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Abstract

The climatological connection between tropical cyclones (TCs) and boreal summer intraseasonal oscillation (BSISO) over
the western North Pacific (WNP) is known, but here we additionally find that the influences of May—October BSISO on
TC genesis and intensification at the interannual timescale reveal distinctive regional features. The strengthened BSISO
variability over the subtropical WNP (7.5°-27.5°N, 145°E—-165°W) contributes positively to the basin-total TC genesis
count, while the BSISO amplitude over the central-western equatorial Pacific (5°S—5°N, 140°E—160°W) is significantly
correlated with the average intensity that TCs can reach. The physical processes causing the differences in TC behavior
associated with interannual changes in BSISO are quantified from the viewpoint of eddy energetics. During summers with
enhanced BSISO over the subtropical WNP, more TCs form there. Composite diagnostic analysis results for TC genesis
days show that local synoptic eddies (or TC embryos) gain more kinetic energy to grow into TCs from both the seasonal-
mean and BSISO anomalies via barotropic energy conversion. Eddy self-augmentation processes related to baroclinic
conversion and eddy geopotential flux also aid the generation of TCs. During summers with enhanced central-western
equatorial BSISO, TCs stay longer over the open ocean before they reach maximum intensity. Further diagnosis along the
TC tracks shows that these eddies may grow faster (with a larger kinetic energy tendency) and reach a higher intensity
with the help of enhanced barotropic and baroclinic energy conversion processes.

Keywords Interannual variation - Boreal summer intraseasonal oscillation - Tropical cyclone genesis and
intensification - Eddy kinetic energy diagnosis

1 Introduction

Tropical cyclones (TCs) over the western North Pacific
(WNP) are one of the most destructive types of natural
disaster for coastal areas in populated Asia. An accurate
prediction of TC activity is a critical but challenging issue
for both the scientific and operational communities (Wu and
Wang 2004; Zhan et al. 2012; Emanuel and Zhang 2017,
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Qian et al. 2019; Trabing et al. 2023). Understanding the
mechanisms responsible for the interannual variability of
TC genesis and intensity is a key step towards improving
the seasonal TC prediction skill (Chen et al. 2006; Tsuboi
and Takemi 2014; Sobel et al. 2021; Cao et al. 2021).

The interannual variability of WNP TC activity has
been commonly linked with the states of El Nifio—Southern
Oscillation (ENSO) because the ENSO-related sea surface
temperature (SST) anomalies can induce various changes in
large-scale conditions related to TC generation and inten-
sification (Chan 1985; Wang and Chan 2002; Chia and
Ropelewski 2002; Camargo et al. 2007; Cao et al. 2020).
For example, TC genesis shows a southeastward displace-
ment accompanied by a southeastward extension of the
monsoon trough during warm ENSO years (Wang and Chan
2002; Camargo et al. 2007; Cao et al. 2020). Wang and Wu
(2016) summarized the physical factors responsible for the
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southeastward shift of the mean location of WNP TC gene-
sis as affected by ENSO, consisting of the effects of the SST
anomaly (Li 1988) and changes in large-scale dynamic and
thermodynamic conditions (Wang and Chan 2002; Chen et
al. 2006; Camargo et al. 2007). Besides the TC genesis loca-
tion, TC intensity is also known to vary with ENSO states.
More intense TCs are observed during El Nifio years, when
TCs tend to generate in the southeastern WNP and stay lon-
ger over the ocean. During La Nifia events, however, TCs
form over the northwestern sector of the WNP and have a
shorter period over the open ocean for intensification (Wang
and Chan 2002; Camargo et al. 2007).

The changes in WNP synoptic-scale disturbances (or TC
embryos) associated with ENSO are known to be a key fac-
tor influencing the TC activity at the interannual timescale
(Hsu et al. 2009; Li et al. 2012; Wu et al. 2015). During
El Nifio years, the eastward-extended monsoon trough may
interact with the westward-propagating mixed Rossby—
gravity waves and their transition to tropical depression—
type disturbances, which ultimately leads to more tropical
cyclogenesis over the WNP (Wu et al. 2014). From an ener-
getic standpoint, Hsu et al. (2009) diagnosed the source of
synoptic-scale eddy kinetic energy (EKE) during the devel-
oping summer of El Nifio years and found that the cyclonic
and convergent flow anomalies associated with the south-
eastward extension of the monsoon trough are favorable for
barotropic energy conversion from the background mean
flow to eddies, thereby inducing increased EKE and TC
genesis over the southeastern WNP.

The formation of TCs is modulated not only by the condi-
tions of the seasonal mean state and synoptic eddy, but also
by the boreal summer intraseasonal oscillation (BSISO),
which is vigorous over the WNP (Maloney and Hartmann
2001; Hall et al. 2001; Hsu et al. 2011; Li and Zhou 2013;
Zhao et al. 2015; Kikuchi 2021). During active phases of the
BSISO, synoptic-scale disturbances are enhanced (Maloney
and Hartmann 2001; Hsu et al. 2011; Zhou and Hsu 2023)
and TCs occur more frequently and tend to cluster (Gao
and Li 2011; Kikuchi 2021). The positive vorticity anoma-
lies and increased moisture associated with the convective
BSISO phases provide a favorable environment for TC
genesis and growth (Li and Zhou 2013; Zhao et al. 2015).
Besides, the BSISO also experiences interannual variability
when the Pacific-Indian Ocean SST varies at the interan-
nual timescale (Teng and Wang 2003; Lin and Li 2008; Wu
and Cao 2017). During the developing stage of El Niflo,
BSISO activity over the western Pacific is enhanced, while
it is weakened under a La Nifia condition (Teng and Wang
2003; Chen et al. 2015, 2020). Thus, the combined phases of
convective BSISO and El Nifio events greatly increases the
WNP cyclogenesis (Li and Zhou 2012; Tsuboi and Takemi
2014; Lin 2019).
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Although the ENSO-TC, BSISO-TC and ENSO-BSISO
connections have been identified and discussed in the previ-
ous studies as reviewed above, whether and how the inter-
annual BSISO variability exerts significant influences on
TC activity has not been fully addressed. Accordingly, the
aim of this study was to identify the key processes resulting
in the year-to-year variations of WNP TC genesis and inten-
sification during summers with different BSISO features.
It is worth noting that the interannual connection between
various TC activities and BSISO characteristics may be
influenced by background modulations from interannual
climate modes, such as ENSO, the Pacific Meridional Mode
(PMM), the Indian Ocean Dipole, and others, since we
retain all these signals in our analysis. Section 2 introduces
the data and methods utilized in this study. Section 3 pres-
ents and analyzes the results on the BSISO-TC connection
at the interannual timescale. The physical processes through
which TC genesis and intensification show distinct behav-
iors associated with interannual changes in BSISO are dis-
cussed in Sects. 4 and 5, respectively. Section 6 summarizes
the main findings of this study.

