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ABSTRACT

The statistical and dynamical characteristics of binary tropical cyclones (TCs) observed in the western

North Pacific (WNP) for 62 years (1951–2012) are investigated by using best track and reanalysis data. A total

of 98 binary TCs occurred with an annual average of 1.58. The occurrence frequency of binary TCs shows

significant year-to-year variations and there are two peaks in the mid-1960s and early 1990s. Three-fourths

(76.3%) of the binary TCs occurred between July and September, which is consistent with the high activity

season of TCs in general. A relatively higher track density for binary TCs is present to the east of the max-

imum track density for total TCs. This result is likely due to the differences in the locations of genesis and

environmental steering flow between binary and total TCs. The poleward steering flow, weaker vertical wind

shear, and warmer sea surface temperature are pronounced for binary TCs, and these result in a longer

lifetime of TCs, which can increase the chances that they would be detected as binary TCs. By applying the

clustering analysis technique, six representative trajectories of the binary TCs are obtained. The transitional

speed and recurving location are significantly different with respect to the clustered types. The trajectories of

each type are strongly related to the temporal variations in the environmental steering flow and the location of

the North Pacific high.

1. Introduction

The interaction of two or more tropical cyclones

(TCs) is one of the primary sources of error when

forecasting TCs (Brand 1970, hereafter B70; Jarrell et al.

1978; Neumann 1981; Prieto et al. 2003). A number of

modeling and observational studies have been per-

formed in order to investigate the interaction of binary

TCs, since it was first suggested by Fujiwhara’s (1921,

1923, 1931) tank experiments. The modeling studies can

be categorized into two types: idealized and real-case

simulations. In previous studies that used idealized

simulations with a nondivergent barotropic model, the

critical separation distance for the merger of two TCs

and the factors determining the attraction or repulsion

of two vortices were investigated (DeMaria and Chan

1984; Pokhil et al. 1990; Ritchie and Holland 1993; Shin

et al. 2006). In a three-dimensional framework, which is

influenced by baroclinicity, the interactions of two ide-

alized vortices are more complicated and the charac-

teristics of the interactions are different from those in

the barotropicmodel (Chang 1983; Falkovich et al. 1995;

Khain et al. 2000). In real-case studies, the interactions

of binary TCs have been investigated by analyzing the

simulation results from mesoscale numerical models in

various methods, such as the potential vorticity in-

version technique (Yang et al. 2008), the vortex removal

technique (Wu et al. 2012), and the diagnosis of in-

teraction regimes (Jang and Chun 2013).

Several observational studies have been conducted in

order to investigate the characteristics of binary TCs in

the western North Pacific (WNP) using various methods

and data, because binary TCs in the WNP have drawn

more attention because of that region having the world’s

strongest TC activity. Among those studies, B70, Dong

and Neumann (1983, hereafter DN83), and Wu et al.

(2011, hereafter W11) investigated the statistical and

dynamical characteristics of binary TCs in the WNP by

using objective criteria based on the best track data for

detecting binary TCs. B70 showed that the mutual
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interaction between two TCs becomes clear when the

separation distance is approximately 1400km and slight

attractions between two TCs are shown when the separa-

tion distance is less than 740km. DN83 found that most

binary TCs in the WNP showed cyclonic rotation relative

to a counterpart TC and they suggested that the Fujiwhara

effect becomes dominant by exceeding the influence of the

flow in the intertropical convergence zone when the sep-

aration distance is less than 650km. In W11, based on the

yearly and monthly distributions of binary TCs in the

WNP, they proposed seven distinct types of binary TC

tracks by using a clustering analysis technique and they

showed the strong relationship between the representative

tracks of binary TCs and steering flow.

Unlike the aforementioned three studies that applied

certain criteria to the detection of binary TCs, some

observational studies selected binary TCs subjectively

based on their movements. By selecting 10 binary TCs

with clear mutual interaction, Lander and Holland

(1993) found that the classical Fujiwhara model is rarely

applicable to the real atmosphere and a sequence of

interactions was found including capturing, cyclonic

orbiting, and merging or escaping. Based on the best

track data between 1989 and 1995, Carr et al. (1997)

proposed three conceptual modes (direct, semidirect,

and indirect TC interaction) to describe binary TC in-

teractions observed in the WNP. The three modes are

distinct by the degree of interaction and the relationship

between TCs and subtropical anticyclones. Carr and

Elsberry (1998) suggested two criteria—separation dis-

tance and rotation rate—to categorize observed binary

TCs into three conceptual modes, which can explain

approximately 80% of binary TCs that occurred in the

WNP between 1986 and 1996.

