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Abstract The present study identifies an interdecadal
modulation of the Pacific decadal oscillation (PDO) on the
relationship between El Nifio-Southern oscillation (ENSO)
and typhoon activity during the late season (October—
December) in the western North Pacific. The PDO is uncor-
related with ENSO during the warm phase of 1979-1997,
while the PDO is positively correlated with ENSO during
the cold phase of 1998-2012. Further analyses show that
the warm phase is associated with the reduced ENSO-
typhoon activity relationship and more typhoons, whereas
the cold phase is corresponded to the enhanced ENSO-
typhoon activity relationship and fewer typhoons. These
variations are mainly manifested by a significant difference
of typhoon activity in the southeastern part of the western
North Pacific. Moreover, the change of ENSO-typhoon
relationship is largely due to changes in large-scale envi-
ronmental conditions especially from low-level vorticity
and vertical wind shear between the two phases, which are
related to the changes in tropical Indo-Pacific sea surface
temperature. The study implies that the phase of the PDO
should be taken into account when ENSO is used as a pre-
dictor for predicting typhoon activity in the western North
Pacific.
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1 Introduction

Among all of the ocean basins, the western North Pacific
(WNP) is the most active region for tropical cyclone (TC)
activity (Chan 2005). The WNP basin experiences about
26 TCs each year, accounting for 33 % of global TCs. TCs
with maximum sustained winds equal to or greater than 64
knots (1 knot ~ 0.514 m/s) are known as typhoons in the
WNP. Typhoon is one of the most destructive natural dis-
asters, resulting in loss of life and property damage (Zhang
et al. 2009). Therefore, a better understanding of typhoon
or TC activity and the associated mechanisms has a pro-
found socio-economic impact and scientific significance.
El Nifio-Southern Oscillation (ENSO) is the strongest
signal of the interannual variation of the ocean—atmosphere
system and has a significant effect on global climate and
extreme weather events such as TC activity (e.g., Wang and
Chan 2002; Lander 1994; Chan 2000; Wang and Picaut
2004; Zhao et al. 2010, 2011). As an important source of
interdecadal climate variability in the North Pacific, the
Pacific decadal oscillation (PDO) has an ENSO-like spatial
pattern in the sea surface temperature (SST) distribution
(Mantua et al. 1997; Zhang et al. 1997). Previous studies
documented that WNP TC activity experiences a signifi-
cant interannual (Wang and Chan 2002; Lander 1994; Chen
et al. 1998) and decadal/interdecadal variability (Yumoto
and Matsuura 2001; Matsuura et al. 2003; Liu and Chan
2008; Chan 2006, 2008; Wang et al. 2010). It is further sug-
gested that these changes are closely associated with ENSO
and the PDO, which are the dominant modes of global
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climate on interannual (McPhaden 2002) and decadal
(Mantuna and Hare 2002) time scales, respectively. For
instance, there is a southeastward displacement of the mean
TC genesis location during El Nifio years compared to La
Nifa years (Chen et al. 1998; Wang and Chan 2002; Chia
and Ropelewski 2002; Camargo and Sobel 2005; Cama-
rgo et al. 2007; Wang et al. 2013). Such a southeastward
shift leads to longer durations and thus more intense TCs
because TCs have more time and distance over the warm
pool region of the WNP (Wang and Chan 2002; Camargo
and Sobel 2005; Wu and Wang 2008; Wang et al. 2013;
Zhao et al. 2011, 2014a). In contrast to a significant differ-
ence in the TC formation location, no significant change in
the TC frequency between El Nifio and La Nifia years has
been found (Lander 1994; Wang and Chan 2002). On dec-
adal/interdecadal time scales, Ho et al. (2004) examined the
interdecadal variability of the summertime typhoon tracks
in the WNP. By comparing two periods of 1951-1979 and
1980-2001, they found that in the latter period the typhoon
occurrence decreased significantly over the East China Sea
and the Philippine Sea, but increased significantly over the
South China Sea. Chan (2008) found that the decadal vari-
ations of the frequency and tracks of Categories 4 and 5
typhoons during May—November in the WNP are mainly
due to the variations in global oceanic and atmospheric
conditions associated with ENSO and the PDO.

A significant reduction of TC activity in the WNP since
the 1990s has been recently reported (Liu and Chan 2013;
Maue 2011; Tu et al. 2009; Yokoi and Takayabu 2013;
Hsu et al. 2014; Zhao et al. 2014b). Liu and Chan (2013)
suggested that a significant decrease of TC activity dur-
ing the TC season (May—-November) over the period of
1998-2011 is attributed to the increase of vertical wind
shear in the WNP. By dividing the data into four seasons,
a more recent study further pointed out that the signifi-
cant decrease mainly resulted from an abrupt decrease of
typhoon activity during the late season from October to
December (Hsu et al. 2014). Hsu et al. (2014) examined the
changes in large-scale fields in the recent decade compared
to other decades, showing that the substantial basin-wide
decrease of the TC genesis is mainly caused by the unfa-
vorable dynamical environment factors such as the atmos-
pheric low-level vorticity, vertical velocity, and vertical
wind shear.