2 Data and methods
2.1 Data

The data employed in this study included (1) daily outgoing
longwave radiation (OLR) from the NOAA polar-orbiting
satellites (Liebmann and Smith 1996) with a resolution
of 2.5° longitude by 2.5° latitude; (2) daily zonal (u) and
meridional (v) wind fields, vertical p-velocity (w), geopo-
tential (¢), and air temperature (7), from 1000 to 100 hPa,
with a horizontal resolution of 1.5°x1.5°, from the ECMWF
interim reanalysis (Dee et al. 2011); (3) six-hourly TC best-
track data from the Joint Typhoon Warning Center. The
analysis period is boreal summer (May to October) from
1979 to 2018, which is encompassed by all datasets and
corresponds to the season with the most vigorous TC and
BSISO activities over the WNP.

2.2 EKE budget equation

The EKE budget equation has been widely used to quan-
tify the contribution of BSISO and seasonal mean flow to
synoptic-scale eddies from the perspective of atmospheric
energetic processes (Maloney and Hartmann 2001; Chen
and Huang 2009; Hsu et al. 2011, 2017; Tsou et al. 2014).
According to Tsou et al. (2014) and Hsu et al. (2017), the
three-dimensional EKE budget equation can be formulated
as follows:
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Here, a prime represents the synoptic-scale (< 10 days) vari-
ability, while an asterisk and overbar indicate the 10-90-
day intraseasonal component and background mean flow
(90-day and longer), respectively. The three timescale
components are obtained by applying a Lanczos band-pass
filter (Duchon 1979). K’ is the EKE [K' = (u? + v"?)/2]
; t is time; V is the horizontal velocity vector; ¥V is the
horizontal gradient operator; the subscript “3” presents the
three-dimensional components; ¢ is geopotential; 7 is tem-
perature; w is vertical velocity; P is pressure; R is the gas
constant; and D represents all the sub-grid processes.

According to the EKE budget equation, the changes in
EKE [i.e., the L.h.s of Eq. (1)] can be modulated by all terms
onther.h.s of Eq. (1). Terms CK,,_p and CK,_g represent the
barotropic energy conversions from background mean flow
and BSISO to EKE, respectively. The formulae of CK,_p
and CK;_j are written in Eq. (2) and Eq. (3), respectively,
consisting of 6 and 12 individual terms as follows. Term BK
represents the advection of EKE. These three terms (CK,,_,
CK,_; and BK) involve the processes of scale interactions
among mean flow, BSISO, and eddies. In contrast, term BG,
which represents the effect of eddy geopotential flux, and
term CE, which expresses the baroclinic energy conversion
from the eddy available potential energy (EAPE) to EKE,
are related to eddy—eddy interaction.
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2.3 Definitions of TC activity

For better analyzing the interannual relationship between
BSISO and TCs, the six-hourly best-track data were con-
verted to daily averaged values. To exclude weak TC cases,

such as tropical depressions, which lack intensification pro-
cesses and exhibit short lifespans, we specifically include
TCs with maximum sustained winds > 34 knots for analysis
in this study. In other words, our focus is solely on tropi-
cal storms and typhoons. To quantitatively measure the TC
activities, the following metrics are defined and analyzed:

(1) According to previous studies (Wang and Chan 2002;
Webster et al. 2005; Camargo and Polvani 2019), the
date and location of TC formation are defined as the
timing and longitude/latitude when the TC first reaches
34 knots, respectively.

(2) TC accumulated cyclone energy (ACE; Bell et al. 2000),
which is defined as the sum of the square of the wind
speed throughout the lifetime of a TC, is widely used to
measure the overall TC activity. The ACE can be com-
puted by considering all TC cases within the WNP basin
during the summer season, referred to as the basin-total
ACE (Zhang et al. 2016); it can also present the accu-
mulated TC intensity at each grid point when illustrat-
ing the geographical distribution of ACE (Murakami et
al. 2014).

(3) The sustained wind velocity is defined as the TC inten-
sity; the maximum intensity of a TC is recorded when
the sustained wind velocity reaches its maximum value
during the TC’s lifetime.

(4) The categories of TC refer to the Saffir—Simpson hur-
ricane wind scale. A tropical storm (TS) is characterized
with a lifetime wind speed between 34 and 64 knots,
while intense typhoons are classified into categories
1-3 (lifetime wind speed between 64 and 112 knots)
and categories 4-5 (lifetime wind speed greater than
113 knots).

(5) The TC intensifying period is defined as the days with a
positive tendency of sustained wind speed at a 24-hour
interval before the TC reaches its maximum intensity
(Zhou et al. 2018).

(6) The duration of the TC’s lifespan is calculated as the
days for TCs to maintain the tropical storm intensity or
stronger.

