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Abstract
This study investigates the effect of the intra-seasonal Indo-western Pacific convection oscillation (IPCO) on tropical cyclone 
(TC) tracks over the western North Pacific (WNP) during the boreal extended summer (May−October). The number of 
west- and northwest-moving TC tracks is found to sharply increase over the WNP in the positive intra-seasonal IPCO phase. 
Recurving tracks have greater weight in the negative intra-seasonal IPCO phase. Possible physical mechanisms are further 
examined in terms of steering flow, energy conversion, and energy propagation. When the intra-seasonal IPCO phase is posi-
tive, the first-order moment term of perturbation potential energy (PPE1) converts into perturbation kinetic energy (PKE) at 
lower latitudes. The pressure trough spreads farther to the east. Meanwhile, Rossby waves emanating from the convective 
centers of the intra-seasonal IPCO over the WNP (WaveWNP) and EEIO (WaveEEIO) travel into the trough region, thereby 
deepening the trough. These features enhance the westward and northwestward steering flow between 20°N and about 30°N, 
sharply increasing the number of straight west- and northwest-moving TC tracks over the WNP. When the intra-seasonal 
IPCO is in a negative phase, conversion from PPE1 to PKE at lower latitudes is suppressed and the trough weakens. More 
PPE1 converts to PKE in the climatological western Pacific subtropical high (WPSH) region and the WPSH is intensified. 
Moreover, WaveEEIO intensifies the north–south ridge of the WPSH over the southern Indian Peninsula. Meanwhile, part 
WaveWNP propagate northeastward. These features favor northeastward motion of TCs over the WNP.

Keywords  Intra-seasonal Indo-western Pacific convection oscillation · Tropical cyclone tracks · Western North Pacific · 
Perturbation potential energy · Rossby wave

1  Introduction

Tropical cyclone (TC) activities have an important impact 
on the safety and security of people of the affected areas 
(Emanuel 2005). The western North Pacific (WNP) basin is 

the most active region of TC genesis, generating more than 
30% of TCs worldwide (Li et al. 2016b). The TC activity 
over the WNP has been the subject of much researches (e.g 
Chan 1995; Wang and Chan 2002; Emanuel 2003; Camargo 
and Sobel 2005; Wang and Wang 2013; Zhan et al. 2011a, 
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b, 2014; Wang et al. 2014; Choi et al. 2016; Kim et al. 
2016; Li et al. 2016a). The challenge for future projections 
of TC activity is not only to develop a reliable projection 
of changes in the various factors influencing TCs, but also 
to find a means of simulating the effect of these climate 
changes on TC metrics such as TC frequency, intensity, and 
tracks (Knutson et al. 2010). The dominant tropical intra-
seasonal oscillation (ISO) is known as the Madden–Julian 
oscillation (MJO). Gray (1979) was the first to investigate a 
possible linkage between the MJO and global TC activity, 
revealing that TC genesis tends to be clustered over a period 
of 2–3 weeks around the globe. Subsequently, an increasing 
number of studies have focused on the relationship between 
the MJO and TC activity, especially in the WNP. TC activ-
ity shows significant clustering and periodicity on intra-
seasonal timescales (e.g Maloney and Hartmann 2000a, b; 
Sobel and Maloney 2000; Hartmann and Maloney 2001; Zhu 
et al. 2004). In addition, TC tracks show significant intra-
seasonal variability (e.g Harr and Elsberry 1991, 1995; Kim 
et al. 2008; Chen et al. 2009; Li and Zhou 2013).

Convective activity exhibits a feature of ISO in the trop-
ics. There is a convective seesaw over the Indo-western 
Pacific on intra-seasonal timescales (Lau and Chan 1986; 
Zhu and Wang 1993). This out-of-phase fluctuation of con-
vection anomalies over the Indo-western Pacific is also evi-
dent in the seasonal and annual mean states, as reported by 
Li et al. (2013), who used the term Indo-western Pacific 
Convection Oscillation (IPCO). More recently, Zhang et al. 
(2015) introduced the concept of the IPCO for intra-sea-
sonal timescales and found that this out-of-phase convection 
oscillation exists throughout the entire year; they called this 
feature the intra-seasonal IPCO. The average locations of 
the convection centers of the intra-seasonal IPCO lie over 
the equatorial eastern Indian Ocean (EEIO) (5°S–10°N, 
70°–100°E) and the WNP (5°–20°N, 110°–160°E). The 
propagation of the intra-seasonal IPCO is divided into two 
branches: one propagates eastward from the NIO (north 
Indian Ocean) to the WNP, and is suppressed temporarily 
as it passes over the Maritime Continent and then strength-
ens and turns northward over the WNP. And another one 
propagates northward from the equatorial Indian Ocean to 
the Indian Peninsula (Zhang et al. 2015). The classical MJO 
cannot capture this northward propagating characteristic 
(Wheeler and Hendon 2004; Ding et al. 2011). The intra-
seasonal IPCO also has a non-propagating part. The prop-
agating part of the intra-seasonal IPCO during the boreal 
extended summer (May–October) is closely connected with 
the propagation of the boreal summer ISO (Kikuchi et al. 
2012). The intra-seasonal IPCO has an important effect 
on the climate and weather events over the Indo-western 
North Pacific, and indeed on TC activity (Li et al. 2013). 
Wang et al. (2017) reported that the impacts of the intra-
seasonal IPCO on TCs over the Indo-western North Pacific 

(Indo-WNP) include an evident “phase lock of TC genesis 
location” and distinct differences in TC frequency during 
the boreal extended summer in the period 1979–2015. In 
addition to the frequency and location of TC genesis, the TC 
track is one of essential metric of TC activity. And TC track 
forecast is also an important part of TC forecasts. Does the 
intra-seasonal IPCO have an impact on TC tracks over the 
WNP, and if so, what is the mechanism? In this work, we 
will answer these two questions.

