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Abstract
The present paper uses the satellite era data from 1979 to 2015 to examine the relationship between El Niño-Southern 
Oscillation (ENSO) and tropical cyclones (TCs) in the western North Pacific (WNP) during the boreal summer from June 
to August. It is found that WNP TC variability is characterized by two major feature changes: (1) a significant reduction of 
the TC number since 1998 and (2) a stronger interannual relationship between ENSO and TCs since 1998. Results suggested 
that such changes are largely due to the synergy effects of a shifting ENSO and the Pacific climate regime shift. Since 1998 
with a cool Pacific decadal oscillation phase switching from a warm phase, more La Niña and central Pacific (CP) El Niño 
events occur. The decreased low-level relative vorticity and increased vertical wind shear during 1998–2015 compared to 
1979–1997 are responsible for the TC reduction. The stronger interannual relationship between ENSO and TCs since 1998 
is closely associated the change of CP sea surface temperature. It enhances the associations of environmental factors includ-
ing vertical wind shear and mid-level relative humidity with TCs and thus increases the interannual relationship between 
ENSO and TCs. These two feature changes also manifest in the mean TC genesis location, with a northwestward shift of 
the TC genesis location during 1998–2015 and an increased relation to El Niño Modoki index since 1998. This study has an 
important implication for TC outlooks in the WNP based on climate predictions and projections.

Keywords Tropical cyclone variability and climate · ENSO · Pacific decadal oscillation · Interdecadal change of 
interannual relationship

1 Introduction

Tropical cyclone (TC) is one of the most devastating 
weather phenomena on earth. Studies suggested that TC-
induced damages tend to show an increased trend over the 
past several decades (Pielke et al. 2008; Zhang et al. 2009; 
Mendelsohn et al. 2012; Peduzzi et al. 2012). It has been 

in turn raised increasing concerns on connection between 
climate change and TCs. The western North Pacific (WNP) 
is one of the most active ocean basins and experiences about 
27 TCs each year, accounting for almost one-third of the 
world’s annual TC counts (Chan 2005). These TCs often 
lead to substantial loss of life and property damage to China 
and adjacent countries (Zhang et al. 2009, 2013). A better 
understanding of the variability of WNP TC activity and the 
associated physical mechanisms therefore has a profound 
socio-economic impact as well as scientific significance.

On interannual time scale, El Niño-Southern Oscillation 
(ENSO) has been well known to be a major factor in modu-
lating interannual variability of WNP TC activity (Lander 
1994; Chan 2000; Wang and Chan 2002; Camargo and Sobel 
2005; Zhao et al. 2010, 2011). A general consensus can be 
reached that ENSO has no noticeable impact on the total TC 
frequency but has a pronounced impact on the displacement 
of the mean TC formation location. During El Niño years, 
more TCs occur over the southeastern quadrant of the WNP 
and tend to move northwestward, causing more TCs with a 
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longer duration and a stronger intensity because of a longer 
distance over the tropical warm waters (Camargo and Sobel 
2005; Chan 2008; Zhan et al. 2011). In this paper, we show 
a significantly increased relationship between the Niño-3.4 
index and the WNP TC frequency in the boreal summer 
(June to August; JJA) during the recent decades. We also 
address what cause the increased association between the 
JJA WNP TC frequency and ENSO in the recent decades?

On longer or decadal time scale, the Pacific decadal 
oscillation (PDO) can cause the WNP TC variability (Chan 
2008; Maue 2011; Liu and Chan 2013; Wang et al. 2010, 
2015; Wang and Liu 2015; Zhao and Wang 2016). Liu and 
Chan (2013) and Maue (2011) respectively described sig-
nificant reductions of the WNP TC frequency and of global 
TC activity over the TC season since the late 1990s. They 
qualitatively explained the decrease in the frequency of TCs 
as interdecadal changes in atmospheric and oceanic condi-
tions affecting TC genesis associated with the shift of the 
Pacific mean-state climate in 1998. Recently, Zhao and 
Wang (2016) showed a similar abrupt reduction of WNP 
TC activity around 1998 in the late season from October to 
December and pointed that it was associated with the inter-
decadal change of the relationship between the PDO and 
ENSO. However, the influence of interdecadal PDO associ-
ated with current climate regime shift around the late-1990s 
on the interannual ENSO-TC relationship during the boreal 
summer is less studied.

Moreover, there is evidence to link the prevalence of one 
type of El Niño event or the other to decadal variations of the 
mean state of the Pacific associated with the PDO (Verdon 
and Franks 2006). The cold phase of the PDO since the late-
1990s is likely to favor La Niña or CP El Niño events. Recent 
studies also demonstrated that a regime shift in ENSO in the 
recent decades with more frequent La Niña and CP El Niño 
events (Kao and Yu 2009; Xiang et al. 2013; Cai et al. 2015). 
Associated with changes in sea surface temperature (SST) 
related to a shifting ENSO and Pacific climate regime shift, 
large-scale atmospheric and oceanic environmental variables 
affecting TC activity show corresponding changes (Kim 
et al. 2009, 2011; Han et al. 2016; Wang and Wu 2016; 
Huangfu et al. 2017, Hsu et al. 2014; Choi et al. 2015; Hong 
et al. 2016; He et al. 2017). Additionally, previous many 
studies suggested some inter-annual remote teleconnections 
to the WNP TC frequency (e.g., North Atlantic Oscillation, 
Zhou and Cui 2014; Arctic Oscillation; Cao et al. 2016; the 
SST gradient between the Southwest Pacific and the Western 
Pacific Warm Pool; Zhao et al. 2016) have experienced a 
significant interdecadal change. However, the interannual 
correlation between ENSO and WNP TC activity was not 
discussed by these previous studies. In terms of the interdec-
adal changes of WNP TC activity and its association with 
some tele-connections mentioned above, a question naturally 
arises: Have the shifting ENSO and Pacific climate regime 

switch changed the interannual relationship between ENSO 
and the boreal summer TC frequency in the WNP?