Studies have also examined the effects of the PDO and
ENSO on global climate (Lee et al. 2012; Goodrich 2007;
Wang et al. 2008; Kim et al. 2013) and illustrated that the
PDO can significantly modulate ENSO related teleconnec-
tions over the globe, including the Indian summer monsoon
(Krishnan and Sugi 2003; Krishnamurthy and Krishnamur-
thy 2013), and the East Asian winter monsoon (Wang et al.
2008), TC activity (Maue 2011; Girishkumar et al. 2014)
and winter rainfall in Hawaii (Chu and Chen 2005). When
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the PDO and ENSO are in phase (out of phase), the rela-
tionship between ENSO and the associated climate anoma-
lies is enhanced (reduced). In some regions, the relation-
ship between ENSO and climate variations is more active
only during a particular phase of the PDO (Gershunov and
Barnett 1998; Power et al. 1999; Lupo and Johston 2000;
Wang et al. 2008; Kim et al. 2013; Chowdary et al. 2012).
However, impacts of the interdecadal modulation of the
PDO on the relationship between ENSO and TC activity in
the WNP during the late season have received less atten-
tion. The present paper focuses on the PDO relationships
with ENSO and typhoon activity during the warm and
cold phases of the PDO. The purpose of the present paper
is to investigate these relationships, and the correspond-
ing changes of large-scale atmospheric and oceanic condi-
tions. Such an investigation is necessary and useful for the
improvement of our understanding of interannual and dec-
adal changes of typhoon activity in the WNP.

The remainder of this paper is organized as follows.
Section 2 describes the datasets and methodologies used in
this paper. Interdecadal modulation of the PDO on the rela-
tionship between ENSO and typhoon activity is presented
in Sect. 3. The associated large-scale atmospheric and oce-
anic patterns and possible mechanism are investigated in
Sect. 4. Discussion and summary are given in Sect. 5.

2 Data and methodologies
2.1 TC data

Observed techniques for TC activity in the WNP expe-
rienced three main stages: US Air Force aircraft from
1944 and 1987, meteorological satellite since 1971, and
the development of the Dvorak intensity technique in
1977 (Emanuel 2005; Song et al. 2010; Ren et al. 2011).
The uncertainty in TC wind speed estimates between TC
datasets has become an important issue in understanding
possible influence of climate change on TC activity. This
uncertainty is mainly due to the inconsistent estimate tech-
nique among agencies and different computation methods
of maximum sustained wind speed (Emanuel 2005; Song
et al. 2010; Wu and Zhao 2012). For example, JTWC (Joint
Typhoon Warning Center) uses 1-min average wind speed,
JMA (Japan Meteorology Agency) chooses 10-min average
wind speed, and STI-CMA (Shanghai Typhoon Institute of
China Meteorology Administration) adopts 2-min average
wind speed. As a result, some studies show inconsistent or
even contradictory findings (Song et al. 2010; Kamahori
et al. 2006; Wu and Zhao 2012).

Recently, using the intensity model developed by Ema-
nuel et al. (2006, 2008), Wu and Zhao (2012) dynamically
derived the basin-wide TC intensity in the WNP based on
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Interdecadal modulation on the relationship between ENSO and typhoon activity during the...

Table 1 List of El Nifio, La
Nifia and neutral years during

PDO warm phase (1979-1997)

PDO cold phase (1998-2012)

the warm and cold phases of

El Nifio 1982, 1986, 1987, 1991, 1994, 1997
the PDO

Neutral

La Nifa 1983, 1984, 1988, 1995

1979, 1980, 1981, 1985, 1989, 1990, 1992, 1993, 1996

2002, 2004, 2006, 2009
2001, 2003, 2005, 2008, 2012
1998, 1999, 2000, 2007, 2010, 2011

the JTWC, STI-CMA and JMA datasets. The dynamically-
derived intensity records are compared to those from the
three best track datasets. It is found that the TC intensity
data from JTWC is more reliable than the other two best
track datasets. Therefore, the TC data during the late season
from the JTWC are used in this study. As suggested by Hsu
et al. (2014), the large decrease of annual typhoon counts
in the WNP is mainly caused by the significant reduction
of typhoons during the late season. To further confirm our
analyses, we also used the STI-CMA and JMA datasets.
Consistent results for the relationship between late season
typhoon activity and ENSO events during the warm and
cold phases of the PDO are found. In this study, we mainly
focus on results from the JTWC best track dataset.