The remainder of this paper is organized as follows: 
Sect. 2 provides a brief review of the data and analysis meth-
ods. In Sect. 3, the statistical characteristics of TC tracks in 
the positive and negative intra-seasonal IPCO phases are 
presented, and Sect. 4 discusses the physical mechanisms 
that underlie the differences in TC tracks in the various 
phases. Finally, the key results and conclusions are presented 
in Sect. 5.

2 � Data and methodology

2.1 � Data

Best-track data for TC activity over the WNP during 
1979−2015 are obtained from the Regional Specialized 
Meteorological Center (RSMC) of the Japan Meteorological 
Agency (JMA, available online at http://www.jma.go.jp/jma/
jma-eng/jma-cente​r/rsmc-hp-pub-eg/track​archi​ves.html). 
Only TCs that reach tropical storm intensity (maximum 
sustained 10 m wind speed ≥ 17.2 m/s) are employed. The 
article employs daily datasets (including horizontal wind 
fields, pressure, vertical velocity, geopotential height, rela-
tive humidity, and air temperature) with 2.5° horizontal reso-
lution during the boreal extended summer of 1979−2015 
from the National Centers for Environmental Prediction 
and Atmospheric Research (NCEP/NCAR) reanalysis 1 
data (Kalnay et al. 1996). Specific cloud liquid water con-
tent data with 2.5 horizontal resolution from the European 
Centre for Medium-Range Weather Forecasts Re-Analysis 
(ERA) Interim datasets are also used (Dee et al. 2011).

2.2 � Statistical methods

Based on a previous study (Li et al. 2013; Zhang et al. 2015), 
the intra-seasonal IPCO index is given as

where OLREEIO and OLRWNP are the normalized 30−60-day 
bandpass-filtered area-averaged time series of OLR anoma-
lies over the EEIO (5°S−10°N, 70°−100°E) and WNP 
(5°–20°N, 110°−160°E), respectively. An absolute value of 
IPCOI of between − 1 and + 1 is used to define a neutral 
phase of the IPCO, while values less than − 1 define the 

(1)IPCOI = OLREEIO − OLRWNP,

http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html
http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html
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negative phase, and values greater than + 1 define the posi-
tive phase. A 30–60-day Lanczos bandpass filter using 139 
weights is applied to the anomalies of the aforementioned 
meteorological elements, except the TC data.

Lead–lag correlation analysis is applied to examine the 
relation between the intra-seasonal IPCO and the western 
Pacific subtropical high (WPSH). A WPSH index is given 
by the normalized sum of the difference in geopotential 
height between each grid point at 700 hPa and 3160 gpm 
after applying a 30–60-day Lanczos bandpass filter. The 
statistical significance of the correlation between two auto-
correlated time series is assessed via a two-tailed Student’s 
t-test using the effective number of degrees of freedom (Neff). 
Neff is given by the following approximation (e.g Pyper and 
Peterman 1998; Li et al. 2012, 2013; Xie et al. 2014; Sun 
et al. 2015; Xue et al. 2017):

where N is the sample size and �XX(j) and �YY (j) are the 
autocorrelations of the two sampled time series X and Y at 
time lag j, respectively. Composite analysis is employed to 
explore possible physical mechanisms.

2.3 � Classification of TC tracks

To single TC, firstly, a straight line connecting TC genesis 
location and disappeared location is fixed. Table 1 present the 
classified method to TC tracks. If the obliquity (α, Fig. 1) of 
straight line relative to the equator is greater than or equal to 
112.5° or the value of longitude at any time (excluding the last 
moment) is greater than or equal to one at the last moment, 
it will be identified as the west-moving or northwest-moving 
track (Table 1, categories III and II). Besides, west-moving 
track also include southwest-moving track (Table 1, category 

(2)
1

Neff
≈

1

N
+

2

N

N∑

j=1

N − j

N
�XX(j)�YY (j),

I). If α is less than 112.5° and the value of latitude at the last 
moment is greater than one at the genesis moment, it will be 
identified as recurving tracks (Table 1, categories I and II). 
Particularly, to a TC with turning point, if its meridional dis-
tance (difference in latitudes) from disappeared location to 
turning point is less than half zonal distance (difference in 
longitudes) from genesis location to turning point, and the 
zonal distance from disappeared location to turning point is 
less than 0.05 times zonal distance from genesis location to 
turning point, we think it belongs to the west- or northwest-
moving tracks (Table 1, category IV).