(7) The TC genesis potential index (GPI), proposed by
Emanuel and Nolan (2004), describes the major pro-
cesses determining TC genesis. Here, we use the modi-
fied version of the GPI (Murakami and Wang 2010) in
which the vertical motion effect is incorporated into the
original GPI formula, which is written as.

- 3 (RHN\? (Vi \? L [(—w+0.1
GPI =10 n|'<50> <7’0> (1+0.1V,) )< 0 ) 4)

where 7 is the 850-hPa absolute vorticity (s~!), RH is the
700-hPa relative humidity (%), V), is the TC maximum
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potential intensity (MPI, m s~ ') (Emanuel 1995; Bister and
Emanuel 1998), V, is the magnitude of the vertical wind
shear (m s~!) between 850 and 200 hPa, and w is the 500-
hPa vertical p-velocity (Pa s~ ). To simplify the expression
of Eq. (4), we use {, ¢, y, v, and w to present the effect of
individual terms, as follows:

GPI=(-q- Y -v-w &)

To examine the BSISO-associated GPI variations, we
compute the daily GPI based on the fields with the clima-
tological annual cycle and BSISO components, referred to
as GPI*. The relative contributions of each term to GPI*
can be decomposed following the approach of Jiang et al.
(2012), as follows:
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Fig. 1 Interannual standard deviations of (a) BSISO amplitude (units:
W m~2), (b) frequency of TC genesis in each 1.5° grid box (units:
number), and (¢) TC maximum intensity (units: knots), over the WNP
during boreal summer (May—October), 1979-2018. The BSISO ampli-
tude in each summer is defined as the standard deviation of 10-90-day
OLR during May—October. The frequency of TC genesis is computed
by the numbers of TC that appear within the specific grid box when it
reaches the intensity of 34 knots. TC max intensity is recorded as the
maximum sustained wind speed of the TC when the maximum values
occur
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,in which the overbar symbolizes the climatological sea-
sonal-mean components, while the asterisk reflects the
10-90-day BSISO components. NL involves high-order
variances of two or more terms related to perturbations
(such as (gyv*w* and (qy*v*w*). For our definition of
GPI*, there are a total of 26 terms in NL. Compared to
terms with a single BSISO parameter [the first 5 terms on
the r.h.s of Eq. (6)], each individual term of NL (e.g., terms
Dowg ¢y vwg CY', wq'CpTv”) is much smaller, although
their summation could be large. Considering the complexity
and small amplitude of individual NL processes, we primar-
ily focus on the impacts of single BSISO-related parameter
on GPI* to the first order.

2.4 TCremoval approach

Previous studies documented that TCs themselves could
contribute to the background states through up-scale
feedback (Hsu et al. 2008). To more clearly examine and
quantify the effects of background conditions on TCs, we
conducted parallel analyses using data in which TCs had
been artificially removed, employing the method proposed
by Kurihara et al. (1995). As per Kurihara et al. (1995), the
low-level (850-hPa) wind and other fields can be separated
into a basic and a disturbance component using a smoothing
operator. Subsequently, the TC center and radius are deter-
mined based on the tangential wind profile of the disturbance
component. Within this TC domain, the disturbance com-
ponents of any fields of interest are replaced by the corre-
sponding smoothed components. Finally, the reconstructed
fields, comprising solely smoothed components (without
the disturbance components) for a TC domain, are added to
the basic fields to obtain the TC-removed variables.

3 Interannual relationship between BSISO
variability and TC activity

The interannual variations of BSISO and TC activity are
represented by the standard deviations of 10-90-day BSISO
amplitude (i.e., standard deviations of 10-90-day OLR)
and TC genesis/intensity averaged in each grid cell during
May—October of each year, respectively. In agreement with
previous studies (Chia and Ropelewski 2002; Chen et al.
2006; Wu and Cao 2017; Wang and Wu 2020; Cao et al.
2021; Kikuchi 2021), we found that the BSISO amplitude,
TC genesis counts, and TC intensity all reveal remarkable
interannual variability over the WNP (Fig. 1). However, the
regions with large variations at the interannual timescales
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for BSISO and TC perturbations are slightly different. For
the BSISO, it shows large variations at the interannual tim-
escale over two areas. One is located in the central-western
equatorial WNP; the other appears over the subtropical
WNP (Fig. 1a). The TC genesis counts display the maximum
interannual changes over the South China Sea—Philippine
Sea area (Fig. 1b), while the TC maximum intensity varies
interannually over the western portion of WNP (Fig. 1c¢).
To examine whether the year-to-year variations of TC
activity are connected with the BSISO wvariability, we
analyze the interannual correlations between various TC
activity metrics and the BSISO. Figure 2a displays the cor-
relation maps between the basin-total ACE index and the
BSISO amplitude (standard deviations of 10-90-day OLR)
in each grid cell based on the data of 1979-2018 summers
(May—October). The result shows that the overall TC activ-
ity (ACE) is positively correlated with the BSISO over the
southeastern WNP. This suggests that WNP-basin TC activ-
ity (defined by ACE) tends to be stronger during summers
with enhanced BSISO over the southeastern WNP. Since the
ACE is determined by the TC genesis count, intensity and
lifetime duration, we repeated the correlation analysis for
individual TC indices against the year-to-year BSISO ampli-
tude to understand whether the regional BSISO changes
show consistent effects on the interannual anomalies of
TC genesis, intensity and lifespan (Fig. 2b—d). The results
reveal that the key BSISO signals that modulate TC gen-
esis and intensity/lifespan come from different areas. The
BSISO amplitude over the subtropical WNP (7.5°-27.5°N,
145°E-165°W; blue box in Fig. 2b) is significantly corre-
lated with the TC genesis count at the interannual times-
cale, implying that more TCs may be formed over the entire
WNP basin when the BSISO intensifies over the subtropical

