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that separates the contributions of seasonal-mean circula-
tion and ISO to the SSE. The results show that, during the 
active TC decade, the SSE obtained higher KE from both 
mean flow and ISO through eddy barotropic energy con-
version when the enhanced SSE momentum flux interacted 
with the strengthened monsoon trough and vigorous ISO 
cyclonic anomaly over the western tropical Pacific. The 
increased SSE KE contributed positively to the increased 
TC genesis over the main genesis region (7.5°–20°N, 130°–
170°E). It also benefited the growth of TCs over the Philip-
pine Sea and the South China Sea during the active decade. 
The decadal change in TC frequency over the extratrop-
ics was related to the eddy baroclinic energy conversion 
instead of the barotropic conversion associated with scale 
interaction. During the active TC decade, SSE gained more 
(less) KE from the SSE available potential energy over the 
east of Japan (the East China Sea), favoring (disfavoring) 
the succeeding development of TCs in this region.

Keywords Tropical cyclone in autumn · Abrupt change · 
Scale interaction · Eddy kinetic energy diagnosis

1 Introduction

Tropical cyclones (TCs) severely threaten billions of people 
living in coastal areas. Because of such significant impacts, 
the long-term trend and variability of TCs have attracted 
tremendous attention in the recent decade (e.g., Chu 2002; 
Chan 2008; Maue 2011; Kossin et  al. 2013; Klotzbach 
and Landsea 2015; Hong et  al. 2016). The genesis num-
ber and destructiveness of intense hurricanes appeared to 
have increased due to significant warming in the Atlantic 
(Emanuel 2005; Webster et al. 2005). In the western North 
Pacific (WNP), however, the TC activity has decreased 

Abstract Tropical cyclone (TC) activity in autumn (Sep-
tember–November) over the western North Pacific expe-
rienced an abrupt change in 1998, which can be detected 
by the Bayesian change-point analysis. During the dec-
ade before the regime shift (1988–1997), the occurrence 
frequency of TC genesis increased significantly over the 
tropical western Pacific, where the seasonal cyclonic flow, 
intraseasonal oscillation (ISO) and synoptic-scale eddy 
(SSE) were all strengthened, compared to those observed 
in the decade after 1998 (1998–2007). The TC trajectories 
also exhibited spatial differences. During the active decade, 
the TCs had a higher probability to move westward into 
the Philippine Sea and the South China Sea, and recurved 
northeastward toward the east of Japan. Meanwhile, the 
northwestward propagating TCs approaching Taiwan and 
southeastern coast of China were reduced. To understand 
the role of mean flow–ISO–SSE interaction in the dec-
adal changes of SSE and associated TC activity, we diag-
nosed a newly proposed SSE kinetic energy (KE) equation 
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since the mid-1990s (Liu and Chan 2013; Hsu et al. 2014; 
Choi et  al. 2015; Lin and Chan 2015). The decrease in 
WNP TC activity was mostly attributed to the decadal vari-
ability in atmospheric dynamic effects, including low-level 
vorticity, vertical velocity and vertical wind shear, induced 
by sea surface temperature (SST) changes over the Indian 
Ocean and different regions in the Pacific basin (Hsu et al. 
2014; He et al. 2015; Hong et al. 2016).

In addition to the controlling effects of large-scale 
atmospheric and ocean environments, the tropical synoptic-
scale eddy (SSE) disturbances contribute obviously to TC 
formation (e.g., Chang et  al. 1996; Maloney and Dickin-
son 2003; Chen and Huang 2009; Hsu et  al. 2009; 2011; 
Tsou et  al. 2014). Vigorous SSEs are generally related to 
increased TC genesis over the WNP because they may pro-
vide suitable seed disturbances for cyclogenesis (Ritchie 
and Holland 1999). The occurrence and amplitude of 
SSEs were linked to the background flow in which they 
are embedded (Lau and Lau 1992; Takayabu and Nitta 
1993; Chen 2012). Thus, any large-scale anomalies exerted 
by different atmospheric variability or air-sea dynamics 
could modulate SSE activities and influence TC genesis. 
For example, the SSEs are enhanced in the southeastern 
section of tropical WNP during El Niño events when the 
warm SST and zonal wind convergence extend southeast-
ward, resulting in increased TC genesis near the dateline 
(Chen and Huang 2009; Hsu et al. 2009). The intraseasonal 
oscillation (ISO) also plays a significant role in controlling 
SSE variation (Maloney and Dickinson 2003; Ko and Hsu 
2009). ISO tends to transfer more energy to SSEs during 
the active phase than during the inactive phase (Maloney 
and Dickinson 2003; Ko and Hsu 2009). Thus, the ampli-
fied SSEs during the active phase of the ISO have a higher 
probability to intensify into TCs. In contrary, TC frequency 
is reduced associated with weakened SSEs during the 
suppressed phase of the ISO (Hsu et al. 2011; Tsou et al. 
2014). These results suggest significant influences of multi-
scale interaction among interannual variability, seasonal-
mean flows, ISO, and SSEs on TC activities over the WNP.

Energetic analysis is an efficient and a widely used 
approach to quantitatively examine the interaction among 
different components in the atmosphere (Lau and Lau 
1992; Maloney and Hartmann 2001; Maloney and Dick-
inson 2003; Hsu et  al. 2011; Tsou et  al. 2014). In earlier 
studies (Lau and Lau 1992; Maloney and Hartmann 2001; 
Maloney and Dickinson 2003), the energy conversion pro-
cesses of SSEs were diagnosed by SSE kinetic energy (KE) 
budget equation that decomposed variables into SSEs and 
background mean state (including all the components with 
periods longer than the SSEs’). Their results explained the 
source of SSE KE from the background state without iso-
lating the relative contributions of seasonal circulation and 
ISO to the SSEs. To distinguish the effects of mean flow 

and ISO on the SSEs, some recent studies (Hsu et al. 2011; 
Tsou et  al. 2014) further decomposed the background 
mean state into two components (i.e., seasonal circulation 
and ISO) in the SSE KE budget equation. The diagnostic 
results of Hsu et al. (2011) and Tsou et al. (2014) showed 
that SSEs could obtain KE from the seasonal-mean flows 
during the entire TC season. However, the ISO–SSE KE 
conversion varies with the phases of ISO. When the ISO 
is active (inactive), SSEs may gain (lose) KE from (to) 
the ISO through a positive (negative) barotropic energy 
conversion.

