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Abstract

Tropical cyclone (TC) genesis frequency over the western North Pacific (WNP) is significantly reduced since the late 1990s,
coinciding with a Pacific decadal oscillation (PDO) phase transition from positive to negative. In this study, the underlying
mechanism for this change is investigated through analysis of asymmetric central Pacific (CP) El Nifio-Southern Oscillation
(ENSO) properties induced by the negative PDO phase. Our results suggest that the significant reduction is caused by asym-
metric CP ENSO properties, in which the CP La Nifia is more frequent than the CP El Nifio during negative PDO phases;
furthermore, stronger CP La Nifia occurs during a negative PDO phase than during a positive PDO phase. CP La Nifia
(El Nifio) events generate an anticyclonic (cyclonic) Rossby wave response over the eastern WNP, leading to a significant
decrease (increase) in eastern WNP TC genesis. Therefore, more frequent CP La Nifia events and the less frequent CP El
Nifio events reduce the eastern WNP mean TC genesis frequency during a negative PDO phase. In addition, stronger CP La
Nifa events during a negative PDO phase reinforce the reduction in eastern WNP TC genesis. The dependency of CP ENSO
properties on the PDO phase is confirmed using a long-term climate model simulation, which supports our observational
results. Our results will also improve understanding of TC in other basins, since both PDO and CP ENSO variability influ-

ence global dynamics.
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1 Introduction

Despite their destructive properties, tropical cyclones (TCs)
are necessary to regulate Earth’s energy balance between
equatorial and higher latitudes. The western North Pacific
(WNP) is one of the most active basins for TC genesis,
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averaging ~ 19 TCs annually during the last three decades
(i.e., 1979-2013) and accounting for one third of global TC
development (Kim and Seo 2016). Therefore, an improved
understanding of TC activity (i.e., frequency, track, and
intensity) in this basin is imperative for helping mitigate the
damage caused by their landfall.

The TC genesis frequency and location experience sig-
nificant variations on intraseasonal, interannual, and decadal
time scales because they are affected by large-scale atmos-
pheric and oceanic variability, including intraseasonal oscil-
lations (Li and Zhou 2013a, b; Kim and Seo 2016), the El
Nifio-Southern Oscillation (ENSO; Wang and Chan 2002;
Camargo et al. 2007; Chen and Tam 2010; Kim and Seo
2016), interannual variation of Atlantic sea surface tempera-
ture (SST; Yu et al. 2016), western Pacific subtropical high
(Wang et al. 2013a; Kim and Seo 2016), Pacific meridional
mode (Zhang et al. 2016), Pacific decadal oscillation (PDO;
Chan 2008; Liu and Chan 2013), and several other factors.

On the interannual time scale, the ENSO is the most cru-
cial factor modulating TC genesis location over the WNP.
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For example, Wang and Chan (2002) used the Nifio-3.4
index to show that TC genesis increases in the southeast
quadrant of the WNP during El Nifio years and decreases in
the same quadrant during La Nifia years. They also found
that the resulting TCs are characterized by stronger intensity
and longer lifespan in El Nifio years as compared with La
Nifia years.

The ENSO can be divided into two types: an eastern
Pacific (EP) ENSO, with an SST variation center located
in the EP, and a central Pacific (CP) ENSO, with an SST
variation center located in the CP. These have different char-
acteristics in terms of spatial structure, underlying dynamic
mechanisms, temporal evolution, and teleconnection pat-
terns (Kao and Yu 2009; Jin et al. 2013; Yeh et al. 2018).
From this perspective, previous studies have demonstrated
different roles for the two types of ENSOs in the frequency
of TC genesis in the WNP (Chen and Tam 2010; Yeh et al.
2010; Wang et al. 2013b; Kim and Seo 2016) and intensifi-
cation of the relationship between the CP ENSO and WNP
TC genesis frequency (Liu and Chen 2018; Zhao and Wang
2019). Kim and Seo (2016) showed that the EP El Nifio
leads to a significant decrease (~40%) in TC genesis in the
western part of the WNP through a reversed Walker circu-
lation with downward motion. Conversely, the CP El Nifio
generates a cyclonic Rossby wave response over the north-
west of the SST forcing, resulting in a significant increase
(~50%) in TC genesis over the eastern part of the WNP.
Chen and Tam (2010) examined the different relationships
between WNP TC genesis frequency and CP/EP ENSO.
They showed that the TC genesis frequency is significantly
positively correlated with the CP ENSO because the heat-
ing source (sink) of CP El Nifio (La Nifia) generates large-
scale cyclonic (anticyclonic) circulation over the WNP. In
contrast, the EP ENSO negatively (positively) correlates
with TC genesis frequency over the northern (southeastern)
part of the WNP. That is due to the anticyclonic (cyclonic)
circulation associated with the heating sink (source) over
the northern (southeastern) part of the WNP, resulting in a
decrease (increase) in TC genesis frequency during EP El
Nifa years, while for La Nifia years, the reverse may be true.