Fig. 2 (a) Correlation map

(a) Corr. Colef(TCACEI v.s. ISO)
T -

WNP. In contrast, the key regional BSISO affecting the
basin-averaged TC maximum intensity and lifespan in each
summer is observed over the central-western tropical and
subtropical Pacific (5°S-17.5°N, 140°E-160°W) (Fig. 2c,
d). To examine whether the tropical and subtropical BSISO
signals both play an essential role in modulating TC inten-
sity at the interannual timescale, we computed the corre-
lation coefficients of yearly averaged TC intensity against
time series of BSISO amplitude over the regions including
(5°S—-17.5°N, 140°E-160°W) and excluding the subtropical
WNP (5°S—5°N, 140°E-160°W). The correlations for the
former and latter cases are 0.38 and 0.42, respectively; both
are statistically significant. This suggests that the interan-
nual changes in TC intensity are predominantly regulated
by equatorial BSISO amplitude (5°S—5°N, 140°E-160°W;
purple box in Fig. 2c). Owing to the similarity between
Fig. 2c and d, we suspect a linkage between the maximum
TC intensity and TC lifespan duration, as discussed in pre-
vious studies derived from climatological-mean analysis
(Wang and Chan 2002; Camargo et al. 2007). Our results
further reveal that the WNP TCs may reach a higher inten-
sity and have a longer duration during summers with vigor-
ous BSISO variability over the central-western equatorial
Pacific.

The analysis of Fig. 2 not only suggests a significant
connection between the BSISO variability and WNP TC
activity at the interannual timescale, but also discloses the
different origins of BSISO variability (subtropical WNP vs.
central-western equatorial Pacific) affecting the TC genesis
and intensity. How the BSISO variability in different loca-
tions modulates TC behavior is a key question addressed in
the following sections.
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but for the correlations between

-
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respectively. Stippling denotes
regions with a significant cor- 20N
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in (b) and purple box in (¢) mark 0
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Table 1 (left) enhanced and weakened years of BSISO that are
related to increased and decreased TC genesis counts, respectively.
They are defined as when the BSISO amplitude is larger/smaller than
+1/-1 standard deviation over the subtropical WNP (7.5°-27.5°N,
145°E-165°W), as shown in Fig. 3a. (right) as in the left column but
for the enhanced and weakened BSISO years associated with inter-
annual changes in TC maximum intensity (5°S-5°N, 140°E-160°W)
displayed in Fig. 3b

Associated with TC

genesis count

Associated with TC
max intensity

Enhanced 1984, 1986, 1994, 1997, 1982, 1986, 1987, 1994,
BSISO years 2002, 2004, 2015 1997, 2002, 2004,2015
Weakened 1983, 1995, 1998, 2008,  1988,1995, 2008, 2010
BSISO years 2010

4 Modulation of TC genesis by the BSISO at
the interannual timescale

To understand how and through what physical processes
the subtropical WNP BSISO exerts an impact on the basin-
total TC genesis count at the interannual timescale, we
compare the EKE budget terms (i.e., the energy sources for
TC embryo development) during the enhanced and weak-
ened BSISO years. To achieve this comparative analysis,
we firstly categorized the summers with strong and weak
BSISO amplitude over the key region of the subtropical
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WNP (7.5°-27.5°N, 145°E-165°W; blue box in Fig. 2b).
The enhanced and weakened BSISO years are defined by
the normalized area-averaged BSISO amplitude (10-90-
day OLR standard deviation for each summer) exceeding a
standard deviation of +1 and — 1, respectively (marked in
red/blue font in Fig. 3a). The selected enhanced/weakened
BSISO years are also listed in Table 1. Then, the distribu-
tions of EKE and WNP TC genesis during the enhanced
and weakened BSISO years are compared in Fig. 4. Given
that the < 10-day high-pass filtered components include not
only TCs but also convectively coupled equatorial waves,
which may interact each other (Schreck et al. 2011; Wu and
Takahashi 2018). To focus solely on the TC genesis—related
changes, only the days when TCs form are used for the EKE
composite. During years with enhanced BSISO over the
subtropical WNP, the vigorous synoptic-scale disturbances
related to TC embryos and TC genesis processes extend
southeastward toward the eastern WNP (Fig. 4a). In con-
trast, the active EKE is confined to the western WNP during
the weakened subtropical BSISO years (Fig. 4b). These pat-
terns are highly consistent with the interannual changes in
the distribution of TC genesis. More TCs form over the east-
ern tropical-subtropical WNP during the enhanced BSISO
years (Fig. 4d) than the weakened BSISO years (Fig. 4e).



Influences of boreal summer intraseasonal oscillation on tropical cyclone genesis and intensification over the...

EKE TC genesis
(a) Enhanced years ) (d) Enhanced years ) 52/138
30N F 30N
L] lr ---------
20N | F 20N
. .I " o

10N bl | S F 10N

0 T T T T 0

. ) 2173

30N F 30N
20N F 20N
10N I 10N

0 +— f T . . T 0

) —— ]
011 0. I12 0. I14 0. I18 0,'18 0'2 022 024 026 028 03
(f) Enhanced minus weakened years )

F 30N
I 20N
r 10N

T T 0

Fig. 4 Synoptic-scale EKE (shading; units: m? s~2) during the (a)
enhanced and (b) weakened BSISO years identified in Fig. 3(a), and
(¢) their difference (enhanced years minus weakened years). To focus
on the EKE pattern associated with TC genesis, only the EKE on days
when a TC is generated was composited. Stippling in (c¢) denotes the
differences between (a) and (b) are statistically significant at the 95%

Quantitatively, 52 and 2 TCs were observed over the eastern
WNP (7.5°-27.5°N, 145°-175°E; outlined by the blue box),
representing approximately 38% and 3% of TCs gener-
ated there, respectively, during the enhanced and weakened
BSISO years. The results indicate that the synoptic-scale
eddies associated with TC embryos over the key region
(blue boxes in Fig. 4c, f) could be sufficiently energetic
for growing into TCs when the BSISO is enhanced there
(i.e., enhanced BSISO years), consistent with the results of
Fig. 2b.