Most previous studies investigated SSE activity and 
its relation to various climate systems from a climato-
logical perspective. At the decadal timescale, the physical 
mechanisms underlying how the multi-scale interactions 
affect the TC activity need further investigation. In this 
study, we attempt to diagnose the atmospheric energetic 
processes associated with the growth of SSEs and their 
contribution to autumn TC activities in the last two dec-
ades. We focus on autumn because the decadal change in 
TC-related features in this season is not well understood 
compared to those in summer over the WNP (Chang et al. 
1996; Maloney and Dickinson 2003; Hsu et al. 2011; Choi 
et al. 2015; He et al. 2015). During a transition season like 
autumn, the mean flow and ISO activity may exert distinct 
influences on SSE and TC activity, different from the influ-
ences in summer. In addition to the contributions of scale 
interaction to TC genesis count, the factors affecting the 
distributions of TC track density at the decadal time scale 
will also be discussed from the perspective of atmospheric 
eddy energetics.

In Sect. 2, we introduce the datasets and analytical meth-
odologies, including the three-dimensional SSE KE budget 
equation. In Sect.  3, we objectively detect the occurrence 
of regime shift for autumn TC activities. The differences in 
TC-related features, large-scale conditions, ISO, and SSE 
activities between the two decades before and after the 
abrupt change are then discussed. Based on the diagnostic 
results of SSE KE budget equation, we present in Sect. 4 
how the scale interaction and heating–circulation feed-
back modulate the SSEs and associated TC genesis count 
and trajectories during the active and inactive TC decades. 
Finally, we summarize the contributions of atmospheric 
SSE energy conversion processes to the decadal change of 
WNP TC activity in autumn in Sect. 5.

2  Data and methodology

2.1  Datasets

To reduce the uncertainty in a TC dataset (Wu et al. 2006; 
Kamahori et  al. 2006; Kossin et  al. 2007), we collected 

Author's personal copy



3177Role of scale interactions in the abrupt change of tropical cyclone in autumn over the Western…

1 3

three best track datasets from the Regional Specialized 
Meteorological Center (RSMC)–Tokyo Typhoon Center of 
the Japan Meteorological Agency (RSMC 2013), the Joint 
Typhoon Warning Center (JTWC 2014) and the Shang-
hai Typhoon Institute (STI) of the China Meteorological 
Administration (CMA 2014) for studying WNP TCs. These 
datasets consist of TC information, such as location and 
intensity, at 6-h interval. Considering data quality and reli-
ability, we only utilized the data with satellite observations 
from the late 1970s.

The National Centers for Environmental Prediction 
(NCEP)–Department of Energy (DOE) reanalysis data 
(Kanamitsu et al. 2002) was used to examine the influences 
of large-scale conditions and SSE energy processes on the 
decadal change in September–November (SON) TCs over 
the WNP. Variables used in this study include daily-aver-
aged fields of zonal wind (u), meridional wind (v), vertical 
velocity (ω), temperature (T), geopotential (φ), and pres-
sure (p) at 17 pressure levels over the period of 1979–2014. 
In addition, monthly-mean relative humidity and T fields 
were used to calculate specific humidity. These variables 
have a horizontal resolution of 2.5° by 2.5°. Monthly SST 
with a resolution of 1° × 1° from the Met Office Hadley 
Centre (HadISST1; Rayner et al. 2003) is also used to ana-
lyze the ocean conditions. Previous studies (Suhas et  al. 
2012; Hsu and Yang 2015) compared atmospheric ener-
getic features and related conversion processes in the Asian 
monsoon region using different reanalysis datasets. These 
studies showed that the results from the NCEP–DOE and 
ERA–interim reanalysis are highly consistent. Therefore, 
only the NCEP–DOE data are used in this study to examine 
eddy energetics.

2.2  Estimation of TC activity

In this study, all TCs with the maximum sustained wind 
greater than or equal to 34 knots are considered. A TC 
system is considered as typhoon when its sustained wind 
speed was greater than or equal to 64 knots. Note that the 
RSMC-Tokyo, JTWC and STI recorded 10-min, 1-min 
and 2-min sustained wind speeds, respectively. To unify 
the wind speed threshold for TC/typhoon detections in 
the three datasets, we adjusted the 10-min sustained wind 
in the RSMC-Tokyo to 1-min sustained wind by multiply-
ing a ratio of 0.8 (Simiu and Scanlon 1978), similar to the 
approach used in the International Best Track Archive for 
Climate Stewardship (IBTrACS) project and operational 
centres (Knapp et al. 2010). Hence, the thresholds of wind 
speed to detect TC and typhoon cases in the RSMC-Tokyo 
are 30 and 56 knots, respectively. The 2-min sustained 
wind in the STI was converted to 1-min sustained wind 
based on their statistical relationship documented in Song 
et al. (2010).

The position at which the maximum wind speed of a TC 
reaches 34 knots in the JTWC is defined as the location of 
TC genesis. The frequency of TC occurrence is counted 
at each grid of 2.5° × 2.5° based on the TC records at 6-h 
interval. The lifespan of TC is defined as the period from 
TC genesis to the time of TC dissipation or extratropical 
transition. According to Bell et  al. (2000), the accumu-
lated cyclone energy (ACE) is defined as the summation of 
squares of the maximum wind speed at 6-h interval.

