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Abstract

The tropical cyclone (TC) genesis number in the western North Pacific (WNP) exhibits a pronounced decadal decrease around
the mid-1990s, with prominent seasonal and spatial inhomogeneity. This decadal shift of TC activity is mostly confined to
the southeastern part of the WNP and occurs mainly during the second half of the calendar year. Accordingly, westward
and northeastward TC recurving movements strongly decreased in recent decades after 1995 compared with TC tracks in
the earlier period (1979—-1994). We find that this TC activity decadal change is associated with tropical Pacific decadal vari-
ability, which is measured here by a low-pass filtered Nifio3.4 index. In contrast to the earlier period, the anomalous cold
mean state in the tropical Pacific during recent decades favored the enhancement of zonal vertical wind shear (UVWS) and
suppressed TC activity. This tropical Pacific mean state change is possibly related to decadal changes of El Nifio—Southern
Oscillation (ENSO) properties (i.e., more La Nifia events occurred during recent decades). This relationship between tropical
Pacific mean state change and the UVWS in the southeastern WNP on decadal timescales is further validated based on longer
observations (1951-2017) and control simulations from the Coupled Model Intercomparison Project Phase 5 (CMIP5). The
statistical relationships between TC activity and the Pacific Decadal Oscillation (PDO) or Atlantic Multidecadal Oscillation
(AMO) are weaker and insignificant, both for the observations and for simulations. Our results imply that decadal variations
of the tropical Pacific mean state should be taken into account when predicting WNP TC activities on decadal timescales.
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1 Introduction makers and within the scientific community (Zhan et al.

2012; Zhang et al. 2017a). Numerous efforts have been made

As one of the most active regions for tropical cyclones (TCs)
in the world, the western North Pacific (WNP) basin wit-
nesses about 26 TCs each year, which cause severe flooding
and massive socioeconomic losses in coastal Asian countries
(Peduzzi et al. 2012). Considering its disastrous impacts, TC
activity has received widespread concerns for local policy
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in recent decades to improve our understanding of the tem-
poral and spatial variability of WNP TC activity (e.g., Wang
and Chan 2002; Chen and Tam 2010; Knutson et al. 2010;
Kim et al. 2011; Liu and Chan 2013; Zhao et al. 2018a).

WNP TCs exhibit pronounced variability on multiple
timescales due to various climate forcings (e.g., Wang and
Chan 2002; Vecchi and Soden 2007; Kim et al. 2008; Zhan
et al. 2013; Li and Zhou 2013; Wang et al. 2015; Lin and
Chan 2015; Mei and Xie 2016). For instance, it has been
shown that on intraseasonal timescales (30- to 90-days),
the Madden—Julian Oscillation (MJO) modulates WNP
TC activity (e.g., Li and Zhou 2013; Wang et al. 2018b;
Zhao et al. 2019). During the active-phase of the MJO in
the WNP, local convection is enhanced, which in turn leads
to increased TC activity in the basin. Another intraseasonal
mode known as quasi-biweekly oscillation (QBWO) also
affects the WNP TC activity, but with a more localized effect
(Li and Zhou 2013).
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On interannual timescales, variability of WNP TC activ-
ity is argued to be associated with different large-scale cli-
mate processes, such as the tropical Pacific sea surface tem-
perature (SST) state (Wang and Chan 2002; Camargo and
Sobel 2005; Zhan et al. 2013; Zhang et al. 2016), northern
Indian Ocean SST anomalies (Zhan et al. 2011; Tao et al.
2012), and Atlantic SST anomalies (Huo et al. 2015; Zhang
et al. 2017b). Among them, El Nifio-Southern Oscillation
(ENSO), the predominant source of global interannual cli-
mate variability (e.g., Wallace et al. 1998; Trenberth and
Caron 2000; Timmermann et al. 2018), has been extensively
reported to have important impacts on WNP TC activity
(e.g., Wang and Chan 2002; Camargo and Sobel 2005; Kim
et al. 2011). During summer of the developing year for
the warm ENSO phase (i.e., El Nifio), WNP TCs tend to
form close to the equator and dateline with preferred north-
eastward recurved tracks. It usually takes a relatively long
time for these TCs to make landfall or to decay into extrat-
ropical cyclones, which leads to an increased TC intensity
because they tend to derive more energy from the warm
ocean (Camargo and Sobel 2005). In contrast, TC activity
is generally reduced in the WNP during the El Nifio decay-
ing phase, due to the strong anticyclonic circulation anoma-
lies and increased subsidence in the WNP (e.g., Wang and
Chan 2002; Du et al. 2011). The response of TC activity to
the ENSO cold phase (i.e., La Nifia) exhibits roughly the
opposite pattern. Compared to the traditional El Nifio (SST
anomaly center is located in eastern Pacific), another type of
El Nifo was frequently observed in recent decades, whose
air-sea action center is shifted to the central Pacific (CP
El Nifio) (e.g., Ashok et al. 2007; Kao and Yu 2009; Kug
et al. 2009). As a consequence of the westward shifted SST
anomaly center and corresponding convective heating shift,
CP El Nifio events are usually accompanied by a basin-wide
enhancement of TC activity during boreal summer (Chen
and Tam 2010; Kim et al. 2011; Wang et al. 2013). Unlike
the traditional El Nifio, CP EI Nifio typically exhibits only
a minor suppression effect on TC activity during its decay-
ing phase, due to the weaker WNP anticyclonic circulation
anomalies associated with it (Zhang et al. 2015; Wang et al.
2018a). Apart from genesis number and location, the number
of landfall events also tend to be different. In the summer
of CP El Nifio developing years, TCs are generally more
likely to make landfall over East Asia compared to the year
of traditional El Nifio (Zhang et al. 2012). Thus, the exist-
ence of different ENSO flavors results in a more complicated
ENSO-TC relationship.

