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Abstract On the basis of observations and results from
the combination of a statistical formation model and a
trajectory model, the inter-decadal shift of prevailing TC
tracks in the western North Pacific (WNP) are examined.
The contributions of the changes in large-scale steering
flows and tropical cyclone (TC) formation locations to the
observed inter-decadal shift are investigated and their rel-
ative importance is determined. This study focuses on two
periods, 1965-1986 (ID1) and 1987-2010 (ID2), which are
determined based on the abrupt change of the annual cat-
egory 4 and 5 TC frequency derived from the Bayesian
change-point detection analysis. It is found that the models
can well simulate the primary features of prevailing TC
tracks on the inter-decadal timescale. From ID1 to ID2, a
significant decrease in the frequency of TC occurrences is
observed over the central South China Sea and well sim-
ulated by the models. Areas with a remarkable increase in
the TC frequency, which extends from the Philippine Sea
to the eastern coast of China and in the west of the WNP
basin, are also reasonably simulated. Above changes in the
prevailing TC tracks are attributed to (1) intensified
cyclonic circulation centered over the western part of
China and (2) more westward-southward expansion and
intensification of the subtropical high over the WNP. Fur-
ther analysis reveals that the inter-decadal shift in pre-
vailing TC tracks is mainly resulted from the combined
effects of changes in large-scale steering flows and TC
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formation locations. Although both contribute to the inter-
decadal shift in the prevailing TC tracks, changes in large-
scale steering flows play a more important role compared
to changes in TC formation locations.

1 Introduction

Most studies of tropical cyclones (TCs) in the western
North Pacific (WNP) have been focused on their interan-
nual variations. A general consensus is that EI Nino-
Southern Oscillation (ENSO) significantly affects TC for-
mation region in the WNP (Chan 1985; Wang and Chan
2002; Zhao et al. 2010). Wang and Chan (2002) found
enhanced TC formation in the southeastern quadrant of the
WNP basin during strong El Nino years, suggesting a
southeastward shift in the mean TC formation location
during El Nino years compared to La Nina years. This is
mainly due to the increase in sea surface temperature (SST)
over the central-eastern Pacific in El Nino years. A number
of previous studies have investigated the influence of
ENSO on TC tracks, largely in terms of the TC landfall
patterns (Saunders et al. 2000; Wang and Chan 2002; Wu
and Wang 2004; Wu et al. 2004; Fudeyasu et al. 2006;
Camargo et al. 2007; Chan et al. 2012). Saunders et al.
(2000) argued that the ENSO had a remarkable impact on
the landfall patterns of TCs in Vietnam and the Philippines.
Wu et al. (2004) also showed the impact of the ENSO on
TC landfall activities in the WNP, East Asia, and Southeast
Asia.

In addition to the interannual variations, TC tracks also
varied on the inter-decadal time scale (Chan and Shi 1996;
Ho et al. 2004; Wu et al. 2005; Liu and Chan 2008; Tu
et al. 2009). Ho et al. (2004) compared changes in TC
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tracks between the two periods of 1951-1979 and
1980-2001. They found that the inter-decadal changes
were due to the westward expansion of the North Pacific
subtropical high. Liu and Chan (2008) investigated the
significant inter-decadal variability of prevailing TC tracks
in the WNP during the period 1960-2005. They attributed
the TC track variability to changes in large-scale steering
flows. Previous studies also suggested that there existed
inter-decadal scale modulations, which were caused by
changes in environmental factors affecting the TC forma-
tion and large-scale steering flows in the WNP basin (Wu
et al. 2005; Liu and Chan 2008; Kim et al. 2010).

Despite all these studies about variability in TC activi-
ties, few are found in current literature to quantitatively
discuss the shift of TC tracks on the inter-decadal scale. In
particular, possible effects of changes in TC formation
locations and large-scale steering flows on the inter-dec-
adal shift of prevailing TC tracks are not well understood
mainly due to the lack of an effective diagnostic tool for
quantitatively identifying the relative contributions of
changes in large-scale atmospheric circulation versus TC
formation locations. Recently, Zhao et al. (2010) quanti-
tatively discussed ENSO influence on the prevailing TC
tracks in WNP basin utilizing a TC formation model and a
trajectory model. Changes in TC formation locations and
impact of large-scale flows on the interannual variability of
TC tracks were explored. This study provided a basis for
further understanding of the variations in prevailing TC
tracks on the inter-decadal scale.