2.3  Diagnostic energy equations

Similar to Hsu et  al. (2011) and Tsou et  al. (2014), we 
decompose an arbitrary field into three parts in the time 
domain, including the seasonal-mean flow (90 days), ISO 
(10–90 days) and SSE (<10 days):

where the tilde denotes the seasonal (SON) mean compo-
nent, and the prime denotes the deviation from the seasonal 
mean; the transient eddies include all components with a 
period shorter than the seasonal-mean flow (90  days), 
such as the 10–90-day ISO (with the subscript I) and the 
<10-day SSEs (with the subscript S). Here, we applied 
the orthonormal wavelet transform (Daubechies 1988) to 
extract the ISO and SSE signals from the raw data.

By multiplying uS′ and vS′ on both sides of the horizon-
tal momentum equations, respectively, and applying a time 
average over a 10-day interval (denoted by an overbar), the 
SSE KE budget equation is obtained as

where KS
� = (uS

�2 + vS
�2)∕2 presents the SSE KE and t 

is time. V indicates the horizontal wind vector. ∇ and ∇3 
indicate the two- and three-dimensional gradient operators, 
respectively. R is the gas constant. P is pressure. D includes 
the dissipation and subgrid-scale effects. According to 
Eq.  (2), several processes can modulate the KE of SSEs. 
Terms  CKM-S and  CKI-S represent the barotropic energy 
conversion from the mean flow and ISO to SSEs, respec-
tively. The sum of  CKM-S and  CKI-S is identical to the SSE 
barotropic energy conversion (CK) documented by previ-
ous studies (Lau and Lau 1992; Maloney and Dickinson 
2003; Hsu et al. 2009). CE is the baroclinic energy conver-
sion process related to the interaction between SSE temper-
ature and vertical motion. A positive CE conversion from 
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SSE available potential energy to SSE KE occurs when 
an air parcel ascends in a warmer region or descends in a 
colder area. AK indicates the advection of SSE KE induced 
by the mean flow and transient eddies. The convergence of 
SSE geopotential fluxes can also induce an increased SSE 
KE, as shown in term BG.

Note that only terms CK  (CKM-S and  CKI-S) and CE rep-
resent the major sources of SSE KE via generation and con-
version processes. Other terms are related to redistribution 
of SSE KE. Thus, we will focus on terms CK and CE in 
this study. The contributions of mean flow–SSE interaction 
and ISO–SSE interaction to the changes in SSE KE dur-
ing different decades will be examined through comparing 
terms  CKM-S and  CKI-S.

2.4  Statistical analysis methods

The Bayesian paradigm under the one change-point hypoth-
esis is used to identify the timing of an abrupt change in 
autumn TC activity (Chu and Zhao 2004; Hsu et al. 2014). 
The distribution of the seasonal count of typhoons is con-
sidered as a Poisson process. A functional choice for Pois-
son intensity is a gamma distribution because this distribu-
tion is conjugate to the Poisson likelihood (Epstein 1985). 
The posterior probability of regime shift at each point in 
time is obtained by formulating a hierarchical approach 
with three layers (i.e., data, parameter and hypothesis). 
Because probability can be thought of as the mathematical 
language of uncertainty, the Bayesian inference shows its 
advantage over the deterministic estimation of change-point 
location for quantifying uncertainty. Due to the relatively 
small sample size analyzed in this study (i.e., 10 autumns 
in each decade), tests without the necessity of assumptions 
about sampling distribution are appropriate. The non-para-
metric rank-based Wilcoxon-Mann-Whitney test (Wilcoxon 
1945; Mann and Whitney 1947) is therefore used to assess 
the differences of mean fields for the two decades (Chu 
2002).

3  Abrupt changes in autumn TC activity, 
large‑scale circulation and ISO

Based on the RSMC-Tokyo, JTWC and STI best track data, 
there were ~11 TCs in each autumn over the WNP, account-
ing for 44% of the annual TC number (~25). Approximately 
65% (7 out of 11) of these TCs were typhoons with destruc-
tive wind and heavy rain. Figure 1a shows the temporal var-
iation of autumn typhoon count for the period 1977–2012. 
The time series of autumn typhoon count obtained from 
the JTWC, RSMC and STI are highly consistent (Fig. 1). 
The typhoon count dropped significantly since the late 
1990s in all three best track datasets. An 11-year moving 

average is then applied to the time series derived from sim-
ple mean of the three datasets to extract the decadal vari-
ability in typhoon count. We can see that the typhoon count 
had positive (negative) anomalies before (after) 1997–1998 
(Fig.  1a). To objectively detect the timing of abrupt 
decrease, we use the Bayesian change-point analysis, which 
estimates the posterior probability of each observation as a 
potential change point (Fig. 1b). The highest probability of 
a regime shift appeared in 1998 based on the RSMC and 
JTWC time series, suggesting that a new regime was likely 
to occur with 1998 being the first year. In the STI dataset, 
this year (1998) also showed a high probability of change-
point occurrence, but its probability was slightly smaller 
than that in 1997. Since the three data averaged probability 
in 1998 was higher than that in 1997, we defined 1998 as 
the year when an abrupt change of typhoon count occurred. 
The decades before and after the occurrence of the regime 
shift are referred to as the active (1988–1997) and inactive 
(1998–2007) TC decades, respectively.

The differences in typhoon and TC counts in the active 
and inactive decades are listed in Table  1. The average 
typhoon count in each autumn dropped from 8 to 9 in the 
active decade to 6–7 in the inactive decade. This change 
is statistically significant based on the Mann–Kendall test. 
We further compare the TC counts over the WNP during 
the two decades. Similarly, all three best-track data reveal 
statistically significant increases in TC count during the 
active decade. On average, four more TCs were gener-
ated in each autumn during the active decade than dur-
ing the inactive decade (Table  1). The average duration 
of TCs also tended to be longer during the active decade, 
although the change was of less significance. The ACE, 
which combines the information of TC count, intensity and 
lifespan, also appeared to be strengthened during the period 
of 1988–1997 (Table  1). Note that the differences in TC-
related activity between the active and inactive decades are 
not sensitive to the definition of period length. The results 
using a 15-year period to define the active (1983–1997) 
and inactive (1998–2012) decades are consistent with the 
current results based on the 10-year period average (not 
shown).