2.4 � Vertical wind shear

According to the previous studies (Sharmila and Walsh 2017), 
we calculate the vertical wind shear (VWS) between adjacent 
atmospheric layers. VWS is defined as the magnitude of the 
vector different of wind between adjacent atmospheric layers:

(3)VWS =

√(
uii+1 − uii

)2
+
(
vii+1 − vii

)2
,

Table 1   The necessary conditions that different TC tracks need to meet

And lon represents longitude, lat latitude. Number 0 presents TC genesis moment, i disappeared moment. α indicates the obliquity of straight 
line (which connecting TC genesis location and disappeared location) relative to the equator. “√” represents condition which need to satisfy, 
“∅” represents condition which need not to satisfy

Conditions West- and northwest-moving tracks Recurving tracks

І II III IV І II

α < 112.5° ∅ ∅ ∅ Particularly, to a TC with turning point: |lati−latturning point|< 0.5 × |lon0− 
lonturning point| and |loni−lonturning point|< 0.05 × |lon0−lonturning point|

√ √
α ≥ 112.5° ∅ ∅ √ ∅ ∅
lon0 ≥ loni √ ∅ ∅ ∅ ∅
All(lon0:i−1) ≥ loni ∅ √ ∅ ∅ ∅
Any(lon0:i−1) < loni ∅ ∅ ∅ ∅ √
lat0 < lati ∅ ∅ ∅ √ √
lat0 ≥ lati √ ∅ ∅ ∅ ∅

α

TC genesis 
location

TC 
disappeared 

location

Fig. 1   The obliquity (α) of straight line relative to the equator. 
Straight line is defined by connecting TC genesis location (red dot) 
and disappeared location (red dot)
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where u and v are zonal and meridional wind components, 
respectively; ii indicate one level of atmosphere.

2.5 � Atmospheric perturbation potential energy 
(PPE)

A possible linkage between the energy and horizontal pres-
sure distribution in a storm was first studied quantitatively 
by Margules (1903), who proposed the concept of atmos-
pheric kinetic energy availability, which led to a focus on 
the atmospheric available potential energy (APE). Lorenz 
(1955) formulated the modern framework of atmospheric 
energetics. Subsequently, the theory of APE was continu-
ously improved and has been employed in the energy analy-
sis of atmospheric and oceanic processes (e.g Smith 1969; 
Smith et al. 1977; Xie 1978; Taylor 1979; Oort et al. 1989). 
However, the application of APE on regional energy con-
version is limited, because the concept of APE is based on 
globally averaged variables (Gao and Li 2007, 2012; Li 
et al. 2016c; Dong et al. 2017). Through investigating some 
important characteristics of the atmosphere during an adi-
abatic process (Gao et al. 2006), Li and Gao (2006) proposed 
the perturbation potential energy (PPE) to express local 
APE. In isobaric coordinates, PPE ( P′

ai
 ) can be written as

where i is the order of the PPE; p00 is a reference pressure 
(usually taken as 1000 hPa); �d = g∕cp is the dry adiabatic 
lapse rate, where cp is the specific heat at constant pres-
sure and g is gravitational acceleration; � = R∕cp with R 
being the gas constant of dry air; p is pressure; ps is surface 
pressure; T is temperature; and � is potential temperature. 
In addition, T represents a global average on an isobaric 
surface and T′ the departure from this global average. The 
first-order PPE (PPE1, P′

a1
 ) and second-order PPE (PPE2, 

P′
a2

 ) are expressed as follows:

Li and Gao (2006) found that high-order moment terms 
of PPE are much smaller than PPE1 and PPE2, and can there-
fore be omitted. On a global average, PPE1 diminishes, while 
PPE2 become the major term, and the formula of PPE2 is the 

(4)
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dp.

same as APE. But there is a significant difference between 
PPE2 and APE; i.e., the former is based on local regional 
variables, whereas the latter is based on globally averaged 
variables. Locally, PPE1 is an order of magnitude larger than 
PPE2; hence, we focus on PPE1 in this study (The detailed 
governing equations of the atmospheric layer PPE1 can be 
found in the Appendix A).

2.6 � Non‑stationary Rossby wave ray tracing method 
in the horizontal non‑uniform basic flow

In order to understand how the intra-seasonal IPCO modu-
late tropical cyclone tracks from a perspective of energy 
propagation, non-stationary Rossby wave ray tracing method 
in horizontal non-uniform basic flow (details are shown in 
the Appendix B) is employed. Since the average TC life 
is 7−9 days and the convective oscillation has a period of 
30−60 days, we set the initial zonal wavenumber to 1 and the 
period of the wave to 30 days in the different intra-seasonal 
IPCO phases.

3 � TC tracks in the positive and negative 
intra‑seasonal IPCO phases

As can be seen in Fig. 2 and Table 2, it is apparent that 
west- and northwest-moving tracks (accounting for 
~ 56.5% of the total number) are more than recurving 
tracks (~ 41.8%) in a positive phase of the intra-seasonal 
IPCO. On the contrary, recurving tracks have greater 
weight (~ 54.4%) in the negative phase. In order to show 
the difference of TC tracks between the positive and nega-
tive intra-seasonal IPCO phases. We further explore the 
difference in frequency of TCs occurrence in each 2° lati-
tude × 2° longitude grid between the positive and nega-
tive intra-seasonal IPCO phases and obtain the quantitative 
statistics of TCs tracks in two phases. As shown in the 
Fig. 3, straight west- and northwest-moving tracks sharply 
increase in the positive intra-seasonal IPCO phase com-
pared with that in the negative phase over the WNP. Wang 
et al. (2017) reported that the total number of TC geneses 
over the WNP in the positive intra-seasonal IPCO phase 
is 2.16 times than that in its negative phase. By compar-
ing the number of corresponding tracks in the two phases 
(Table 2), we find that there are 2.72 times as many west- 
and northwest-moving tracks (~ 166 TCs) in the positive 
phase than in the negative phase (~ 61 TCs). The num-
ber of recurving tracks in the positive phase (~ 123 TCs) 
is only 1.66 times that in the negative phase (~ 74 TCs). 
These figures implies that more TCs make landfall on the 
Indo-China Peninsula, eastern coastal China, and some 
islands in the South China Sea (SCS) during the posi-
tive intra-seasonal IPCO phase than during the negative 
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phase. In addition, in order to further verify our results, we 
choose the four factors to represent TC tracks, including 
TC genesis locations, middle locations, disappeared loca-
tions and the mean of TC life periods of different tracks in 