The objective of this study is twofold: (1) to evaluate the
capability of the combined model, i.e. a TC formation
model and a trajectory model, in the study of TC variations
on the inter-decadal timescale; and (2) to address the
impact of TC formation locations and large-scale steering
flows on the inter-decadal shift of prevailing TC tracks
over the WNP basin.

This study is organized as follows: The datasets and the
selection of the two epochs are described in Sect. 2. The
observed inter-decadal shift in prevailing TC tracks in the
WNP basin is described in Sect. 3. The capability of the
combined model on the inter-decadal timescale is dis-
cussed in Sect. 4. Relative roles of large-scale steering
flows and TC formation locations are examined in Sect. 5.
Section 6 gives summary and discussion.

2 Data and the selection of two epochs
2.1 Data
The TC best track dataset used in this study is derived from

the Joint Typhoon Warming Center JTWC), including the
TC locations, 1-min averaged maximum sustained wind
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speeds, and the central pressure of the TC at 6-h interval.
Only those cases that reach at least tropical storm intensity
(1-min averaged maximum sustained wind speed
>17.2 m sfl) are selected. Wu and Zhao (2012) indicated
that JTWC dataset was more reliable compared to other TC
best track datasets available in the WNP basin. Chan
(2008) also argued that the intensity records from the
JTWC dataset were relatively reliable. The analysis period
covers the peak TC season (from July to September) during
1965-2010. The year of 1965 is chosen as the starting year
because the satellite monitoring of weather events became
routine in 1965 and hence no TC would be missed. We
focus on the peak TC season because about 50 % of annual
TCs form in the peak TC season. Meanwhile, the envi-
ronmental circulations during the peak TC season are rel-
atively steady and thus the climatological mean flows
during the peak TC season can be taken as the background
steering flows (Wu and Wang 2004; Wu et al. 2005).

The monthly mean wind fields derived from the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) on a
2.5° x 2.5° grid are used (Kalnay et al. 1996). The large-
scale steering flow is defined in this study as the pressure-
weighted mean flow from 850 to 300 hPa (Holland 1983).
The vertical wind shear is computed as the magnitude of
the vector difference shear between 200 and 850 hPa. To
quantify the changes in the WNP subtropical high, the
monthly geo-potential height extracted from NCEP/NCAR
is also used. To evaluate the differences in the mean fields
between the two samples, the classic nonparametric test,
known as the Wilcoxon-Mann—Whitney test, is used in the
present study (Chu 2002; Tu et al. 2009).

2.2 Selection of the two epochs

The number of intense TCs (i.e. categories 4 and 5 in the
Saffir-Simpson scale, hereafter Cat45) is only used to
determine the two epochs for two reasons. First, a signifi-
cant increase in the number of Cat45 TCs in the WNP basin
over the past four decades was mainly due to the shift in
the prevailing TC tracks (Webster et al. 2005; Wu and
Wang 2008). Second, Wu and Zhao (2012) pointed out that
the Cat45 TC frequency was more sensitive to changes in
the large-scale environmental fields such as vertical wind
shear and SST compared to other TC intensity indices (i.e.
TC number; average TC intensity; peak intensity).

As discussed in previous studies (Chan 2006; Landsea
et al. 2006; Landsea 2007; Kossin et al. 2007; Emanuel
et al. 2008), uncertainty in historical TC records might lead
to inconsistency in the TC intensity records. Hence the
number of Cat45 TCs in the WNP basin used in this study
may be inflated or spurious. Emanuel (2005, 2007) exten-
sively discussed the evolution in measurement and
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Fig. 1 The annual unadjusted (solid) and adjusted (dashed) number
of tropical cyclones (TCs) reaching tropical storm strength (a) and
Cat45 TCs (b) derived from the Joint Typhoon Warning Center
(JTWC) best track dataset over the western North Pacific during the
period 1948-2010. TC maximum wind speeds in the JTWC dataset
prior to 1973 is adjusted with the pressure-wind relationship as
described in Emanuel (2005)

estimation techniques introduced in historical records of
TC wind speeds and provided additional evidences sup-
porting the need for a downward adjustment of TC inten-
sities in early records. He proposed the refined combined
wind-pressure relationship in Emanuel (2005), which was
in agreement with Landsea’ s (1993) earlier analysis. In the
present study, following Emanuel (2005) (Online supple-
ment), we first adjust the maximum wind speeds in the
JTWC dataset prior to 1973. As shown in Fig. 1, the annual
TC number is reduced after the adjustment and the annual
Cat45 TC frequency is also substantially reduced prior to
the 1970s. Recently, the reasonability of this adjusted
intensity was justified by using the intensity model devel-
oped by Emanuel et al. (2008) in Zhao et al. (2014).