Due to the shortness of TC records and temporal inho-
mogeneity of datasets, TC variability on decadal timescales
is not well understood yet. Earlier studies argued that vari-
ability of TC activity over the WNP is characterized by
periodicities of about 16-32 years, which may be related
to the combined effects of monsoon trough position and
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strength variability, as well as central Pacific SST anoma-
lies or modulation effects of the Pacific Decadal Oscillation
(PDO) (Matsuura et al. 2003; Chan 2008; Camargo et al.
2010). Most recent observations seem to suggest that WNP
basin-wide TC activity underwent a decadal change around
the mid-to-late 1990s. Since then, both the genesis number
and duration of TCs decreased rather abruptly, which was
also accompanied by more preferred northwestward tracks.
Besides, TC activity in the South China Sea (SCS) also
increased after the 1994. More TCs recurve to the northeast
and eventually enter into the East China Sea and Philippine
Sea since this time. This active period, however, ceased at
the begin of the twenty-first century (Ha et al. 2014; Li and
Zhou 2014; Ha and Zhong 2015).

Many potential factors have been proposed to explain
this basin-wide decadal shift, such as a strengthened west-
ern North Pacific subtropical high (Liu and Chan 2013), an
anomalous westward SST gradient in the WNP (Choi et al.
2015), as well as phase transitions of the PDO, Interdec-
adal Pacific Oscillation (IPO) (He et al. 2015; Hong et al.
2016; Hu et al. 2018; Zhao et al. 2018b), and the Atlantic
Multidecadal Oscillation (AMO) (Zhang et al. 2018a). How-
ever, no consensus has been reached on the leading cause.
Analysis from a longer period is also less covered in pre-
vious studies. Hence, the underlying mechanisms of WNP
TC decadal variability remain open to debate and deserve
further research.

It has been documented that ENSO SST indices not only
exhibit interannual variability, but also display enhanced
variance at lower frequencies (on decadal timescales) (An
and Wang 2000; An and Jin 2000; Rodgers et al. 2004; Ren
et al. 2013). This decadal component of ENSO is possibly
a red noise process related to subtropical stochastic excita-
tion of the Pacific meridional mode (Di Lorenzo et al. 2015)
and/or the nonlinear rectification of interannual ENSO vari-
ability (Rodgers et al. 2004) possibly due to nonlinear zonal
advection (Timmermann 2003; Hayashi and Jin 2017). As
both ENSO and WNP TC activity exhibit variability on
decadal timescales, the scientific question regarding their
potential physical connection naturally arises. For example,
the tropical Pacific experienced the longest-on-record El
Niflo-like state during the period of 1990-1995 (Trenberth
and Hoar 1996), coinciding with extremely active TCs in
the WNP. This implies that some kind of connection possi-
bly exists between low-frequency WNP TC activity and the
decadal state of the ENSO system. To our knowledge, this
issue has not been elucidated in the aforementioned studies.
Here we investigate the possible contribution of ENSO-asso-
ciated decadal changes to the observed WNP TC activity
shift during the mid-to-late 1990s based on both observa-
tions and coupled model simulations. We first identify a
strong seasonal and spatial inhomogeneity in the decadal
change of WNP TC activity, and then underline the role
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of ENSO-associated decadal variability in driving vertical
wind shear variability. In turn, this vertical wind shear vari-
ability modulates TC activity in certain sub-regions of the
WNP on decadal timescales. In the reminder of this paper,
Sect. 2 describes the data and method utilized in this study.
The seasonal and spatial inhomogeneity of the TC decadal
decrease is illustrated in Sect. 3. In Sect. 4 we explore the
possible influences of ENSO-associated decadal variability
based on both observational records and pre-industrial con-
trol (pi-control) simulations from the Coupled Model Inter-
comparison Project Phase 5 (CMIPS5). The main conclusions
and related discussions are summarized in Sect. 5.