To identify the key processes contributing to the increased
(decreased) TC genesis during the enhanced (weakened)
BSISO years, the EKE budget equation is diagnosed over
the regions with the significant EKE and TC changes (blue
box in Fig. 4c and f). Note that only the days when TCs
were generated are selected for energetic analysis (Fig. 5),
in agreement with the composite approach of Fig. 4a and
b. Because EKE shows a larger value and is closely linked
with TC activities in the lower troposphere (Hsu et al.
2011), we focus on analyzing the 850-hPa EKE. By doing
so, the eddy energetic processes are largely related to TC
genesis. As expected, the synoptic-scale disturbances (TC
embryos) could be sufficiently vigorous to develop into TCs
over the eastern WNP when they have a higher growth rate
of EKE (0K'/0t) during the years with enhanced BSISO

90E 120E 150E 180

I T T T T T
-04 -03 -02 -0.1 -005 005 01 02 03 04

significance level. (d—f) Similar to (a—c) but for TC genesis frequency
(shading; units: numbers). Blue boxes denote the regions with signifi-
cant changes in EKE and TC genesis, which is the domain for the EKE
budget analysis in Sect. 4. The ratios in the upper right corner of (d)
and (e) represent the TC counts in the key region (blue boxes) versus
the basin-total counts

there (leftmost three bars in Fig. 5a). The enhanced EKE
tendency during the enhanced BSISO years come not only
from scale interaction processes, such as increased baro-
tropic conversions from the background mean state and
BSISO to eddies (CK,,_g and CK;_), but also the effect of
eddy self-augmentation via the baroclinic energy conver-
sion between EAPE and EKE (CE) and eddy geopotential
flux (BG). CE is expected to be enhanced during TC genesis
when the synoptic eddy embryos exhibit ascending motion
accompanied by diabatic warming effects. Meanwhile, the
convergence of low-pressure perturbations also contributes
to enhancing the EKE through BG.

To understand how the seasonal-mean and BSISO flows
influence the amplitude of EKE, we look closely at the
individual terms of CK,, p (Fig. 5b) and CK, j (Fig. 5c)
during the enhanced/weakened BSISO years. The spatial
distributions of the relevant terms are illustrated in Fig. 6.
For CK), ; the eddy momentum fluxes acting on the zonal
gradient of background mean zonal wind (—u/' u’% , the left-
most three bars in Fig. 5b) and on the meridional gradient
of background mean zonal wind (—u’v'g—ij, the three bars of
second term in Fig. 5b) can help synoptic eddies to obtain
increased kinetic energy from the mean state. Although
CK,,_p relies only on the processes of eddy momentum
fluxes working with background mean flows [Eq. (2)], its
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Fig. 5 (a) Averaged 850-hPa EKE tendency and budget terms over
the eastern WNP (7.5°-27.5°N, 145°-175°E; blue boxes in Fig. 4)
for days when TCs formed during enhanced (black bars) and weak-
ened (white bars) BSISO years. Their differences are displayed by
gray bars. From left to right: EKE tendency; barotropic energy con-
version between mean flow and eddy; barotropic energy conversion

changes during the enhanced and weakened BSISO years
implicitly suggest a complex scale interaction among the
mean state, BSISO, and eddies over the WNP. The back-
ground mean states associated with the monsoon trough
(marked by blue lines) and eddy activities varied with
different interannual BSISO states. During the enhanced
BSISO years, the region with enhanced eddy momentum
(u/v) extends southeastward (shading in Fig. 6a), where the
convergent flows related to the eastward-extending mon-
soon trough strengthen (blue line in Fig. 6a). The interaction
between zonal eddy momentum flux and zonal gradient of
background zonal flow (—u/v/ %) produces a positive baro-
tropic energy conversion, favoring the growth of eddies dur-
ing enhanced BSISO years. Similarly, the meridional flux of
zonal eddy momentum (¢,/¢’) also tends to strengthen in the
key region for enhanced BSISO years. Consequently, the
cyclonic circulations of monsoon trough acting on the zonal
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between ISO and eddy; baroclinic energy conversion from EAPE to
EKE; advection of EKE; and eddy geopotential flux. Units: 1076 m?
s73. (b) Individual terms of 850-hPa CK,,  averaged over the region
composited for BSISO active (black), inactive (white) years, and their
difference (gray), respectively. (¢) As in (b) but for the six leading indi-
vidual terms of CK;_;

eddy momentum (—u'v ")“) contribute to maintain the EKE
for enhanced BSISO years. In conclusion, compared to the
weakened and restrict eddy momentum flux and westward-
retreating monsoon trough during weakened BSISO years,
the eddies are more effective in transferring the kinetic
energy from the background flows during enhanced BSISO
years. The importance of the monsoon trough on TC genesis
has been widely documented in previous studies (Chen and
Huang 2008; Wu et al. 2012), although changes in BSISO
conditions were not considered.