Typhoon positions are counted for each 2.5° x 2.5°
grid box in the WNP domain (0°-30°N, 100°E-180°E).
The first position of a TC at which it is intensified into a
typhoon (maximum sustained winds equal to or above
64 knots) is considered as typhoon position in the count-
ing. The term “typhoon activity” is used in the rest of this
study, unless otherwise explicitly stated. The typhoon track
density is calculated by counting the number of typhoons
forming within and passing through each grid box in the
WNP.

2.2 Selection of ENSO events and PDO phases

The Nifio-3.4 SST anomalies from the Climate Prediction
Center are used to stratify El Nifio and La Nifia years by
the threshold of 0.5 °C (—0.5 °C). The years with the SST
anomalies during the late season (October to December)
larger (less) than 0.5 °C (—0.5 °C) are defined as El Nifio
(La Nifia) years. The other years are classified as neutral
years. The PDO index used in this study is obtained from
the Joint Institute for the study of Atmosphere and Oceans
(JIASO) at University of Washington, which can be down-
loaded from http://jisao.washington.edu/pdo/PDO.latest.
The PDO is defined as the leading principal component of
monthly SST anomalies in the North Pacific poleward of
20°N (Mantua et al. 1997). The Nifio-3.4 and PDO indices
during the late-season are averaged to represent the status
of ENSO and the PDO during the late season in this study.
The PDO shows a warm phase during the 1978-1997
and a cold phase during 1998-2012, which had been doc-
umented by many studies (Shen et al. 2006; Wang et al.
2009a, b). Thus, as shown in Table 1, six El Nifio years

(1982, 1986, 1987, 1991, 1994, and 1997) and four El Nifio
years (2002, 2004, 2006, and 2009) are selected during the
warm and cool phases of the PDO, respectively. Similarly,
four La Nifia years (1983, 1984, 1988, and 1995) and six
La Nifia years (1998, 1999, 2000, 2007, 2010, and 2011)
are chosen during the warm and cool phases, respectively.
The neutral years are also listed in Table 1.

2.3 Atmospheric and SST data

To explore the associated possible mechanism, the atmos-
pheric variables (i.e., relative humidity, wind field and
vertical velocity) are taken from the National Centers for
Environmental Prediction and National Center for Atmos-
pheric Research (NCEP/NCAR) Reanalysis II dataset at
a 2.5° x 2.5° grid (Kanamitsu et al. 2002). The monthly
dataset of the Extended Reconstruction SST (ERSST) is
obtained from the Climatic Data Center of National Oce-
anic and Atmospheric Administration at a horizontal reso-
lution 2° x 2° grid (Smith et al. 2008).

2.4 Bayesian change point analysis and statistical
significance

To detect the abrupt shift in the time series of the typhoon
number in the WNP during the late season, a Bayesian
change point analysis is used (Chu and Zhao 2004; Tu et al.
2009; Zhao et al. 2014b; Hsu et al. 2014). Briefly, the sea-
sonal TC counts are considered as a discrete Poisson pro-
cess. The Poisson intensity ()) is the only parameter and is
codified by a conjugate gamma distribution. That is, if the
prior probability density for \ is a gamma distribution, then
the likelihood function for N has the similar mathematical
form. A hierarchical approach involving three layers—data,
parameter, and hypothesis—is formulated to determine
the posterior probability of the shift in time. The Bayesian
inference provides the probability estimate of the shifts,
rather a deterministic estimate of the change point loca-
tion. This is an advantage over the deterministic approach
because uncertainty inherent in statistical inference is
quantitatively expressed in the probability statement and
probability is the mathematical language of uncertainty.
Tests of statistical significance are usually performed
using a Student’s ¢ test, assuming that two random vari-
ables follow a Gaussian distribution. Because of the rela-
tive small sample size in our 34-year analysis, it is not
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guaranteed that the samples are characterized by the Gauss-
ian distributions. Thus, instead of using a Student’s  test,
the non-parametric Mann—Kendall test (Mann 1945; Kend-
all 1975) and the Wilcoxon—-Mann—Whitney test (Wilcoxon
1945; Mann and Whitney 1947) are used for assessing the
significance of correlations and the difference between the
two epochs (Chu 2002).

3 PDO modulation on the relationship
between ENSO and typhoon activity

A recent reduction of the TC number in the WNP and of
global TC activity was documented by Liu and Chan
(2013) and Maue (2011), respectively. The time series of
the TC and typhoon numbers in the WNP during the entire
season (January to December) and the late season are
shown in Figs. 1 and 2. We focus on the observed TC data
after 1979 with satellite measurements. A common feature
of these time series is the decrease of the TC and typhoon
numbers around 1998. However, a significant and abrupt
drop is observed in the TC or typhoon number during the
late season (see Figs. 1, 2a). In this paper, we investigate
and focus on typhoon variability during the late season.