Previous studies on long-term climate variabilities have
shown a significant reduction of TC genesis frequency dur-
ing various seasons (Chan 2008; Liu and Chan 2013; Hsu
et al. 2014; Choi et al. 2015; He et al. 2015; Zhao and Wang
2016; Zhang et al. 2018; Zhao and Wang 2019) and its asso-
ciated increase of ratio intensification of TCs (Zhao et al.
2018) over the WNP since the late 1990s. For instance, Liu
and Chan (2013) investigated the recently inactive period
(i.e., 1998-2011) of TC activity and found that it resulted
from strong vertical wind shear and a strong subtropical
high. Zhang et al. (2018) used observations and high-reso-
lution climate model experiments to suggest that the decadal
variation of the Atlantic multidecadal oscillation (AMO) and

@ Springer

PDO cause intensified vertical wind shear in the southeast-
ern WNP, leading to a decrease in TC genesis frequency
since the late 1990s.

It is interesting to note that the PDO and the ENSO,
which are modulation factors of TC genesis frequency,
interact with each other. From this point of view, Lin et al.
(2018) applied statistical analysis from observations and 19
Coupled Model Intercomparison Project Phase 5 (CMIP5)
models to demonstrate that the PDO can modulate the
asymmetric frequency of the ENSO. El Nifio events occur
three times more often than La Nifia events in positive PDO
phases while dropping to approximately half the number
of La Nifia events during negative PDO phases (An 2018).

Analysis of observations shows that the PDO phase
changed from positive to negative around 1997/8. Concur-
rently, the TC genesis frequency over the WNP significantly
decreased by 19% compared with both PDO phases and its
reduction mainly comes from the eastern WNP. Although
previous studies have shown that the significant reduction
of TC genesis frequency mainly results from the intensifi-
cation of vertical wind shear on a decadal time scale, the
relationship between asymmetric CP ENSO properties and
the reduction in WNP TC genesis frequency during negative
PDO phases has not been studied.

Therefore, the purpose of this study is to reveal the under-
lying mechanism for the significant reduction of TC genesis
frequency over the WNP since the late 1990s with reference
to asymmetric CP ENSO properties induced by the negative
PDO phase. We investigate the connection between them,
adhering to the finding of Kim and Seo (2016) that large-scale
atmospheric and oceanic variability (e.g., ENSO) influence
WNP TC genesis frequency in sub-regions rather than across
the whole WNP, proving that the significant overall reduction
in TCs has mostly occurred within specific WNP sub-regions.

The remainder of the paper is organized as follows. Sec-
tion 2 describes the datasets and regime shift algorithms
used in this study. Section 3 presents the interdecadal vari-
ations in the PDO and WNP TC genesis frequency; in addi-
tion, the mechanisms connecting the significant reduction
in WNP TC genesis frequency and asymmetric CP ENSO
properties induced by the negative PDO phase are also pre-
sented. Summary and discussions are detailed in Sect. 4.

2 Data and methods
2.1 Observational data

This study utilizes the TC information dataset from the
Regional Specialized Meteorological Centers-Tokyo
Typhoon Center, which contains information on storm name,
date, type, latitude and longitude, central pressure, and maxi-

mum sustained wind speed (V,,,,) at 6-h intervals. Typically,
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TCs are categorized into three groups depending on their
wind speed (V,,,.): tropical depression (V,, < 17) m s~}
tropical storm (17 ms™' <V < 34)ms~!, and typhoon
(V,ue > 34) m s™L In this study, TCs are referred to as tropi-
cal storms and typhoons; as such, the genesis and decay
location of each TC are selected as the first and last observed
positions, respectively, with intensity greater than a tropi-
cal storm. The peak TC season in the WNP is defined as
July—October (JASO), during which approximately 70% of
TCs form.

To analyze the large-scale atmospheric and oceanic vari-
ability related to the TC genesis frequency, we use atmos-
pheric datasets (e.g., geopotential height and wind) from
the National Centers for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR; Kal-
nay et al. 1996). We also use monthly mean SST from the
Extended Reconstructed Sea Surface Temperature version 4
(ERSST v4; Huang et al. 2014; Liu et al. 2015) to analyze
PDO and ENSO variability. Furthermore, we use the monthly
PDO index provided by the University of Washington (http://
research.jisao.washington.edu/pdo/PDO.latest.txt), which is
calculated using the method of Mantua et al. (1997).

Moon et al. (2019) discussed the reliability of the TC
dataset and showed that a geostationary satellite has been
used to generate the TC dataset since 1982. In addition,
in and after 2014, the PDO phase changed from negative
to positive; therefore, we restricted our analysis period to
1982-2013.