The remainder of the paper is organized as follows. Sec-
tion 2 describes the data and methodology used in this paper. 
Section 3 documents the increased interannual relationship 
between ENSO and the TC frequency, and longer-term shift 
of the WNP TC activity. The plausible physical causes for 
the increased interannual relationship and longer-term TC 
activity shift are explored in Sect. 4. The summary and dis-
cussion are given in Sect. 5.

2  Datasets

2.1  TC data

The TC dataset used in this study is obtained from the 
United States Joint Typhoon Warning Center (JTWC) best 
track dataset. It includes information on the TC locations 
(latitude and longitude) and intensity at a 6-hour inter-
val. Our study focuses on the boreal summer from June to 
August (JJA). Since TC observations are more reliable after 
the satellite era, we use the TC data from 1979 to 2015. The 
TC frequency in this study is counted over the WNP main 
development region (MDR) (5–25°N, 100–180°E). The 
TC genesis location is defined as the first position at which 
the TC intensity exceeds or equals to 35 knots. To confirm 
the results of this study, we also perform the same analyses 
from the other two widely used best track datasets: the China 
Meteorological Administration-Shanghai Typhoon Institute 
(CMA_STI) and Japan Meteorological Agency (JMA). The 
relationship between ENSO and the JJA TC frequency used 
these two TC datasets are almost identical to that used the 
JTWC data, which will be shown in Sect. 3.

2.2  Atmospheric data and SST data

The atmospheric fields (e.g., relative humidity and winds) 
are from the United States National Centers for Environ-
mental Prediction and National Center for Atmospheric 
Research (NCEP/NCAR) monthly Reanalysis II dataset in 
a 2.5° × 2.5° grid (Kanamitsu et al. 2002). The monthly 
mean SST is from the United States National Oceanic and 
Atmospheric Administration (NOAA) Extended Reconstruc-
tion SST version 4 (ERSSTv4) at a horizontal resolution of 
2° × 2° (Huang et al. 2015, 2016).

2.3  ENSO indices and significance test

To better understand the relationship between the TC fre-
quency and different ENSO flavors, various ENSO indices 
including the Niño-3, Niño-3.4 and El Niño Modoki index 
(EMI) are used in this study. Although the Niño-3.4 index 
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is generally used to describe the ENSO state change, it is a 
mixture of Niño-3 and Niño-4 and does not well separate the 
central-Pacific (CP) and eastern-Pacific (EP) ENSO events. 
As suggested in previous studies (Yu et al. 2012; Xiang et al. 
2013; Cai et al. 2015; Zhao et al. 2016), two types of ENSO 
events show a distinct teleconnected impact on climate and 
extreme weather events around the globe. We use the Niño-3 
index to represent EP ENSO events and the EMI to represent 
CP ENSO events. The EMI is calculated by following Ashok 
et al. (2007):

where the brackets indicate the SST anomalies averaged in 
Regions C (165°E–140°W, 10°S–10°N), W (125°E–145°E, 
10°S–20°N), and E (110°W–70°W, 15°S–5°N), respec-
tively. The EMI was adopted in many previous studies for 
representing CP ENSO events (Ashok et al. 2007; Kim et al. 
2009; Chen and Tam 2010; Hong et al. 2011; Zhao et al. 
2016).

According to the definition of ENSO diversity with a 
threshold of 0.6 s.d., we identify five EP El Niño events 
(1982, 1983, 1987, 1997, and 2015) and seven CP El Niño 
events (1991, 1994, 2002, 2003, 2004, 2006, and 2009) 
(Table 1). Due to no substantial zonal changes of La Niña 
SST distribution as suggested by previous studies (Kug et al. 
2009; Ren and Jin 2011), we classify La Niña events into one 
category and thus 11 La Niña events can be identified (1985, 
1988, 1995, 1996, 1998, 1999, 2000, 2007, 2010, 2011, and 
2013) (Table 1). The selection of these three ENSO-type 
events is generally consistent well with the current com-
mon methods for ENSO diversity (i.e., the EP-index and 
CP-index method, Kao and Yu 2009; the NCT and NWP 
method; Ren and Jin 2011; the Niño-3.4 and Niño-3.4b, Hu 
et al. 2016).