The time series of the PDO index and the Nino3.4 index
during the late season are shown in Fig. 3. The variations of
these two indices are different during two periods of 1979—
1997 and 1998-2012. Additionally, the separation of the
two epochs is also based on the following reasons. First,
the PDO transits into a cold phase after 1998. That is, the
PDO is in a warm phase in the first epoch and a cold PDO
phase in the second epoch, which was also documented
in other studies (Shen et al. 2006; Wang et al. 2009a, b).
Second, the Bayesian change-point analysis (see Sect. 2)
of the typhoon frequency during the late season shows a
great likelihood of a change point on the typhoon number
in 1998 (Fig. 2b). This suggests a significant abrupt change
of the typhoon number occurring in 1998. In fact, the aver-
age typhoon rate is 6.1 per year during the first epoch of
1979-1997 and dropped to 3.6 typhoons per year during
the second epoch of 1998-2012.

The abrupt shift of the typhoon number during the late-
season occurs in 1998, which is different from 1995 in Hsu
et al. (2014). This difference is caused by using the differ-
ent TC datasets. The JMA dataset was used in Hsu et al.
(2014), while the JTWC dataset is used in this study. More-
over, the selection of typhoon cases in Hsu et al. (2014) is
not based on the common definition of typhoons with sus-
tained wind speed of over 64-kt. Simiu and Scanlon (1978)
suggested that the strength of the 10-min sustained wind
is statistically 88 % of the 1-min sustained wind. There-
fore, Hsu et al. (2014) reduced the threshold from 64- to
56-kt 10-min wind speed for selecting typhoons in the IMA
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Fig.1 Time series of a the TC number in the entire season (Janu-
ary to December), b the TC number in the late season (October to
December), and ¢ the typhoon number in the entire season. The hori-
zontal lines represent the mean numbers during the warm phase of
1979-1997 and the cold phase of 1998-2012

dataset. Because of this conversion, the typhoon strength in
Hsu et al. (2014) is weaker than that from the JMA official
definition, which is based on a threshold of 64-kt 10-min
sustained wind speed. Using the same change-point analy-
sis method, we found that the typhoon numbers in peak and
early seasons have no significant abrupt point, while only
a significant abrupt point can be detected for the late sea-
son typhoon frequency (not shown). Additionally, we also
computed the correlation between the Nino-3.4 index and
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index (red line) in the late
season (October—December). 1.5
The correlation of the PDO and
Nifio 3.4 index is 0.09 during
the warm phase of 1979-1997 0.5
and is 0.78 during the cold
phase of 1998-2012

-0.5

R1=0.09 (1979-1997)

Nino-3.4 index
PDO index
R2=0.78 (1998-2012)

PDO index averaged during January—March, April-June,
and July—September. The results also show that the chang-
ing relationship between the PDO and ENSO for the peak
and early seasons before and after 1998 is not so significant
compared to the late season.

As shown in Fig. 3, a significant difference of correla-
tions during the late season between the PDO and ENSO
can be found in these two epochs, indicating an interdec-
adal shift of the relationship between the PDO and ENSO.
During the warm phase of 1979-1997, the PDO and ENSO
almost have no simultaneous correlation with a correlation

1 | 1 1
1990 1995 2000 2005 2010

of 0.09, whereas a significant positive correlation with a
correlation of 0.78 can be found during the cold phase of
1998-2012. Therefore, the relationship between the PDO
and ENSO is not stationary over the past several decades,
changing from a weak or no association to a stronger one
after 1998. In other words, the PDO and ENSO are in
phase during the cold phase of the PDO, and are uncorre-
lated during the warm phase of the PDO.

In the WNP, 168 typhoons occurred in the late season
during 1979-2012. The climatological typhoon number is
4.94 each year with a standard deviation of 2.2, indicating
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Fig. 4 Mean typhoon number for all years, El Nifio years, La Nifia
years and neutral years during the warm phase of 1979-1997 and
the cold Phase of 1998-2012. The typhoon differences between the
warm and cold phases are statistically significant at the 95 % confi-
dence level for all years, La Nifa years and neutral years, but not for
El Nifo years. During the cold phase, the typhoon difference between
El Nifo years and La Nifia years is statistically significant at the 95 %
confidence level. During the warm phase, no significant differences
are found

a strong interannual variation of the typhoon number in
the late season. As shown in Fig. 4, more typhoons (6.05
typhoons) can be found during the warm phase compared to
those during the cold phase (3.53 typhoons). The difference
between the warm and cold phases is 2.45 and larger than
1 standard deviation, which is significant above the 95 %
confidence level. Furthermore, it is shown that the signifi-
cant difference of typhoons between the warm and cold
phases is mainly due to significant differences during La
Nifa and neutral years. For La Nifia years, 6.50 typhoons
occur during the warm phase and 2.83 typhoons appear
during the cold phase; their difference is significant above
the 95 % confidence level. For neutral years, the differ-
ence in typhoon counts between the warm and cold phase
is also statistically significant above the 95 % confidence

level (6.11 vs. 3.40). For El Nifio years, 5.67 typhoons are
observed during the warm phase, which is insignificantly
higher than 4.75 during the cold phase.