2.2 Model simulation

To examine the impact of the PDO on asymmetric CP
ENSO properties on a long-term time scale, we use the
long-term unforced Community Climate System Model Ver-
sion 3 (CCSM3), which is a fully coupled model including

Fig. 1 Interannual time series
of the July—October mean PDO

atmosphere (CAM3), land (CLM3), ocean (POP), and sea
ice (CSIM) models. The experiment is conducted taking a
duration of 600 years into account with a fixed CO, concen-
tration of 355 ppmv and utilizing simulated data for the last
500 years; detailed descriptions of this model can be found
in Collins et al. (2006).

2.3 Rodionov regime shift algorithm

The Rodionov regime shift algorithm is used to detect inter-
decadal regime shifts in an interannual time series. The
algorithm identifies significant interdecadal change points
in sequential running means with a set cut-off length and
at a confidence level based on the Student’s ¢ test. If the
difference between two adjacent sequential running means
during a certain cut-off period is statistically significant, then
a regime shift is detected. More detailed information on this
algorithm can be found in Rodionov (2004).

3 Results

3.1 Interdecadal variation of PDO and typhoon
genesis frequency

When the Rodionov regime shift algorithm with a cut-off
length of 10 years and at a 90% confidence level is applied
to the interannual time series of the JASO mean PDO from
1982 to 2013, a clear interdecadal change point appears
around 1997/98 (black solid line in Fig. 1). Thus, the entire
analysis period (1982-2013) can be divided into two sub-
periods based on the dominant PDO phase: the positive
(1982-1997, P1) and negative (1998-2013, P2) sub-periods.
The positive PDO phase is defined as cold SST anomalies
in the mid latitude northwestern Pacific and warm SST

(black line) and TC genesis 4
frequency over the WNP during
the positive PDO (P1: 1982—
1997; red line) and negative
PDO (P2: 1988-2013; blue line)
periods. The Rodionov regime
shift algorithm is applied to
detect the interdecadal change
point
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anomalies over the central Pacific, and vice versa for the
negative PDO phase (Mantua et al. 1997). The year-to-year
TC genesis frequency over the WNP had a similar inter-
decadal change point based on the same Rodionov regime
shift criteria (red and blue solid lines in Fig. 1), in which the
mean TC genesis frequency in P2 is significantly reduced in
comparison with P1 (Liu and Chan 2013; Choi et al. 2015;
He et al. 2015; Zhang et al. 2018; Zhao and Wang 2019). To
further investigate the relationship between the PDO index
and WNP TC genesis frequency on a low-frequency time
scale, we conducted an 11-year running mean of WNP TC
genesis frequency and the PDO index. The results indicate
that the two indices are closely related (r=0.67) and their
quantities simultaneously changed from positive to negative
around 1997/98 (figure not shown), supporting the results of
the regime shift algorithm.

A total of 553 TCs developed over the WNP during the
analysis period, 306 (~56%) during P1 and 247 (~44%)

Table 1 Annual mean TC genesis frequency over the total, western,
and eastern parts of the WNP (divided by 140° E longitude, during
both PDO phases

Total Western Eastern
Whole period (1982-2013) 17.28 (553) 9.75(312)  7.53 (241)
P1 (1982-1997) 19.13 (306) 10.06 (161) 9.06 (145)
P2 (1998-2013) 15.44 (247) 9.44 (151)  6.00 (96)
P2-P1 — 3.69% -0.62 — 3.06%*

Total TC numbers are given in parentheses

*Significance at a 99% confidence level

Fig.2 TC genesis density (5°

during P2, showing that the TC genesis frequency is sig-
nificantly reduced by approximately 3.69 per year at the
99% confidence level with a PDO phase shift from positive
to negative (Table 1). In addition, we use the TC genesis
density to further investigate the regional spatial features
of this reduction between both periods (Fig. 2); strong
negative genesis anomalies occurred over the eastern
WNP, and a mix of negative and positive genesis anoma-
lies occurred over the western WNP (division defined by
the 140° E longitude line). To test the sensitivity of these
results, we reduce the resolution monotonically from 5°
to 2°, and find that the major patterns are insensitive to
resolution. We then investigate the mean TC genesis fre-
quency over the total, western, and eastern WNP in both
dominant PDO phases (Table 1). The mean TC genesis
frequency over the western WNP insignificantly decreased
by approximately 6% from P1 to P2, while that over the
eastern WNP significantly decreased by ~34% at the 99%
confidence level (Table 1). Moreover, the correlation on
a low-frequency time scale between the western WNP
TC genesis frequency and the PDO index is 0.24, which
is insignificant, while the eastern WNP TC genesis fre-
quency is highly correlated with the PDO index (r=0.88),
which is significant at the 99% confidence level. The above
results imply that the significant reduction in total TC gen-
esis frequency over the WNP between P1 and P2 is pri-
marily caused by a localized reduction over the eastern
WNP rather than by a decrease over the entire region (e.g.,
Zhang et al. 2018). Therefore, hereafter we focus on the
reduction of TC genesis frequency in the eastern WNP
rather than over the whole WNP.

