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Abstract This study shows that the occurrence of intense
typhoons in the western North Pacific is significantly
higher in the autumns of the Central Pacific (CP), compared to Eastern Pacific El Niño years. Specifically, (1)
The higher occurrence of intense typhoons in CP El Niño
autumns is related to a longer typhoon lifespan, maximum
potential intensity, ocean heat content, vertical shear of the
zonal wind (850–200 hPa), outgoing long-wave radiation,
and moist static energy averaged over 1,000–500 hPa. (2)
A longer typhoon lifespan in CP El Niño autumns is caused
by the westward shift of the subtropical high, which tends
to steer typhoon to the west and northwest.
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1 Introduction
Tropical cyclones (TCs) are one of the most dangerous
and destructive disasters on earth (Anthes et al. 2006; Gray
1968; Powell and Aberson 2001). On average, the western North Pacific (WNP) has the largest number of annual
TCs among all ocean basins (e.g., Chan 2006, 2007, 2008;
Knutson et al. 2010; Webster et al. 2005). Because intense
typhoons inflict much more damages on coastal regions
during and after landfalls (Lin et al. 2013a; McTaggartCowan et al. 2007), our understanding of the variability of
intense typhoons is central to the preparedness, mitigation
and management of TC-related hazards.
Numerous studies have examined intense typhoons in
the WNP. For example, Webster et al. (2005) reported on an
increase in intense typhoons in the WNP since the 1970s.
However, Chan (2006) argued that this trend is actually part
of the multi-decadal variability. In addition, no significant
trends in intense typhoons have been found in some other
studies (e.g., Klotzbach 2006; Kossin et al. 2007). Landsea
et al. (2006) claimed that this inconsistency in variability
of TC activity and intense typhoons might be due to the
quality of various TC best track data. Chan (2007, 2008)
further documented inter-annual and decadal variability of
intense typhoons in the WNP. He found that the variability
of intense typhoons arises from the modulation of largescale ocean–atmosphere circulation. An increase in intense
typhoons has been a rather consistent result reached by the
use of various climate models (Knutson et al. 2010). Wu
and Zhao (2012) have confirmed an increasing trend in the
frequency of intense typhoon occurrences. Huang and Xu
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(2010) have addressed the association of super typhoons
and El Niño-Southern Oscillation (ENSO). Tu et al. (2011)
reported a marked increase of intense typhoons in May
in the WNP after the year 2000 due to warmer sea surface temperature (SST), higher upper ocean heat content,
increased water vapor in the troposphere, weaker vertical
wind shear and higher relative humidity in the mid-troposphere. Camargo and Sobel (2005) have found that more
intense typhoons occur in the El Niño years. Such results
have been basically confirmed by Camargo et al. (2007)
using cluster analysis. Li and Zhou (2012) have examined
the changes in super typhoons, typhoons, tropical storms
and tropical depressions corresponding to different phases
of the ENSO cycle. Their results have identified variations
of the timing through which ENSO affects TCs of various
intensities in their evolution cycles. These studies mainly
suggest that (1) more intense typhoons are projected under
climate change, and (2) intense typhoons are more likely to
occur in the El Niño years than the La Niña years.
In recent years, the Central Pacific (CP) El Niño has been
identified as an anomalous warming in the CP (Ashok et al.
2007; Di Lorenzo et al. 2010; Weng et al. 2007). In contrast to the Eastern Pacific (EP) El Niño or conventional El
Niño, the CP El Niño modulates the global weather and climate in a different manner (Di Lorenzo et al. 2010; Hong
et al. 2011; Kug et al. 2009; Lee et al. 2010; Yeh et al. 2009;
Zhang et al. 2012). These two types of El Niño have been
found to exert different impacts on TCs in the WNP (e.g.,
Chen and Tam 2010; Kim et al. 2011; Pradhan et al. 2011;
Wang et al. 2012; Zhang et al. 2012, 2013; Ha et al. 2013),
the South China Sea (Chen 2011), the South Pacific (Dowdy
et al. 2012) and the Atlantic (Kim et al. 2009; Lee et al.
2010). These studies mainly focus on TC tracks and landfalls, accumulated cyclone energy, and genesis locations of
TCs in these ocean basins. For example, a larger number of
TCs make landfalls over the U.S. east coast and the Caribbean in the CP El Niño years (Kim et al. 2009). More TCs
make landfall over the Japanese and Korean coasts in the
CP El Niño years than the EP El Niño years (Zhang et al.
2012). Energy from the ocean surface is a crucial factor for
the intensification of TCs. Previous studies have examined
the relationships between SST and the intensification of TCs
(DeMaria and Kaplan 1994; Emanuel 1995, 1997, 1999). In
addition to SST, the TC heat potential based on the ocean
heat content has been highlighted in the analysis and prediction of TC intensity (Shay et al. 2000; Scharroo et al. 2005;
Wada and Chan 2008; Lin et al. 2008, 2009, 2013b). In particular, the ocean heat content has proven to be a crucial factor in generating super typhoons like “Nargis” in 2008 (Lin
et al. 2008). In addition to the oceanic condition, the atmospheric variables (e.g., zonal vertical wind shear and average moist convergence) have been emphasized to be factors
modulating TC intensification.
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To recapitulate, previous studies have investigated the
inter-annual variability of intense typhoons in the WNP
and have related such variability to ENSO, and different
impacts of the CP and EP El Niño events on tracks, landfalls, genesis locations and frequencies of TCs in the WNP,
and the reverse influence of the oceanic and atmospheric
variables (e.g., ocean heat content and vertical shear of the
zonal wind) on the intensification of TCs in the WNP. However, relatively little effort has been made to analyze the
modulation of these two types of El Niño on the intensity
of WNP typhoons. Ha et al. (2013) discussed the intensity
and formation region of WNP typhoons in the CP and EP
El Niño years and used the east-ward high genesis potential
index (GPI) to analyze the potential for intense typhoons.
The east-ward GPI is not a sufficient condition for longer
TC lifespan which is merely an important factor, among
others (e.g., the ocean heat content and atmospheric conditions), for the occurrence of intense typhoons. Therefore,
this study extends the analysis of the intensity of WNP
typhoons in the two El Niño types and examines the occurrence of intense typhoons and their underlying mechanisms
from the perspectives of TC lifespan, and atmospheric and
oceanic conditions.
It is of paramount importance to understand the influences of these two El Niño types on tracks, frequencies and
geneses of intense typhoons because the advancement in
our understanding of these processes plays a crucial role in
the mitigation of, preparation for and management of hazards caused by very strong TCs. In particular, it has been
simulated that CP El Niño years tend to be more frequent
under global warming (Yeh et al. 2009), though uncertainty
still exists in such projections (Taschetto et al. 2014). This
study will thus shed some light on the occurrence of intense
typhoons in the WNP under global warming. Therefore,
we examine the way CP and EP El Niño events modulate
the variability of occurrence of intense typhoons and the
underlying mechanisms.
This paper is organized as follows. Section 2 describes
the data and methodology. Section 3 presents the analysis
results. Section 4 interprets the results from the perspective
of ocean–atmosphere circulation. Discussion and concluding remarks are then made in Sect. 5.