Figure  2 displays the distributions of TC genesis (left 
panel) and frequency of occurrence (right panel) in the 
active and inactive TC decades. In autumn, the genera-
tion of TCs was concentrated in a zonally elongated area 
(7.5º–20ºN, 110º–170ºE) where the monsoon trough was 
located (Molinari and Vollaro 2013). During the active 
decade, increased TC geneses were observed east of the 
Philippine Sea (7.5º–20ºN, 130º–170ºE; Fig.  2a–c). The 
features of TC track could be approximately depicted by 
the TC frequency (Fig.  2d–f). During the active decade, 
more TCs developed westward toward the Philippine Sea 
and the South China Sea region (defined as the westward 
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development region, WDR, of 7.5º–20ºN, 110º–130ºE) 
from the main genesis region (MGR, 7.5º–20ºN, 
130º–170ºE). Meanwhile, TC frequency increased signifi-
cantly to the east of Japan (30º–40ºN, 145º–165ºE), sug-
gesting that the northeastward propagating and recurving 
TCs showed higher tendency to occur in the active TC 
decade (Fig.  2f). This region (30º–40ºN, 145º–165ºE) is 
referred to as the recurving to northeast (RNE). In contrast, 

TC frequency of occurrence decreased over the East China 
Sea (ECS, 22.5º–35ºN, 120º–130ºE), which implies that TC 
landfall in Taiwan and southeast coast of China decreased, 
although the total TC number increased during the active 
TC decade.

Vigorous transient disturbances associated with SSEs 
and ISO may contribute to the enhanced TC activity dur-
ing the active decade. As the seed disturbances, the WNP 

Fig. 1  a Time series of autumn 
(SON) typhoon count in the 
WNP during 1977–2012. Black, 
gray and hollow bars illustrate 
the results from the RSMC-
Tokyo, JTWC and STI datasets, 
respectively. The dashed line 
denotes the 11-year running 
mean of typhoon count based 
on the simple mean of the 
three datasets. b The posterior 
probability mass function of the 
change point as a function of 
time (year)
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Table 1  Seasonal mean of typhoon count and TC count, lifespan (days) and ACE  (103  m2s−2) of all TC cases for the active period (1988–1997) 
and inactive period (1998–2007), and the differences between the two epochs (active minus inactive period)

*Indicate the decadal change is statistically significant at the 5% level based on the non-parametric Wilcoxon-Mann-Whitney rank-sum test. 
Results derived from the JTWC, RSMC_Tokyo and STI best track datasets are listed in the left, middle and right blocks, respectively

JTWC RSMC STI

Active (88–97) Inactive (98–07) Diff Active (88–97) Inactive (98–07) Diff Active (88–97) Inactive (98–07) Diff

TY count 9.4 6.7 2.7* 8.7 6 2.7* 9.1 6.2 2.9*
TC count 13.3 9.7 3.6* 12.7 9.5 3.2* 12.7 9.1 3.6*
Lifespan (days) 6.23 5.13 1.1 5.83 5.09 0.74 5.97 3.99 1.98*
ACE(103  m2  s− 2) 39.7 32.1 7.6 30 24.8 5.2 28.7 23.32 5.38
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SSEs were highly connected to the TC formation (Chang 
et  al. 1996; Ritchie and Holland 1999). At the decadal 
timescale, the time series of SSE KE over the MGR reveals 

a similar decadal variability to that of TC count. Enhanced 
SSE was observed more frequently before 1997, while 
weakened SSE tended to be dominant afterward. Based 

a d

b e

c f

Fig. 2  The frequency of TC genesis derived from the JTWC (shad-
ing, number per season) and 850-hPa SSE KE (contour,  m2  s−2) dur-
ing SON for (a) the period of 1988–1997 and (b) the period of 1998–
2007, and (c) their difference (1988–1997 minus 1998–2007). d–f 
Same as (a)–(c), except that the shading indicates the frequency of 

TC occurrence and contours present the KE of 10–90-day ISO. The 
red dots in (c) and (f) mark the regions where the difference in TC 
genesis frequency between the two periods is statistically significant 
at the 5% level
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on the Bayesian change-point analysis, the year with the 
highest probability of a regime shift was detected in 1998 
(not shown), consistent with the change-point analysis 
result of TC count (Fig. 1b). This indicates that the grow-
ing (decreasing) SSE would provide more (less) precursor 
disturbances for TC genesis before (after) the late 1990s. In 
the composite of SSE KE during the active TC decade, the 
low-level SSE KE was strengthened and showed an east-
ward extension over the MGR (Fig. 2a). In contrast, during 
the inactive epoch the SSE KE tended to be reduced and 
confined within the subtropical western Pacific (Fig.  2b). 
The positive anomaly of SSE KE appeared coincidently 
over the area with increased TC genesis (Fig. 2c). This sug-
gests a tight connection between the SSEs and WNP TC 
generation during autumn, consistent with the features 
found in summer (Maloney and Dickinson 2003; Hsu et al. 
2011).

Figure  3 shows the structure and propagating feature 
of SSEs by plotting the lagged regression map of SSE 
vorticity field in the two decades. During both active (top 
row) and inactive (third row) decades, the 3–10-day vorti-
city was characterized by a northeast–southwest-oriented 
wave structure propagating northwestward over the tropi-
cal WNP, similar to the observed tropical depression-type 
(TD-type) disturbances in summer (Lau and Lau 1992; 
Takayabu and Nitta 1993). The synoptic wave trains were 
well organized and of higher amplitude during the active 
decade than during the inactive decade.

The strength of ISO also exhibited notable differences 
between the active TC decade and the inactive TC decade 
(Fig. 2d–f). The autumn ISO circulation revealed a zonally 
elongated structure moving northward from the equator 
toward the subtropical WNP (second and bottom rows in 
Fig. 3). Although the propagating features showed no sig-
nificant changes between the two decades, the ISO vorticity 
tended to be amplified during the active TC decade (second 
row) compared to the inactive decade (bottom row). The 
KE of ISO was enhanced over most of the WNP with an 
exception over the vicinity of Taiwan and south of Japan 
(Fig. 2f). This anomalous ISO activity is mostly consistent 
with decadal changes in TC genesis count and frequency, 
suggesting the potential influence of ISO on TC formation 
and development.