two phases. Previous study (Wang et al. 2017) has shown 
that the statistic results of TC genesis locations is signifi-
cantly different between the positive and negative phases, 
more TCs generate in the west of the WNP and at lower 
latitudes in the positive intra-seasonal IPCO than that in 
negative phase. Here, we just display the results of other 
three factors. Because there are tiny east- and southeast- 
moving TCs in the positive (about 5 TCs) and negative 
(only 1 TC) phases, we analyze total TCs locations at two 
phases. As shown in Table 3, TC mean middle and disap-
peared locations tend to migrate westward and southward 
in the positive phase, especially mean disappeared location 
(roughly 25.12°N, 132.82°E vs 28.73°N, 140.26°E in the 
negative phase). To the mean of TC life periods of differ-
ent tracks in two phases, it is evident that the recurving 
tracks have longer life cycle in the negative phase com-
pare with that in the positive phase. It implies TCs are 
easier to recurve to northward and northeastward in the 
negative phase than that in its positive phase. And there 
is no significant differences in life cycles of the west- and 
northwest-moving TCs between two phases, because of 
a limited distance from the TC genesis location to land-
ing location. In general, the differences in these factors 
between the positive and negative phases are all evident, it 

Fig. 2   TC tracks (blue lines) in the positive (a) and negative (b) intra-seasonal IPCO phases over the WNP in the boreal extended summer for 
the period 1979–2015. The red dots denote the TC genesis locations

Table 2   The quantitative 
statistics of TC tracks over 
WNP in boreal extended 
summer at positive and negative 
intra-seasonal IPCO phases 
(1979–2015)

Phase Total number Different tracks Number Proportion (%)

IPCO+ 294 West- and northwest-moving tracks 166 56.5
Recurving tracks 123 41.8

IPCO− 136 West- and northwest-moving tracks 61 44.9
Recurving tracks 74 54.4

Fig. 3   Difference in frequency of TCs occurrence in each 2° lati-
tude × 2° longitude grid between the positive and negative intra-sea-
sonal IPCO phases over the WNP in the boreal extended summer for 
the period 1979–2015
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illustrates the differences in TC tracks between two phases 
are robust.

4 � Possible physical mechanisms

4.1 � Steering flow

TC tracks generally follow the steering flows (Chan 2010). 
A diagnostic horizon must be chosen to analyze the effect of 
steering flow on TC tracks. Figure 4 shows the vertical distri-
bution of zonal mean kinetic energy and vertical wind shear 
between adjacent atmospheric layers. To the troposphere, it 
is evident from Fig. 4a that zonal mean kinetic energy at the 
850−700-hPa levels is higher than that at other levels at low 
latitudes. Vertical wind shear remains weak around 700-hPa 
level (Fig. 4b), it supports the TC genesis and development, 

what’s more, TC tracks is also related to the TC genesis and 
intensity (Yang et al. 2015). Therefore, combining these 
results with previous research (Chen et al. 2009), we choose 
to analyze the circulation fields at 700 hPa. As a large cir-
culation feature in the WNP, the WPSH has an important 
effect on TC tracks. It is evident from Fig. 5 that a significant 
lead–lag relationship exists between the WPSH and the intra-
seasonal IPCO. There is a significant negative correlation 
between the intra-seasonal IPCO and the WPSH when the 
change in the intra-seasonal IPCO leads the WPSH (negative 
lag), reaching a peak (around − 0.366) at a lag of − 7 days, 
indicating that the intra-seasonal IPCO has a dominant effect 
on the development of the WPSH. In contrast, there is a sig-
nificant positive correlation between the intra-seasonal IPCO 
and the WPSH, when the change of the WPSH leads the 
intra-seasonal IPCO (positive lag), reaching a peak (around 
0.375) at a lag of 14 days, suggesting a potential influence of 

Table 3   The quantitative 
statistics of TC tracks factors 
(including TC middle locations, 
disappeared locations and mean 
of TC life period of different 
tracks) over the WNP in boreal 
extended summer at positive 
and negative intra-seasonal 
IPCO phases (1979–2015)

One (two) asterisks indicate significance above the 90% (99%) confidence level using the Student’s t-test

WNP IPCO+ IPCO−

Total number of TC genesis 294 136
TC middle locations Meridional Mean 19.19°N** 21.57°N**

Standard deviation 6.24° 7.13°
Zonal Mean 133.64°E** 138.56°E**

Standard deviation 14.81° 14.82°
TC disappeared locations Meridional Mean 25.12°N** 28.73°N**

Standard deviation 10.95° 12.7°
Zonal Mean 132.82°E** 140.26°E**

Standard deviation 21.3° 22.91°
Mean of TC life period of different tracks 

(units: h)
West- and northwest-moving TCs 127.76 121.52
Recurving moving TCs 171.39** 196.93**

Fig. 4   Vertical distribution of zonal mean kinetic energy (a) and vertical wind shear between adjacent atmospheric layers (b) over the WNP in 
the boreal extended summer for the period 1979–2015
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the WPSH on the intra-seasonal IPCO. Therefore, the intra-
seasonal IPCO can affect TC tracks through the WPSH.