To detect the abrupt shift in tropical cyclone records, a
Bayesian change-point analysis (Chu and Zhao 2004; Zhao
and Chu 2010) is used for the adjusted Cat45 TC number.
Because Cat45 TC occurrence in the WNP basin is regar-
ded as a rare event, a Poisson process is applied to provide
a reasonable representation of Cat45 TC frequency. Pois-
son process is governed by a single parameter, i.e. the
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Fig. 2 a The conditional posterior probability mass function of
change-points is plotted as a function of time. b Time series of peak
TC season Cat45 TC frequency from 1965 to 2010. ¢ Peak season
mean frequency of TC occurrence (unit per year-1) derived from the
JTWC best track data from 1965 to 2010. d Peak season TC
frequency differences for the period of 1987-2010 minus the period
of 1965-1986. The contours interval is 0.3; Shading denotes that the
difference the mean of the two epochs is statistically significant at the
5 % level

Poisson intensity. Detailed description can be found in Tu
et al. (2009). Figure 2a is the conditional posterior proba-
bility mass function of change-points for the time series of
seasonal adjusted Cat45 TC frequency over the WNP basin
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from 1965 to 2010. The interannual variation is relatively
small before 1987, but becomes much larger after 1987,
indicating a clear shift of TC frequency in 1987. The
average number of Cat45 TCs is 5.1 per year during the
first epoch (1965-1986), and it becomes 7.2 per year dur-
ing the second epoch (1987-2010) (Fig. 2b) with an
increase of almost 50 % from the first to the second epoch.
Furthermore, the difference of the mean Cat45 TC fre-
quencies between the two periods is significant at the 5 %
confidence level (Fig. 2b). In addition, the 9-year moving
t test is applied to the detection of the abrupt inter-decadal
change of annual adjusted Cat45 TC counts over the WNP
basin from 1965 to 2010. The result indicates that only one
significant change can be found in 1987 at the 5 % confi-
dence level (figure not shown). The selection of changing
point at 1987 is also consistent with the time of climate
regime shift mentioned in the previous studies (Zhang et al.
2008; Wu and Zhang 2007). Wu and Zhang (2007) found
that an inter-decadal shift in summer SST variations during
the period of 1968-2002 appears in the late 1980s. Zhang
et al. (2008) further suggested that a notable decadal shift
of the summer climate occurs in eastern China in the late
1980s. In association with this decadal climate shift, the
western Pacific subtropical high stretches farther westward
with a large south-north extent since late 1980s. Based on
above analysis, the study period is divided into two inter-
decadal epochs, i.e. 1965-1986 (ID1) and 1987-2010
(ID2), for examining the inter-decadal changes in the
prevailing TC tracks over the WNP basin.

3 Observed inter-decadal shift in prevailing TC tracks

In order to further understand the connection between the
abrupt shift in Cat45 TC frequency and inter-decadal
changes in prevailing TC tracks over the WNP basin, the
differences in TC occurrence are calculated for each
2.5° x 2.5° grid box between the two epochs. Note that the
all TCs are considered in identifying the three prevailing
TC tracks over the WNP basin and investigating the pos-
sible cause of the inter-decadal shift in the prevailing TC
tracks in this study. The annual Cat45 frequency is just
used for determining the two separate epochs.