2 Data and methodology
2.1 Datasets

The TC best-track data during 1951-2017 over the WNP
are derived from the Japan Meteorological Agency (JMA;
RSMC 2012), including the date, position, minimum sur-
face pressure, and maximum surface wind speed (MSW).
It should be noted that MSW is only available since 1977.
Qualitatively consistent results (not displayed) can be drawn
using best-track data from the Joint Typhoon Warning
Center JTWC) and the Shanghai Typhoon Institute of the
China Meteorology Administration (Ying et al. 2014).

Several atmospheric and oceanic variables for the same
period (1951-2017) were used to explore the decadal
changes of large-scale environmental conditions. They are
monthly global wind and relative humidity from the National
Center for the Environmental Prediction/National Center
for Atmospheric Research (Kalnay et al. 1996), as well as
monthly global SST data derived from the National Oceanic
and Atmospheric Administration (NOAA) Extended Recon-
structed SST analysis, version 3 (Smith et al. 2008). Due
to the relatively short observational period, we also exam-
ine preindustrial control (pi-control) simulations from 30
CMIP5 models (details for each model are listed in Table 1).
The pi-control experiments simulate natural unforced cli-
mate variability without the influence from global warming
by specifying constant orbital parameters, spectral solar irra-
diance, greenhouse gas concentrations, and natural aerosol
forcing all at the year 1850 values (Taylor et al. 2012). The
last 100 years of each simulation are analyzed and model
variables are interpolated onto a common grid 2° X 2° (same
horizontal resolution with reanalysis datasets) using bilinear
interpolation.

2.2 Methodology

The WNP in this study denotes the domain from 0° to
40°N and 100°E to 180°. As MSW data is not available

Table 1 Detailed information about the CMIP5 models used in this

paper (see http://www.ipcc-data.org/sim/gecm_monthly/ARS5/Refer
ence-Archive.html for more details about modeling center)
Number Model name Atmosphere (ocean) Simu-
variable resolution lation
(nlat X nlon) length
1 ACCESSI1-0 144 %192 (300 360) 500
2 bee-csm-1-1 64128 (232%360) 500
3 bee-csm-1-1-m 160320 (232x360) 400
4 CanESM2 64128 (192%256) 996
5 CCSM4 192 %288 (384 x320) 1051
6 CESM1-BGC 192 %288 (384 x320) 500
7 CESM1-CAMS5 192 %288 (384 x320) 319
8 CESM1-FASTCHEM 192 x288 (384 x320) 222
9 CESM1-WACCM 96x 144 (384 x320) 200
10 CMCC-CESM 48x96 (149x182) 277
11 CMCC-CMS 96x192 (149x182) 500
12 CNRM-CM5 128256 (292x362) 850
13 CNRM-CM5-2 128256 (292x362) 359
14 FIO-ESM 64128 (384 x320) 800
15 GFDL-CM3 90x 144 (200 360) 500
16 GFDL-ESM2G 90x 144 (210x360) 500
17 GFDL-ESM2 M 90x 144 (200 360) 500
18 GISS-E2-H-CC 89x 144 (90x 144) 251
19 GISS-E2-R 89x 144 (90x 144) 1200
20 HadGEM2-CC 144 %192 (216 x360) 241
21 HadGEM2-ES 144 %192 (216 x360) 577
22 IPSL-CMS5A-LR 96x96 (149x182) 1000
23 IPSL-CM5A-MR 143x 144 (149x 182) 300
24 IPSL-CM5B-LR 96x96 (149x182) 300
25 MIROCS 128 %256 (224 x256) 700
26 MPI-ESM-LR 96x 192 (220 % 256) 1000
27 MPI-ESM-MR 96x 192 (404 x 802) 1000
28 MPI-ESM-P 96x 192 (220 % 256) 1156
29 NorESM1-M 96 x 144 (384 x320) 501
30 NorESM1-ME 96x 144 (384 x320) 252

before 1977, the TC genesis before is roughly estimated
according to its intensity category (i.e. tropical storm inten-
sity or above). After 1977, a TC is defined when its cor-
responding maximum surface wind speed averaged every
minute (MSW),) is not below 34 knots/s or the wind speed
averaged every 10 min (MSW ) is not below 30 knots/s
(MSW,,~0.88MSW,). This conversion had been adopted
by the International Best Track Archive for Climate Stew-
ardship (IBTrACS) project and various operational cent-
ers (Knapp et al. 2010). It should be pointed out that the
difference between TC numbers derived using MSW and
category is small and therefore do not significantly affect
our conclusions. The genesis location is defined as the first
position when a TC meets the threshold intensity. By count-
ing the number of genesis locations and track positions every
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6 h during each TC’s lifetime in 5° X 5° grid boxes, one can
obtain the genesis density and track density of the TCs,
respectively.