There is evidence to link the prevalence of one type of 
El Niño or the other to decadal variations in the mean state 
of the Pacific associated with the PDO (Verdon and Franks 
2006). By restricting wind anomalies and convection to the 
CP region, the current cool PDO phase is likely to favor La 
Niña or CP El Niño events, very much as has been observed 
since the late-1990s or the early-2000s (Xiang et al. 2013). 
As seen from Table 1, more EP El Niño events and less La 

(1)EMI = [SSTA]C − 0.5 × [SSTA]W − 0.5 × [SSTA]E,

Niña events can be found during 1979–1997. However, only 
one EP El Niño event in 2015 while more frequent La Niña 
and CP El Niño events were observed during 1998–2015. 
Such interdecadal changes of ENSO flavors are in well con-
sistence with the shifting ENSO and the Pacific climate shift 
as suggested by previous studies (Verdon and Franks 2006; 
Kao and Yu 2009; Xiang et al. 2013; Cai et al. 2015).

Student’s t test was usually performed for statistical sig-
nificance, but it is assumed that two random variables both 
follow a Gaussian distribution. However, the relative small 
sample size in our analysis for the whole period (37-year for 
1979–2015) and the two sub-periods (19-year for 1979–1997 
and 18-year for 1998–2015), it is not guaranteed that the 
samples are characterized by the Gaussian distribution. 
Thus, instead of using a Student’s t test, the non-parametric 
Mann–Kendall test (Mann 1945; Kendall 1975) and the 
Wilcoxon-Mann-Whitney test (Wilcoxon 1945; Mann and 
Whitney 1947) are respectively used to assess the statisti-
cal significance of the correlation and the difference (Chu 
2002). Such the test was widely used in previous studies 
(Chu 2002; Chu and Zhao 2004; Hsu et al. 2014; Zhao and 
Wang 2016).

3  TC variability in the WNP

TC variability in the WNP during 1979–2015 is character-
ized by two major feature changes (Fig. 1). The first one is 
a longer-term (or interdecadal) reduction of the TC number, 
and the other one is an increased change of the interannual 
relationship between ENSO and the TC number.

3.1  Longer‑term TC variability

Figure 1 shows the time series of the JJA TC frequency from 
the JTWC dataset in the WNP and Niño-3.4 index during 
1979–2015. An interdecadal change of the TC frequency is 
clearly shown: the TC number during 1998–2015 is largely 
reduced in comparison with the number during 1979–1997. 
The averaged TC number in JJA during 1979–1997 is 
about 10.5 TCs per year, which is significantly (above the 
95% confidence level) larger than 8.5 TCs per year during 
1998–2015. Inspiringly, the significant reduction of the JJA 
TC number over the WNP basin can be also found after 
1998 from the CMA_STI and JMA datasets (Table 2). In 
fact, the abrupt reduction of the JJA TC frequency around 
1998 in the WNP is clearly seen in the analysis based on the 
change-point approach developed by Chu and Zhao (2004) 
(figure not shown). The change-point approach was widely 
used in previous studies to detect the abrupt shift (Chu and 
Zhao 2004; Tu et al. 2009; Hsu et al. 2014; Zhao and Wang 
2016). This reduction of the TC number coincides with the 
phase switch of the PDO.

Table 1  Classification of different ENSO flavors during the cool PDO 
phase (1998–2015) and warm PDO phase (1979–1997)

PDO warm phase 
1979–1997

PDO cold phase 1998–2015

EP El Niño 1982, 1983, 1987, 1997 2015
CP El Niño 1991, 1994 2002, 2003, 2004, 2006, 

2009
La Niña 1985, 1988, 1995, 1996 1998, 1999, 2000, 2007, 

2010, 2011, 2013
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The mean TC genesis location shows a similar inter-
decadal change. A significant westward shift and moder-
ate northward displacement of the TC genesis from the 
JTWC can be observed during 1998–2015 (Table 2). Dur-
ing 1979–1997, the average TC genesis longitude from the 
JTWC is about 135.6°E, while 132.2°E is found during 
1998–2015. Their difference of 3.4° is significant at the 95% 
confidence level. The westward shift of the TC genesis loca-
tion is consistent with the warm SST located in the WNP 
during 1998–2015 (shown in next section). However, the 
average TC genesis latitude shows a moderate displacement. 
The mean genesis latitude is 16.4°N during 1998–2015 and 
16.8°N during 1979–1997 (Table 2). Such a northwestward 
displacement of mean TC genesis location can be also seen 
from the CMA_STI and JMA during 1998–2015 compared 

to that during 1979–1997, although the magnitude of shift in 
TC genesis location especially for the TC genesis longitude 
from these two datasets is less than that from the JTWC 
(Table 2). These are consistent well with previous studies on 
more TCs formed in the northwestern part of the WNP basin 
during La Niña and CP El Niño events compared to that dur-
ing EP El Niño events (Wang and Chan 2002; Hong et al. 
2011; Wang et al. 2013c), implying that such interdecadal 
changes of mean TC formation location is closely associated 
with the shifting ENSO and phase switch of the PDO.