TC genesis density (P2 — P1)

by 5°) difference between P2
(negative PDO; 1998-2013) and
P1 (positive PDO; 1982-1997).
Solid and dashed lines represent
regions that are statistically
significant at the 95% confi-
dence level
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3.2 Relationship between CP ENSO and TC genesis
frequency over the eastern WNP

During P1, the maximum interannual standard deviation of
the SST anomalies located over the EP (Fig. 3a) and the
eastern WNP TC genesis frequency do not show a signifi-
cant relationship with SST anomalies in the tropical Pacific
region (Fig. 3c). In contrast, large interannual variations in
SST anomalies developed in the CP (Fig. 3b) in P2. The
important thing is that the CP SST anomalies are highly
correlated with eastern WNP TC genesis frequency during
P2 (Fig. 3d; Zhao and Wang 2019). Taking these considera-
tions into account, we investigate the dynamic mechanisms
of CP SST variability modulating the TC genesis frequency
over the eastern WNP during P2. For this investigation, we
use the Nifio-4 index as CP SST anomalies averaged over
[5° S to 5° N, 160° E to 150° W] and divided into warm
and cold CP phases using its standard deviation thresholds
of 0.75 and — 0.75, respectively. The selected warm and
cold CP phase corresponded to 4 (2002, 2004, 2006, and
2009) and 6 (1998, 1999, 2000, 2008, 2010, and 2011) years,
respectively. This Nifio-4 index is more highly correlated
with eastern WNP TC genesis frequency during P2 (r=0.71)
than during P1 (r=0.27), which corresponds to the results in
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Fig.3 Interannual standard deviation in SST anomalies (shaded, °C)

during a P1 (positive PDO; 1982-1997) and b P2 (negative PDO;
1998-2013). Correlation map between SST anomalies and eastern

Fig. 3c, d; however, western WNP TC frequency shows no
significant relationship during any period (Table 2).

The strong correlation between the Nifio-4 index and
TC genesis frequency over the eastern WNP in P2 can be
interpreted as a dynamical process related to CP SST vari-
ability. The eastern WNP TC genesis frequency is signifi-
cantly enhanced by the warm CP phase during P2 at the 95%
confidence level (Table 3). The increase in eastern WNP TC
genesis frequency during the warm CP phase resulted from
a Rossby wave response to a warm SST anomaly over the
CP region (Fig. 4a, c) that appears in off-equatorial regions
of both hemispheres, consistent with a Gill-type response
(Gill 1980). This response generates low-level cyclonic

Table 2 Correlation coefficients between the Nifio-4 index and total,
western, and eastern WNP TC genesis frequency during each analysis
period

Total Western Eastern
Whole period 0.21 -0.37 0.46*
P1 0.05 -0.29 0.27
P2 0.40 —-0.51 0.71*
*Significance at a 99% confidence level
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confidence level. Purple boxes delineate the CP index area
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Table 3 Annual mean TC genesis frequency over the eastern WNP
for each normalized magnitude by the Nifio-4 index in the negative
PDO phase (1998-2013)

Warm Cold Total
# of years 4 6 16
Mean frequency 8.25 (+) 333(--) 6.00

Warm (cold) corresponds to a normalized index larger (smaller) than
0.75 (- 0.75).The bold font denotes frequencies statistically enhanced
(reduced) at the 90% and 95% confidence levels, noted by +and ++ (—
and — —), respectively

circulation and a negative geopotential height (GPH) anom-
aly over the northwest of the cold SST forcing (i.e., eastern
WNP), leading to significant enhancement of TC genesis
frequency over the eastern WNP (Table 3; Fig. 4a, c; Chen
and Tam 2010; Kim and Seo 2016).

On the other hand, TC genesis frequency over the east-
ern WNP is significantly reduced by the cold CP phase at
the 95% confidence level during P2 (Table 3). The decrease
in eastern WNP TC genesis frequency is also due to the
Rossby wave response to the cold SST anomaly over the CP
region (Fig. 4c). As a result, the positive GPH anomaly and
anticyclonic circulation are located over the eastern WNP

(a) SST for warm CP (P2)

40N A
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EQ1
20S y T T
120E 180 120W 60W
(b) SST for cold CP (P2)
60N
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Fig.4 Composite of SST anomalies (shaded, °C) for a 4 warm CP
years and b 6 cold CP years during P2 (negative PDO; 1998-2013);
c and d are the same as (a) and (b) except for 850-hPa GPH (shaded,
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(Fig. 4d), suppressing the TC genesis frequency in this basin
(Kim and Seo 2016). In summary, the Rossby wave response
induced by the CP SST anomaly is mainly concentrated in
the eastern WNP (Fig. 4c, d) during P2, which well cor-
responds to a significant relationship between CP SST and
eastern WNP TC genesis frequency (Table 3).