Regarding the CK,_j, only the six leading terms associ-
ated with eddy momentum flux acting on the BSISO anom-
alous flows (Tsou et al. 2014) are shown for comparison
(Fig. 5¢). The enhanced BSISO also directly contributes to
the increased CK,_j via increased barotroglc energy con-
version processes of —/y// %“I and —u/v'%Ge (Fig. 5¢). The
distributions of BSISO-related flows and eddy momentum
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Fig.6 Zonal eddy momentum flux (¢;/¢;’ ) (shading; units: m?> s~2) and
background mean flows (vectors; units: m s~') for days when TCs
formed during the (a) enhanced and (b) weakened BSISO years, and
(c) their difference. (d—f) Similar to (a—c) but the shading represents

fluxes further elucidate how their interactions lead to the
differences in barotropical conversion (Fig. 6). Benefited
by the cyclonic circulation anomalies, the amplitude of
eddy momentum fluxes (y/v/ and ¢/v’) over the key
region is stronger (shading in Fig. 6) during the enhanced
BSISO years than the weakened BSISO years. The interac-
tions between convergent and cyclonic BSISO anomalies

_%f > () and —%iy > 0) and enhanced eddy momentum
fluxes generate an enhanced barotropic energy conversion
for eddy growth. Given that the BSISO cyclonic anomaly
is located over the northern WNP, the effect of zonal wind
shear anomaly (—u’u/%—f) is slightly smaller than that of
meridional wind shear anomaly (—u’v’%) over the key
region for TC genesis (Fig. 5¢).

In summary, the combined effects of the enhanced mon-
soon trough and cyclonic BSISO flow anomaly during the
enhanced BSISO years help the TC embryos to develop
efficiently into TCs over the eastern WNP, resulting in an
overall increase in the TC genesis count over the WNP basin
(blue boxes in Figs. 4 and 6).

The EKE diagnostic analyses (Figs. 4, 5 and 6) explain
the interannual differences in the TC genesis count from
the standpoint of eddy energetics, in particular the dynamic
processes related to eddy momentum flux interacting with
background flow anomalies. To discuss the contributions
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the eddy momentum flux of ¢,/ and the vectors denote the intrasea-
sonal winds. The locations of monsoon trough during enhanced and
weakened BSISO years are delineated by blue lines in (a) and (b),
respectively

of additional factors, such as the thermodynamic effect, to
the BSISO-TC connection at the interannual timescale, we
quantified the individual terms of the BSISO-related GPI*
[Eq. (6)]. Considering that GPI diagnosis emphasizes the
large-scale effect, each term is composited over the TC for-
mation region (including the grid cell with the TC center
and the surrounding 3 x3 grid). To reduce the uncertainty
caused by the size of the diagnostic area, additional com-
putations using a 5X5 and 7x 7 grid were also performed
(Fig. 7). The changes in GPI* and individual terms for the
two distinct BSISO conditions (enhanced minus weakened
BSISO years) are compared. The resultant increased GPI*
(leftmost term in Fig. 7) confirms that the increased TC gen-
esis count during the enhanced BSISO years is attributable
to the anomalous environmental conditions related to the
BSISO, regardless of the size of the diagnostic area. The
complex nonlinear interactions among the various BSISO
fields (rightmost term in Fig. 7) are the most important con-
tributors. As for the BSISO impact via a single field (the
middle five terms), the enhanced vorticity, humidity and
vertical motion related to strengthened BSISO over the sub-
tropical WNP all show positive contributions. This result
also supports the finding of the EKE diagnosis, i.e., that the
cyclonic and convergent (possibly linked with the vertical
motion anomaly) flows play a crucial role in the increased
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Fig. 7 Relative contributions of

GPI* Budget (enhanced minus weakened years)
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ated during the enhanced BSISO
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BSISO years (enhanced minus
weakened years), defined in

Fig. 3a. Black, white, and gray
bars denote the results based on
the area averages of variables
using a 3% 3, 55, and 7X 7 grid
box from the TC center. From left
to right: total changes in GPI*;
contributions from the changes in
BSISO-related vorticity; relative
humidity; potential intensity; ver-
tical wind shear; vertical motion;
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TC genesis count during the enhanced BSISO years. The
circulation anomalies also favor increases in moisture con-
vergence and lower-to-mid tropospheric moistening for TC
genesis as well (Wang et al. 2018; Wang and Murakami
2020). Notably, the MPI contribution exhibits negative val-
ues, suggesting that SST and the temperature profile may not
be the primary factors influencing TC genesis. The results of
Fig. 7 remain consistent when we repeated the analysis of
GPI* using the data with TC removals.

In summary, the interannual changes in WNP TC genesis
count are not solely determined by the seasonal anomalies
(Chia and Ropelewski 2002; Chen et al. 2006; Camargo et
al. 2007; Wang et al. 2013), but also by the BSISO ampli-
tude over the subtropical WNP. The enhanced BSISO cre-
ates a favorable environment for TC embryos to grow into
a TC through local dynamic and thermodynamic effects
(Figs. 4, 5, 6 and 7). Although the results are consistent with
previous observational and modeling results that disentan-
gled the climatological effect of the BSISO on TC genesis
(Tsuboi and Takemi 2014; Cao et al. 2014, 2021), here we
further highlight the BSISO-TC linkage at the interannual
timescale, involving a more complicated interaction among
the background mean flow, BSISO and eddies.

5 Modulation of TC intensification by the
BSISO at the interannual timescale

Different from the interannual impact of the subtropical
WNP BSISO on the TC genesis count (Fig. 2b), the year-
to-year changes in TC maximum intensity are related to the
central-western equatorial BSISO amplitude (Fig. 2c). As
discussed earlier in Sect. 3, the higher intensity of WNP
TCs could be linked with the contribution of their longer
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lifespans (Fig. 2d). This suggestion is again supported by
the composites of TC track and intensity during the years
with enhanced and weakened BSISO over the central-west-
ern equatorial Pacific (Fig. 8a, b), according to the clas-
sification results in Fig. 3b; Table 1. During the enhanced
BSISO years related to maximum TC intensity, most TCs
form over the southeastern WNP where the BSISO is active
(Fig. 8a). A large portion of TCs reach their maximum
intensity as intense typhoons (C4—CS5, red dots in Fig. 8a)
as they stay longer over the open ocean (average lifespan
is 6.88 days). In contrast, the weakened BSISO over the
central-western equatorial Pacific reduces TC genesis there
(Fig. 8b). The shorter duration of TCs (average lifespan is
4.68 days) inhibits the probability of intense typhoon occur-
rence (fewer red dots in Fig. 8b).