The prevailing TC tracks are determined based on the
frequency of TC occurrences, which are defined at each
2.5° x 2.5° grid box (Wu and Wang 2004). The frequency
indicates how often a specific grid box is affected by the
TCs. Thus the three prevailing TC tracks can be identified
over the WNP from Fig. 2c, which are used as references
for examining the TC track changes during the ID1 and
ID2. The three prevailing TC tracks can be detected by
identifying those grids with a higher TC frequency than
their adjacent grids for all years (1965-2010) in the peak

@ Springer

TC season. TCs occur most frequently over northern part of
South China Sea (SCS) and to the southeast of Taiwan,
indicating a prevailing track of the westward-moving TCs
(referred to track I). The high-frequency region extending
from the Philippine Sea to Korea and Japan suggests
another prevailing track that influences the coastal region
of East Asian (referred to track II). The third prevailing
track is identified with the TCs tending to recurve north-
eastward east of 130°E (referred to track III), which often
happens when WNP subtropical ridge splits. The selection
of the three climatological prevailing tracks has little
influence on our analyses in this study. Similar application
of the prevailing TC tracks for detecting the TC track
change is also used by Wu et al. (2005) and Zhao et al.
(2010). In addition, we also conduct the cluster analysis of
TC tracks. The identified prevailing tracks are nearly
identical.

As shown in Fig. 2d, prevailing TC tracks over the
WNP exhibit a pronounced shift. Observations of the
prevailing TC tracks in the WNP basin show a north-
northwestward shift in the second epoch compared to that
in the first epoch. An observed sharp decrease of TC
frequency from ID1 to ID2 in the central part of South
China Sea (SCS) can be found, indicating a northward
shift of the previously westward prevailing TC track
(track I). Two southeast-northwest extending bands with
increased TC frequencies, one from the Philippine Sea to
eastern coast of China, and the other in the western part
of the WNP basin, indicate significant northwestward shift
of the prevailing TC tracks (track II) during ID2. As
suggested by Wu and Wang (2008), the abrupt change of
intense TC frequency may be closely related to the shift
of prevailing TC tracks over the WNP basin. Further
studies are necessary to enhance our understanding of
connection between Cat45 TC frequency or TC intensity
and the prevailing TC tracks over the WNP basin. In this
study, we mainly focus on the investigation of the relative
impact of large-scale steering flows versus TC formation
locations in the inter-decadal shift of prevailing TC tracks
in the WNP basin.

4 Capability of the combined model on the study
of inter-decadal TC variations

Several statistical models have been developed for studies
of TC tracks, including the TCs genesis and their sub-
sequent movements (Darling 1991; Vickery et al. 2000;
James and Mason 2005; Hall and Jewson 2007; Rumpf
et al. 2007). However, the dynamic process associated with
TC activity in the aforementioned studies is not considered.
In this study we first utilize a statistical formation model to
generate samples of TC formation and then apply a
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trajectory model to simulate TC tracks. Results of both
models are combined to quantify the influence of TC for-
mation locations and large-scale steering flows on the inter-
decadal shift of the prevailing TC tracks.

Following Zhao et al. (2010) and Hall and Jewson
(2007), the statistical TC formation model is based on the
historical TC formation locations during the periods of ID1
and ID2. A two-dimensional (latitude and longitude)
probability density function (PDF) is constructed from the
observed TC formation information. The formation PDF
PDF comprises of sums of kernel about out-of-sample
historical genesis sites and takes the form of expression (1).
The kernels are Gaussian with anisotropic variance length
scales, 0;and J,, which are referred to as the bandwidths of
the formation PDF.

_ 1 = (X—xi)z (y_)’i)2 1
f(xay) _mzexp 25% - 2(5% ) ( )

i=1

where N is the numbers of TCs, x;, y; are the longitudes and
latitudes of historical formation locations, d;and J,are
bandwidths in the latitudinal and longitudinal directions.
Here we assume that the direction bandwidths are equal in
the longitudinal and latitudinal directions. Formula (1)
becomes

. xp [(x —x)’+ (- Yi)zl '

25 @)

To obtain the optimal bandwidths for the two separate
inter-decadal periods of ID1 and ID2, the optimal band-
width needs to be determined from the jackknife out-of-
sample likelihood maximization using the cross-validation
method. The details can be found in Hall and Jewson
(2007). Following this method, the optimal bandwidths are
determined to be 2.7° and 2.5° for the period ID1 and ID2,
respectively (Fig. 3).

To show the importance of the optimal bandwidth, the
kernel PDFs with three different bandwidths for the dif-
ferent epochs are calculated. Figure 4 gives the kernel
PDFs with three different bandwidths 0.5°, 2.7°, and 5° for
the first epoch ID1. The PDF with bandwidth of 0.5° has a
detail structure and gives under-fitted genesis simulation,
while the bandwidth of 5° gives over-smoothed simulation
and has just one maximum. The intermediate bandwidth of
2.7° is taken as the optimum in the TC peak season during
the period 1965-1986, which makes the kernel probability
density maximum and captures the historical genesis pat-
tern well (Fig. 5a, b). A similar analysis is performed for
the optimal bandwidth of 2.5° in the second epoch ID2
(figures not shown).