2 Methodology
As discussed in Chan (2007, 2008), the Joint Typhoon
Warning Center (JTWC) TC best track dataset employs
1-min average wind speed to quantify TC intensity.
Because 1-min average wind speed is the basis for the Saffir-Simpson scale, no additional conversion is required to
represent TC intensity in the JTWC best track data. In addition, because 1987 is the last year aircraft reconnaissance
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was available in the WNP (Kamahori et al. 2006), analysis results have small discrepancies in the TC best track
datasets for the period of 1960–1987 (Chan 2008; Knapp
et al. 2013). For the period after 1987, some studies suggest that the JTWC data set is more reliable than other
datasets (Chan 2008). Therefore, the JTWC best track data
are employed for the analysis of intense typhoons. Since
TC data prior to the satellite era may contain large errors,
we only examine TC data for the 1970–2009 period. With
respect to the JTWC best track data, intense typhoons are
defined as TCs whose maximum sustained wind exceeds
114 knots, which are identical to category 4 and 5 hurricanes on the Saffir-Simpson hurricane scale (http://www.
aoml.noaa.gov/general/lib/laescae.html) (Chan 2008; Tu
et al. 2011).
The definitions of the CP and EP El Niño events in
this study follow those in Kim et al. (2011), Hong et al.
(2011) and Wang et al. (2013). EP and CP El Niño events
are defined as follows: the Niño 3 index averaged over the
peak TC seasons larger than one standard deviation for the
EP El Niño; and the Niño 4 index averaged over the peak
TC season exceeding one standard deviation for the CP
El Niño, with the Niño 3 index staying below this range.
Subsequently, we define six CP El Niño years (1991, 1994,
2002, 2004, 2006 and 2009) and five EP El Niño years
(1972, 1976, 1982, 1987, and 1997). We focus on intense
typhoons that occur during the peak TC season (JJASON),
which is subdivided into summer (JJA) and autumn (SON),
because previous research has suggested a seasonal variation of impacts of El Niño events on WNP TCs (Chen and
Tam 2010; Kim et al. 2011; Zhang et al. 2012; Wang et al.
2013).
Meteorological variables (e.g., zonal and meridional
wind fields) are collected from the National Centers for
Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) Reanalysis with a spatial horizontal resolution of 2.5° × 2.5° from 1948 to 2009
(Kalnay et al. 1996). Outgoing longwave radiation (OLR)
starting from 1974 is obtained from the National Oceanic
and Atmospheric Administration (NOAA) website (http://
www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.
html) (Liebmann and Smith 1996). The OLR data set is
based on satellite observations such as satellite receiver
series, Tiros N, and NOAA series (e.g., NOAA 6, 7, 9),
with gaps filled by temporal and spatial interpolation (Liebmann and Smith 1996). The monthly global field of 1° × 1°
SST dataset is the Met Office Hadley Center SST data set
(HadSST2) (Rayner et al. 2003). The ocean heat content is
obtained from the simple ocean data assimilation (SODA)
reanalyses, which provide a grid-based reconstruction of
the historical ocean circulation, temperature, salinity, etc
and are down to 700 m (Carton et al. 2000a, b). The SODA
project is jointly managed by Texas A and M University

Table 1  The average frequency of intense typhoons in summers and
autumns of CP and EP El Niño years
Frequency of intense typhoons

CP (6 years)

EP (5 years)

Summer
Autumn

19 (3.1)
29 (4.9)

21 (4.2)
14 (2.8)

Total

48 (8.0)

35 (7.0)

The bold-face row indicates significance at 0.1 level based on the
Mann–Whitney U test. The numbers in parentheses represent the
average frequencies while those in front of the parentheses are the
total frequencies

and the University of Maryland. The Mann–Whitney U test
is used to test the significant differences between the frequency of intense typhoons in the CP and EP El Niño years
because no assumption of normal distribution is required of
the samples. The maximum potential intensity (MPI) uses
the energy cycle of a typhoon to estimate the maximum
possible surface wind speed the typhoon can reach (Emanuel 1986,1988). The equation below is used to calculate
the MPI (Bister and Emanuel 2002):