There have also been observational studies about bi-

nary TCs that are based on satellite images or analysis

data rather than best track data (e.g., Kuo et al. 2000;

Prieto et al. 2003; Wu et al. 2003). By using a series of

satellite images, Kuo et al. (2000) classified the in-

teraction regimes between Typhoons Zeb and Alex

(1998) based on Dritschel and Waugh’s (1992) theory.

Prieto et al. (2003) investigated the interaction between

Hurricane Gil (2001) and Tropical Storm Henriette

(2001) by using GOES-10 visible images. Wu et al.

(2003) explained the unusual movements of Tropical

Storm Bopha (2000) due to the interaction with Super-

typhoon Saomai (2000) by using potential vorticity di-

agnosis based on analysis data, while Jang and Chun

(2013) investigated the effects of topography on the

evolution of Typhoon Saomai (2006) under the in-

fluence of Tropical Storm Bopha (2006).

In the previous studies (B70, DN83, and W11) that

examined the spatiotemporal distribution of binary TCs

based on best track data, the intensities of two TCs, their

separation distance, and coexistence time were the pri-

mary factors used for defining binary TCs. In the crite-

rion for distance, the previous studies detected a binary

TC pair when two TCs exist within a certain distance

of each other (B70: 1300 km, DN83: 1334 km, W11:

1600km) at least one time. Considering that the in-

teraction between two TCs occurs sequentially as noted

by Lander and Holland (1993), the criterion for distance

in the previous studies provided insufficient time for the

interaction of two TCs. Therefore, in the present study,

a binary TC is defined as when two TCs coexist within

1600km of each other for more than consecutive 24h

with a maximum wind speed of greater than 17.2m s21.

We use less strict conditions on the coexistence time,

which is defined as the time for the coexistence of two

TC pairs without restriction on the distance between the

two TCs, than DN83 and W11, because of the rather

strict criteria for the distance in the present study. The

criteria for binary TC detection in the present study and

those in the aforementioned three previous studies are

listed in Table 1.

The purpose of this study is to investigate the statistical

and dynamical characteristics of binary TCs observed in

the WNP and the effects of environmental conditions

on binary TCs by using a relatively long period of data

(1951–2012). In section 2, the data and methodology used

in this study are described. In section 3, the spatiotem-

poral distribution of binary TCs in the WNP and the in-

fluence of environmental conditions are examined. In

section 4, the six representative tracks of binary TCs and

the effects of steering flow and the North Pacific high on

the clustered tracks are shown. In the final section, we

summarize the study and provide the conclusions.

2. Data and methodology

a. Data

In this study, the best track data from the Joint Ty-

phoonWarning Center (JTWC) over theWNP between

1951 and 2012 are used. These data include the 6-hourly

information of an individual TC, such as the date, time,

location, central pressure, andmaximumwind speed. To

investigate the effects of the North Pacific high, the

environmental steering flow, and vertical wind shear on

the genesis and propagation of binary TCs, the geo-

potential height and the zonal and meridional winds

from the 6-hourly National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis data with a 2.58 3 2.58 hor-
izontal resolution (Kalnay et al. 1996) are used. The

daily mean sea surface temperature (SST) data from the
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National Oceanic and Atmospheric Administration

(NOAA) with a 0.258 3 0.258 horizontal resolution from

1982 to 2012 (Reynolds et al. 2007) are used to examine

the effects of SST. High-resolution SST data are used to

investigate the detailed structure of SST in this study,

because SST shows significant latitudinal variation.

b. Methodology

The clustering analysis technique suggested by Gaffney

(2004) is used to categorize the tracks of binary TCs in

the WNP. (The MATLAB toolbox with detailed in-

formation is available online at http://www.datalab.uci.

edu/resources/CCT/.) This analysis technique collects

the tracks of TCs showing similar patterns, which is

widely used in analyzing typical tracks of TCs (e.g.,

Camargo et al. 2007; Chand and Walsh 2009; W11). To

apply the clustering technique to binary TCs, two TCs

selected as a binary TC pair are separated into western

and eastern TCs. Then the western TCs are clustered

into six types and the corresponding eastern TCs are

included in each cluster. The results are generally similar

when the eastern TCs are clustered first (not shown).

To investigate the environmental conditions for each

type of binary TCs selected from the clustering tech-

nique, composite analysis is used. The steering flow is

calculated by averaging the horizontal wind at all of the

levels between 200 and 850 hPa in the WNP (08–508N,

1008E–1808), following the same definition as in pre-

vious studies (e.g., George and Gray 1976; Chan and

Gray 1982; Ho et al. 2009). Note that the steering flow is

calculated in this study without excluding TCs in the

circulation, although TC circulation should be removed

to have true ‘‘environmental steering flow.’’