Fig. 1  Time series of the June–
August (JJA) TC frequency (in 
black) over the main devel-
opment region of the WNP 
(5–25°N, 100–180°E), the 
Niño-3.4 index (in green) and 
PDO index (in blue) during 
1979–2015. The symbol “*” 
indicates the correlations are 
statistically significant at the 
95% confidence level

Table 2  Statistics of mean TC 
frequency, mean TC genesis 
latitude and longitude from the 
three best track datasets for the 
whole period (1979–2015) and 
the two sub-periods (1979–1979 
and 1998–2015)

The difference in bold is significant at a 95% confidence level

JTWC JMA CMA_STI
Fre./Lat./Lon Fre./Lat./Lon Fre./Lat./Lon

1979–2015 9.4/16.5°N/134.3°E 9.6/16.9°N/134.6°E 9.5/16.9°N/133.3°E
1979–1997 10.2/16.4°N/135.6°E 10.1/16.8°N/134.9°E 10.1/16.8°N/133.7°E
1998–2015 8.50/16.7°N/132.2°E 9.0/16.9°N/134.4°E 8.9/17.1°N/132.8°E
Diff − 1.7/0.3°/− 3.40° 1.1/0.10°/− 0.5° − 1.2/0.3°/− 0.9°

Table 3  Correlations of the JJA TC frequency over the MDR of the WNP basin from the three best track datasets respectively with Niño-3.4, 
Niño-3 and EMI for the whole period and the two sub-periods

The correlation coefficients in bold with asterisk are significant at a 95% confidence level

JTWC JMA CMA_STI
Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI

1979–2015 0.52*/0.27/0.54* 0.41*/0.17/0.54* 0.42*/0.16/0.58*
1979–1997 0.44/0.35/0.21 0.26/0.16/0.23 0.30/0.17/0.32
1998–2015 0.60*/0.24/0.74* 0.57*/0.20/0.79* 0.55*/0.16/0.81*
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3.2  Increased interannual relationship 
between ENSO and TCs

All the correlations between the TC frequency from the three 
best track datasets and Niño-3.4 index during 1979–2015 
are significant above the 95% confidence level (Table 3). 
However, this significant ENSO relationship with the TC 
number is due to the increased association between ENSO 
and the TC frequency after 1998. During the first epoch of 
1979–1997, the correlation between them is insignificant 
at the 95% confidence level. In contrast, the correlation 
between them becomes significant at the 95% confidence 
level during the second epoch of 1998–2015.

To explore the association between two different ENSO 
flavors and the TC frequency, we compute the interannual 
correlations between the TC frequency and two ENSO 
flavors, i.e., CP ENSO events (represented by the EMI 
index) and EP ENSO events (represented by the Niño-3 
index) for the whole and two sub-periods (Table 3). During 
1979–2015, there is a significant correlation between EMI 
and TC frequency, while no significant correlation between 
Niño-3 index and TC frequency can be observed. It is there-
fore plausible that a regime shift in ENSO contributes to this 
significant correlation between ENSO and the TC frequency 
during the whole period 1979–2015. As expected, there is an 
interdecadal change of the interannual correlation between 
the TC frequency from the three datasets and EMI, while 
no apparent decadal change between the TC frequency and 
the Niño-3 index is found (Table 3). During 1979–1997, 
both the Niño-3 index and EMI insignificantly correlate to 
the TC frequency. However, the correlation between the TC 
frequency and Niño-3 index remains insignificant during 
1998–2015; but the correlation between the TC frequency 
and EMI during 1998–2015 becomes significant. To further 
confirm these results, we also use the CP and EP ENSO indi-
ces based upon the regression–EOF analysis by Kao and Yu 
(2009) and Yu and Kim (2010). The almost identical results 
are found (figure not shown).

We further compute the spatial correlation map between 
the TC frequency and tropical SST (Fig.  2). A signifi-
cant SST correlation is found over the CP region during 
1998–2015. However, during 1979–1997 the SSTs in both 
the EP and CP regions do not show a significant correla-
tion with the TC frequency. This suggests that the increased 
ENSO-TC relationship after 1998 is mainly due to the 
change of CP SST after 1998, also coinciding with a regime 
shift of ENSO and PDO phase switch. In other words, the 
increased occurrence of CP ENSO events and the cool 
PDO phase switch from the warm PDO phase after 1998 
are responsible for the increased relationship between ENSO 
and TCs.

The relationships between the two ENSO flavors and mean 
TC genesis longitude are shown in Table 4. All the Niño-3.4, 

Niño-3, and EMI are weakly correlated with mean TC genesis 
longitude used the three best track datasets over the whole 
period 1979–2015. It is further shown a consistent interdecadal 
change of all their relationships, with significant correlation 
between after 1998 and weak correlation before 1998. In other 
words, a stronger relationship between both the CP and EP 
SSTs and mean TC genesis longitude after 1998 can be found, 
indicating that the Pacific climate shift plays an important role 
in the change of mean TC genesis longitude. In contrast, no 
significant decadal change of interannual relationship between 
mean TC genesis latitude and both Niño-3 and Niño-3.4 indi-
ces can be found, while an obvious interdecadal change of 
interannual relationship between EMI and mean TC genesis 
latitude can be seen from the three datasets (Table 5). EMI 
are weakly correlated with mean TC genesis latitude during 
1979–1997. During 1998–2015, however, the mean TC gen-
esis latitude significantly correlates to the EMI. It implies an 
important role of CP ENSO events in controlling the mean 
TC genesis longitude. In summary, the relationship between 
ENSO and TC genesis locations is closely associated with the 
Pacific climate switch and a regime shift in ENSO. Next we 
examine large-scale climate factors being responsible for the 
observed changes of TC activity in the WNP. In terms of these 
relationships between ENSO and the JJA TC activity used 
CMA and JMA datasets are almost identical to that used the 
JTWC data. Therefore, we only present the main results used 
the JTWC in the following section, unless otherwise specified.