As shown in Fig. 6a, in the positive phase of the intra-sea-
sonal IPCO, significant negative geopotential height anoma-
lies occur in the region where the climatological trough 
is located over the WNP. As a result, the trough deepens, 
spreading farther to the east, further suppressing the develop-
ment of the WPSH over the WNP (Fig. 7a). The ridge of the 
WPSH is farther north than in the negative phase (Fig. 7b), 
and the western edge of the 3160-gpm surface leans farther 
to the east. These features result in a change in the steering 

flow (Fig. 8a). With reference to Fig. 8a we can see there 
is anomalously cyclonic circulation in the positive intra-
seasonal IPCO phase at low latitudes and west of 150°E in 
the WNP. And previous study (Wang et al. 2017) illustrates 
more TCs generate in the west of the WNP and at lower 
latitude, especially in the South China Sea (SCS). Although 
the anomalous eastward airflows occur in the WNP south of 
17.5°N, not all anomalous westerlies are significant. Obvious 
anomalous westerlies occurs in the WNP south of 10°N and 
west of 140°E, which can suppress the westward and north-
westward motion of TCs. However, there are only a few of 
TCs in these area. In the SCS, there are no obvious difference 
in TC tracks, because the center of anomalously cyclonic 
circulation is located here. To other regions where TCs 
mainly generate, there are not significant change of circula-
tion, hence, most TCs move westward and northwestward 
because of β-effect. In addition, anomalous westward airflow 
about 10° poleward of 20°N can also prevent a northward and 
northeastward shift when the TCs move to the north of 20°N 
and west of 150°E. It is also the reason why the recurving 
tracks have shorter life cycle in the positive phase than that 
in its negative phases (Table 3). Most TCs make landfall on 
the Indo-China Peninsula, eastern coastal China, and some 
islands in the SCS during the positive phase.

In contrast, in the negative phase of the intra-seasonal 
IPCO, TC genesis locations is more dispersed and genesis 
region shifts to the east of the WNP (Wang et al. 2017). Sig-
nificant positive geopotential height anomalies occur in the 
region where the climatological trough is located over the 
WNP (Fig. 6b), and the trough is weakened considerably 
(Fig. 7b) in the negative phase. In the meantime, the WPSH 
is intensified significantly, with a southward-migrating ridge 
(Fig. 7b). The western edge of the 3160-gpm surface leans 

Fig. 5   Lead–lag relation between the intra-seasonal IPCO index and 
the WPSH index (negative lags denote the intra-seasonal IPCO leads 
the WPSH; vice versa). The dotted lines indicate significant at the 
99% (blue) and 95% (red) confidence levels using Student’s t-test, 
respectively

Fig. 6   Composite maps of geopotential height anomalies over the 
WNP in the boreal extended summer for the period 1979–2015 at the 
700-hPa level. a The positive intra-seasonal IPCO phase; b the nega-

tive intra-seasonal IPCO phase. The shaded areas denote geopotential 
height (units: gpm), the stippled regions significant above the 99% 
confidence levels using Student’s t-test
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farther to the west. It is clear that the intensified WPSH results 
in anomalously anticyclonic circulation at low latitudes and 
west of 150°E in the WNP (Fig. 8b). Powerful westward and 
northwestward steering flow in the WNP south of 10°N and 
west of 140°E, supporting the westward and northwestward 
motion of TCs in these regions. However, there are only a few 
of TCs in these area. To the region between 10°N and 25°N 
and east of 130°E, anomalously southward and southeastward 
flows can prevent TCs from moving to north and northeast at 
first, but when the TCs move to the north of 20°N and west 
of 135°E, anomalous westerlies can also prevent TCs from 
moving to west and northwest and reaching the Indo-China 
Peninsula, eastern coastal China, and islands in the SCS. Also, 
as can be seen from Fig. 7b, the WPSH is so strong, there 
is an intensified north–south ridge of the WPSH south of 
20°N in the WNP, it can also keep TCs from moving to west 
and northwest. These features lead to most TC tracks tend to 
recurve to northeastward and northward in the negative phase.

4.2 � Energy conversion

Actually, the essence of steering flow is the result of energy 
transformation. It is useful to study the impact of steering 
flow on TC tracks from the perspective of energy conver-
sion. The atmosphere is not an isolated system: it exchanges 
energy with its surroundings, and loses kinetic energy by 
friction. The existing kinetic energy is kept within 10 days. 
Consequently, external energy input is needed to drive the 
movement of the atmosphere; however, solar radiation, as 
the major external source of energy, cannot be converted into 
kinetic energy directly, it need to be converted to PPE firstly. 
As shown in Eq. 7, it is clear that diabatic heating ( G ) is the 
major energy source of PPE other than energy redistribu-
tion within the atmospheric system. Latent heat provides 
the major part of the diabatic heating in the tropics. Given 
that the specific cloud liquid water content is an approximate 

Fig. 7   Frequency of TCs occurrence in each 2° latitude × 2° longi-
tude grid over the WNP in the boreal extended summer for the period 
1979–2015. a The positive intra-seasonal IPCO phase; b the nega-
tive intra-seasonal IPCO phase. The shaded areas indicate frequency 
of TCs occurrence. Dashed lines the trough (blue) and WPSH ridge 
(red), respectively. Solid line the 3160 gpm isoline of geopotential 
height

Fig. 8   As in Fig. 6, but for horizontal wind at 700-hPa. The green vectors (units: m/s) indicate significant above the 99% confidence level. Blue 
tiny dots show TC genesis location. Shaded areas indicate frequency of TCs occurrence in each 2° latitude × 2° longitude grid
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measure of the available latent heat, we analyze the specific 
cloud liquid water content at 700 hPa in the positive and 
negative intra-seasonal IPCO phases.