V2m = cp (Ts − T0 )

Ts Ck
(ln θ∗e − ln θe )|m
T0 Cd

(1)

where Vm represents the maximum gradient wind speed, cp
is the heat capacity at constant pressure, Ts is the sea surface temperature, T0 is the mean outflow temperature, Ck is
the exchange coefficient for enthalpy, Cd is the drag coefficient, θ∗e is the saturation equivalent potential temperature
at the ocean surface, and θe denotes the boundary layer
equivalent potential temperature. After some transformations, the MPI can be derived from sea surface temperature,
sea level pressure, air temperature and mixing ratio (Bister
and Emanuel 2002). It is noted that the above equation can
only calculate the maximum gradient wind speed, which
should thus be reduced by 20 % to reflect the actual surface winds (MPI). MPI is employed to analyze the potential of typhoon intensification in the present study. The MPI
anomalies in summer/autumn are defined as the MPI averaged over summer/autumn subtracted by that averaged over
the summers/autumns of the period 1948–2013 because
NCEP/NCAR reanalysis data for deriving the MPI is available over this period.

3 Results: statistics of typhoon modulation
There are 48 and 35 intense typhoons in the CP and EP El
Niño years, respectively. The average frequencies of annual
intense typhoons in the peak season of the CP and EP El Niño
years are 8 and 7 respectively (Table 1). The differences in
such frequencies for the peak TC season fail to pass the significance test. During summers, no significant difference is
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(a)

(c)

(b)

(d)

Fig. 1  Tracks and genesis locations of intense typhoons in a CP
summers, b EP summers, c CP autumns and d EP autumns. CP El
Niño years include 1991, 1994, 2002, 2004, 2006 and 2009 and EP El

Niño years include 1972, 1976, 1982, 1987, and 1997. The typhoon
symbols indicate TC genesis locations and tracks of intense typhoons
are shown by solid curves

Table 2  The average frequency of TCs with intensity levels of tropical storm or above (TSA) in summers and autumns of CP and EP El
Niño years

TCs with intensity levels reaching the tropical storm or above
(TSA). Table 2 shows that no significant difference can be
detected in the frequency of TSA between CP and EP El Niño
in summers, autumns or the peak TC seasons (both summer
and autumn). The average frequency of intense typhoons in
CP El Niño autumns (4.9) is much higher than that in EP El
Niño autumns (2.8), while the average frequency of TSA in
CP El Niño autumns (12.7) is somewhat higher than that in
EP El Niño autumns (11.8) (Tables 1, 2). This suggests that
the higher frequency of intense typhoons in CP El Niño years
should not be attributed to the higher frequency of TSA in CP
El Niño years. Meanwhile, the ratio of intense typhoons to
TSA for EP El Niño summers is 41.2 % while it is 31.2 %
for CP El Niño summers. The average lifespan and genesis
of TSA are not favorable for TC intensification in CP El Niño
summers. This might be responsible for the higher ratio of
intense typhoons in EP El Niño summers compared to CP El
Niño summers. However, the ratio of intense typhoon for EP
El Niño autumns is 23.7 % while it is 38.2 % for CP El Niño
autumns, which is consistent with the occurrence of intense
typhoons in autumns. In other words, the ratio and occurrence
of intense typhoons are higher in CP El Niño autumns and in
EP El Niño autumns.

Frequency of TSA
Summer
Autumn
Total

CP (6 years)

EP (5 years)

60 (10)
76 (12.7)

51 (10.2)
59 (11.8)

136 (22.7)

110 (22)

The numbers in parentheses represent the average frequencies while
those in front of the parentheses are the total frequencies

detected between the frequencies of intense typhoons in the
CP and EP El Niño years. However, a significant difference
between the frequencies during autumns is established by the
Mann–Whitney U test. The average frequencies of intense
typhoons are 3.1 and 4.2 for the CP and EP summers, and
4.9 and 2.8 for CP and EP autumns, respectively (Table 1;
Fig. 1). The differences in frequencies of intense typhoons
between autumns of the CP and EP years are significant at
0.05 level under the Mann–Whitley U test. It is of interest
to clarify whether the higher frequency of intense typhoons
in CP El Niño is a result of the generally high frequency of
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Table 3  Statistics about intense typhoons in CP and EP El Niño Years
Parameters of intense typhoons
Average lifespan
Mean latitude of geneses
Mean longitude of geneses

CP years

EP years

CP summers

EP summers

CP autumns

EP autumns

73.0
10.7

56.3
9.5

69.0
10.3

56.1
9.4

77.0
10.9

56.5
9.6

155.2

158.2

155.2

155.8

155.1

161.8

A longer lifespan is an important factor causing higher
TC intensity because TCs have higher chance to obtain
energy supply from the warm sea surface (Chan 2008; Tu
et al. 2011). Thus, TC lifespan is used as an important factor among others to explain why more intense typhoons
occur in the CP El Niño years, especially during autumns
of CP El Niños. The genesis of intense typhoons in the CP
El Niño years is located more to the northwest (compared
to EP El Niños) and these differences in genesis locations
are particularly evident during autumns than during summers (Table 3, see also Chen and Tam 2010; Chen 2011;
Kim et al. 2011; Zhang et al. 2012), due to the influences
of vertical wind shear, mid-tropospheric humidity and SST
in the different El Niño events. In the following section, we
further analyze the dynamic and thermodynamic parameters of the large-scale circulation to disentangle possible
underlying mechanisms.