Fig. 2  Correlation of the June–August (JJA) TC frequency in the 
main development region of the WNP (5–25°N, 100–180°E) and JJA 
sea surface temperature (SST) during (a) 1998–2015 and (b) 1979–
1997. Shading in (a) and (b) indicates the correlations are significant 
at the 95% confidence level
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4  Large‑scale climate factors associated 
with the changes of TC activity

In this section, we analyze large-scale environmental climate 
factors that may cause the changes of TC activity observed 
during 1979–2015 in the WNP. For the reduction of the TC 
number after 1998, we examine environment composite dif-
ferences between the periods of 1979–1997 and 1998–2015. 
For the increased interannual relationship between ENSO 
and TCs, we compare the ENSO correlation maps with envi-
ronmental variables between two sub-periods.

4.1  Longer‑term changes of environmental 
variables

We first look at the differences of SST and 850-hPa 
wind anomalies between two periods of 1979–1997 
and 1998–2015 (Fig. 3). The periods of 1979–1997 and 
1998–2015 are the warm and cold phases of the PDO, 
respectively. Therefore, during 1998–2015, the warm SST 
anomalies are located in the western Pacific and easterly 
wind anomalies are found in the tropical western Pacific 
(Fig. 3a). Additionally, strengthening of the North Pacific 
subtropical high after 1998 can be inferred (Fig. 3a). In 
fact, we use the 1530 and 1560 geopotential height lines at 
850 hPa to represent the subtropical-high intensity following 
Lin et al. (2015) and find a consistent strengthening of sub-
tropical-high during the recent decades (figure not shown). 
The opposite patterns are observed during the period of 
1979–1997 (Fig. 3b). As suggested by previous studies 
(Maue 2011; Liu and Chan 2013; Zhao et al. 2016; Hsu et al. 
2014; Zhao and Wang 2016), significantly different impacts 
of different SSTA patterns on tropical Indo-Pacific climate 
anomalies have been found. One would expect that the SSTA 
pattern associated with the PDO phase switch may change 
large-scale variables that in turn affect the reduction of TC 

activity in the WNP since 1998. The SST patterns associated 
with the PDO phase switch may change other large-scale 
variables that in turn affect TC activity in the WNP.

The SST and wind distributions are associated with the 
changes of low-level relative vorticity and tropospheric ver-
tical wind shear, both of these two large-scale variables can 
affect TC activity in the WNP (Fig. 4). For example, an 
increase of the low-level cyclonic vorticity is favorable for 
the TC development of convection and intensification by 
reducing the local Rossby radius of deformation and then 
focusing the convective heating locally (Chen et al. 2006). 
An enhanced vertical wind shear generally inhibits the TC 
development by advecting the heating and moisture away 
from the convention center (DeMaria 1996). Over the WNP 
especially over its eastern part, the decreased low-level 

Table 4  Same as Table 3, 
except for the mean TC genesis 
longitude

JTWC JMA CMA_STI
Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI

1979–2015 0.29/0.18/0.33 0.39/0.27/0.44 0.32/0.22/0.32
1979–1997 − 0.15/− 0.09/− 0.01 0.01/0.03/0.14 − 0.11/− 0.10/− 0.13
1998–2015 0.67*/0.51*/0.53* 0.69*/0.53*/0.61* 0.67*/0.55*/0.62*

Table 5  Same as Table 4, 
except for the mean TC genesis 
latitude.

JTWC JMA CMA_STI
Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI Niño-3.4/Niño-3/EMI

1979–2015 − 0.52*/− 0.52*/-0.35 − 0.62*/− 0.58*/-0.34 − 0.56*/− 0.48*/− 0.17
1979–1997 − 0.50*/− 0.55*/− 0.02 − 0.59*/− 0.66*/− 0.01 − 0.47*/− 0.59*/0.09
1998–2015 − 0.54*/− 0.49*/− 0.67* − 0.67*/− 0.48*/− 0.68* − 0.68*/− 0.46/− 0.43

Fig. 3  Sea surface temperature anomaleis (SSTAs) and 850 hPa wind 
anomalies during (a) 1998–2015 and (b) 1997–1997 with respect to 
the whole period 1979–2015. Vectors in black color during indicate 
that the differences are significant at the 95% confidence level
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relative vorticity (Fig. 4a) and increased vertical wind shear 
(Fig. 4b) are evidently found during 1998–2015 compared 
to 1979–1997. These two factors are unfavorable for TC 
genesis during 1998–2015 especially for the southeastern 
region of the WNP (Gray 1968; Emanuel and Nolan 2004). 
Over the southeastern region of the WNP basin, [5°N–25°N, 
140°E–180°E], 3.6 TCs each year on average occur during 
the first sub-period and 2.1 TCs form during the second sub-
period. Their difference 1.5 TCs is significant at a 95% con-
fidence level, which accounts for 75% of the total differences 
of total WNP TC frequency between the two sub-periods. 
These two large-scale environmental factors may explain 
the reduction of the JJA TC frequency observed in the WNP 
during 1998–2015 in comparison with 1979–1997.