Apart from the effects of transient disturbances on TC 
activity, the decadal change in seasonal-mean large-scale 
environment played a role in decreased TC activity in the 
recent decade (e.g., Liu and Chan 2013; He et al. 2015; Lin 
and Chan 2015; Hong et  al. 2016). Figure  4 displays the 
differences in large-scale dynamic and thermodynamic fac-
tors that could influence TC activity during different dec-
ades. Compared to the SST in the inactive decade, signifi-
cant cooling (warming) anomalies appeared in the WNP 
(the eastern equatorial Pacific) during the active decade, 

which resembled an El Niño condition (Fig. 4a). This sug-
gests that regional cooling over the WNP did not contribute 
to the vigorous TC activity over the WNP during the active 
TC decade (Liu and Chan 2013; Lin and Chan 2015). The 
lower tropospheric humidity (Fig.  4b) and vertical wind 
shear (Fig. 4e) both had slight changes over the MGR. In 
contrast, the dynamic effects associated with low-level vor-
ticity (Fig. 4d) and vertical velocity in the mid troposphere 
(Fig. 4f) induced convective heating anomaly (Fig. 4c) over 
the MGR, creating a favorable condition for the generation 
of TCs during the active decade. Previous studies (e.g., 
Chan 2008) highlighted the importance of dynamic effects 
on TC activity over the WNP.

Based on Figs.  2 and 4, we observe that the autumn-
mean cyclonic circulation, ISO activity and SSEs were 
all enhanced over the tropical WNP (including the MGR 
and WDR) and the mid-latitude region to the east of Japan 
(RNE) during the active TC decade. The extent of scale 
interactions among SSEs, ISO and seasonal-mean flow 
associated with the decadal change of TC activity and how 
the interactions worked will be examined quantitatively 
from the viewpoint of eddy energetics in the following 
section.

4  Diagnosis of SSE KE conversion processes

4.1  Eddy energetics over the main genesis region

To understand the physical processes responsible for the 
decadal change in SSE KE associated with TC genesis, 
the SSE KE budget equation was diagnosed. The enhanced 
(reduced) SSE KE was attributed to the accumulation (dis-
sipation) of SSE KE related to a positive (negative) SSE 
KE tendency (�K′

⟋�t) during the active (inactive) decade. 
The decadal variability in SSE KE tendency over the MGR 
was highly connected with TC genesis count (Fig. 5) with 
high correlation coefficients (above ~0.9 for both TS and 
typhoon cases). The enhanced SSE KE tendency would 
favor the enhancement of precursor SSE disturbances 
for TC genesis during the active decade. The percent-
age of TDs developing into TCs during the active decade 
was around 93.5%, while it reduced to about 86.5% dur-
ing the inactive decade, based on the JTWC and STI data 
(not shown). This suggests the significant influence of SSE 
activity on WNP TC genesis count.

The budget terms of CK, CE and BG were all posi-
tive over the MGR and tended to have higher amplitude 
during the active decade than during the inactive decade, 
contributing positively to the increased growth rate of 
SSE KE. The advection term (AK), however, decreased 
slightly during the active decade over the MGR (not 
shown). Because CK and CE were the real sources or 
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sinks of SSE KE, and other processes (BG and AK) were 
related to the redistribution of SSE KE, in the following 
we focus on how CK and CE modulated SSE KE and its 
tendency at the decadal timescale. Consistent with pre-
vious studies of climatological eddy energetics (Lau 
and Lau 1992; Maloney and Dickinson 2003), the posi-
tive CK maximized in the lower troposphere (Fig. 6a, b), 
where the SSE KE was the largest. This indicates that the 
major source of SSE KE over the tropical WNP was the 

low-level background flows. During the active decade, 
the low-level CK increased significantly over the MGR 
and WDR (Figs.  6c, 7a). In contrast to CK, CE played 
a role in providing KE to SSEs in the upper troposphere 
(Fig.  6d–f). The positive correlation between SSE tem-
perature and vertical motion in the upper troposphere 
was enhanced over the tropical WNP during the active 
decade (Figs. 6f, 7b), suggesting that the SSEs obtained 
more KE from the conversion of SSE available potential 

Fig. 3  Top row: 850-hPa synoptic-scale (3–10 days) vorticity (shad-
ing;  10−5  s−1) regressed onto the principle component of the first 
EOF of 3–10-day vorticity over the western Pacific (100°–160°E, 
0°–35°N) from day −2 to day + 2 during SON of 1988–1997. Sec-
ond row: Same as the top row, except for the lag–regression map of 

10–90-day vorticity at 850 hPa. The two lower rows are the same as 
the two upper rows, except for the inactive period (1998–2007). The 
contributions of EOF1 to the total variance for each case are listed 
above each panel in the middle column
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energy during the active TC decade than during the inac-
tive decade.

CK includes the barotropic energy conversions related to 
mean flow–SSE interaction  (CKM-S) and ISO–SSE interac-
tion  (CKI-S).  CKM-S (Fig.  7c) and  CKI-S (Fig.  7d) showed 

comparable contributions to the enhanced SSEs in the 
tropical WNP (MGR and WDR) during the active TC dec-
ade. Thus, both the autumn mean flow and ISO provided 
more KE to the SSEs (including TCs) during the active 
decade than during the inactive decade. To explore the key 

a d

b e

c f

Fig. 4  Decadal changes in the large-scale environment during SON 
(1988–1997 minus 1998–2007) for (a) SST (K), (b) 700-hPa specific 
humidity  (10−3 kg  kg−1), (c) precipitation (mm  day−1), (d) 850-hPa 