3.3 Asymmetric CP ENSO frequency and reduction
in TC genesis frequency over the eastern WNP

As discussed, the cold (warm) CP phase significantly
reduces (enhances) eastern WNP TC genesis frequency
(Table 3) by anticyclonic (cyclonic) circulation and the
positive (negative) GPH anomaly induced by a Gill-type
response on an interannual time scale. Therefore, if the fre-
quency of cold and warm CP phases is asymmetrically regu-
lated by the negative PDO phase during P2, asymmetric CP
ENSO frequency plays a crucial role in modulating eastern
WNP TC frequency during that period.

From the perspective of asymmetric CP ENSO frequency,
our results show that the number of cold CP phases (6) is
50% larger than the number of warm CP phases (4) during
P2 (Table 4), in line with results of Lin et al. (2018). In addi-
tion, the number of cold phases (6) when using the Nifio-3.4

(c) GPH/wind at 850hPa for warm CP (P2)
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m) and wind (vector, m s~!) anomalies, respectively. Solid and
dashed lines represent regions that are statistically significant at the
95% confidence level. Purple box delineates the Nifio-4 area
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Table 4 Number of warm and cold phases for the three Nifio indices
during P2

Nifio-4 Nifio-3.4 Nifio-3
Warm 4(1) 3(1) 3(1)
Cold 6 (6) 6(5) 3(2)

Warm (cold) corresponds to a normalized index larger (lower) than
0.75 (= 0.75). Number of warm and cold phases in P2 excluding neu-
tral years of negative PDO are given in parentheses

Table 5 Number of warm and cold phases for the three Nifio indices
during P1

Nifio-4 Nifo-3.4 Nifio-3
Warm 4(2) 4 (3) 4(3)
Cold 52) 1(1) 4(2)

Warm (cold) corresponds to a normalized index larger (lower) than
0.75 (= 0.75). Number of warm and cold phases in P1 excluding neu-
tral years of positive PDO are given in parentheses

index is more than two times larger than the number of warm
phases (3), while the Nifio-3 index is divided into an equal
number of cold and warm phases (3) during P2 (Table 4).
It is important to note that we exclude neutral years of the
negative PDO, while the frequency of warm and cold phases
shows a striking difference. Considering that the normal-
ized PDO index is less than — 0.3 in P2 for excluded neutral
years of the negative PDO, only 1 year (2006) is selected
as the warm CP phase, while the cold CP phases remain
unchanged. In common with the Nifio-4 index, the Nifio-
3.4 index is divided into only one warm phase and five cold
phases, however; one warm phase and two cold phases are
selected by using the Nifio-3 index (Table 4). The results
indicate that asymmetric CP ENSO frequency in P2 acts as
driving factor for the reduction in TC genesis frequency over
the eastern WNP; the asymmetric frequency only appears
on CP ENSO related indices, which may reflect the large
interannual CP SST variation during P2 (Fig. 3b).
Frequency of warm and cold phases is also calculated
using the three Nifio indices during P1 to investigate whether
the asymmetric frequency is regulated by the positive PDO
phase. As aresult, 4 (5) years are selected as the warm (cold)
CP phases. Moreover, when the neutral years of positive
PDO (the normalized PDO index is larger than 0.3) are
excluded, an equal number of warm and cold CP phases (2)
can be identified (Table 5). However, the Nifio-3.4 index is
divided into more frequent warm phases than cold phases
while including and excluding neutral years of the positive
PDO (Table 5). The Nifio-3 index has more frequent warm
phases than cold phases when excluding neutral years of the
positive PDO (Table 5). Asymmetric CP ENSO frequency
does not appear in the positive PDO phases, whereas EP
ENSO related indices show asymmetric frequency when

excluding neutral years of positive PDO; this may be attrib-
uted to the large interannual EP SST variation during that
period (Fig. 3a).

To supplement the small number of CP ENSO phases
in observations, we use a long-term simulation model to
identify this asymmetric CP ENSO frequency in both PDO
phases. For this purpose, we first evaluate the performance
of the simulated PDO by applying the method suggested
by Mantua et al. (1997). This method derived the leading
principal component (PC) of monthly SST anomalies in the
North Pacific, poleward of 20° N. As a result, the spatial
pattern of the simulated PDO is found to correspond well
with the observations (Fig. 5a). The yearly PDO index is cal-
culated as the JASO average from the leading PC (Fig. 5b).
To exclude neutral years of the PDO, we divide this index
into positive and negative phases using a threshold of + 0.3.
As a result, during the 500-year simulation period, there are
206 (182) negative (positive) PDO phases.