We also analyze the 600 hPa relative humidity from 
the NCEP-2 during two periods and find that the humid-
ity change does not contribute to the reduction of the JJA 
TC frequency during 1998–2015 (not shown). In fact, the 
mid-level relative humidity from the other reanalysis prod-
ucts shows an inconsistent relationship with the JJA TC fre-
quency. One of the possible reasons is the uncertainty of the 
mid-level relative humidity in reanalysis datasets (Hodges 
et al. 2011; Vergados et al. 2014) and thus the role of the 
mid-level relative humidity in contributing to the reduction 

of TC frequency after 1998 needs more detailed observa-
tional analyses and numerical simulations.

In summary, the decreased low-level relative vorticity 
(Fig. 4a) and increased vertical wind shear (Fig. 4b) should 
be results of a shifting ENSO and Pacific climate shift. The 
SSTA pattern as shown in Fig. 3a during 1998–2015 is the 
similar to the Mega La Niña-like pattern described in Wang 
et al. (2013a). In Wang et al. (2013a), the Mega-ENSO index 
was computed as the SST difference between the western 
Pacific K-shape area and eastern Pacific triangle to quan-
tify the characteristic variations of the Pacific SST. Such 
the Mega-ENSO index is similar to ENSO but with a larger 
spatial scale and a longer timescale. The Mega-ENSO is a 
multi-time-scale index. Details on the Mega-ENSO index 
can be found in Wang et al. (2013a). Associate with such 
Mega La Niña-like decadal phenomena, the reduction of 
vertical wind shear and the corresponding changes of 
lower–upper level winds have been documented due to the 
strengthening of North Pacific subtropical high and east-
erly trade wind (Wang et al. 2013a; Kosaka and Xie 2013; 
England et al. 2014; Lin and Chan 2015). In addition to 
impacts of the Mega La Niña-like pattern, how the shifting 
ENSO affects the environmental factors on the interdecadal 
time scale remains unclear. More analyses on the respective 
contributions of the shifting ENSO and Mega La Niña-like 
pattern to the increased vertical wind shear and decreased 
low-level vorticity after 1998 should be needed in a future 
study.

4.2  Changes of interannual relationship 
between environmental variables and TCs

Section 3 shows that the increased interannual relationship 
between ENSO and TCs after 1998 is largely due to the 
change of CP SST after 1998. It is thus expected that CP 
ENSO events change atmospheric variables which in turn 
affect TC activity in the WNP. Figure 5a, b compare the 
EMI correlation maps with 850 hPa winds for two periods. 
The pronounced low-level westerly winds extend to the date-
line, resulting in a significant intensified cyclonic circulation 
over the WNP during 1998–2015 compared to that during 
1979–1997 (Fig. 5a, b). In the upper level of the troposphere, 
an anticyclonic correlation map can be found over the WNP 
during 1998–2015. These types of atmospheric circulation 
patterns increase the relationship between ENSO and TCs 
after 1998. Indeed, the relationship between the winds and 
the TC frequency during two periods is very similar to the 
correlation maps of EMI and winds (Figs. 5c, d, 6c, d). All 
of these suggest that a regime shift in ENSO changes atmos-
pheric circulation patterns and then affects its association 
with TCs.

Associated with the atmospheric circulation changes, 
the changes of vertical wind shear and mid-level relative 

Fig. 4  Differences of a 850 hPa relative vorticity and b vertical wind 
shear between 1998 and 2015 and 1979–1997 (1998–2015 minus 
1979–1997). “+” sign indicates that the differences are significant at 
the 95% confidence level
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Fig. 5  Correlation between El Niño Modoki index (EMI) and 
850 hPa winds during a 1998–2015 and b 1979–1997, and correla-
tion between the JJA TC frequency and 850  hPa winds during c 

1998–2015 and d 1979–1997. Vectors in black during indicate that 
the correlations are significant at the 95% confidence level

Fig. 6  Correlation between El Niño Modoki index (EMI) and 
200 hPa winds during a 1998–2015 and b 1979–1997, and correla-
tion between the JJA TC frequency and 200  hPa winds during c 

1998–2015 and d 1979–1997. Vectors in black during indicate that 
the correlations are significant at the 95% confidence level
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humidity are important for the increased interannual rela-
tionship between ENSO and TCs after 1998. The correlation 
maps of vertical wind shear and relative humidity with the 
EMI index and TC frequency for two periods of 1998–2015 
and 1979–1997 are shown in Figs. 7 and 8. The correla-
tion patterns are similar for two periods of 1998–2015 and 
1979–1997; however, the stronger and more significant mag-
nitudes appear during 1998–2015. The stronger and more 
significant vertical wind shear and mid-level relative humid-
ity explain the increased interannual relationship between 
ENSO and TCs during 1998–2015. The correlation maps 
of the TC frequency with vertical wind shear and 600 hPa 
relative humidity during two periods show a similar result 
(Figs. 7c, d, 8c, d). In short, more CP El Niño and La Niña 
events associated with the PDO phase shifting to a cool 
state after the late 1990s increase their associations of ver-
tical wind shear and humidity with TCs, and result in the 
increased interannual relationship between ENSO and TCs 
after 1998. Such environmental variables with other reanaly-
sis datasets are also checked and the similar and stronger 
relationships between these environmental factors and EMI/
TCs after 1998 are also found (figure not shown). Addition-
ally, it is readily found that the Mega La Niña-like pattern 
after 1998 plays substantial contributions to the increased 
ENSO-TC relationship based upon the correlation maps 
between the environmental factors and Mega ENSO index 
computed following Wang et al. (2013a). For example, the 