Based on the optimal PDFs, TC formation locations can
be well simulated with a uniform random number genera-
tor. TC formation occurs randomly with a probability given
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Fig. 3 The out-of-sample log-likehood (y-axis) versus bandwidths
(x-axis) for kernel density function described in expression (2). The
optimal bandwidths are selected for (a) the period a ID1 (1965-1986)
and b ID2 (1987-2010) using a cross-validation method based on the
observed information over the peak TC season

by the normalized PDF. A formation location is determined
only if it satisfies the observed PDF, respectively, for ID1
and ID2, calculated with Eq. (2). This procedure continues
until all of the required formation locations are obtained.
The detailed description of generating random number can
be found in Hall and Jewson (2007) and Zhao et al. (2010).
Ten times as many points as the observed TC formation
locations are simulated in this study (Fig. 5). The simulated
spatial distributions of the frequency of TC formation agree
well with the observation during the period of ID1 and ID2
(Fig. 5a, b, d, e). Further examinations suggested that the
pattern correlations between observed and simulated TC
genesis distribution are statistically significant with corre-
lation coefficients 0.90 and 0.91, respectively, during ID1
and ID2 periods. In an operational setting, a pattern cor-
relation of 0.60 is deemed as a lower limit for field fore-
casts that are synoptically useful. Additionally, both the
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Fig. 4 Guassian kernel formation probability density function (PDF) with bandwidth 0.5° (a), 2.7° (b), and 5° (¢) for the period 1965-1986. The

PDFs are normalized to the unit maximum

simulations during two periods ID1 and ID2 show a sys-
tematically basin-increase, but the difference and their
statistical significance between simulated TC genesis and
observation during ID1 is generally consistent with that
during ID2 (figure not shown). Moreover, the difference
and their statistical significance of simulated TC formation
between ID1 and ID2 are also compared well with the
observation (Fig. 5c, f). In summary, the TC formation
model can well simulate the inter-decadal changes in TC
genesis over the WNP basin.

The track model is adopted from Wu and Wang (2004).
In this model, a TC is taken as a point vortex and moves
with the climatological mean steering flow, which is
comprised of the pressure-weighted mean flows from 850
to 300 hPa and the mean beta drift. In this study, as in
Wang and Wu (2012), random synoptic-scale perturbations
are added to mean translation vectors to account for the
influence of synoptic scale weather systems, which are not
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included in Wu and Wang (2004) and Zhao et al. (2010).
The variance and spatial distribution of the random per-
turbations are calculated from the observed synotpical-
scale winds. The TC trajectory calculations stop when the
TC moves out of the study domain (0—40°N, 100-180°E).
As indicated in Table 1, studies of the TC formation
locations and large-scale steering flows during the period
of ID1 and ID2 are taken as the first and second experiment
(hereafter D1D1 and D2D2), respectively.

As shown in Fig. 6, the trajectory model can well sim-
ulate the primary changes of the prevailing TC tracks on
the inter-decadal timescale based on the climatological TC
occurrence distributions during the two inter-decadal
periods. Close inspections suggested that both the pattern
correlations between simulated and observed TC occur-
rences during ID1 and ID2, respectively, are statistically
significant with correlation coefficients 0.87 and 0.85.
Figure 7 shows the difference of the simulated TC
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Fig. 5 Spatial distribution of the observed frequency of TC forma-
tion locations in the peak TC season for a the period 1965-1986,
b ID1 (1987-2010) and c¢ the difference of ID1 and ID2, i.e.
(1987-2010) minus (1965-1986). The contour interval is 0.03
decade-1 in (a) and (c), while 0.01 decade-1 in (d). The closed dots

Table 1 Four experiments and corresponding large scale flows and
genesis locations used in each experiment (ID1 1965-1986, ID2
1987-2010)