ENSO amplitude is measured by area-averaged SST anom-
alies in the Nifio3.4 region (5°S-5°N, 120°W-170°W), and
the ENSO events identification criterion is refered to the Cli-
mate Prediction Center (CPC) (3 month running mean of SST
anomalies in Niflio3.4 region meet a threshold of +0.5 °C and
last for at least 5 consecutive overlapping seasons), which is
also used in the operational monitoring system of China (Ren
et al. 2018). The PDO and AMO indices are, respectively, rep-
resented by the leading principal component of SST anoma-
lies over the North Pacific region (20°-70°N, 110°E-110°W)
(Mantua et al. 1997) and the SST anomalies averaged over
the North Atlantic region (0°-60°N, 0°-80°W) (Trenberth
and Shea 2006). The instantaneous global-mean sea surface
temperature has been removed from the SST anomalies to
account for the nonlinear global warming trend as has been
done in previous studies (Mantua et al. 1997; Trenberth and
Shea 2006). For the observations, the PDO index is obtained
directly from the University of Washington Joint Institute
for the Study of the Atmosphere and Ocean (JISAO) (http://
research.jisao.washington.edu/pdo/PDO..latest.txt). The trip-
ole index for the IPO is based on the difference between the
SST anomalies averaged over the central equatorial Pacific
(10°S—-10°N, 170°E-90°W) and the average of the SST anom-
alies in the Northwest (25°—45°N, 140°E-145°W) and South-
west (15°-50°S, 150°E-160°W) Pacific (Henley et al. 2015).

The zonal vertical wind shear (UVWS) is defined as the
zonal wind difference between 200 and 850 hPa, which is
almost the same metric as vertical wind shear due to the
minor contribution from meridional wind shear (less than
5% in our study). Decadal variation of all indices and vari-
ables are computed using a 21-point Lanczos low-pass filter
with a 10-year cutoff period. Statistical significance tests on
atmospheric and oceanic variables were performed based on
the two-tailed Student’s 7 test. Considering that the number
of yearly TCs follows a Poisson distribution instead of a
Gaussian distribution (Chu and Zhao 2004; Chu et al. 2010;
Tippett et al. 2011), we used a non-parametric bootstrap
method to test the statistical significance of genesis and track
density differences between different periods. This method
has been extensively used in climate research as it can be
applied to small sample sizes and makes no prior assump-
tion about the statistical distribution (Chu and Wang 1997,
Camargo and Sobel 2010). The adjusted effective sample
size is calculated based on the following equation, and is
adopted when testing the statistical significance of linear
correlations (Pyper and Peterman 1998; Li et al. 2013a):

Neff Z

pxx(l)pyy(l)
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where N and N°T are sample size and equivalent effective
sample size, respectively, and p,,(j) and p,,(j) represent
the auto-correlations of sample X and Y at a lag time j,
respectively.

3 Seasonal and spatial inhomogeneity
of the TC decadal decrease

Figure 1 shows the time evolution of the annual-mean TC
genesis number in the WNP from 1979 to 2017. Despite pro-
nounced interannual variability, a distinct decadal decrease
can be detected around 1994/1995, which is evidenced by
an 11-year moving ¢ test (not shown). The average TC gen-
esis number is reduced from 27.9 for 1979-1994 to 23 for
1995-2012 (their difference amounts to roughly 20% of
the climatological value). This TC genesis decadal change
is similar to what previous studies found (Hsu et al. 2014;
He et al. 2015; Hong et al. 2016; Zhang et al. 2018a). To
better understand this decadal shift, we separate the whole
period into three epochs: 1979-1994 (epochl), 1995-2012
(epoch2), and 2013-2017 (epoch3). Note that the ending
year of epoch2 is 2012 as TC genesis number is above the
mean value thereafter and the tropical Pacific mean state
shifted towards an El Nifio-like state since then (Cha et al.
2018). In this section, the comparison between epochl and
epoch? is analyzed to focus on the decadal shift around the
mid-1990s (the TC activity over the other epochs is exam-
ined later).