To investigate the asymmetric CP ENSO frequency
in our long-term simulation model, we use a JASO mean
SST anomaly that has a removed regression pattern with
the Nifio-1+42 [over 10° S to 0°, 90° to 80° W] for driv-
ing out CP ENSO and eliminating EP ENSO (Yu and Kim
2010; Kim and Yu 2012). We take the simulated Nifio-4
index over same area, and then warm and cold CP phases
are selected using standard deviation thresholds of 0.75 and
—0.75, respectively.

During negative PDO phases, cold CP phases (50) occur
more than warm CP phases (31), and the asymmetric CP
ENSO frequency in the simulation model is well matched
by our observational results (Fig. 6). The simulated CP
ENSO is characterized by shifting a little to the tropical
western Pacific (Fig. 7; Deser et al. 2006) compared with
the observational CP ENSO (Fig. 4a, b), while the positive
(negative) SST anomaly over the mid-latitude northwestern
Pacific matches well the observational result in the nega-
tive (positive) PDO phase (Fig. 7). Even though we do not
detect TCs in the simulation model owing to the resolution,
more frequent cold CP phases than warm CP phases can
lead to a reduction in TC genesis over the WNP in the model
simulation.

In contrast, during positive PDO phases, the number
of warm CP phases (50) is larger than the number of cold
CP phases (32), so that the TC genesis frequency may be
increased by the asymmetric CP ENSO frequency in the
simulation model. As we only consider asymmetric CP
ENSO by the positive PDO phase in the simulation model,
the above results cannot be used in P1 owing to the domi-
nant EP ENSO in that period. The PDO phase changed from
negative to positive in and after 2014; as such, if CP ENSO
is dominant in the near future, eastern WNP TC genesis
frequency is likely to be increased by the asymmetric CP
ENSO frequency in the positive PDO phase.
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Fig.5 a Leading empirical

orthogonal function mode of 70N
north Pacific SST anomalies

(shaded, °C) and b the yearly

PDO index using a long-term 60N
CCSM3 simulation model. Red

(blue) dashed lines in (b) denote

standard deviation thresholds of 50N
0.3(-0.3)
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Fig.6 Frequency of warm (red) and cold (blue) CP phases in both
PDO phases using a long-term CCSM3 simulation model
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3.4 Asymmetric CP ENSO intensity and reduction
in TC genesis frequency over the eastern WNP

From Table 3, the genesis ratio of the eastern WNP TC is
increased (decreased) in warm (cold) CP phases during P2.
Therefore, if cold (warm) CP phases are relatively stronger
(weaker) in P2 than in P1, the genesis ratio of eastern WNP
TC is modulated by the asymmetric CP ENSO intensity. As
a result, this asymmetric CP ENSO intensity can regulate the
TC genesis frequency over the eastern WNP in P2.

To identify the asymmetric intensity of warm and cold
CP phase between P2 and P1, composite difference analy-
sis is used. The warm and cold CP phases in P1 are also
selected using standard deviation Nifio-4 index thresholds of
larger than 0.75 and less than — 0.75, respectively. Although
the composite difference in SST anomalies in the warm CP
phase between P2 and P1 slightly resembles the negative
PDO phase, the center of the tropical cold SST anomalies
is in the tropical EP region (Fig. 8a) and is due to the large
interannual variation of SST anomalies over the tropical EP
during P1 (Fig. 3a). Owing to the negative SST anomalies
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Fig.7 Composite of SST anomalies (shaded, °C) for a 31 warm CP
phases and b 50 cold CP phases during negative PDO phases using
a long-term CCSM3 simulation model; ¢ and d are the same as (a)

over the tropical EP (Fig. 8a), negative GPH anomalies are
located over the WNP basin through Walker circulation
(Fig. 8c).

Compared with the warm CP phase, the composite differ-
ence in SST anomalies in the cold CP phase between P2 and
P1 shows cold SST anomalies in the tropical CP and warm
SST anomalies in the mid-latitude northwestern Pacific,
corresponding roughly with SST patterns for the negative
PDO phase (Fig. 8b). The negative SST anomaly over the
tropical CP implies that cold CP phases are stronger in P2
than in P1 (Fig. 8b). In addition, the negative SST anomaly
over the CP region is evidence of asymmetric CP ENSO
frequency when using Nifio-4 and Nifio-3.4, but not when
using Nifio-3 as previously discussed. On this basis, we can
expect that the Gill-type response induced by cold CP phases
has a stronger intensity in P2 than in P1. Figure 8d shows the
composite difference of the cold CP phase in GPH and wind
vector anomalies at 850-hPa between P1 and P2. A signifi-
cant positive GPH anomaly and anticyclonic circulation are
located over the eastern WNP (Fig. 8d), which come from
the stronger intensity Gill-type response in P2 than in P1 due
to the stronger cold CP phases in P2 than in P1. This large-
scale atmospheric circulation pattern increases the reduction

03 04 05 06 0.7

and (b) except for 50 warm CP phases and 32 cold CP phases during
positive PDO phases. Purple boxes delineate the Nifio-4 area

ratio for eastern WNP TC genesis (Table 3), suppressing TC
genesis frequency in the basin.