When the intra-seasonal IPCO is in its positive phase, 
there are positive anomalies of cloud liquid water content 
at 10°−25°N (Fig. 9a), especially in the region where the 
climatological trough is located. This indicates the release of 
more latent heat of condensation and therefore an increased 
accumulation of PPE1 compared with climatology. Positive 
anomalies of PPE1 occur in the region of the climatological 
trough (Fig. 10a); however, although positive anomalies of 
cloud liquid water content also occur at middle and high lati-
tudes in the positive phase over the WNP, anomalies of PPE1 
are negative, so less PPE1 is released in these regions than 
normal (Fig. 10a). The possible reason is that G is composed 
of latent heat net flux, sensible heat net flux, net longwave 

radiation and net shortwave radiation, here, we just talk about 
latent heat net flux. To latent heat, it is the major part of the G 
in the tropics, but it is not true for the subtropics because of 
the influence of downdrafts and westerlies. Positive anoma-
lies of cloud liquid water content can not enough to repre-
sent that more PPE1 is released in the subtropics. Hence, 
less PPE1 is accumulated at middle and high latitudes can be 
understood. From Eqs. 7 and 8, it is clear that energy can be 
converted from PPE1 to PKE. The more PPE1 is released, the 
more energy is converted to PKE. In Fig. 11a, in the trough 
region, more PKE is created than normal, which enhances 
the cyclonic circulation at lower latitudes over the WNP 
and intensifies the trough, leading to stronger westward and 
northwestward steering flow between 20°N and 30°N. In the 
climatological WPSH region, the conversion from PPE1 to 
PKE is suppressed, which means the WPSH is weakened, 

Fig. 9   As in Fig. 6, but for specific cloud liquid water content anomalies (units: g/kg) at the 700-hPa level

Fig. 10   As in Fig. 6, but for perturbation potential energy anomalies (units: J/m2) at the 700-hPa level
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reducing the effect of the steering flow caused by the WPSH 
in this region. Consequently, most TCs move westward and 
northwestward in the positive intra-seasonal IPCO phase.

The reverse is true in the negative intra-seasonal IPCO 
phase. Lower cloud liquid water content results in less PPE1 
being accumulated in the climatological trough region than 
normal (Figs. 9b, 10b), further decreasing the efficiency of 
conversion from PPE1 to PKE (Fig. 11b). This weakens the 
cyclonic circulation at lower latitudes over the WNP, fur-
ther suppressing the development of the trough. Therefore, 
anomalous southwesterlies and easterlies between 15°N and 
30°N and east of 130°E in the WNP are strengthened with 
a weakening trough, and the westward and northwestward 
steering flows are suppressed. Following the same reasoning 
as used for the positive phase, negative anomalies of cloud 
liquid water content occur at middle and high latitudes over 
the WNP, less latent heat can not enough to suggests that 
less PPE1 is used to support the development of the WPSH 
than normal, more PPE1 are accumulated in the climatologi-
cal WPSH region because of other energy sources, further 
enhancing the conversion efficiency from PPE1 to PKE, 
thereby intensifying the WPSH and resulting in stronger steer-
ing flow. This then supports the initial westward and north-
westward motion of TCs on the southern flanks of the WPSH; 
however, anomalous southwesterlies and easterlies in the west 
of WNP will prevent TCs from moving westward and north-
westward. Consequently, most TC tracks turn northeastward 
and northward in the negative intra-seasonal IPCO phase.

4.3 � Energy propagation

Energy is not static, it propagates through waves. The group 
velocity represents the velocity at which wave energy prop-
agates. Previous studies paid more attention to the direct 
effect of wave on TC genesis location instead of tracks (e.g 

Molinari et al. 1997; Huang and Chen 2007). To further 
understand how the wave energy disperses, Rossby wave 
ray tracing in horizontal non-uniform basic flow at 700 hPa 
is presented in Fig. 12. In the positive intra-seasonal IPCO 
phase (Fig. 12a), the Rossby wave rays emanating from the 
convective center of the intra-seasonal IPCO in the WNP 
(WaveWNP) propagate into the region of the climatologi-
cal trough, and intensify the development of anomalously 
cyclonic circulation, thereby supporting the development 
of the trough. This leads to stronger westward and north-
westward steering airflow north of 20°N. Moreover, some 
eastward Rossby wave rays that are excited at the convective 
center of the intra-seasonal IPCO in the EEIO (WaveEEIO) 
arrive in the WNP, and intensify the trough, further enhanc-
ing the westward and northwestward steering airflow north 
of 20°N. As a result, the number of straight west- and north-
west-moving TC tracks sharply increases in the WNP. In the 
negative intra-seasonal IPCO phase (Fig. 12b), the west-
ward-moving WaveWNP divides into two apparently distinct 
branches about 10 days later. One branch continues to spread 
to the west, propagating to the EEIO, while the other turns 
northeastward and northward, which favors northeastward 
motion of TCs over the WNP. Meanwhile, the few northeast-
ward-moving WaveEEIO reach the southern Indo-China Pen-
insula, which results in an intensified north–south ridge of 
the WPSH, further suppressing the westward motion of TCs 
and leading to fewer straight west- and northwest-moving 
TC tracks in the negative phase.