Due to the large spatial extent of the WNP region, we fur-
ther divide the WNP into 5 subdomains, namely, the South
China Sea (SCS), the southwest (SW), the southeast (SE),
the northeast (NE), and the northwest (NW) (Fig. 2) accord-
ing to previous studies (Wang and Chan 2002; Chen and
Tam 2010). The monthly differences of TC genesis numbers
in each subdomain between the two epochs are displayed

40
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Fig. 1 Time evolution of annual TC genesis number in the WNP dur-
ing 1979-2017. The vertical dashed lines separate the whole period
into three subperiods (i.e., 1979-1994, 1995-2012, and 2013-2017)
while horizontal black solid and grey dashed lines indicate the mean
value for the annual TC genesis number during the whole period and
the former two epochs, respectively
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Fig.2 Map of the WNP subdomains and TC genesis locations (red
dots) for the whole period. SCS, SW, SE, NE, and NW represent the
South China Sea, the southwest, southeast, northeast, and northwest
sub-regions of the WNP, respectively

in Fig. 3. It is shown that the WNP TC decadal change
exhibits a remarkable seasonality with a strong decrease
mainly during the second half of the year (July—-December)
and relatively small changes during the first half of the year
(January—June) (Fig. 3f). Among the five subdomains, the
SE region (SE-WNP) displays the most pronounced decadal
decrease during the second half of the year (Fig. 3b), resem-
bling the pattern for the whole WNP (Fig. 3f) in terms of
both seasonality and decreasing magnitude. The SE-WNP
alone accounts for about 88% of the WNP TC decadal
change, calculated by the contribution of the TC change in
the SE-WNP to that in the whole WNP region. In contrast,
this decadal change is absent in all other four subdomains
(the contribution of each of the other regions is always less
than 9%; Fig. 3).

To further validate the main contribution of the SE-WNP
to the total WNP TC change, we show the spatial distribution
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Fig.3 The monthly differences of TC genesis number in regions a
SW, b SE, ¢ NE, d NW, e SCS, and f whole part of the WNP between
epoch2 (1995-2012) and epochl (1979-1994). The percentage
in each plot is calculated as the total monthly changes in each sub-
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differences that are statistically significant above the 95% confidence
level
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of TC activity and atmospheric circulation differences
between the two epochs (Fig. 4). Here, only the second half
of the year (i.e., July-December) is considered since the
robust decadal shift of the WNP TC occurs mainly during
this part of the year. In contrast to epochl, epoch2 is char-
acterized by reduced genesis densities as well as prominent
enhancement of the UVWS in the SE-WNP. The decrease is
generally uniform in sign but not in magnitude. The sever-
est decrease is located between 140°E and 160°E, which
coincides with the overlapping region of UVWS enhance-
ment and the dominant region of TC genesis climatology
(Fig. 5). In contrast, TC tracks show a much clearer and
more distinguishable decadal change pattern (Fig. 4b). West-
ward moving and northeastward recurving TC tracks display
large reduction while northwestward recurving tracks show
a slight increase. There is a characteristic anticyclonic cir-
culation anomaly evident near 140°E and 15°N at 500 hPa,
which might contribute to the TC track pattern change by
inducing unfavorable steering flow for TCs moving west-
ward or recurving to the northeast. The reduction of TC
formation in the SE-WNP is also contributes to the TC track
change.

It has long been recognized that the large-scale atmos-
pheric circulation plays a critical role for TC genesis (e.g.,
Emanuel 2002; Murakami and Wang 2010). We next exam-
ine the contribution of several crucial WNP environmental
conditions (i.e., UVWS, low-level vorticity, and middle-level
humidity) that strongly affect TC genesis (e.g., Emanuel
2002; Camargo et al. 2007a; Murakami and Wang 2010; Li
et al. 2013b) in Fig. 5. The decadal enhancement of UVWS

east of 140°E (i.e., the SE-WNP) is clearly seen in Fig. 5a
during the second half of the year. It largely overlaps with
the dominant region of TC genesis climatology, indicat-
ing its prominent impact. A strong UVWS tends to inhibit
TC formation by tilting the vertical structure of storms and
thereby disrupting organized deep convection (De Maria
1996). Therefore, the decadal change of UVWS corre-
sponds well to the shift of the TC genesis in terms of both
regionality and seasonality. We also show the difference of
the zonal wind profile averaged over SE-WNP during the
second half of the year between these two epochs (Fig. 5b).
Compared with epochl, both an easterly anomaly at lower
levels and a westerly anomaly at upper levels contribute to
the enhancement of UVWS in epoch2, with the change of
upper level winds being approximately twice as large as the
change of the lower level winds. In contrast, no clear decadal
change of UVWS can be found in other seasons and other
regions (Fig. 5a), a result that is consistent with the observed
changes in TC activity. Other environmental factors affect-
ing TC activity including relative vorticity at 850 hPa and
relative humidity at 600 hPa are also shown (Fig. 5b, c).
The statistically significant low-level vorticity decadal
change mismatches climatology of TC activity for most of
the season and areas except during October, November, and
December (late season) in the SE-WNP, which is consist-
ent with previous findings (Hsu et al. 2014). As a result,
it plays a minor role in the decadal TC genesis decrease.
Interestingly, middle-level moisture significantly increases
along the 140°E and largely coincides with the climatology
of TC genesis. The TC formation, however, does not show
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Fig.4 Differences of the a TC genesis densities (colors in number
per year) and vertical wind shear (vectors in m/s), b track densi-
ties (colors in number per year) and 500 hPa wind (vectors in m/s)
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between the two epochs (1979-1994 and 1995-2012). Green dots in
a, b represent TC genesis/track density differences that are statisti-
cally significant above the 95% confidence level
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Fig.5 Differences of a zonal
vertical wind shear (shading), b
zonal wind profile averaged in
the SE region during the second
half of the year, ¢ vorticity at
850 hPa (shading), and d rela-
tive humidity at 600 hPa (shad-
ing) between the two epochs
(1979-1994 and 1995-2012).
TC genesis climatology (grey
lines) are overlayed as refer-
ence. Meridional averages are
calculated from the equator