The central-western equatorial BSISO benefits not
only the TC generation there but also the enhancement of
TC intensification (Fig. 8a, b). To elucidate the processes
accounting for TC intensification, we apply EKE analysis
along the TC track during the stages of intensification. By
doing this, the processes of eddy energetics along the TC
track can be used to explain the sources of energy for TC
intensification. The distributions of EKE are consistent with
the behaviors of TCs, with increased amplitude over the
entire basin when the BSISO is enhanced over the central-
western equatorial Pacific (Fig. 8c, d). These TCs have a
larger intensification rate (0K’/0t) before their intensity
reaches the maximum (leftmost bar in Fig. 9a). Both the
increased barotropic conversion (terms CK,,_j and CK;_p)
and eddy—eddy processes related to EAPE-to-EKE conver-
sion (term CE) reveal positive contributions to a higher
intensification rate of eddies during the enhanced BSISO
years. These three processes are commonly recognized as
the major sources of eddy intensification. Baroclinic energy
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Fig.8 TC tracks and intensities during the (a) enhanced and (b) weak-
ened BSISO years related to interannual changes in TC maximum
intensity, categorized by the results of Fig. 3b. The locations of the
maximum intensity occurrence are denoted by colored dots (black
dots, TS; blue dots, C1-C3; red dots, C4—C5). The average TC lifespan
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is shown in the top-right corner of each panel. EKE (shading; units:
m? s~2) along the TC tracks during the stages of intensification during
(c¢) enhanced and (d) weakened BSISO years related to interannual
changes in TC maximum intensity
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and their difference (gray), respectively. (¢) As in (b) but for the six
leading individual terms of CK;_p
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conversion (CE) occurs during the TC intensification stage
as TCs experience upward motion concurrent with diabatic
heating associated with condensation. With a focus on the
barotropic energy conversion related to scale interaction,
the individual terms of CK,,_ and CK,_j are compared
(Fig. 9b, c). Regarding the enhanced background mean
flow-to-EKE conversion (term CK),_), the eddy momen-
tum fluxes working on zonal and meridional gradients of
>90-day background zonal wind (—u'v’ % and —u'v’ g—g)
are the leading contributors (Fig. 9b). Similarly, the eddies
interacting with the zonal and meridional gradients of
BSISO zonal wind perturbations (—u’u’% and —u'v’ %’—5
) also dominate the increased CK,_, during the enhanced
BSISO years (Fig. 9¢).

Figures 10 and 11 display the distributions of eddy,
BSISO, and background flow components associated with
barotropic energy conversions during the BSISO years
favorable and unfavorable for TC intensification. Accompa-
nied by enhanced BSISO over the central-western equato-
rial Pacific, eddy momentum fluxes (y/v/ and ¢'v’) show
stronger amplitude and extend southeastward toward the
central-western equatorial Pacific (Fig. 10). Since the flow
patterns become less-organized based on the spatial com-
posite analysis, we therefore analyze the probability dis-
tribution functions of 850-hPa divergence and vorticity
associated with the seasonal background flow and BSISO
perturbations (i.e., effects of %, ‘;—j, %—f, and %) to under-
stand their contributions to the enhanced barotropic energy
conversion process. During the intensification stage, the
eddies (TCs) have higher probabilities to be embedded in
the enhanced convergent (—%>O) and cyclonic (—%Z>O)
circulations during the enhanced BSISO years (red curves
in Fig. 11a and c¢). Meanwhile, vigorous BSISO-related

P

convergent (—%5->0) and cyclonic (— %LU >0) anomalies are

u'n’

also more frequent along the TC track during the enhanced
BSISO years (red curves in Fig. 11b and d). These circu-
lation conditions are conducive to the eddies intensifying
and reaching a larger TC amplitude (Fig. 8a, b). In addi-
tion to atmospheric processes, we examined the effects of
BSISO-related oceanic anomalies on TC intensification at
the interannual timescale. The results indicate that oceanic
conditions, including MPI and TC heat potential anomalies
associated with the BSISO, contribute insignificantly and
negatively to TC intensification at the interannual timescale
(not shown). Note that the results remain consistent even if
we include the additional step of removing TCs before time-
filtering and composite analysis, indicating the robustness
of our conclusions.

6 Summary and discussion

The WNP is a unique basin with the most vigorous TC and
BSISO activities, which both experience interannual vari-
ability (Chia and Ropelewski 2002; Chen et al. 2006; Li and
Zhou 2012; Wu and Cao 2017; Wang and Wu 2020; Kikuchi
2021; Cao et al. 2021). Previous studies have discussed at
length, but separately, the interannual changes in TC activity
(Chia and Ropelewski 2002; Chen et al. 2006; Li and Zhou
2012) and BSISO (Wu and Cao 2017; Wang and Wu 2020;
Kikuchi 2021), as well as the effects of ENSO states (Wang
and Chan 2002; Chia and Ropelewski 2002; Camargo et
al. 2007; Li and Zhou 2012). Considering that a close con-
nection between TCs and BSISO was found (Maloney and
Hartmann 2001; Hall et al. 2001; Hsu et al. 2011; Li and
Zhou 2013; Zhao et al. 2015; Kikuchi 2021), whether and
how the year-to-year variations of BSISO (whose regional
changes may not be completely controlled by ENSO; Cao
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Fig. 10 Zonal eddy momentum flux (¢//7;") (shading; units: m? s~2) composited along the TC tracks when TCs intensified during the (a) enhanced
and (b) weakened BSISO years. (¢, d) Similar to (a, b) but the shading represents the eddy momentum flux of ¢y’
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et al. 2021) exert influences on interannual changes in TC
genesis counts and intensity over the WNP, is still an open
question. Based on statistical analysis and eddy energetic
diagnosis, the BSISO-TC connection at the interannual tim-
escale was investigated in this study. The main findings can
be summarized as follows.