5 � Summary and discussion

This study investigates the TC tracks in different intra-sea-
sonal IPCO phases over the WNP. When the intra-seasonal 
IPCO is in its positive phase, the number of straight west- and 

Fig. 11   As in Fig. 6, but for perturbation kinetic energy anomalies (units: J/m2) at the 700-hPa level. The red (blue) box are the locations of the 
climatic western Pacific subtropical high (tough), respectively
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northwest-moving tracks sharply increases. When the intra-
seasonal IPCO is in its negative phase, recurving TC tracks 
account for a larger proportion. The results are similar to 
the previous study (Kim et al. 2008). In their studies, they 
pointed that when the MJO-related convection center is 
found in the equatorial Indian Ocean (the tropical WNP), 
a dense area of tracks migrates eastward (westward). These 
features imply that there is closely connection between the 
traditional MJO and propagating part of the intra-seasonal 
IPCO in the boreal extended summer. And it also further 
verify the reliability of this study. But the evident difference 
can be found in the total number. Not only that, the differ-
ences in TC genesis numbers, locations and tracks are also 
obvious in single quadrant. Moreover, in their study, although 
they discussed TC tracks characters qualitatively in different 
periods (June–September, June-July, August–September), but 
they did not give a detail statistics characters of TC tracks. 
And they analyzed the possible physical mechanisms from 

a perspective of steering flows. However, in our study, we 
examined the modulation of the intra-seasonal IPCO on trop-
ical cyclone tracks quantitatively, and to the part of possible 
mechanisms, we not only focus on steering flows but also 
energy conversion and transmission.

Figure 13 displays schematic diagram of modulation of 
tropical cyclone tracks over the WNP by the intra-seasonal 
IPCO. In the positive phase of the intra-seasonal IPCO, 
more PPE1 are converted into PKE in the climatological 
trough region, which intensifies the trough so that it spreads 
farther east. Meanwhile, the energy transmitted by the 
WaveWNP and WaveEEIO further deepens the tough. In the 
climatological WPSH region, the conversion from PPE1 to 
PKE is suppressed, which means the WPSH is weakened, 
thereby reducing the effect of the steering flow associated 
with the WPSH in this region. These features lead to an 
anomalously cyclonic circulation. On the one hand, to the 
regions where TCs mainly generate, there are not significant 

Fig. 12   The nonstationary 
Rossby wave trajectories [red 
(blue) curves: wave sources 
locate in the WNP (EEIO)] in 
horizontal non-uniform basic 
flow at the 700-hPa level in the 
boreal extended summer for the 
period 1979–2015. a The posi-
tive intra-seasonal IPCO phase; 
(b) the negative intra-seasonal 
IPCO phase. The black dots 
represent the initial position 
of the disturbances (a virtual 
wave source), and the crosses 
5 days’ interval. The boxes the 
EEIO (blue), the WNP (red), 
respectively
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change of circulation, hence, most TCs move westward 
and northwestward because of β-effect. On the other hand, 
anomalously westward airflow about 10° poleward of 20°N 
prevent a northward and northeastward shift when the 
TCs move to the north of 20°N and west of 150°E. Hence, 
most TCs move westward and northwestward. In the nega-
tive phase of the intra-seasonal IPCO, the conversion from 
PPE1 to PKE is suppressed at lower latitude and the trough 
is sharply weakened. In contrast, more PPE1 converts to PKE 
in the WPSH region, and the WPSH is intensified with a 
southward extending ridge. The energy transmitted by the 
WaveEEIO intensifies the ridge of the WPSH over the south 
Indo-China Peninsula, which suppresses the westward and 
northwestward steering flow. Moreover, many WaveWNP turn 
northeastward and northward in the WNP, enhancing the 
northeastward steering flow. Consequently, most TC tracks 
move northeastward and northward.

Previous studies on the physical mechanisms of TC 
tracks have focused on a single layer. To TC tracks, steering 
flow must have a common direction on all levels. To verify 
the applicability of PPE1 and nonstationary Rossby wave 
ray tracing to the study of TC tracks, we also examine the 
representation of PPE1 and Rossby wave ray tracing in the 

vertical direction. The results are in agreement with those 
in Sect. 4 (figures not shown). Hence, atmospheric PPE and 
non-stationary Rossby wave ray tracing in the horizontal 
non-uniform basic flow are powerful tools for studying TC 
activity. Combining these methods with the intra-seasonal 
IPCO shows great promise for forecasting TC activity; how-
ever, we have only discussed TC activity over the WNP in 
this work. Further work is required to investigate whether 
these two methods apply to TC activities in other basins.
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Appendix A

The governing equations of the atmospheric layer 
PPE1

The governing equations of the atmospheric layer PPE1 (
P̂�
a1
, P̂�

a1
=
⟨
CpT

�
⟩)

 and perturbation kinetic energy 
(PKE, K′ ) are derived as follows (Wang et al. 2012):

where K� = K − K̄  and ( ) is the global average; 

