoon
trough
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Fig. 11  Correlation maps of the
VMI-FMA with the 3-month
averaged SST (shading) and
850 hPa wind (vectors) anomalies for DJF, FMA, MAM, and
MJJA (4-month averaged).
Shading indicates positive
(red) and negative (blue) SSTA
significant at the 90% confidence level. Only 850 hPa wind
vectors significant at the 90%
confidence level are shown

in this region. The anomalous northerly wind, which conveys dry cold air from higher latitudes, may further suppress local convection in the WWNP. Meanwhile, anomalous northerly winds at low level and anomalous westerly
winds at high level can further strengthen the VWS in
this region. These factors, together with the strengthened
WPSH and weakened monsoon trough, tend to suppress
TC formation in the WWNP.
In general, the abovementioned physical processes
associated with the influences of the VM-related SSTAs
on TC formation over the WNP is similar to those
depicted by Chen et al. (2015) to explain the effects of the
NPO on the WNP TCF. Despite the similarities between
the physical processes discussed here and by Chen et al.
(2015), however, the emphasis here is that the VM, as an
ocean bridge (or conduit), may play a vital role in linking the NPO to the WNP TC genesis. Furthermore, our
analysis indicates that during positive VM cases, thermodynamic, dynamic, and environmental conditions for
TC genesis over the WWNP and EWNP are different,
thereby leading to enhanced TC genesis over the EWNP
and suppressed TC genesis over the WWNP. In contrast,
the physical processes depicted by Chen et al. (2015)
focus on illustrating the thermodynamic, dynamic, and
environmental conditions for TC genesis associated with
the NPO over the entire WNP. Actually, our analysis indicates that these conditions have distinct regional differences over the WNP.
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5 Summary
We analyzed the relationship between the spring VM and
the WNP TCF during the following summer for the period
1960–2016. The results indicate that the spring VM is significantly positively correlated with the following summer TCF over the EWNP, while it is significantly negatively correlated with the following summer TCF over the
WWNP. The results of composite analysis also suggest
that the majority of TCs are generated in the EWNP during
strongly positive VM cases, with only a minority of TCs
generated in the WWNP.
The present analysis presents a possible explanation of
processes through which the VM-related SSTAs affect the
WNP summer TC formation. During strongly positive VM
years, the spring VM-related SSTAs in the North Pacific
(5°–20°N) persist until summer via the WES feedback,
with positive SSTAs in the east of EWNP and negative
SSTAs in the west of EWNP, leading to an enhanced
SSTA gradient in the EWNP. The low-level convergence
caused by the VM-related SSTA gradient results in vigorous upward motion, enhanced deep convection as well
as enhanced moisture convergence in the EWNP. These
conditions, accompanied by a weakened WPSH and a
strengthened monsoon trough, are favorable for TC formation in the EWNP. In the WWNP, however, the low-level
divergence leads to the descending motion, suppressed
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