To underpin the asymmetric CP ENSO intensity of the
observational data, the asymmetric CP ENSO intensity in the
long-term simulation model is also investigated by composite
difference analysis. The composite difference patterns of SST
anomalies and GPH/wind anomalies at 850-hPa in cold CP
phases between the negative and positive PDO phases are
similar to the observational results (Fig. 9b, d); however, the
simulated negative SST anomaly is located over the Philip-
pine Sea, which is a slight shift to the northwestward com-
pared with the observed negative tropical CP SST anomaly.
Owing to the shifted negative SST anomaly, the positive
GPH anomaly and anticyclonic circulation induced by the
Gill-type response is more westerly than that of the observa-
tional results (Fig. 9d). Therefore, in model simulation, these
atmospheric circulations can increase the reduction ratio for
TC genesis, reducing TC genesis over the WNP basin.

In addition, the composite difference in the SST anoma-
lies and GPH/wind anomalies at 850-hPa in warm CP phases
between negative and positive PDO phases slightly differ
from the observational results (Fig. 9a, c); this is partly
due to only CP ENSO in the simulation model. However,
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Fig.8 Composite difference of SST anomalies (shaded, °C) in
a warm CP years and b cold CP years between P2 (negative PDO;
1988-2013) and P1 (positive PDO; 1982-1997); ¢ and d are the same
as (a) and (b) except for 850-hPa GPH (shaded, m) and wind (vec-

the simulated results offer indirect evidence that warm CP
phases and their Gill-type response during a negative PDO
phase are weaker than during positive PDO phases, result-
ing in a decrease in the enhancement ratio and suppression
of TC genesis.

4 Summary and discussion

Compared with P1, P2 mean TC genesis frequency over
the WNP is significantly reduced by approximately 19%
(Table 1). This significant reduction primarily results from
a decrease in TC genesis frequency over the eastern WNP
(Fig. 2; Table 1). In addition, the relationship between the
eastern WNP TC genesis frequency and CP SST anomalies
becomes more intense in P2 than in P1 (Table 2). To explain
these phenomena, we apply the asymmetric CP ENSO prop-
erties induced by a negative PDO phase. In other words, the
frequent cold CP phases and less frequent warm CP phases
decrease the eastern WNP mean TC genesis frequency in P2.
Furthermore, the stronger cold CP phases in P2 compared
with P1 intensify the reduction amount for TC genesis fre-
quency over the eastern WNP, inducing a lower frequency
of TC genesis.
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Many previous studies have suggested that the signifi-
cant reduction in WNP TC genesis frequency following
PDO phase-shifting is caused by intensification of vertical
wind shear by the negative PDO-induced cold SST anoma-
lies and easterly wind anomalies over the tropical Pacific on
a decadal time scale (e.g., Liu and Chan 2013; Zhang et al.
2018; Zhao and Wang 2019). Similarly, the asymmetric CP
ENSO properties can be the main cause of the intensification
of vertical wind shear during P2. In other words, more fre-
quent and stronger cold CP phases are concurrent with more
frequent and stronger low-level easterly wind anomalies dur-
ing P2, while weaker low-level westerly wind anomalies are
accompanied by less frequent and weaker warm CP phases;
as such, easterly wind anomalies dominate in P2, leading to
intensification of vertical wind shear.

We also investigate the asymmetric CP ENSO proper-
ties by both PDO phases using the pre-industrial CMIP5
model experiments, including GFDL-CM3 (200 years) and
CNRM-CMS5 (160 years). As a result, the main conclusions
are consistent with the CCSM3 simulation results (Table 6).
The asymmetric CP ENSO properties may be due to mean
state changes in different PDO phases. During the negative
PDO phase, anomalous easterly winds dominate in the tropi-
cal Pacific, potentially playing a role in frequent and intense
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Fig.9 Composite difference of simulated SST anomalies
(shaded, °C) in a warm CP phases and b cold CP phases between
negative PDO and positive PDO; ¢ and d are the same as (a) and

Table 6 Number of warm and cold CP phases in both PDO phases
using GFDL-CM3 (200 years) and CNRM CMS5 (160 years) simula-
tion models

GFDL/CNRM Negative PDO Positive PDO
Warm 11/8 28/20
Cold 24/12 11/7

Positive and negative PDO phases are divided as having a normalized
PDO index larger than 0.3 and lower than — 0.3, respectively. Warm
(cold) corresponds to a normalized Nifio-4 index larger (lower) than
0.75 (- 0.75)