During the warm phase, there is a tendency for more
typhoons to form in La Nifia (6.50) and neutral years (6.11)
than that in El Nifio years (5.67), but the difference is not
significant. This indicates that there is no ENSO-typhoon
number relationship during the warm phase. However, the
cold phase shows significant more typhoons (4.75) in El
Nifio years compared to in La Nifia years (2.83). Mean-
while, slightly more typhoons occur in neutral years than
those in La Nifla years during the cold phase. In com-
parison with the warm phase, the cold phase shows an
enhanced relationship between ENSO and the typhoon
number. In other words, there is no relationship between
ENSO and typhoons in the late season during warm phase,
whereas El Nifio years show more typhoons than La Nifia
years during the cold phase.

For the formation location, a significant increase of
typhoons can be found in the southeastern part of the WNP
during the warm phase compared to that during the cold
phase for El Nifio years (Fig. 5a). Typhoons tend to fol-
low a northwestward track with the typhoon track density
distribution oriented from 5°N, 165°E to the east of Luzon
during the warm phase compared to that during the cold
phase (Fig. 5c). There is a substantial reduction between
20°N, 150°E and 5°N, 135°E and in the South China
Sea when La Nifia events occur during the cold phase
(Fig. 5b). For La Nifia years, although typhoons still tend
to move mainly westward during the warm phase (Fig. 5d),
the track is much shorter and is confined in the Philip-
pine Sea relative to the corresponding one when EI Nifio
events occur (Fig. 5¢). Moreover, there is an indication that
typhoons may recurve poleward near 135°E (Fig. 5d). More
typhoons are observed over the South China Sea when La
Nifia events occur during the cold phase.

Fig. 5 Composite differences 30N 30N
of typhoon genesis distribu-
tion (x 100) between the cold 20N 20N
and warm phases for a El Nifio -
years and b La Nifia years. The b\
corresponding ¢ and d are the 10N 10N 1~
differences of typhoon track 8 J
density distribution (x 10). eq L, . : LN B & EQ : : :
Shading indicates that the dif- 105 120 135 150E 165E 180 105 120 135 150E  165E 180
ference is statistically sig- 30N 30N
nificant at the 95 % confidence
level

EQ-L3, e b . . EQ-L% "/Z-'J . . .
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Fig. 6 Composite differences 30N
of a typhoon genesis distribu-

tion (x 100) and ¢ typhoon 20N
track density distribution (x 10)
between El Nifio years and
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During the cold phase of the PDO (Fig. 6a), an east—west
dipole of the genesis location is shown over the tropical
WNP, with a major positive center in the area from 140°E
to 150°E and a negative one to the east of Philippines, sug-
gesting a southeastward shift in the typhoon formation loca-
tion from La Nifia to El Nifio years. The typhoon track den-
sity distribution during the cold phase is also featured by a
zonal dipole pattern (Fig. 6¢). Larger typhoon track density
prevails from the west of 165°E extending westward across
Philippines to the central South China Sea when EI Nifio
occurs relative to La Nifia. On the other hand, fewer (more)
typhoon occurrences are observed along the coast of south-
east China and Taiwan during El Nifio (La Nifia) events
(Fig. 6¢). During the warm phase, the major region of the
genesis location is shifted even more eastward compared
to that during the cold phase (Fig. 6a, b). As a result, the
typhoon track becomes elongated in a southeast to north-
west orientation from 5°N, 170°E to approximately 20°N,
125°E when El Nifio events occur (Fig. 6d). In comparison
with the cold phase, the warm phase shifts the major gen-
esis location eastward when El Nifio events occur. That is,
more typhoons are expected to occur to the east of 155°E
in the tropical WNP when El Nifio occurs during the warm
phase of the PDO, and a higher frequency of typhoon is
formed to the west of 150°E when El Nifio occurs during
the cold phase of the PDO.

In summary, the interdecadal modulation of the PDO
can change the relationship between ENSO and typhoon
activity during the late season. During the warm phase of
the PDO, the PDO is uncorrelated with ENSO; the relation-
ship between ENSO and the typhoon number is reduced;
and more typhoons occur. During the cold phase of the
PDO, the PDO is positively correlated with ENSO; the
relationship between ENSO and the typhoon number is
enhanced; and fewer typhoons are observed. Moreover, it is

105E 120E 135E 150E

T E T
165E 180 Q 105e 120E  135E

1506 165E

interesting that a consistent result—with the southeastward
shift of the formation location and more typhoons with the
northwestward tracks during the warm phase compared to
the cold phase for all ENSO events—is observed. In the
following sections, we attempt to explore the plausible
physical reasons for these associated differences of ENSO—
typhoon activity during the late season in the WNP.