4 Possible mechanisms
TC lifespan and oceanic and atmospheric conditions are
conducive to TC intensification. We attempt to interpret the
differences in the occurrence of intense typhoons between
CP and EP El Niño years by analyzing (1) TC lifespan, (2)
MPI (3) ocean heat content, (4) zonal vertical wind shear,
(5) OLR, and (6) moist static energy.
4.1 TC lifespan
As discussed in Sect. 3, TCs in the CP El Niño years have
a longer lifespan (Table 3). Figure 2 displays the WNP
subtropical high, represented by the 5,880 gpm contours
of 500 hPa geo-potential heights. It is evident that the subtropical high shifts much more to the west in the summers
and autumns of the CP El Niño years (Fig. 2). Because TC
tracks are mainly influenced by the steering flow in the
southern part of the subtropical high, TCs in the summers
and autumns of the CP El Niño years are more likely to
head westward than those in the EP El Niño years. A westward or northwestward TC track may set a better stage for
TC intensification because TCs have a higher chance to
stay on the tropical warm sea surface compared to recurved
TC tracks. The TC genesis locations shift towards east
in EP El Niño autumns compared to those in CP El Niño

autumns (Tables 3, 4). This indicates that if the TCs in
EP and CP El Niño autumns move along the same track,
the TC lifespan in EP El Niño autumns should be longer.
On the contrary, the TC lifespan is shorter in EP El Niño
autumns (Tables 3, 4). We argue that the westward-elongated subtropical high in CP El Niño autumns modulates
the TC tracks. The above discussion reveals that east-shift
TC genesis is insufficient to lead to longer TC tracks and
the position and intensity of the subtropical high needs to
be properly considered. This suggests that TCs in the CP El
Niño years may have a longer lifespan and they accumulate
more energy from the tropical warm sea surface. To substantiate, Fig. 3 illustrates the track density and subtropical
high centers (depicted by the 5,880 gph contours) in every
individual CP El Niño autumn and those averaged over
the seven CP El Niño autumns. It shows that positive TC
density anomalies are located close to the western portion
of the WNP in CP autumns in an average sense, indicating that TCs tend to sustain a long time on the ocean in
CP autumns (Fig. 3). Moreover, the subtropical high shifts
much more to the west in CP autumns compared to the climatology (Fig. 3).
4.2 Maximum potential intensity
MPI represents the maximum sustained wind that a
typhoon can reach based on the oceanic and atmospheric
condition and is a desirable indicator of the potential for
typhoon intensification. During EP and CP El Niño summers, negative MPI anomalies are observed in large portion
of the WNP (Fig. 4). In contrast, positive (negative) MPI
anomalies are located in the subtropical western Pacific
(the tropical western Pacific) in CP (EP) El Niño autumns.
It is noted that the MPI anomalies in CP El Niño autumns
are largely higher than those in EP El Niño autumns in the
tropical western Pacific, suggesting a higher potential for
typhoon intensification in CP El Niño autumns (Fig. 4).
4.3 Ocean heat content
The oceanic condition measured by SST and ocean heat
content is a key factor for TC intensification (DeMaria
and Kaplan 1994; Emanuel 1995, 1997, 1999). Although
negative ocean heat content anomalies are observed in both
summers and autumns of the CP El Niño and EP El Niño
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Fig. 2  The subtropical highs in a CP summers, b EP summers, c CP autumns and d EP autumns. The 5,880-gpm contours indicate the subtropical highs

Table 4  Statistics about TSA in
CP and EP El Niño years

Parameters of TCs
Average lifespan
Mean latitude of geneses

CP years EP years CP summers EP summers CP autumns EP autumns
43.9
11.7

39.9
12.2

38
14.4

39.7
12.1

48.9
8.6

38.3
12.3

Mean longitude of geneses 145.7

148.2

142.4

145.1

149.7

151.4

years, the negative ocean heat content anomalies in the EP
El Niño years are much larger than that in the CP El Niño
years, especially in autumns (Fig. 5). It should be noted
that negative ocean heat content anomalies in the summers
and autumns of the EP El Niño years are mainly located in
the regions TCs tend to go through (Figs. 1, 5). This suggests that the ocean condition in CP El Niño years is more
favorable for TC intensification than the EP El Niño years,
particularly for autumns.
4.4 Zonal vertical wind shear
Zonal vertical wind shear plays a key role in modulating
TC intensity. Low zonal VWS favors the formation and
development of TCs (Gray 1968; Merrill 1988; DeMaria
1996). The magnitude of zonal VWS (200–850 hPa) is used
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to represent VWS in this study. Figure 6 depicts the anomalies of zonal VWS in the summers and autumns of the CP
and EP El Niño years. VWS in summers of the CP El Niño
years is similar to that in the EP El Niño years (Fig. 6).
However, VWS in autumns of the CP El Niño years is
weaker than that in the EP El Niño years, especially 15°N
poleward, as shown in Fig. 6. The low center of VWS is
lower in the CP El Niño autumns than that in the EP El
Niño autumns. Most of the TCs in the WNP go through
the region (15°N–35°N). Consequently, weak zonal vertical wind shear enhances the genesis and development
of TCs in this region. It is noted that the positive anomalies of zonal vertical wind shear in region (150°E–180°E,
5°N–15°N) are unfavorable for TC genesis in CP and EP
El Niño autumns. However, the region with negative zonal
vertical wind shear anomalies (favorable for TC genesis) in
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Fig. 3  The TC density anomalies (shading) and subtropical
high (the 5,880 gph contour)
averaged over CP autumns and
in each CP autumn. The black
and red thick contours represent
the subtropical high in every CP
autumn and averaged over all
CP autumns, respectively