Experiments Large-scale Genesis
steering flows locations
DI1D1 ID1 period ID1 period
D2D2 ID2 period ID2 period
D1D2 ID1 period ID2 period
D2D1 ID2 period ID1 period

show simulated TC formation positions. b, e and f are the same as in
(a), (b) and (c), but for the simulated TC frequency. In addition, the
contour intervals are 0. 3 decade-1 in (d) and (e), while 0.1 decade-1
in (f). Shading denotes that the difference the mean of the two epochs
is statistically significant at the 5 % level

frequencies between the two experiments D1D1 and D2D2.
As shown in Figs. 2d and 7, it is found that the simulated
and observed spatial distribution exhibits a pronounced
increase of TC frequency, which extends from the Philip-
pine Sea to the eastern coast of China and in the west of the
WNP basin (100-140°E), and a significant decrease over
the SCS, indicating that the model can simulate the north-
northwestward shift of TC frequency since 1987. The areas
with a significance level at the 5 % are also almost con-
sistent. However, the magnitude of difference and their
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Fig. 6 The average observed (a ID1 (1965-1986); b ID2 (1987-2010)) and simulated (¢ ID1 (1965-1986); d ID2 (1987-2010)) frequency of TC
occurrences at a grid of 2.5° x 2.5° in the peak TC season with contour intervals of 0.4
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Fig. 7 Simulated differences in the frequency of TC occurrences in
the peak TC season between ID1 (1965-1986) and ID2 (1987-2010).

The contour interval is 0.3 year™'. Shading denotes that the

difference the mean of the two epochs is statistically significant at
the 5 % level

patterns show some discrepancies especially over the east
of 140°E in the WNP basin. These biases in model simu-
lations are also mainly due to the insufficient capability of
the combined model. For example, the TC formation model
is a statistical model, in which dynamic factors affecting
TC formation are not considered. Only two main factors
are considered in the track model, while previous studies
suggested that many other factors (e.g. vertical wind shear,
Shapiro 1992; Wu and Emanuel 1993; Wang and Holland
1996; Binary interaction, Lander and Holland 1993) can
affect TC track. In general, the trajectory model can
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successfully simulate the difference in the frequency of TC
occurrence between ID1 and ID2, especially for the north-
northwestward shift of TC tracks over western part of the
WNP basin including the SCS. These results give us con-
fidence to further explore the dynamics behind the
observed pronounced inter-decadal north-northwestward
shift of prevailing TC tracks over the WNP basin.

5 Impact of large-scale steering flows versus that of TC
formation locations

Previous studies suggested that the mean translation speed
was the sum of the climatologic mean large-scale steering
flow and beta drift (Holland 1983; Wu and Wang 2004).
The beta drifts in the two inter-decadal epochs are derived
as the difference between the translation vectors and large-
scale steering flows (figure not shown). Although large-
scale environmental flows can affect beta drift (Smith
1991; Williams and Chan 1994; Wang and Li 1995; Li and
Wang 1996; Wang et al. 1997, Zhao et al. 2009), the dif-
ferences of the beta drift between ID1 and ID2 are found to
be very small in this case, suggesting that the inter-decadal
changes in translation vectors are dominated by changes in
large-scale steering flow. As discussed in Sect. 3, the
observed inter-decadal shifts in the prevailing TC tracks
between ID1 and ID2 are a combined result of the changes
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in both large-scale steering flows and TC formation loca-
tions (Fig. 7). But what are the relative contributions of TC
formation locations versus large-scale steering flows to the
observed inter-decadal shift in the prevailing TC tracks
over the WNP basin?

To investigate their respective contributions to the
observed inter-decadal changes in the prevailing TC
tracks, two additional experiments (D1D2 and D2D1) are
conducted (Table 1) using the similar method described in
Zhao et al. (2010). As mentioned above, it is found that
the inter-decadal shift of prevailing TC tracks over the
WNP basin are mainly controlled by changes in two
factors: their formation locations and large-scale steering
flows. To further explore the respective impacts of the
large-scale steering flows and TC formation locations on
the prevailing TC track change, we combine the TC for-
mation model and track model. The interpretation of the
relative roles of changes in TC formation locations and
large-scale steering flows is mainly in terms of the track
shift pattern and the corresponding magnitudes in the
present study. In the experiment D1D2, the large-scale
steering flows are obtained from reanalysis for the period
ID1 (1965-1986), the TC formation locations are
obtained from formation model simulation for ID2
(1987-2010). In the experiment D2DI1, the large-scale
steering flows are obtained from reanalysis for the period
ID2 (1987-2010) and the other input TC formation
locations from model simulation during ID1 (1965-1986).