4 The associated large-scale patterns and possible
explanation

The TC genesis is generally dominated by favorable envi-
ronmental conditions. An increase of the low-level cyclonic
vorticity is favorable for the TC development of convec-
tion and intensification by reducing the local Rossby radius
of deformation and then focusing the convective heating
locally (Chen et al. 2006). The presence of significant verti-
cal wind shear inhibits the TC development by advecting
the heating and moisture away from the convention center
(DeMaria 1996). In this study, the vertical wind shear is
computed as the difference of wind vectors between 200
and 850 hPa:

Viear = V/ (200 — ug50)? + (ug50 — ugs0)>

The higher mid-level humidity makes a parcel of air be
able to remain saturated as it entrains the surrounding air
during its ascent and is conductive for maintaining convec-
tive activity of the TC development (Kaplan et al. 2010; Li
et al. 2013). In the following sections, the environmental
conditions associated with the TC genesis will be examined
based upon the composite analysis to understand the possi-
ble physical reasons of changes in the relationship between
ENSO and typhoon activity during the late season in the
WNP.
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Fig. 7 Composite differences
of a 850 hPa wind and relative
vorticity (x10°) and ¢ vertical
wind shear between El Nifio
years and La Nifia years during
the cold phase. The correspond-
ing b and d are the differences
during the warm phase. Shading
indicates that the difference is
statistically significant at the

95 % confidence level

135E 150E

Fig. 8 Composite differences
of a 500 hPa omega (x 100)
and ¢ 600 hPa relative humidity
(x 10) between El Nifio year
and La Nifia years during the
cold phase. The correspond-
ing b and d are the differences
during the warm phase. Shading
indicates that the difference is
statistically significant at the

95 % confidence level
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E
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4.1 Changes in local large-scale atmospheric conditions

As shown in Fig. 7a, a significant enhancement of low-
level vorticity and positive zonal wind anomalies in the
southeastern part (135°E-180°, 0—17°N) of the WNP for
El Niflo years compared to those for La Nifia years during
the cold phase. These are consistent with more typhoons in
the southeastern part of the WNP for El Nifio years com-
pared to La Nifia years during the cold phase (Fig. 6a).
Similar results can also be found during the warm phase,
but a cyclonic circulation pattern occurs further eastward
in the southeastern part from 150°E to dateline (Fig. 7b),
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which is also corresponded to changes in the typhoon gen-
esis location (Fig. 6b) between El Nifio and La Nifia years.
The change of vertical wind shear displays a similar result
(Fig. 7c, d) with the negative wind shear anomalies in the
southeastern part of the WNP which favor typhoon activity
there. The vertical velocity of 500-hPa omega and relative
humidity are shown in Fig. 8. It is shown that the moder-
ately decreased vertical velocity is located in a small region
adjacent to the equatorial belt for El Nifio years compared
to that for La Nifia years. Similar results can also found for
increased relative humidity in the equatorial belt. In sum-
mary, the difference of the typhoon genesis associated with
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Fig. 9 Composite differences 40N 40N
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Fig. 10 Composite differences
of 500 hPa omega (x 100)
between the cold phase and the
warm phase for a El Nifio years
and b La Nifa years. The cor-
responding ¢ and d are 600 hPa
relative humidity (x 10). Shad-
ing indicates that the difference
is statistically significant at the
95 % confidence level

ENSO during a specific phase (the cold or warm phase) is
mainly due to the changes in the low-level relative vorti-
city and vertical wind shear although the vertical velocity
and relative humidity also play some roles in the typhoon
genesis.

Similar analysis is performed for the difference of asso-
ciated large-scale atmospheric fields between the cold and
warm phases for El Nifio and La Nifia years (Figs. 9, 10).
It is seen that the low-level relative vorticity and vertical
wind shear are also the most important dynamical factors
to the change of typhoon activity for El Nifio and La Nifia
years in the WNP between the two periods, particularly in

105E 120E 135E

the southeastern part of the WNP. Compared to the warm
phase, the cold phase shows significant negative low-level
relative vorticity anomalies and decreased vertical wind
shear over the southeastern part of the WNP for El Nifio
years. For La Nifla years, a southeast-northwest region
with negative low-level vorticity and significant enhanced
vertical wind shear are found during the cold phase com-
pared to the warm phase. These results are consistent with
the changes of typhoon activity in the WNP in the late sea-
son during the cold phase. As shown in Fig. 10a, b, no sig-
nificant difference of vertical velocity can be found for El
Nifio and La Nifia years. In addition, compared to the warm
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Fig. 11 Composites of SST anomalies during a the warm phase of the PDO and El Nifio years, b the warm phase of the PDO and La Nifia

years, ¢ the cold phase of the PDO and El Nifio years, and d the cold phase of the PDO and La Nifa years

phase, the cold phase shows the remarkable increase of rel- 45N 1 @[ ~ 3 - T
ative humidity over the southeastern region of the WNP for 30N p - X
El Nifio years (Fig. 10c), which favors the TC genesis. For 122 o, &, 203
La Nifia years, a small decrease of relative humidity over 1554t X . 28
the southeastern region of the WNP (Fig. 10d). These sug- 30S Y

. . . .. 0.3 @
gest that the relative humidity plays a role in determining 455 o6

the large difference of the typhoon genesis in the southeast-
ern region of the WNP.