to 20°N for the Hovmoller
diagrams. Stippled areas in a, ¢
and d, and closed circles in b,
indicate the differences that are
statistically significant above
the 90% confidence level. Units
are shown at the top right of
each plot
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of thermodynamical fields for deep tropic TC activity on
decadal timescale. In a word, the decadal enhancement of
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TC genesis decrease since 1995.

4 Possible physical mechanisms

The above analysis highlights the importance of decadal
changes in UVWS on WNP TC activity that occurred dur-
ing the mid-1990s. The next scientific question that needs
to be addressed is what possible mechanisms explain this
decadal enhancement of UVWS. Considering the seasonal
and spatial features of the TC genesis decadal decrease, we
here focus on the TC decadal shift during the second half of
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the year over the SE-WNP. Hereafter, the TC genesis number
denotes the sum in the SE-WNP from July to December if
not explicitly stated otherwise.

Many previous studies showed seasonal-dependent TC
activity in the WNP in response to ENSO on interannual
timescales (e.g., Wang and Chan 2002; Camargo et al.
2007b; Wang et al. 2013). Here we show a scatterplot of
the Nifio3.4 index and TC genesis number over SE-WNP
(Fig. 6a) to examine their relationship considering our dif-
ferent TC season definition (i.e., July-December). These two
indices exhibit a positive simultaneous correlation (R =0.67,
exceeding the 99% confidence level). El Niflo events are
generally accompanied by more TCs in the SE-WNP, while
La Nifia events by less. As shown in Fig. 6b, ¢, the UVWS
exhibits a statistically significant anti-correlation with both
Nifio3.4 (R=-0.74) and TC genesis number (R=-0.85),

@ Springer



4482 C.Liuetal.
(a) N34 & TC Jul-Dec (b) N34 & UVWS Jul-Dec (¢©) UVWS & TC  Jul-Dec
0 0 0
R =0.67 R=-0.74 R =-0.85
2.0} . 2.0} . 2.0} .
1.0f '. |2 10F . . 0] S
o 00 :.’O’O A W o 00
75 () ] o® 95} L | U
10F S 10t N 1.0} TN .
.o . * ° ) e
2.0} 20} 2.0}
B30T o > 3 35T 0 1 2 B0 T 0 1 2 3
N34 N34 SE-UVWS

Fig.6 Scatterplot of the (a) TC genesis number in the SE as a func-
tion of the Nifio3.4 index, (b) UVWS index in the SE as a function
of the Nifio3.4 index, and (c¢) TC genesis number in the SE as a func-

Table 2 El Nifio and La Nifia events identified for the 1979-2012
period

Period El Nifio La Nifia
1979-1994 1982, 1986, 1987, 1991, 1994 1984, 1988
1995-2012 1997, 2002, 2004, 2006, 2009 1995, 1998, 1999,

2000, 2007, 2010,
2011

in agreement with previous studies (e.g., Camargo et al.
2007b) arguing that the UVWS acts as a major mediation
linking ENSO and WNP TC genesis numbers. Since TCs
in the SE-WNP are closely related to ENSO variability on
interannual timescales, we may wonder if this UVWS dec-
adal change is associated with ENSO decadal variability.
It is well known that the equatorial Pacific SSTs exhibit a
significant cooling trend since 1979, resembling a La Nifia-
like pattern (e.g., Kosaka and Xie 2013, 2016; England et al.
2014; Trenberth 2015). Correspondingly, La Nifia events
occurred much more frequently during epoch2 (7 La Nifia
events) than during epochl (2 La Nifia events) with El Nifio
events showing no obvious change in their occurrence fre-
quency (Table 2). Since La Nifia usually enhances UVWS in
the SE-WNP and thus inhibits TC activity, more frequent La
Nifia events tend to be accompanied by a decreased TC gen-
esis number. We show the difference of composited ENSO-
related UVWS anomalies for these two epochs in Fig. 7.
The differences in the SE-WNP region can largely explain
the UVWS decadal change in terms of both regionality and
seasonality.