correlation map between Mega-ENSO index and vertical 
wind shear shows a somewhat similar pattern as the cor-
relation map between EMI and vertical wind shear since 
1998, as shown in Figs. 7 and 9. The pattern correlation 
between them is 0.68 during the second sub-period, while 
only 0.21 during the first sub-period 1979–1997. The pattern 
correlation 0.6 represents a reasonable lower limit for the 
significance as suggested by Wilks (2006). In summary, the 
increased ENSO-TC interannual relationship is also the syn-
ergetic effect of a shifting ENSO and Pacific climate shift.

5  Summary and discussion

Since ENSO is the largest interannual climate phenomenon 
on earth, it has been extensively studied during the past dec-
ades [see the recent ENSO overview by Wang et al. (2016)]. 
In particular, two types of ENSO events accompanied with 
the Pacific climate shift were paid attention in the recent 
years: Eastern Pacific (EP) and Central Pacific (CP) ENSO 
events. By their names, EP ENSO events occur with maxi-
mum SST anomalies in the tropical EP, whereas CP ENSO 
events are with maximum SST anomalies in the tropical 
CP. Previous studies have shown that more CP El Niño and 
La Niña events have occurred since the recent decades in 
association with the climate shift (Ashok et al. 2007; Kao 
and Yu 2009; Lee and McPhaden 2010; Yu et al. 2012; Cai 

Fig. 7  Correlation between El Niño Modoki index (EMI) and verti-
cal wind shear during a 1998–2015 and b 1979–1997, and correla-
tion between the JJA TC frequency and vertical wind shear during c 

1998–2015 and d 1979–1997. “+” Sign indicates that the correlations 
are significant at the 95% confidence level



284 H. Zhao, C. Wang 

1 3

et al. 2015). In this paper, we found that the shifting ENSO 
and Pacific climate shift after the late 1990s increase the 

interannual relationship between ENSO and TC activity in 
the WNP.

We use the data of the satellite era to show that 1998 is 
an important year for shifting or changing the relationships 
between ENSO and TC activity in the WNP. Two major 
feature changes are observed around 1998: (1) a stronger 
interannual relationship between ENSO and TCs after 1998 
and (2) the sharp reduction of the TC number after 1998. On 
interannual time scale, we found that the SST distribution 
over the CP region associated with the cool PDO phase is 
responsible for the stronger interannual relationship between 
ENSO and TCs after 1998. Although both the EP and CP 
ENSO’s SST anomalies can affect the changes of vertical 
wind shear, low-level/upper-level winds and mid-level rela-
tive humidity, these variable changes are more significant 
during 1998–2015 than 1979–1997. The more significant 
changes of vertical wind shear and mid-level relative humid-
ity induced by CP ENSO events during 1998–2015 signifi-
cantly increase the interannual relationship between ENSO 
and TCs during 1998–2015.

On a longer or decadal time scale, the TC number shows 
an abrupt reduction after 1998. The averaged TC number 
during 1979–1997 is significantly larger than that during 
1998–2015. This is because the periods of 1979–1997 and 
1998–2015 are associated with the warm and cold phases 
of the PDO, respectively. Therefore, during 1998–2015, the 
warm SST anomalies are located in the western Pacific and 

Fig. 8  Correlation between El Niño Modoki index (EMI) and 
600  hPa relative humidity during a 1998–2015 and b 1979–1997, 
and correlation between the JJA TC frequency and 600 hPa relative 

humidity during c 1998–2015 and d 1979–1997. “+” Sign indicates 
that the correlations are significant at the 95% confidence level

Fig. 9  Correlation between Mega ENSO index developed by Wang 
et  al. (2013a) and vertical wind shear during a 1998–2015 and b 
1979–1997. “+” Sign indicates that the correlations are significant at 
the 95% confidence level
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easterly wind anomalies are found in the tropical western 
Pacific. The opposite patterns are observed during the period 
of 1979–1997. The SST distributions in the tropical western 
Pacific associated with the PDO do not directly contribute 
to the reduction of the TC number after 1998. However, the 
PDO-like SST-induced wind changes decrease low-level rel-
ative vorticity and increase vertical wind shear in the WNP 
during 1998–2015 compared to 1979–1997, thus resulting 
in the TC reduction during 1998–2015.