Figure 8a and b illustrates the influence of changes in
large-scale steering flows while the TC formation
locations remain unchanged. The simulated difference in
TC frequencies between experiments D2D1 and D1DI1
(Fig. 8a) and that between experiments D2D2 and D1D2
(Fig. 8b) have similar spatial patterns. This pattern
implies that the TCs with the prevailing track II (west-
northward track) in ID1 now tend to be more westward
in ID2. Meanwhile, TCs with the prevailing track I
(westward track) in ID1 now tend to be more northward
in ID2. Obviously, Fig. 8a and b suggests that the
enhanced or decreased TC activities mainly result from
changes in large-scale steering flows, which lead to
significant increases in the TC frequencies along the
eastern coast of China and remarkable decreases in TC
occurrence over the SCS. Similarly, the influence of TC
formation location is investigated by the simulated dif-
ferences in the TC frequencies between DI1D2 and
D1D1 (Fig. 8c) and between D2D2 and D2D1 (Fig. 8d),
in which the TC formation locations are changed while
the large-scale steering flows remain unchanged.
Although the magnitudes of the differences in Fig. 8c
and d are significantly smaller than that in Fig. 8a and
b, spatial patterns of changes in the TC frequencies are
quite similar to that shown Fig. 8a and b. These indicate

that changes in TC formation location between ID1 and
ID2 also contribute to the inter-decadal shift of TC
tracks over the WNP basin.

However, despite the fact that both changes of large-scale
steering flows and TC formation locations contribute to
changes in prevailing TC tracks, results of above four
experiments clearly show that changes of large-scale steer-
ing flows play a more important role than that of TC for-
mation locations in terms of the magnitudes of changes in TC
frequencies (Fig. 8). Therefore, the inter-decadal changes of
the prevailing TC tracks between two periods ID1 and ID2
are mainly due to the changes in the large-scale steering
flows, which are characterized by cyclonic circulation cen-
tered over the eastern part of China (Fig. 9). This result is
consistent with that of Ho et al. (2004) and Chu et al. (2012).
Wu et al. (2005) also found westerly flow anomalies to the
south of 25°N during 1965-1983 when compared to
1984-2003. Furthermore, to quantify the changes in the
western North Pacific subtropical high (WPSH), the WPSH
by the contour line for 5,870 gpm of geo-potential height at
500 hPa is also measured, which was also used for exam-
ining the changes in WPSH in Zhou et al. (2009). It is found
that the subtropical high over WNP basin in the peak TC
season expands more westward and southward and intensi-
fies during the period ID2 than ID1 (Fig. 10). These changes
in synoptic-scale circulation pattern corresponds to the
observed inter-decadal changes in the prevailing TC tracks
between ID1 and ID2, especially in the west of 150°E in the
WNP basin. Further examination also reveals that the
enhanced cyclonic steering flows are attributed to the upper-
level circulation change (e.g. 500 hPa) (Figs. 9, 10).

Note that the contributions of changes in TC formation
locations to the observed inter-decadal shift of prevailing
TC tracks in this study should not assessed totally because
it also include the changes in TC number. Further
examination suggested the changes in TC number play a
relatively minor role in the shift of prevailing TC tracks
over the WNP basin. The average number of TCs is 14
per year during the first epoch (1965-1986), and it
becomes 14.5 per year during the second epoch
(1987-2010) with an increase of only about 4 % from the
first to the second epoch. The difference of the mean TC
frequencies between the two epochs is not significant at
the 5 % confidence level. Also when the combination of
the TC formation model and the trajectory model is used
for the other scenario, more caution should be paid to the
role of the changes in TC number.

6 Summary and discussion

Although changes in TC formation locations and large-
scale steering flows both contribute to changes of the
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Fig. 9 The difference of large-scale steering flows over the peak TC
season between ID1 (1965-1986) and ID2 (1987-2010) derived from
the NCEP/NCAR reanalysis data. The unit of the vector is ms™'.
Shading indicates the difference is statistically significant at the 5 %
confidence level

prevailing TC tracks on the inter-decadal timescale, their
relative importance has not been well examined. One
possible reason is the lack of adequate tools for diagnosing
the inter-decadal shift in prevailing TC tracks. In this study,
the contributions of these two factors are quantitatively
identified by unitizing a statistical formation model and a
trajectory model.