CP El Niño autumns is located west of that in EP El Niño
autumns. This is consistent with our discussion on TC genesis in Sect. 3.
4.5 OLR
Deep convection is pivotal to the development of weak
TCs into intense typhoons (Craig and Gray 1996; Gray
1998; Kurihara 1976). OLR is evidently a good indicator
of deep convection and the monthly mean of OLR indicates the abundance of convection over an area. It is known
that deep convection blocks out most of the OLR, so small
OLR indicates strong deep convection. Deep convection is
closely associated with low level convergence and upper
level divergence, which induce large vorticity. Therefore lower long-term mean OLR corresponds to relatively
larger absolute vorticity, which favors TC intensification.

Figure 7 shows the OLR anomalies in the summers and
autumns of CP and EP El Niño years. During the summers,
negative OLR anomalies are found east of 150°E in CP El
Niño years while positive OLR anomalies are found in this
region in EP El Niño years. Such differences are, however,
insignificant. This indicates that the differences in OLR
anomalies between the two El Niño types are insignificant
east of 150°E. Chan (2008) reported that the region east
of 150°E is a key area for the genesis of intense typhoons.
Negative OLR anomalies prevail in regions east of 150°E
in the autumns of the CP El Niño years (Fig. 7) while significant positive OLR anomalies prevail in this region in the
autumns of EP El Niño years. Therefore, large vorticity in
this region reinforces the development and geneses of TCs
in the autumns of the CP El Niño years. In contrast, positive OLR anomalies in most of the WNP, especially from
110°E to 170°E, suppress the developments and geneses
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Fig. 4  The MPI anomalies
(unit: ms−1) in a CP summers,
b CP autumns, c EP summers,
and d EP autumns

Fig. 5  The ocean heat content in a CP summers, b EP summers, c CP autumns and d EP autumns. The shading represents regions with 0.05
level of significance
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Fig. 6  The VWS anomalies in a CP summers, b EP summers, c CP autumns and d EP autumns. The shading represents regions with 0.05 level
of significance

of TCs in the autumns of the EP El Niño years. This echoes previous findings that the warming in different El Niño
types induces different large-scale circulation anomalies.
In other words, during CP (EP) El Niño years, abnormally
high SST in the central (eastern) Pacific tends to promote
TC development and intensification in this region, especially in autumns.
4.6 Moist static energy
Higher moist static energy is closely associated with
stronger updraft, a wetter mid-troposphere, and weaker
low-level inversion that promote the development and
intensification of TCs (Bengtsson et al. 1982a, b; Chan
and Liu 2004; Chan 2006, 2008). Therefore, moist static
energy is employed as an indicator of the occurrence of
intense typhoons in this study. Moist static energy (MSE)
fuels convection of TCs (Bengtsson et al. 1982a, b; Chan
2007, 2008). The anomalies of MSE averaged over 1,000–
500 hPa are shown in Fig. 8. The anomalies of MSE in the
autumns of the CP El Niño years are higher than those in
the EP El Niño years for most regions of the WNP, especially regions east of 150°E (Fig. 8). This is partly responsible for the fact that more frequent intense typhoons are
found in the CP El Niño autumns. In contrast, differences

in the anomalies of MSE between the two El Niño types
are less evident in summers than autumns in the key region
(east of 150°E).
In summary, the above discussions on the subtropical high, ocean heat content, VWS, OLR and moist static
energy all suggest more occurrences of intense typhoons in
the WNP during the CP El Niño autumns than the EP El
Niño autumns. Specifically, the westward-shifted subtropical high in the CP El Niño autumns is mainly conducive
to a longer lifespan, which is a key factor to form intense
typhoons. Moreover, higher ocean heat content, weaker
VWS, lower OLR and higher moist static energy in the
CP El Niño autumns promote the development of TCs and
therefore lead to more intense typhoons compared to the
EP El Niño autumns.

5 Discussion and conclusion
After identification of the CP El Niño, much effort has been
devoted to its influences on TCs in different ocean basins
and its differences with the EP (conventional) El Niño (e.g.,
Chen and Tam 2010; Kim et al. 2011; Pradhan et al. 2011).
However, the variability of intense typhoons under climate
change is still a debate in the scientific community.
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Fig. 7  Outgoing long-wave radiation (OLR) (unit: w m−2) anomalies in a CP summers, b EP summers, c CP autumns and d EP autumns. The
shading represents regions with 0.05 level of significance