vorticity  (10−5  s−1), (e) vertical wind shear (m  s−1), and (f) p-velocity 
at 500 hPa  (10−2 pa  s−1). Shading marks the region where the differ-
ence between the two periods is statistically significant at the 5% level
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processes that determined the enhanced barotropic energy 
conversion for the growth of SSE KE and then the TC gen-
esis, the decadal changes in each term of  CKM-S and  CKI-S 
were examined over the MGR (Fig.  8). The leading pro-
cess of enhanced  CKM-S was associated with the horizontal 
eddy momentum flux interacting with a meridional gradi-
ent of mean zonal wind (−u�

s
v
�

s
𝜕ũ∕𝜕y). The synoptic eddies 

were characterized by a northeast–southwest-tilted wave 

train over the tropical WNP (Fig. 3). A positive horizontal 
momentum transport (u′

s
v
′

s
) of SSEs was always present in 

the MGR during the two decades (Fig. 9a, b). The sign of 
−u

�

s
v
�

s
𝜕ũ∕𝜕y was thus determined by the meridional gradi-

ent of zonal mean flow. Over the MGR where the monsoon 
trough (−𝜕ũ∕𝜕y > 0) was located, the SSEs could persis-
tently gain KE from the cyclonic mean flow through a posi-
tive barotropic energy conversion (−u�

s
v
�

s
𝜕ũ∕𝜕y > 0). As the 

Fig. 5  Anomalies of autumn 
(SON) SSE KE tendency (left 
axis, units:  10−6  m2s−3) and TC 
count (right axis) in the WNP 
during 1977–2012 derived from 
(a) JTWC, (b) RSMC_Tokyo 
and (c) STI datasets. Blue, 
green and red curves repre-
sent the numbers of TD, TS 
and typhoon, respectively. An 
11-year running mean is applied 
to all the time series to focus on 
their decadal variations. Cor-
relation coefficients between the 
SSE KE tendency and TC count 
are listed at the upper right 
corner in each panel
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monsoon trough was strengthened during the active decade 
(Fig.  9c), enhanced cyclonic shear contributed positively 
to the growth of SSE KE over the MGR. The importance 
of the monsoon trough to TC genesis was documented in 
numerous studies (e.g., Holland 1995; Molinari and Vol-
laro 2013). Here, we further point out that the interaction 
between monsoon cyclonic shear and SSE momentum flux 
was the key process leading to the changes in SSE activity 
and associated TC genesis at the decadal timescale. Note 
that the zonal eddy momentum transport interacting with 
zonal mean flow convergence (−u�

s
u

�

s
𝜕ũ∕𝜕x) was important 

to the growth of SSEs during both active and inactive TC 
decades (Sobel and Bretherton 1999; Kuo et  al. 2001). 
However, it was not responsible for the decadal change of 
TC genesis over the tropical WNP (Fig. 8a).

Along with the  CKM-S process, the scale interaction 
between ISO and SSEs  (CKI-S) was another contributor to 
the vigorous SSEs over the MGR during the active dec-
ade (Fig. 7d). Figure 8b shows the leading terms of  CKI-S 
during the active and inactive decades. Among these 
 CKI-S processes, the term −u�

s
v
�

s
�u

�

I
∕�y showed the most 

significant impact on the decadal change in SSE KE over 

a d

b e

c f

Fig. 6  Vertical cross sections of eddy barotropic energy conver-
sion  (10−6  m2s−3) along 10°–20°N with high TC genesis frequency 
in autumn for (a) the active period (1988–1997) and (b) the inactive 
period (1998–2007), and (c) the difference between the two periods 

(active minus inactive period). Shading in (c) marks the region where 
the difference between the two periods is statistically significant at the 
5% level. c–f are the same as (a)–(c), except for the eddy baroclinic 
energy conversion
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the MGR. As discussed earlier, the northeast–southwest-
oriented SSE wave train always induced a positive eddy 
momentum flux (u′

s
v
′

s
> 0). This eddy momentum flux, 

however, was modulated by ISO phases (Maloney and 
Dickinson 2003). During the cyclonic phase (−𝜕u�

I
∕𝜕y > 0

) of the ISO, the WNP eddy momentum flux tended to be 
enhanced in both active and inactive decades (Fig.  10c, 
d). Thus, the SSEs might continually gain KE from the 
ISO during the cyclonic phase of the ISO. In contrast, u′

s
v
′

s
 

became weakened during the anticyclonic (−𝜕u�

I
∕𝜕y < 0) 

phase of the ISO (Fig. 10e, f). The reduced amplitude of 
eddy momentum flux might attribute to the upscale KE 
conversion from the SSEs to ISO occured during the anti-
cyclonic phase of the ISO (Hsu et  al. 2011; Tsou et  al. 
2014). Because the sign and amplitude of −u�

s
v
�

s
�u

�

I
∕�y 

depend on the cyclonic/anticyclonic phases of the ISO, 

the frequency and amplitude of cyclonic/anticyclonic 
flow of the ISO in each decade largely accounted for the 
decadal change of −u�

s
v
�

s
�u

�

I
∕�y. Figure  9a reveals the 

probability density functions of ISO vorticity during the 
active and inactive decades. It is clear to see that the fre-
quency and amplitude of ISO cyclonic (positive vorticity) 
flows were both increased considerably during the active 
TC decade compared to those in the inactive decade. 
The enhanced cyclonic circulation of the ISO led to the 
enhancement of −u�

s
v
�

s
�u

�

I
∕�y during the active decade, 

even though the eddy momentum transport (u′

s
v
′

s
) revealed 

a similar effect associated with various ISO phases in 
both decades (Fig. 10c–f). In summary, the increase and 
enhancement of active (cyclonic) phase of the ISO would 
favor the SSE growth and TC genesis through ISO–SSE 
interaction during the active TC decade.