To understand the impact of changes in large-scale
steering flow and TC formation location on the abrupt
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of changes in large-scale steering flows (a, b) and formation locations
(c, d), respectively. Shading indicates the difference is statistically
significant at the 5 % confidence level

inter-decadal shift of the prevailing TC tracks over the
WNP basin, two epochs, ie. 1965-1986 (ID1) and
1987-2010 (ID2), are selected for this study based on the
abrupt change of the annual adjusted Cat45 TC frequency.
Bayesian change-point analysis clearly shows an abrupt
change in the frequency of Cat45 TCs in 1987 when the
period of 1965-2010 is examined over the WNP basin. The
simulations performed in this study using the statistical
formation and track models suggest that the inter-decadal
shift in prevailing TC track over the WNP basin is mainly
caused by the combined effects of changes in TC formation
location and large-scale steering flow between ID1 and
ID2. Changes in large-scale steering flow are featured by
the westward-southward expansion and intensification of
the North Pacific subtropical high. Further analyses in this
study suggest that, for the western part of WNP basin,
effect of changes in the large-scale steering flow plays a
dominant role in changes of prevailing TC tracks, while
changes in TC formation location also make their contri-
butions. Our results are consistent with the fact that the
increase in Cat45 TCs in the WNP basin over the past four
decades is highly associated with the shift of prevailing TC
tracks (Wu and Wang 2008).

Additionally, a clear upward trend of global SST is
found (figure not shown) during 1965-2010, which is
consistent to the global warming found in the previous
studies (Trenberth et al. 2007). The spatial distribution of
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Fig. 10 500 hPa geo-potential height for ID1 (1965-1986) and 1D2
(1987-2010) is shown in (a) and (b) respectively. ¢ Difference of
wind vectors in 500 hPa between the two epochs ID1 and ID2 are
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geopotential height over the peak TC season. Black, red and green
lines indicate the mean position of 5,870 contour for the IDI,
climatology (1965-2010) and ID2 respectively. The unit of the vector
and the contour, respectively, is ms~' and 10 gpm. Shading indicates
the difference is statistically significant at the 5 % confidence level

the global SST trend also resembles the SST anomalies
related to global warming shown in Wang et al. (2011).
Apparently the cyclonic circulation centered over the
eastern part of China is related to the global warming and
can induce the shift of the TC track over the WNP basin.
Based on numerical model results of global warming
experiments, Wu and Wang (2004) had suggested that the

ongoing global climate change would cause the shift of
prevailing TC tracks. These studies implied that a global
warming trend of SST could at least be partially respon-
sible for the abrupt shift of the TC tracks over the WNP
basin.

The present study implies that the TC formation loca-
tions and tracks, which are closely related to TC intensity
forecasts, may be affected by global warming. Hence the
changes in TC intensity are highly correlated with the
changes in SST and the associated variations in adiabatic
heating. This issue has been extensively discussed in pre-
vious studies (Emanuel 2005; Webster et al. 2005; Landsea
2005, 2007; Hoyos et al. 2006; Chan 2006; Holland and
Webster 2007). However, some other studies suggest that
the observed changes in TC intensity may not be solely
attributed to the local thermodynamic effect of underlying
warming SST (Knutson and Tuleya 2004; Emanuel 2005;
Webster et al. 2005; Curry et al. 2006), which is inconsis-
tent with the MPI theories (Emanuel 1987; Holland 1997).
Up to date, questions of whether the changes in TC activ-
ities are due to global warming and whether the global
warming trend of SST is induced by anthropogenic forgings
still remain unanswered and need further in-depth studies.

It should also be noted that TC activity varies on the
interannual, interseasonal, and longer timescale, but the
temporal variability is not considered in the statistical
formation model. While the climatological beta drifts in
this study compare well with the previous numerical
results and observations in terms of the magnitudes and
directions (Holland 1983; Chan and Williams 1987,
Fiorino and Elsberry 1989; Zhao et al. 2009), previous
studies have revealed that large-scale environmental
flows can significantly affect beta drift (Smith 1991;
Williams and Chan 1994; Wang and Li 1995; Wang and
Holland 1996; Zhao et al. 2009). These issues should
need further study.
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