However, it should be noted that phase transitions can
also be detected for the two major SST interdecadal modes
(i.e., PDO and AMO) during the mid-to-late 1990s, which
might also contribute to the TC activity decadal change (Chan
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tion of the UVWS index. All three indices are for the second half of
the year and are normalized. The blue line in each plot represents the
regression line using the linear least squares method

2008; Hong et al. 2016; Zhang et al. 2018a). However, only
one single cycle is insufficient to derive a robust relationship.
To further examine the relationships between various modes
of decadal climate variability and the TC genesis number, we
show in Fig. 8 the decadal components of TC genesis number,
UVWS index, Nifio3.4 index, PDO, and AMO. The analysis
period is extended to 1951-2017 here since it covers more
phase transitions of the different modes of decadal variability.
Here, the decadal component for all indices is derived using a
10-year low-pass filter. The 10-year low-pass filtered Nifio3.4
index represents decadal variability of the equatorial Pacific
SSTs. As shown in Fig. 8a, the TC genesis number, UVWS,
and the Nifio3.4 index exhibit consistent decadal swings if the
sign of UVWS is reversed. The correlation coefficient between
the low-frequency Nifio3.4 index and the TC genesis number
is 0.75, which is statistically significant above the 95% con-
fidence level accounting for the effective degrees of freedom
(df=7). Interestingly, both the PDO and AMO experience a
phase transition during the mid- to late-1990s, approximately
matching the decadal shift of the TC genesis number; however,
they fail to match the decadal variations of TC activity during
earlier periods. The PDO and AMO have insignificant correla-
tion coefficients with TC over the whole period (R=0.43 for
the PDO and R=-0.29 for the AMO). Therefore, it seems that
the decadal variation of the tropical Pacific mean state could
be the main driver of TC activity over the SE-WNP on dec-
adal timescales, while robust effects of PDO and AMO on TC
activity cannot be established. This can be further supported
by the spatial relationship of UVWS within the larger Pacific
domain with these three indices. The UVWS relationship with
ENSO on decadal timescales is characterized by a meridional
tripole pattern extending from the deep tropics to the extra-
tropical North Pacific (Fig. 9a). The equatorial lobe of the cor-
relation pattern is broadest and statistically most significant;
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Fig.7 Decadal change of

a zonal vertical wind shear
(shading), b zonal wind profile
averaged in the SE-WNP region
associated with ENSO years
between epochl and epoch2. TC
genesis climatology (grey lines)
are overlayed as reference. Stip-
pled areas in a and closed cir-
cles in b indicate the differences
that are statistically significant
above the 90% confidence level.
Units are shown at the top right
of each plot
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Fig.8 Time evolutions of the TC genesis number (black line) and
UVWS index (green line) together with a Nifio3.4 index (red line),
b PDO index (red line), and ¢ AMO index (red line) on decadal time-
scales (21-point Lanczos low-pass filter with a 10-year cutoff period).
Correlation coefficients between the TC genesis number and a
Nifio3.4, b PDO index, and ¢ AMO index are shown on the top right
of each plot with asterisk (¥) indicating correlations that are statisti-
cally significant above the 95% confidence level
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we can see that UVWS in the SE-WNP is tightly connected
with ENSO on decadal timescales. No statistically significant
correlations are detected for the UVWS with either the PDO
or the AMO, although the correlation pattern with the PDO
exhibits a similar spatial pattern to the correlations with the
low-frequency ENSO component (Fig. 9b, c).

Next, we use the CMIPS5 pi-control simulations to fur-
ther examine possible linkages between TC activity and the
Nifo3.4, PDO, and AMO indices on decadal timescales,
respectively. These simulations provide a much larger sam-
ple size to validate the conclusions drawn from the obser-
vations. Here, the UVWS is used to represent TC activity
considering their close physical association and statistical
relationship. The multi-model ensemble average of cor-
relation patterns is displayed in Fig. 10. The simulations
reproduce well the observed relationship between UVWS
and the ENSO decadal signal (meridional tripole pattern)
despite a slightly weaker and narrower meridional extent
of the tropical lobe (Fig. 10a). Similar to the observations,
the decadal modulation effects of the PDO and AMO on the
UVWS explain little variance and lack inter-model consen-
sus in the tropical Pacific. These model results support our
hypothesis that the decadal swings of UVWS in the WNP
region are mainly associated with the tropical Pacific dec-
adal variability.