Fig. 7  Differences in (a) eddy barotropic energy conversion at 
850  hPa and (b) eddy baroclinic energy conversion at 200  hPa 
between active and inactive periods. Units:  10−5  m2  s−3. Shading 
marks the region where the difference is statistically significant at 
the 5% level. Red box represents the MGR; green boxes indicate the 

WDR and RNE with increased TC frequency in the recent decade; 
and blue box shows the ECS with decreased TC frequency in the 
recent decade. c and d are the same as (a), except for the barotropic 
energy conversion from mean flow and ISO to SSE, respectively

Author's personal copy



3187Role of scale interactions in the abrupt change of tropical cyclone in autumn over the Western…

1 3

4.2  Eddy energetics associated with TC development/
movement

During the active TC decade, TCs tended to develop west-
ward and northeastward into the WDR and RNE after 
being generated over the MGR (Fig.  2f). Meanwhile, the 
number of TCs moving toward the ECS decreased. The 
energy sources of SSEs associated with TC development 
in different regions could be seen in Fig.  7 and Table  2. 
The increased SSE KE with westward propagating TCs 
was contributed by enhanced CK and CE. As the TC 
developed northward, the CE process became the domi-
nant in supporting the SSE activity. The scale interaction 
process (CK), however, contributed negatively to the dec-
adal change in TC frequency over the extratropical area. 
As shown in Table 2, the area-averaged CK over the RNE 

(ECS), where the TC frequency increased (decreased), 
tended to be weakened (strengthened) during the active 
TC decade. The important role of CE process in subtropi-
cal eddy growth and TC intensification was documented in 
previous studies (Kung 1977; Lau and Lau 1992; Emanuel 
et al. 2004; Hsu et al. 2009).

To identify the key processes of mean flow–SSE and 
ISO–SSE interactions that contributed positively to the 
increased TC frequency over the Philippine Sea and the 
South China Sea, individual terms of  CKM-S and  CKI-S 
were averaged over the WDR and compared (Fig. 11). The 
leading term of positive  CKM-S anomaly was related to the 

Fig. 8  (a) Each term of  CKM-S in autumn during the active period 
(gray) and inactive period (white), and their difference (black) aver-
aged over the MGR (130°–170°E, 7.5°–20°N) with increased TC 
genesis during the active decade. (b) Same as (a), except for  CKI-S. 
Units:  10−6  m2  s−3

a

b

c

Fig. 9  Distributions of eddy momentum flux (u′v′) (shading, units: 
m  s−1) and seasonal-mean wind field (vector, units: m  s−1) in autumn 
during (a) the active period (1988–1997) and (b) inactive period 
(1998–2007), and (c) the difference between the two periods (active 
minus inactive period)

Author's personal copy



3188 P.-C. Hsu et al.

1 3

ba

dc

fe

Fig. 10  a Probability density function of 850-hPa vorticity (units: 
 10−6s−1) over the MGR in autumn during the active period (red 
curves) and inactive period (blue curves). b Same as (a), except for 
the WDR vorticity. c, d Composites of eddy momentum flux (u′v′

, unit:  m2  s−2) during the positive and negative vorticity periods of 
the ISO, respectively, during the active decade (1988−1997). e, f 
Same as c, d, except for the composites during the inactive decade 
(1998−2007)
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mean cyclonic flow interacting with eddy momentum flux 
(−u�

s
v
�

s
𝜕ũ∕𝜕y). During the active TC decade, the strength-

ened monsoon trough induced a cyclonic anomaly over the 

Philippine Sea and the South China Sea region (Fig.  9c), 
which resulted in enhanced KE conversion from seasonal-
mean flow to SSEs. The increased SSE KE over the WDR 
maintained TC development when it moved westward after 
its generation. The secondary contributor was associated 
with the meridional component of mean flow convergence 
(−v�

s
v
�

s
𝜕ṽ∕𝜕y). The enhancement of mean flow convergence 

created a favorable condition for the growth of SSEs/TCs 
over the South China Sea (Fig. 9c).

Consistent with the results of  CKI-S diagnosis related to 
TC genesis, the higher probability of occurrence of ISO 
cyclonic anomaly (Fig. 10b) contributed to the higher SSE 
KE converted from the ISO via the process of −u�

s
v
�

s
�u

�

I
∕�y 

over the WDR (Fig.  11b). The intensified ISO activity 
was related to the significantly increased low-level mois-
ture content over the Philippine Sea and the South China 
Sea during the active TC decade (Fig.  4b). The low-level 
moistening was a critical factor for ISO development and 
strengthening (Wang and Xie 1997; Hsu and Li 2012).

5  Summary

The autumn (SON) TC activity over the WNP experienced 
a remarkable decadal change over the last three decades, 
similar to the variability in annual and peak-season TCs 
in this basin (e.g., Chan 2008; Liu and Chan 2013; Choi 
et al. 2015; He et al. 2015; Lin and Chan 2015). Based on 
the Bayesian change-point analysis, a change-point was 
detected in 1998. The decade before the occurrence of 
change point (1988–1997) had active TC-related features, 
such as increased TC genesis count, duration and inten-
sity. TCs tended to move westward and recurved toward 
northeast, leading to a higher frequency of TC occurrence 
over the Philippine Sea, the South China Sea and east of 
Japan during the active TC decade. In contrast, the decade 
after 1998 (1998–2007) was characterized by an inactive 
TC period, although the sectors of Taiwan and southeast 
coast of China suffered from increased TC frequency in the 
recent decade (Hsu et al. 2014; Hong et al. 2016).

Negative SST anomaly appeared over the WNP during 
the active TC decade, suggesting that local ocean condi-
tion was not the key factor inducing the decadal change 
in TC activity (Liu and Chan 2013; Choi et  al. 2015; He 
et al. 2015). Instead, during the active decade, the autumn-
mean cyclonic anomaly, enhanced ISO and SSEs all 
appeared over the MGR with increased TC genesis count 
(7.5°–20°N, 130°–170°E). Meanwhile, enhanced KE of 
transient disturbances was observed in the regions with 
higher TC occurrence, including the WDR (7.5°–20°N, 
110°–130°E) and RNE (30°–40°N, 145°–165°E). Using 
the SSE KE budget equation, which separates the effects of 
mean flow and ISO on SSEs, we examined how the internal 