Based on correlation analysis of the year-to-year varia-
tions in BSISO amplitude and TC activities, we found that
the interannual changes in TC genesis counts and intensity
are modulated by the BSISO over different regions of the
WNP (Fig. 2). The May—October BSISO amplitude over
the subtropical WNP (7.5°-27.5°N, 145°E—165°W) is posi-
tively correlated with the TC genesis count over the eastern
WNP, where abnormally increased (very few) TC genera-
tions are apparent during years with enhanced (weakened)
BSISO over the subtropical WNP (Figs. 2b and 4). Conse-
quently, an increase in the basin-total TC count is observed
during years with enhanced BSISO over the subtropical
WNP. In contrast, the maximum intensity that TCs can
reach is influenced by the BSISO amplitude over the cen-
tral-western equatorial Pacific (5°S—5°N, 140°E—-160°W)

vort (10e-6 1/s)

during May—October (Fig. 2¢). In summers with enhanced
BSISO over the central-western equatorial Pacific, TCs tend
to form more frequently over the southeastern WNP and
intensify quickly (Fig. 8). These TCs have a higher chance
of reaching the intensity level of intense typhoons. When
we consider only the years with significant BSISO signals
but with neutral ENSO conditions, the behaviors of TC
activity exhibit similar changes (not shown). The sensitivity
tests for defining the BSISO components, whether including
or excluding daily variability related to ENSO (i.e., daily
fields regressed on the Nifio-3.4 index), also yield consis-
tent results. These indicate that the interannual BSISO-TC
connection remains robust, even without the contribution of
ENSO.

The modulation of TC genesis counts by BSISO at the
interannual timescale was diagnosed by the EKE budget
(Figs. 5 and 6) and intraseasonal GPI variability (Fig. 7)
based on the days with TC genesis. From the viewpoint of
eddy energetics, TC embryos (synoptic-scale eddies) can
gain more kinetic energy to grow into TCs from both the
background mean flow and the BSISO circulation anomalies
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(CK,,_pand CK,_j) over the subtropical WNP; they can also
sustain their growth by self-augmentation processes (CE
and BG) (Fig. 5). During summers with enhanced BSISO,
the eastward extension of both the monsoon trough and
vigorous BSISO region contributes to the enhanced CK,,_,
and CK;_; by working on the strengthened eddy momen-
tum. This suggests a complex interaction among mean flow,
BSISO, and eddies. Besides the contribution of circulation
anomalies (i.e., the dynamic effect), enhanced BSISO also
favors TC genesis via providing increased humidity in the
lower and middle troposphere during enhanced BSISO
years, as displayed by the analysis results of GPI* (Fig. 7).
To elucidate the TC intensification mechanism related to
interannual BSISO changes, we conducted EKE diagnosis
for understanding the energy sources along the TC tracks.
When the central-western equatorial BSISO is enhanced,
TCs tend to form in the southeastern WNP and persist for
longer over the ocean before reaching a maximum intensity
(Fig. 8). Rather than focusing on local effects, the equato-
rial BSISO controls large-scale background states, which in
turn affects TC activity. During the TC intensification stage,
these eddies also obtain more energy to intensify through
the increased barotropic energy conversion (Fig. 9), as
higher amplitudes and probabilities of cyclonic and conver-
gent flows related to the background seasonal and BSISO
flows appear during enhanced BSISO years compared with
weakened BSISO years (Figs. 10 and 11).

Although these BSISO-related processes affecting the
TC genesis and intensification rates at the interannual tim-
escale are generally consistent with climatological stud-
ies that have discussed the BSISO-TC relationship over
the whole basin (Maloney and Hartmann 2001; Hsu et al.
2011; Li and Zhou 2013; Kikuchi 2021), our study further
unveils the effects of regional BSISO on TC activities at
the interannual timescale. This raises an open issue regard-
ing the mechanisms responsible for the interannual changes
in vigorous BSISO locations (subtropical WNP vs. central-
western equatorial Pacific) that exert different influences on
TC genesis counts and intensity. Our recent study, Zhou et
al. (2024), has addressed this emergent issue. We found that
the amplitude of the subtropical BSISO, which influences
interannual changes in WNP TC genesis counts, is linked
both to the interannual variations of equatorial central-
eastern Pacific SST associated with ENSO and to subtropi-
cal eastern Pacific SST, known as the PMM (Chiang and
Vimont 2004). In contrast, results from partial correlation
analysis indicate that the interannual variations in equato-
rial BSISO amplitude are more closely related to the ENSO
signal (Teng and Wang 2003; Li and Mao 2019) rather than
the PMM. These findings, along with the results presented
in this study, suggest complex scale interactions over the
WNP. The interannual SST modes exert both remote and
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local influences on BSISO and TC activities, as well as on
the BSISO-TC linkage.

Differing from the previous studies that mainly focus on
interactions between two components (such as ENSO-TC
and ENSO-BSISO connections), the broader perspective
on scale interaction among interannual SST modes, BSISO,
and TC activities over the WNP summer monsoon region
advances our understanding of the mechanisms driving
interannual TC variations by considering the effect of inter-
annual BSISO variability. This consideration also provides
guidance for improving the prediction accuracy of WNP
TC activities, assuming that numerical models can better
capture the multi-scale interaction processes. Investigating
how the prediction skill of the ENSO/PMM-BSISO interac-
tion influences the accuracy of TC forecasts is a worthwhile
direction for further investigation.
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