4.2 Changes in SST anomalies

The composites of SST anomalies during the warm and
cold phases of the PDO for El Nifio and La Nifia years are
shown in Fig. 11. The composite of SST anomalies for El
Nifio years during the warm phase of 1979-1997 shows a
warming in the western coast of South America (Fig. 11a),
whereas the composite during the cold phase of 1998-2012
does not show the South American coast warming with the
large warming in the equatorial central Pacific (Fig. 11c).
This is because the recent cold phase of 1998-2012 is
dominated by the Central Pacific (CP) El Nifio events and
the warm phase of 1979-1997 is largely associated with
the Eastern Pacific (EP) El Nifio events. More CP El Nifio
events during the recent decade have been documented and
discussed in previous studies (Xiang et al. 2013; Zhang
et al. 2014). These studies suggested that more CP warm
events in the second epoch of 1998-2012 might be mainly
affected by the abrupt climate change. The interdecadal
shift of the relationship between the PDO and ENSO may
also a cause. These are beyond our scope of this study and
deserve for a further investigation.
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Fig. 12 Composite differences of SST anomalies between the cold
phase and the warm phase for a El Nifio years and b La Nifia years.
Shading indicates that the difference is statistically significant at the
95 % confidence level

The SST anomaly differences between the cold and
warm phases show cooling in the eastern Pacific and warm-
ing in the western Pacific and Indian Oceans (Fig. 12).
Additionally, the tropical oceans show a warmer tendency
including the western Pacific and Indian Oceans for El
Nifo years during the cold phase relative to those during
the warm phase (Fig. 12a). Similar SST anomaly difference
between the cold and warm phases for La Nifia years is also
shown in Fig. 12b. Note that a difference of SST anomaly
amplitude can be found for El Nifio and La Nifia years
between the cold and warm phases. The SST anomalies
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Fig. 13 Composite differences of SST anomalies between El Nifio
years and La Nifia years during a the cold phase and b the warm
phase. Shading indicates that the difference is statistically significant
at the 95 % confidence level

show a significant difference in the eastern Pacific. A larg-
est region with cool SST anomalies occurs in the equatorial
eastern Pacific for Fl Nifio years; the cooling is confined to
the region close to the South American coast for La Nifia
years. Further, it is found that the SST anomaly patterns
between El Nifio and La Nifia years during the cold and
warm phases (Fig. 13) are similar, but the amplitude of SST
anomalies shows somewhat difference.

4.3 Possible explanation

As suggested by previous studies (Zhan et al. 2011; Zhang
et al. 2007; Zhao et al. 2014b; Hsu et al. 2014), the dif-
ferent SST anomaly distributions can impact different cir-
culations in the WNP. The dramatic SST decadal changes
in the Indo-Pacific region are warm SST anomalies that
have been shown in previous studies (Burgman et al. 2008;
Chikamoto et al. 2012; Wang et al. 2013; Hong et al. 2014,
Hsu et al. 2014). As indicated by Chan (2008) and Hsu
et al. (2014), the change of typhoons is unlikely to be con-
trolled by thermodynamic factors. They found that warm
SST anomalies in the tropical Indo-Pacific Ocean contrib-
ute negatively to the decrease in the typhoon genesis by
inducing a significant change in low-level circulations in
the southeastern region of the WNP. The linkage between
the tropical Indo-Pacific SST and the southeastern atmos-
pheric circulations of the WNP has been addressed in pre-
vious studies (Weisberg and Wang 1997; Wang et al. 1999,
2013, 2015; Hsu et al. 2014).

The warm SST anomalies in the tropical Indian Ocean
can excite a warm equatorial Kelvin wave to the east in the
troposphere (Xie et al. 2009; Zhan et al. 2011; Tao et al.
2012), enhancing the atmospheric anticyclonic anomaly

over the WNP that is forced by SST anomalies from El
Nino events (Weisberg and Wang 1997; Wang et al. 1999).
As shown in Figs. 11 and 12, the cold phase is associated
with warm SST anomalies in the Indian Ocean which can
cause anticyclonic circulation in the WNP. Meanwhile,
warm SST anomalies in the western Pacific are observed
during the cold phase compared to those during the warm
phase, which will cause equatorial wind anomalies and
thus change atmospheric circulations associated with the
monsoon trough.