Table 2  First and second rows: differences in low-level (850-hPa) 
and 1000–100-hPa averaged barotropic energy conversion aver-
aged over the MGR (130°–170°E, 7.5°–20°N), WDR (110°–130°E, 
7.5°–20°N), RNE (145°–165°E, 30°–40°N), and ECS (120°–130°E, 
22.5°–35°N) between active and inactive decades

Third and bottom rows: same as those in the two top rows, except 
for the high-level (200-hPa) and 1000–100-hPa averaged baroclinic 
energy conversion. Units:  10− 5  m2s− 3

MGR WDR RNE ECS

CK850 0.74 0.53 −0.21 0.50
CK_zavg 0.33 0.49 −1.87 2.16
CE200 4.43 3.93 1.04 −2.42
CE_zavg 0.46 0.25 2.55 −0.36

Fig. 11  Same as Fig.  8, except for the CK processes averaged over 
the WDR
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atmospheric processes associated with multi-scale interac-
tion contributed to the decadal change in autumn SSEs and 
related TC activity. The major findings of this study are 
summarized in the schematic diagram (Fig. 12).

During the active TC decade, the seasonal-mean 
cyclonic anomaly associated with strengthened monsoon 
trough was observed in the tropical WNP. Through primar-
ily the interaction between meridional gradient of zonal 
mean flow and eddy momentum flux (−u�

s
v
�

s
𝜕ũ∕𝜕y), the 

SSEs gained more KE from the mean flow  (CKM-S > 0). 
The increased probability of occurrence of intraseasonal 
cyclonic anomaly, during the active decade, also contrib-
uted positively to the SSE growth via the ISO–synoptic 
barotropic energy conversion  (CKI-S > 0). As the seed dis-
turbances for TC formation, the enhanced SSEs could lead 
to higher TC genesis count over the MGR.

The atmospheric scale interaction over the tropics also 
played a role in supporting the succeeding development of 
TCs during the active TC decade. The cyclonic and conver-
gent mean flow anomaly over the Philippine Sea and the 
South China Sea favored a positive  CKM-S anomaly when 
it interacted with eddy momentum flux. The enhanced ISO 
activity caused positive  CKI-S anomaly. Thus, the increased 
SSE KE obtained from both mean flow and ISO was 
favorable for the westward development of TCs toward the 
Philippine Sea and the South China Sea. In addition to the 
scale interaction, TCs could maintain themselves through 
the SSE baroclinic energy conversion. An increased CE 
also provided increased KE to the growth of SSEs/TCs 
when it propagated westward.

As the SSEs/TCs moved northward into the subtropi-
cal/mid-latitude regions, the source of their KE was domi-
nated by the CE process rather than the CK process (Kung 
1977; Lau and Lau 1992; Emanuel et al. 2004; Hsu et al. 
2009). During the active TC decade, increased (decreased) 
CE appeared over the RNE (ECS) where the TC frequency 
of occurrence increased (decreased). During the active TC 
decade, the increased KE of SSEs over the WDR and RNE 
could support the growth of TCs with intensified strength 
and longer lifespan.

The abrupt change in WNP TC and the related large-
scale conditions were reported in a number of recent stud-
ies (Liu and Chan 2013; Choi et al. 2015; He et al. 2015; 
Hong et  al. 2016; Lin and Chan 2015). However, the 
physical processes and quantitative contributions of mean 
flow–ISO–SSE interaction to TC-related SSEs activity 
were not well documented or explicitly shown. Based on 
the SSE energetic diagnosis, we found that both mean flow 
and ISO variations at the decadal timescale played impor-
tant roles in causing the abrupt decrease in TC activity 
during the recent decade. The mechanisms inducing the 
cyclonic mean flow and enhanced ISO anomalies during 
the active decade need to be investigated. Previous stud-
ies found different SST modes over the globe can modu-
late WNP TC activities through altering the large-scale 
circulation associated with TC genesis and development. 
For example, the cyclonic shear associated with monsoon 
trough extends southeastward during the El Niño years 
(Chan 2000; Wang and Chan 2002), resulting in increased 
TC genesis near the dateline. Based on a series of model 
experiments, Hsu et  al. (2014) and Zhang et  al. (2016a) 
suggested that the cyclonic anomalies conducive to TC 
genesis over the WNP might be induced by the warm SST 
anomalies over the tropical and extratropical central-east-
ern Pacific as a Rossby wave response, resembling a clas-
sic Gill pattern (Gill 1980). In addition to the Pacific basin, 
the SST anomalies over the Indian Ocean play a role in 
modulating the WNP TC activityh (Du et  al. 2010; Zhan 
et  al. 2010). The warming (cooling) in the Indian Ocean 
may force a warm (cold) tropospheric Kelvin wave propa-
gating eastward into the western Pacific and then induce 
anticyclonic (cyclonic) anomaly over the WNP TC gen-
esis region. Recently, Huo et  al. (2015), Yu et  al. (2016) 
and Zhang et al. (2016b) highlighted the remote effects of 
Atlantic SST on the WNP TC activity via influencing the 
large-scale circulations over the WNP.

The major findings based on the observational data in 
this study also imply that correct simulation of not only 
mean flow changes but also ISO variability is critical to 
improving the predictability of seasonal-mean TC count, 
duration and intensity at a long-term (decadal) timescale. 
Currently, some general circulation models display high 
fidelity of ISO periodicity and propagation, but some show 

SON mean 
cyclonic anomaly

Enhanced ISO 
cyclonic anomaly

CKM-S > 0 CKI-S > 0

Enhanced  SSE over main genesis region

Increased TC genesis

Increased TC 
freq. over 
Philippine 
Sea/SCS

WDR
CKM-S > 0
CK I-S > 0
CE > 0

RNE CE > 0

More TCs in 
southeast of 

Japan 

ECS CE < 0

Reduced TC 
freq. over 
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Fig. 12  Schematic diagram summarizing the eddy energetic pro-
cesses associated with the change in autumn TC activity over the 
WNP during the active TC decade
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limited skill in capturing the ISO-related features (e.g., 
Klingaman et al. 2015). In the future, we will assess model 
capability in multi-scale interaction and try to understand 
the sources of simulation biases.
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