The Coupled Model Intercomparison Project phase 5
(CMIP5) models tend to simulate a more independent relationship between the two SSTA indices (Niño 3 and Niño
4) than the CMIP3 models (Kug et al. 2012). The CP El
Niño tends to be more frequent under projected global
warming (Yeh et al. 2009). Kim and Yu (2012) showed that
the variability of the CP El Niño simulated from selected
CMIP5 models actually increase under global warming. Nonetheless, Taschetto et al. (2014) showed that no
consistent changes have been detected from the models
in terms of the location and magnitude of maximum SST
anomalies, frequency, or temporal evolution of these events
in a warmer world. Therefore, uncertainty still exists in the
projection of the variability of the two El Niño types.
The intensity of TCs has been projected to increase
2–11 % by 2100 (Knutson et al. 2010). The structural
change in a 2-km mesh nonhydrostatic model plays an
important role in the intensification of extremely intense
tropical cyclones in the simulations of future climate
(Kanada et al. 2013). Meanwhile, a general circulation
model (GCM) has been used to simulate extremely intense
typhoons in the WNP (Murakami et al. 2011, 2012). Based
on the downscaling of the CMIP5 simulation, Emanuel
(2013) has also shown that TC intensity will increase
under global warming. By comparing the historical runs of
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CMIP5 simulation with the observations, Camargo (2013)
found that the global TC frequency in CMIP5 is dramatically lower than what has been observed, and it is not as
good as the higher-resolution simulations. Therefore, the
variation of intense typhoons in the WNP is still a challenging problem to be tackled.
It is of great significance to examine the responses of
intense typhoons to the two El Niño types. It may pave the
road for a more thorough understanding of the variability
of intense typhoons under anthropogenic global warming.
However, little attention has been paid to the modulation of
intense typhoons by the two El Niño types in the literature.
Following the analysis of Ha et al. (2013) on the variation
of WNP typhoons in the CP and EP El Niño years, this
study has further examined the modulation of two El Niño
types on the occurrence of intense typhoons. To compare
the differences in the atmospheric-oceanic patterns of two
El Niño types, we have selected six CP El Niño years and
five EP El Niño years following the criteria used by Kim
et al. (2011), Hong et al. (2011) and Wang et al. (2013).
Our research findings are summarized as follows.
1. More intense typhoons are found in the CP El Niño
autumns than in the EP El Niño autumns according to
the Mann–Whitney U test.
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Fig. 8  Moist static energy (unit: KJ kg−1) anomalies in a CP summers, b EP summers, c CP autumns and d EP autumns. The shading represents
regions with 0.05 level of significance

2. Atmospheric-oceanic conditions are more favorable
for TC intensification in CP El Niño autumns than in
EP El Niño autumns. A longer lifespan, more favorable
oceanic conditions for TC intensification and stronger
convection in the WNP may give rise to the increase in
the occurrence of intense typhoons in the CP El Niño
autumns. The longer lifespan of intense typhoons in
the CP El Niño years is caused by the westward shift
of the subtropical high, which tends to steer TCs westward and northwestward. TCs tend to obtain more
energy from the warm sea surface temperature along
such tracks.
3. Maximum potential intensity, ocean heat content, zonal
vertical wind shear (850–200 hPa), outgoing long-wave
radiation and moist static energy averaged over 1,000–
500 hPa all suggest more intense typhoons in the CP El
Niño autumns than in the EP El Niño autumns.
The historical and future trend of intense-typhoons
occurrence has undergone a long debate in the scientific communities (e.g., Webster et al. 2005; Chan 2006;
Klotzbach 2006; Landsea et al. 2006; Kossin et al. 2007;
Knutson et al. 2010). Further examination is still required
to clarify this question. Although longer lifespan is an

important indicator of intense typhoons (Wang and Chan
2002; Camargo and Sobel 2005), favorable oceanic and
atmospheric conditions also play crucial roles in TC intensification as shown in this study and others (e.g., Wada and
Chan 2008; Lin et al. 2013a). The present study suggests
that a higher frequency of intense-typhoon occurrence may
be formed in the autumns of the WNP if CP El Niño years
become more frequent. However, whether CP El Niño is
caused by global warming or is just a natural variation of
our climate system remains an open question. Owing to
the small sample sizes of the CP and EP El Niño years and
limited accessibility to reliable observations of TCs, more
observations and sophisticated modeling are required to
further verify the results of the present study, which will be
a subject of our future research.
Acknowledgments This research was jointly supported by the Geographical Modeling and Geocomputation program under the Focused
Innovation Scheme of The Chinese University of Hong Kong, Open
Research Funding Program of KLGIS of Ministry of Education at
East China Normal University (Grant No. KLGIS2012A04), the
Startup Foundation for Introducing Talent of NUIST, the Priority Academic Program Development (PAPD) of Jiangsu Higher Education
Institutions, Jiangsu Natural Science Funds for Distinguished Young
Scholar (BK20140047) and National Natural Science Foundation of
China (Grant No.: 41201045).