5 Conclusion and discussion
Our present study investigates the seasonal and spatial
features of a decadal decrease in WNP TC activity around

the mid-1990s and explores the possible contribution from
equatorial Pacific SST decadal variability associated with
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Fig.9 Correlation coefficient of UVWS at each grid point with indi-
ces of a Nifio3.4, b PDO, and ¢ AMO on decadal timescales (same
filter as used for Fig. 8). Stippled areas indicate values that are statis-
tically significant above the 95% confidence level. The grey solid box
denotes the SE-WNP

ENSO. We find that the decadal TC genesis decrease mainly
occurs in the SE-WNP and during the second half of the
calendar year, which is largely attributed to enhanced local
UVWS. Correspondingly, much less TC tracks move to the
western and northeastern parts of the region, while a slight
increase of TC activity is found in the northwestern part of
the WNP. Simultaneously, the equatorial Pacific exhibited
a significant cooling trend, accompanied by more frequent
occurrences of La Nifia events during the 1995-2012 period
compared with the preceding 1979-1994 period. More fre-
quent La Nifia events lead to a decreased TC genesis number
in the SE-WNP after the mid-1990s, since La Nifia tends
to enhance the UVWS and thus inhibit TC activity. By
extending the observational records (1951-2017) we can
confirm that equatorial Pacific decadal variability associ-
ated with ENSO plays a critical role in the decadal swings
of TC genesis. This statistical relationship between ENSO
index and UVWS on decadal timescales can also be well
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Fig. 10 Multi-model ensemble mean of UVWS correlation patterns
with indices of a Nifio3.4, b PDO, and ¢ AMO on decadal timescales
(same filter as used for Fig. 8) in CMIP5 pi-control simulations. Stip-
pled areas indicate values that are statistically significant above the
95% confidence level

reproduced by CMIP5 pi-control simulations. In contrast, no
robust relationship is found between TC-associated UVWS
and the PDO and AMO, respectively, both in the extended
observational data and in the coupled model simulations.
Here we emphasize the relationship between ENSO-
associated decadal variability in the tropical Pacific and
decadal variations of WNP TC activity. One might ask
whether ENSO-associated decadal variability in the equa-
torial Pacific is partly driven by the PDO, since statistically
significant connections can be found between ENSO and
the PDO (Lin et al. 2018). Here we show the lead/lag cross
correlation between the ENSO-associated decadal compo-
nent and the PDO (Fig. 11) to elucidate their connection
on decadal timescales. It is interesting that their correlation
reaches a maximum when the low-frequency ENSO compo-
nent leads the PDO by 1-3 years, both in the observations
and models, which seems to be consistent with the hypoth-
esis that ENSO forcing partly drives the PDO, even though
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Fig. 11 Cross correlations between the Nifio3.4 and PDO indices
on decadal timescales (same filter as used for Fig. 8) for ERSSTv3b
(red line) and the multi-model ensemble average (black line). The one
standard deviation error estimate is indicated by grey shading for the
models

their physical connections remain a subject of active debate
(e.g., Newman et al. 2016; Zhang et al. 2018b). Similarly, we
also check the TC-IPO relationship on decadal timescales.
The overall correlation coefficient (R=0.69, df =6) is higher
than the TC-PDO correlation (R =0.4, df =8). However,
by separating the IPO into tropical and extratropical parts
based on the tripole index definition (Henley et al. 2015) to
estimate their respective role on decadal TC variation, we
again find that tropical low-frequency variability dominates
(R=0.72, df =6) while the extratropical component plays a
much lesser role (R=0.5, df =6). This supports our conclu-
sion that the TC-IPO relationship is mainly determined by
the tropical SST decadal variability.

Atlantic multidecadal variability is also argued to modu-
late the tropical Pacific mean state and ENSO activity (Tim-
mermann et al. 2005; Dong et al. 2006; Chikamoto et al.
2015; Levine et al. 2017). For instance, a positive AMO
could weaken ENSO variability via the “atmospheric
bridge”, which results in weakened trade winds, a deeper
thermocline, and reduced vertical stratification in the equa-
torial Pacific Ocean (Dong et al. 2006). However, this rela-
tionship between the AMO and ENSO activity seems to
disappear after the late 1990s (see Fig. 1b in Dong et al.
2006). This demonstrates that the decadal AMO modulation
of ENSO activity is still not fully understood and deserves
future attention. Here we focus on possible reasons for the
decadal variation of WNP TC activity. We cannot find a
statistically significant AMO signal in decadal WNP TC

activity variations; however, we cannot exclude the possi-
bility that the AMO may play an indirect role for WNP TC
activity by modulating ENSO variability. Our study sug-
gests that tropical Pacific decadal variability in the equato-
rial Pacific is of great importance in regional climate decadal
changes (for example, the WNP TC activity investigated in
this study). Further research is needed to improve our under-
standing of the underlying mechanisms of ENSO-associated
decadal variability in the equatorial Pacific and potentially
utilize it for decadal predications of regional climate.
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