As illustrated by Hsu et al. (2014), the recent cooling in
the eastern Pacific plays a secondary role in causing unfa-
vorable conditions for the TC genesis in the southeastern
part of the WNP. They found that the combined effect of
warm SST in the WNP and Indian Ocean plays a key role
in the typhoon decrease in the WNP by causing atmos-
pheric circulation to the east of 140°E, which is responsible
for the reduced typhoon counts. The Indian Ocean warming
produces an anomalous anticyclone in the WNP, which is
confined to the west of 140°E. Associated with these results
and Figs. 11 and 12, it is suggested that a significant warm
SST anomaly in the tropical WNP and Indian Ocean dur-
ing the cold phase compared to that during the warm phase
could cause atmospheric circulation anomalies in the WNP.

S Discussion and summary

During 1979-2012, 7 typhoons occurred approximately
each year during the late season in the WNP. Since the
late-season typhoon activity has caused catastrophic dam-
ages to the Philippines and to other Asian countries in the
recent years, it is important to study typhoon activity dur-
ing the late season. Recently, Hsu et al. (2014) found an
abrupt shift in the late season typhoon counts occurring in
1995 based upon the JMA best track dataset. Associated
with the dominant interannual and decadal climate signals
of ENSO and the PDO, studies have suggested that the
combined the PDO and ENSO had a significant modula-
tion of global climate (Wang et al. 2008). Previous stud-
ies focused on TC activity associated with either the PDO
phases or ENSO events, but the PDO’s modulation on the
relationship between ENSO and typhoon activity has not
been investigated.

Based upon the JTWC best track dataset from 1979 to
2012, we find that the interdecadal shift of relationship
between the PDO and ENSO occurs in 1998. During 1979—
1997, the PDO is not related to ENSO, while the PDO is
positively correlated with ENSO during 1998-2012. The
first epoch of 1979-1997 is during the warm phase of the
PDO, while the second epoch of 1998-2012 is during the
cold phase of the PDO. Associated with the interdecadal
shift of the relationship between the PDO and ENSO, the
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relationship between ENSO and typhoon activity during the
late season in the WINP in the two epochs is investigated.
The present study identifies a clear interdecadal modulation
of the PDO on the relationship between ENSO and typhoon
activity during the late season in the WNP.

A significant difference in the typhoon number between
the two phases is observed: 6.05 typhoons per year during
the warm phase and only 3.53 typhoons per year during
the cold phase, which is mainly due to the large difference
in La Nifia and neutral years. During the warm phase, the
typhoon frequency for El Nifio, La Nifia and neutral years
shows a slight difference, but the typhoon genesis region
shows a significant southeastward shift for El Nifio years
compared to that for La Nifia years. Different from that
during the warm phase, during the cold phase the typhoon
frequency for El Nifio years and La Nifia years shows a sig-
nificant difference. During the cold phase, 4.75 typhoons
per year occurred for El Nifio years, while 2.83 typhoons
formed for La Nifia years. Meanwhile, the TC genesis
location also shows a significant southeastward shift for
El Nifa years compared to that for La Nifia years. In sum-
mary, the reduced ENSO-typhoon activity relationship and
more typhoons are detected during the warm phase, while
the enhanced ENSO-typhoon activity relationship and
fewer typhoons are observed during the cold phase.

Our analyses further indicate that the change of ENSO-
typhoon relationship between the two phases is mainly due
to changes in the environmental factors especially from the
dynamical factors of low level vorticity and vertical wind
shear. Compared to that during the cold phase, the warm
phase shows the significant increase of cyclonic vorticity in
the southeastern part of the WNP. These changes of envi-
ronmental factors are mainly induced by changes in SST
anomalies. Compared to the cold phase, a similar SST
anomaly pattern during the warm phase for El Nifio and La
Nifa years is found although the SST warming and cooling
magnitude shows slight different. The SST anomaly distri-
bution pattern is similar to that in Hsu et al. (2014). So we
can speculate that the change in the relationship between
ENSO and typhoon activity is mainly due to the changes in
SST anomalies between the two phases. The Indian Ocean
and western Pacific SST warming may play a significant
role in the causing the atmospheric circulation changes in
the WNP especially for La Nifia years. The eastern/central
Pacific warming plays a negligible impact on the southeast-
ern part of the WNP. In addition, as shown in Fig. 11, the
Atlantic SST anomalies are also warm, which may relate to
the atmospheric circulation in the WNP (Ham et al. 2013;
Zhang et al. 2014). The effects of the remote and local
SST anomalies on the WNP circulation are worthy fur-
ther investigation. Moreover, interdecadal modulation of
ENSO amplitude and its influence on the WNP as shown in
Chowdary et al. (2012) may also be important.

@ Springer

Finally, the interdecadal change of the relationship
between the PDO and ENSO has an impact on the rela-
tionship between ENSO and typhoon activity during the
late season. Currently, many studies attempt to predict the
seasonal TC activity of the WNP using ENSO as a predic-
tor (Chan 2005; Wang and Zhou 2008). According to our
analyses in this study, the phase of the PDO should be
taken into account when ENSO is used as a predictor for
TC activity in the WNP. By doing so, it may provide us a
better outlook or prediction of typhoon activity in the WNP.
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