13

2976

References
Anthes RA et al (2006) Hurricanes and global warming-potential linkages and consequences. Bull Am Meteorol Soc 87(5):623–628
Ashok K et al (2007) El Niño Modoki and its possible teleconnection.
J Geophys Res 112:C11007
Bengtsson L, Lighthill J, Pearce RP (1982a), The factors determining
radial flow and eye formation in an intensifying tropical cyclone.
In: Ghil M, Sadourny R, Sundermann J (eds) Intense atmospheric
vortices. Topics in atmospheric and oceanographic sciences.
Springer, Berlin, pp 131–146
Bengtsson L, Lighthill J, Gray WM (1982b) Tropical cyclone genesis
and intensification. In: Ghil M, Sadourny R, Sundermann J (eds)
Intense atmospheric vortices. Topics in atmospheric and oceanographic sciences. Springer, Berlin, pp 3–20
Bister M, Emanuel KA (2002) Low frequency variability of tropical cyclone potential intensity, 1, Interannual to interdecadal
variability. J Geophys Res 107(D24):4801. doi:10.1029/200
1JD000776
Camargo SJ (2013) Global and regional aspects of tropical cyclone
activity in the CMIP5 models. J Clim 26:9880–9902
Camargo SJ, Sobel AH (2005) Western North Pacific tropical cyclone
intensity and ENSO. J Clim 18(15):2996–3006
Camargo SJ, Robertson AW, Gaffney SJ, Smyth P, Ghil M (2007)
Cluster analysis of typhoon tracks. Part II: Large-scale circulation
and ENSO. J Clim 20(14):3654–3676
Carton JA, Chepurin G, Cao X, Giese BS (2000a) A simple ocean
data assimilation analysis of the global upper ocean 1950–1995,
Part 1: methodology. J Phys Oceanogr 30:294–309
Carton JA, Chepurin G, Cao X (2000b) A simple ocean data assimilation analysis of the global upper ocean 1950–1995 Part 2: results.
J Phys Oceanogr 30:311–326
Chan JCL (2006) Comment on “changes in tropical cyclone number, duration, and intensity in a warming environment”. Science
311(5768):1713
Chan JCL (2007) Interannual variations of intense typhoon activity.
Tellus A 59(4):455–460
Chan JCL (2008) Decadal variations of intense typhoon occurrence
in the western North Pacific. Proc R Soc A-Math Phys Eng Sci
464(2089):249–272
Chan JCL, Liu K (2004) Global warming and western north pacific
typhoon activity from an observational perspective. J Clim
17:4590–4602
Chen G (2011) How does shifting Pacific Ocean warming modulate
on tropical cyclone frequency over the South China Sea? J Clim
24:4695–4700
Chen G, Tam C-Y (2010) Different impacts of two kinds of Pacific
Ocean warming on tropical cyclone frequency over the western
North Pacific. Geophys Res Lett 37(1):L01803
Craig G, Gray S (1996) CISK or WISHE as the mechanism for tropical cyclone intensification. J Atmos Sci 53(23):3528–3540
DeMaria M (1996) The effect of vertical shear on tropical cyclone
intensity change. J Atmos Sci 53(14):2076–2088
DeMaria M, Kaplan J (1994) Sea surface temperature and the
maximum intensity of Atlantic tropical cyclones. J Clim
7(9):1324–1334
Di Lorenzo E et al (2010) Central Pacific El Niño and decadal climate
change in the North Pacific Ocean. Nat Geosci 3(11):762–765
Dowdy AJ et al (2012) Tropical cyclone climatology of the South
Pacific Ocean and its relationship to El Niño-Southern oscillation. J Clim 25(18):6108–6122
Emanuel KA (1986) An air-sea interaction theory for tropical
cyclones. Part I. J Atmos Sci 42:1062–1071
Emanuel KA (1988) The maximum intensity of Hurricanes. J Atmos
Sci 45:1143–1155

13

W. Zhang et al.
Emanuel KA (1995) Sensitivity of tropical cyclones to surface
exchange coefficients and a revised steady-state model incorporating eye dynamics. J Atmos Sci 52:3969–3976
Emanuel KA (1997) Some aspects of hurricane inner-core dynamics
and energetics. J Atmos Sci 54:1014–1026
Emanuel KA (1999) Thermodynamic control of hurricane intensity.
Nature 401:665–669
Emanuel KA (2013) Downscaling CMIP5 climate models shows
increased tropical cyclone activity over the 21st century. Proc
Natl Acad Sci 110:12219–12224
Gray WM (1968) Global view of origin of tropical disturbances and
storms. Mon Weather Rev 96(10):669–700
Gray WM (1998) The formation of tropical cyclones. Meteorol Atmos
Phys 67(1–4):37–69
Ha Y, Zhong Z, Yang X, Sun Y (2013) Different Pacific ocean warming decaying types and Northwest Pacific tropical cyclone activity. J Clim 26:8979–8994
Hong C-C et al (2011) Impacts of central Pacific and eastern Pacific
El Niños on tropical cyclone tracks over the western North
Pacific. Geophys Res Lett 38(16):L16712
Huang F, Xu S (2010) Super typhoon activity over the western North
Pacific and its relationship with ENSO. J Ocean Univ China
9(2):123–128
Kalnay E et al (1996) The NCEP/NCAR 40-year reanalysis project.
Bull Am Meteorol Soc 77(3):437–471
Kamahori H et al (2006) Variability in intense tropical cyclone days in
the Western North Pacific. SOLA 2:104107
Kanada S, Wada A, Sugi M (2013) Future changes in structures of
extremely intense tropical cyclones using a 2-km mesh nonhydrostatic model. J Clim 26(24):9986–10005
Kim ST, Yu J-Y (2012) The two types of ENSO in CMIP5 models.
Geophys Res Lett 39:L11704
Kim HM et al (2009) Impact of shifting patterns of Pacific
Ocean warming on North Atlantic tropical cyclones. Science
325(5936):77
Kim H-M et al (2011) Modulation of North Pacific tropical cyclone
activity by three phases of ENSO. J Clim 24(6):1839–1849
Klotzbach PJ (2006) Trends in global tropical cyclone activity
over the past twenty years (1986–2005). Geophys Res Lett
33(10):L10805
Knapp Kenneth R, Knaff John A, Sampson Charles R, Riggio Gustavo M, Schnapp Adam D (2013) A pressure-based analysis of
the historical western north pacific tropical cyclone intensity
record. Mon Weather Rev 141:2611–2631
Knutson TR, McBride JL, Chan J, Emanuel K, Holland G, Landsea C,
Held I, Kossin JP, Srivastava A, Sugi M (2010) Tropical cyclones
and climate change. Nat Geosci 3(3):157–163
Kossin J, Knapp K, Vimont D, Murnane R, Harper B (2007) A globally consistent reanalysis of hurricane variability and trends. Geophys Res Lett 34(4):L04815
Kug J-S et al (2009) Two types of El Niño events: cold tongue El
Niño and warm pool El Niño. J Clim 22(6):1499–1515
Kug J-S, Ham Y-G, Lee J-Y, Jin F-F (2012) Improved simulation
of two types of El Niño in CMIP5 models. Environ Res Lett
7:034002
Kurihara Y (1976) On the development of spiral bands in a tropical
cyclone. J Atmos Sci 33:940–958
Landsea CW et al (2006) Can we detect trends in extreme tropical
cyclones? Science 313(5786):452–454
Lee S-K et al (2010) On the impact of central Pacific warming
events on Atlantic tropical storm activity. Geophys Res Lett
37(17):L17702
Li RCY, Zhou W (2012) Changes in western pacific tropical cyclones
associated with the El Niño-Southern oscillation cycle. J Clim
25(17):5864–5878