La Nifa events; the reverse may also be true. Therefore, for
example, westerly wind bursts (Eisenman et al. 2005) may
cause CP ENSO asymmetry; this will be a focus of future
research using daily-scale long-term simulation models.
The TC genesis frequency in P1 also demonstrates a non-
linear relationship with both CP ENSO phases. Kim and
Seo (2016) showed that warm CP phases provide favora-
ble conditions through their Gill-type response for eastern
WNP TC genesis frequency, whereas atmospheric condi-
tions over the main WNP TC development region during
cold CP phases are similar to average years; in P1, this may
be due to the weak intensity of cold CP. However, during
this period, Walker circulation also plays an important role

(b) except for simulated 850 hPa GPH (shaded, m) and wind (vec-
tor, m s~') anomalies, respectively. Purple boxes delineate the Nifio-4
area

in modulating TC genesis frequency over the western WNP
because EP SST variation dominates.

Previous studies have shown that the Atlantic SST vari-
ability on the interannual and decadal time scales is a key
driver of the WNP TC activity and CP ENSO. For example,
Yu et al. (2016) investigated the effects of tropical North
Atlantic SST on the WNP TC genesis frequency in the inter-
annual time scale. They found a significant negative rela-
tionship between WNP TC genesis frequency and tropical
North Atlantic SST anomalies. This relationship resulted
from the combined effect of air-sea interaction and Gill-
type response from the tropical North Atlantic to the eastern
WNP and Indian Ocean. In addition, on a decadal time scale,
the AMO can also modulate WNP TC genesis frequency;
however, very few studies have investigated this relationship
(e.g., Zhang et al. 2018). Yu et al. (2015) showed that the
intensification of Pacific meridional mode in the early 1990s
provides favorable conditions for the development of CP El
Nifio. This intensification is associated with strengthening
of the subtropical Pacific high caused by a phase change of
the AMO. Therefore, impact of the Atlantic SST variability
including AMO on WNP TC genesis frequency via modula-
tion of CP ENSO merits further investigation.

Di Lorenzo et al. (2010, 2015) showed the link-
age mechanism between NPGO and CP ENSO; the CP
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ENSO is an important factor modulating the TC genesis
frequency in the eastern part of the WNP. Therefore, the
eastern WNP TC genesis frequency may be controlled by
NPGO. From correlation analysis, we identified a signifi-
cant relationship between the NPGO index and the gen-
esis frequency of TC over the entire WNP on a low-fre-
quency time scale (11-year running mean of both indices;
r=—10.93), in line with the results of Zhang et al. (2013).
In addition, the eastern and western WNP TC genesis fre-
quencies are also highly correlated with the NPGO index
(r=-0.94 and —0.68, respectively) on a low-frequency
time scale, suggesting a distinct impact of PDO and
NPGO on TC genesis frequency. The current study mainly
focuses on the impact of asymmetric CP ENSO proper-
ties on eastern WNP TC genesis frequency. Therefore, if
the properties of CP ENSO are asymmetrically regulated
by both NPGO phases, the latter can be considered an
important driver for the significant reduction of the eastern
WNP TC genesis frequency. For this reason, we investi-
gate the asymmetric frequency and intensity of CP ENSO
associated with both NPGO phases using the long-term
CCSM3 simulation model. As per the obtained results, the
frequency and intensity of CP ENSO are similar in both
NPGO phases. Therefore, NPGO may not modulate TC
genesis frequency from the viewpoint of the asymmetric
CP ENSO properties.

Zhao et al. (2019a) found that the interannual relation-
ship between the WNP summer monsoon and WNP TC gen-
esis frequency has intensified since 1998 with a significant
reduction of TC genesis frequency in the WNP monsoon
trough region. They showed that these changes resulted from
the ENSO shifting from EP to CP since the late 1990s, with
PDO phase transition from positive to negative. In addi-
tion, ENSO shifting from EP to CP also induces change
in the interannual relationship between WNP TC cyclogen-
esis latitude and longitude (Zhao et al. 2019b). That is to
say, increasing occurrence in CP ENSO events since the
late 1990s led to a west-northward or south-eastward shift
of WNP tropical cyclogenesis location. In this context, the
above proposed relationships are may regulated by asym-
metric CP ENSO properties.

This study focuses on the relationships between eastern
WNP TC genesis frequency and CP SST variation during a
negative PDO phase. The PDO phase slowly shifted from
negative to positive in and after 2014; if high CP SST vari-
ation continues to dominate, then, eastern WNP TC genesis
frequency may increase in the near future because of the
relationship between the positive PDO phase and asymmet-
ric CP ENSO properties. The findings of this research can
be applied to TC prediction models over the WNP, which
will be the subject of future research.
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