The feature changes of the TC number in the WNP also 
apply to the TC genesis location. The TC genesis location 
in the WNP shows similar interannual and decadal changes 
in 1998. In particular, the TC genesis location during 
1998–2015 has a northwestward shift compared to that dur-
ing 1979–1997. During 1998–2015, there is a significant 
westward shift and moderate northward displacement of TC 
genesis locations, which is mainly due to the changes of CP 
and EP SST distribution. As suggested by previous studies 
(Lander 1994; Wang and Chan 2002; Camargo and Sobel 
2005; Wang et al. 2013; Zhao 2016), more TCs formed 
over the northwestern part of WNP basin during La Niña 
years and CP El Niño events compared to that during EP 
El Niño events, and thus such northwestward shift of mean 
TC genesis location is well consistent with more La Niña 
events and CP El Niño events occurs during 1998–2015. To 
further clarify the contribution from the ENSO transition 
itself, we also computed the interannual correlation only for 
the selected ENSO years as shown in Table 1. Interannual 
correlation between the total 23 ENSO years and the cor-
responding TC frequency is significant with the correlation 
coefficient 0.57. When the total 23 ENSO years was divided 
in to the two sub-periods: before 1998 and after 1998, it is 
found that the interannual correlation between them (total 
10 years) is 0.53, which is not statistically significant at the 
95% confidence level. In contrast, a significant interannual 
correlation between them (total 13 years) can be found at 
the 95% confidence level after 1998 with the correlation 
coefficient 0.74. These imply that the interdecadal change of 
relationship between ENSO and TC frequency as suggested 
in this study is largely due to the changes of ENSO regime 
shifts and its association with TC frequency. Additionally, 
ENSO-associated TC frequency also shows a significant 
reduction since 1998 with the difference of 1.6 TCs each 
year on average. The ENSO-associated TC genesis lon-
gitude shows a significantly westward shift of 4.6 degree 
since 1998. These are consistent well with the studies on the 
interdecadal changes of WNP TC activity in 1998 (Liu and 
Chan 2013, Hsu et al. 2014; Zhao and Wang 2016; Huangfu 
et al. 2017). In summary, the interdecadal changes of mean 
TC genesis location is largely due to the synergistic effect 
of shifting ENSO and Pacific climate switch.

Associated with the interdecadal shift of ENSO-TC 
interannual correlation occurs in 1998, the interannual 

correlation between PDO and ENSO during the boreal 
summer also shows an interdecadal shift (Fig. 1). During 
the whole period 1979–2015, a significant interannual 
correlation between the PDO and ENSO with the cor-
relation coefficient 0.44 can be found. Further analyses 
suggested that such the significant interannual correla-
tion between them during the whole period 1979–2015 
is mainly due to the enhanced interannual correlation 
between them during the recent decades 1998–2015 
with the correlation coefficient 0.56. It’s possible that 
the interdecadal change of the PDO-ENSO interannual 
correlation has an impact on the ENSO-TC relationship 
during the boreal summer.

This paper presents the results of TC activity in the 
WNP MDR region (5–25°N, 100–180°E) during the sum-
mer of JJA. In JJA, 10 TCs each year on average accounts 
for about 40% of annual total TC counts over the WNP 
basin. Meanwhile, a significant decrease of JJA TCs can 
be observed since 1998. More importantly, a significantly 
enhanced relationship between ENSO and JJA TC fre-
quency can be found since 1998. Although the results are 
sensitive to the region and season, major features and con-
clusions do not change with the focused region and time. 
We repeat the plots of Fig. 1 with the TC counts over the 
extended region of the WNP (0–30°N, 100–180°E) and 
the seasons of June–August, May–November, and June-
October (Fig. 10). During 1979–2015, all cases except 
June–August show that the correlations between the TC 
number and Niño-3.4 index are below the 95% confidence 
level. This is consistent with previous studies that ESNO 
insignificantly correlates with the total TC frequency (e.g., 
Chan 1985; Chan and Shi 1996; Chen et al. 1998; Wang 
and Chan 2002; Camargo and Sobel 2005). However, all 
of three cases show a significant increase of ENSO-TC 
correlations after 1998. For the summer (JJA) case, the 
ENSO-TC correlation shows an interdecadal change, with 
weak correlation 0.20 before 1998 and significant correla-
tion 0.54 after 1998. Although both changes of ENSO-TC 
correlation over the May–November or June-October are 
smaller than that over the JJA, the correlations between 
them show a remarkable interdecadal change as that dur-
ing JJA. Following Fisher (1921), the statistical differ-
ences of the correlation coefficients during the two sub-
periods over the extended seasons (e.g., May–November 
or June-October) are significant. These indicate that the 
change of ENSO-TC relationship after 1998 is a robust 
result. Such magnitude of changes in relationship over dif-
ferent seasons may be associated with the possible modu-
lation of the shifting ENSO and Pacific climate switch and 
needs further investigations. This study has an important 
implication for TC outlooks based on climate predictions 
and projections. If climate models can correctly predict 
the types of ENSO events (CP or EP events), we are in a 
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Fig. 10  Time series of a June–August, b June–October and c May–
November TC frequency in the WNP region of (0–30°N, 100–180°E) 
and Niño-3.4 index during 1979–2015. The symbols “*” indicate that 

the correlation are statistically significant at the 95% confidence level, 
respectively
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better position to know the relationship between ENSO 
and TCs in the WNP (Wang et al. 2013b, 2016; Han et al. 
2016). Similarly, if climate model can project future types 
of ENSO events under global warming, it will help us 
understand future TC activity in the WNP. Meanwhile, 
this study is helpful to clarify the relationship between TC 
genesis and frequencies over the WNP basin.
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