Different El Niño types and intense typhoons
Liebmann B, Smith CA (1996) Description of a complete (Interpolated) outgoing longwave radiation dataset. Bull Am Meteorol
Soc 77:1275–1277
Lin II, Wu CC, Pun I-F (2008) Upper ocean thermal structure
and the western North Pacific category-5 typhoons—Part I:
ocean features and category-5 typhoons. Mon Weather Rev
136(9):3288–3306
Lin II, Pun I-F, Wu C-C (2009) Upper ocean thermal structure and the
western North Pacific category-5 typhoons Part II: dependence on
translation speed. Mon Weather Rev 137(11):3744–3757
Lin II, Goni G, Knaff J, Forbes C, Ali MM (2013a) Ocean heat content for tropical cyclone intensity forecasting and its impact on
storm surge. Nat Hazards 66:1481–1500
Lin I-I, Black P, Price JF, Yang C-Y, Chen SS, Lien C-C, Harr P, Chi
N-H, Wu C-C, D’Asaro EA (2013b) An ocean coupling potential
intensity index for tropical cyclones. Geophys Res Lett 40:1878–
1882. doi:10.1002/grl.50091
McTaggart-Cowan R et al (2007) Hurricane Katrina (2005). Part I:
complex life cycle of an intense tropical cyclone. Mon Weather
Rev 135(12):3905–3926
Merrill RT (1988) Environmental influences on hurricane intensification. J Atmos Sci 45:1678–1687
Murakami H, Wang B, Kitoh A (2011) Future change of western
North Pacific typhoons: projections by a 20-km-mesh global
atmospheric model*. J Clim 24(4):1154–1169
Murakami H, Wang Y, Yoshimura H, Mizuta R, Sugi M, Shindo E,
Adachi Y, Yukimoto S, Hosaka M, Kusunoki S, Ose T, Kitoh A
(2012) Future changes in tropical cyclone activity projected by
the new high-resolution MRI-AGCM*. J Clim 25:3237–3260
Powell MD, Aberson SD (2001) Accuracy of United States tropical
cyclone landfall forecasts in the Atlantic basin (1976–2000). Bull
Am Meteorol Soc 82(12):2749–2767
Pradhan P, Preethi B, Ashok K, Krishnan R, Sahai A (2011) Modoki,
Indian Ocean Dipole, and western North Pacific typhoons:
possible implications for extreme events. J Geophys Res
116(D18):D18108
Rayner N et al (2003) Global analyses of sea surface temperature, sea
ice, and night marine air temperature since the late nineteenth
century. J Geophys Res 108(D14):4407

2977
Scharroo R, Smith WHF, Lillibridge JL (2005) Satellite altimetry and
the intensification of hurricane Katrina. EOS Trans AGU 86:366
Shay LK, Goni GJ, Black PG (2000) Effects of a warm oceanic feature on Hurricane Opal. Mon Weather Rev 128:1366–1383
Taschetto AS, Gupta AS, Jourdain NC, Santoso A, Ummenhofer CC,
England MH (2014) Cold tongue and warm pool ENSO events in
CMIP5: mean state and future projections. J Clim 27:2861–2885
Tu JY et al (2011) An abrupt increase of intense typhoons over
the western North Pacific in early summer. Environ Res Lett
6(3):034013
Wada A, Chan JCL (2008) Relationship between typhoon activity and
upper ocean heat content. Geophys Res Lett 35:L17 603
Wang B, Chan JCL (2002) How strong ENSO events affect tropical storm activity over the Western North Pacific. J Clim
15:1643–1658
Wang C, Li C, Mu M, Duan W (2013) Seasonal modulations of different impacts of two types of ENSO events on tropical cyclone
activity in the western North Pacific. Clim Dyn 40:2887–2902
Webster PJ, Holland GJ, Curry JA, Chang H-R (2005) Changes in
tropical cyclone number, duration, and intensity in a warming
environment. Science 309(5742):1844–1846
Weng H, Ashok K, Behera SK, Rao SA, Yamagata T (2007) Impacts
of recent El Niño Modoki on dry/wet conditions in the Pacific
rim during boreal summer. Clim Dyn 29(2):113–129
Wu L, Zhao H (2012) Dynamically derived tropical cycloneintensity
changes over the Western North Pacific. J Clim 25(1):89–98
Yeh S-W, Kug J-S, Dewitte B, Kwon M-H, Kirtman BP, Jin F-F
(2009) El Niño in a changing climate. Nature 461(7263):511–514
Zhang W, Graf H, Leung Y, Herzog M (2012) Different El Niño
types and tropical cyclone landfall in East Asia. J Clim
25(19):6510–6523
Zhang W, Leung Y, Min J-Z (2013) North Pacific gyre oscillation and
the occurrence of western North Pacific tropical cyclones. Geophys Res Lett 40(19):5205–5211

13