( ) =
1

4�a2
∫ �

2

−
�

2

∫ 2�
0

( )d�d� , where � is latitude and � longi-

tude; ⟨⟩ = 1

g
∫ p2
p1

⋅dp ; {} represents a horizontal integration 

with {} = ∬
�
d� , where d� = a2 cos�d�d� ; a is the  

Earth’s radius; VFPE and VFK are vertical fluxes of PPE1  
and PKE, respectively; VFPE =

{⟨
𝜕

𝜕p

(
𝜔P̂�

a1
− 𝜔P̂�

a1

)⟩}
;

VFK =
{⟨

�

�p

(
�K − �K

)
−

�

�p

(
�Φ − �Φ

)⟩}
 , where � is 

the vertical velocity in terms of the pressure coordinate; and 
Ck =

{⟨
�� − ��

⟩}
 represents the energy conversion 

between PPE1 and PKE, where α is the air specific volume. 
When Ck < 0, PPE1 is converted to PKE, whereas when  
Ck > 0, PKE is converted to PPE1. G =

{⟨
Q − Q̄

⟩}
 repre-

sents the PPE tendency associated with diabatic heating  
of the atmosphere, where Q is the atmospheric diabatic heat-
ing rate. HFBPE and HFBK are the horizontal boundary 
fluxes of PPE1 and PKE, respectively, with HFB

PE
=

(7)

{⟨
𝜕P̂�

a1

𝜕t

⟩}
= −VFPE + Ck − HFBPE + G,

(8)
{⟨

�K�

�t

⟩}
= −VFK − Ck + D − HFBK ,

Fig. 13   Schematic diagram of modulation of tropical cyclone tracks 
over the WNP by intra-seasonal IPCO in the positive (a) and negative 
(b) intra-seasonal IPCO phases. Orange shadings represent main TC 
generating areas. Orange vector lines indicate the travel directions of 
the Rossby wave. Black (red) dashed lines show the ridge of WPSH 
(trough). Blue and red circulation lines represent anomalously anticy-
clonic and cyclonic circulations, respectively. Blue vector lines indicate 
TC tracks. PPE+ (PPE−) indicate positive (negative) PPE anomalies
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VhΦ

)⟩}
, where the horizontal wind velocity 

⇀

Vh = u⃗i + v⃗j  ; u and v are the zonal and meridional compo-
nents of horizontal wind velocity, respectively; ∇h is the 
horizontal gradient operator; ∇h =

1

acos𝜑

𝜕

𝜕𝜑
i⃗ +

1

a
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j⃗  ; Φ is 

geopotential; and D represents viscous dissipation, 

withD =
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⇀
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⇀
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⟩}
 , where 

⇀

Fh is the hori-

zontal friction term.

Appendix B

Non‑stationary Rossby wave ray tracing method 
in the horizontal non‑uniform basic flow

Previous research has suggested that the barotropic vor-
ticity equation is a useful tool to describe Rossby wave 
propagation (Hoskins and Karoly 1981; Branstator 1983; 
Hoskins and Ambrizzi 1993). By employing the Mercator 
projection, the perturbation method, and the Wentzel–Kram-
ers–Brillouin (WKB) approximation, it is possible to obtain 
a linearized barotropic non-divergent vorticity equation in 
spherical coordinates (Eq. 9) and dispersion relation (Eq. 10) 
(Hoskins and Karoly 1981; Li and Li 2012; Li et al. 2015):

where � is the stream function; ūM =
ū

cos𝜑
 and v̄M =

v̄

cos𝜑
 are 

the zonal and meridional components of the basic flow in a 
Mercator projection, respectively; q̄ =

∇2

M
𝜓̄

cos2𝜑
+ 2Ω sin𝜑 is the 

fundamental quantity of absolute vorticity; K2 = l2 + k2 is 
the total wavenumber, where k andl are the zonal and merid-
ional wavenumbers, respectively; and � is the angular 
frequency.

The ray path is a trajectory locally tangent to the group 
velocity vector (Lighthill 1978). Hence, Li and Li (2012) 
detected the energy dispersion by calculating the ray trajec-
tories, further revealing the impact of meridional basic flow 
on the wave propagation:

(9)
(
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+ v̄M
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)
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= 0,

(10)𝜔 = ūMk + v̄Ml +
q̄xl − q̄yk

K2
,

(11)
f (l) = v̄Ml

3 + k
(
ūM − cx

)
l2 +

(
k2v̄M + q̄x

)
l

+
[
k2
(
ūM − cx

)
− q̄y

]
k = 0,

where � = (cx, cy) is the phase velocity.
The zonal and meridional components of group velocity, 

ug and vg , respectively, take the form

Due to the longitudinal and latitudinal variation of the 
basic state, l , k, and � (phase) change along the ray paths. 
Their evolution is determined by kinematic wave theory 
(Whitham 1960) as follows:

where dg
dt

=
�

�t
+ ug

�

�x
+ vg

�

�y
 denotes the Lagrangian variation 

moving at the group velocity; �
�
=
(
ug, vg

)
 is local group 

velocity. Therefore, the ray trajectory and phase evolution can 
be integrated through Eqs. (14)−(16) using Runge–Kutta 
methods if the basic and initial states are known.
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