3. Spatiotemporal distribution of binary TCs

a. Temporal variations

According to the definition of a binary TC used in this

study, 98 binary systems occurred (among the 1763 total

TCs) during a period of 62 years (1951–2012) in the

WNP, with an annual average of 1.58. This implies that

approximately three TCs per year in the WNP can be

categorized as a binary TC on average, which is less than

12% of total TCs. The annual occurrence in the present

study is larger than that in B70 (1.02), while it is smaller

than that in DN83 (2.24) and W11 (3.87) when the cri-

teria from previous studies are applied to the best track

data for the 62 years considered in the present study.

The larger annual frequency of binary TCs in the present

study in comparison with that in B70, in spite of more

strict criterion for the distance condition, is primarily

due to less strict intensity condition in this study. When

the intensity condition in this study is replaced by that in

B70, the annual occurrence decreases from 1.58 to 1.06.

The smaller annual occurrence of binary TCs in the

present study in comparison with DN83 and W11 is due

to the reduced binary TCs in the present study by ap-

plying consecutive 24-h duration to two TCs separated

by less than 1600km.

Figure 1a shows the annual variation in the number of

total (green bar) and binary TCs (red bar) with the ratio

of binary TCs to total TC numbers (black solid line). The

occurrence frequency of binary TCs shows significant

year-to-year variation and there are two peaks in the

mid-1960s and the early 1990s. The correlation co-

efficient between the number of total and binary TCs is

0.40, which is statistically significant at a 95% confidence

level. The power spectrum of the number of total TCs

reveals spectral peaks at 3.6 and 2.5 years and that of

binary TCs at 5.6 years with a 95% confidence level (not

shown). The difference in the spectral peaks and the

modest correlation between total and binary TCs shows

their unclear relationship.

The peaks of 2.5 and 3.6 years for total TCs are likely

associated with the atmospheric interannual variations,

such as El Niño–Southern Oscillation (ENSO), quasi-

biennial oscillation (QBO), and monsoon activity.

Therefore, the number of total and binary TCs that oc-

curred during each phase of the interannual variations is

examined by selecting 15 years of each phase of the

interannual variations. Following the methodology of

Camargo et al. (2007), 15 El Niño and 15 La Niña years
are chosen by selecting the 15 years with the highest and
the 15 years with the lowest values of the Niño-3.4 index,
respectively. Similarly, 15 westerly and 15 easterly phase
QBOyears are chosen by selecting the 15 largest positive
and 15 largest negative differences in the zonal wind
between 50 and 70hPa, respectively (Huesmann and

Hitchman 2001; Ho et al. 2009). For monsoon activity,

the monsoon index suggested by Wang and Fan (1999)

TABLE 1. Criteria of binary TC detection from B70, DN83, W11, and the present study.

B70 DN83 W11 Present study

Intensity .33.4m s21 at one time .18m s21 at one time .18m s21 for 48 h .18m s21 for 24 h

Distance ,1300 km at one time ,1334 km at one time ,1600 km at one time ,1600 km for 24 h

Coexistence time .one time .48 h .48 h .24 h

Ocean Open ocean None None None
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andWang et al. (2001), which is defined as the difference

in the zonal wind at 850 hPa between the South China

Sea (58–158N, 1008–1308E) and the East China Sea (208–
308N, 1108–1408E) is calculated, and the 15 strong and

the 15 weak monsoon years are chosen by selecting the

15 years of the highest and the 15 years of the lowest

values of the monsoon index, respectively. Table 2

shows the number of total and binary TCs that occurred

in each phase of the interannual variations. There is no

significant difference in the number of total TCs that

occurred in the two phases of ENSO (El Niño: 408, La
Niña: 407) and QBO (westerly phase: 443, easterly
phase: 435). These results are consistent with those of
previous studies that showed the unclear relationships

FIG. 1. (a) Annual and (b) monthly variation of the number of total (green bar) and binary

(red bar) TCs. Black solid line in (a) indicates the ratio of the number of binary TCs to total

TCs. The number of binary TCs in (b) is multiplied by five.

1752 MONTHLY WEATHER REV IEW VOLUME 143



between the number of total TCs in theWNP and ENSO
(Lander 1994) or QBO (Ho et al. 2009). On the other

hand, 52 more TCs occurred during the strong monsoon

years than the weak monsoon years, and this difference

is significant at a 90% confidence level. The occurrence

of more TCs in the strong monsoon years are consistent

with the results of previous studies, which demonstrated

the favorable effects of the strong monsoon trough on

the TC genesis frequency in the WNP (Lighthill et al.

1994; McBride 1995).

For binary TCs, 8, 15, and 15 more TCs occurred

during the El Niño, easterly phase, and strong monsoon
years than the La Niña, westerly phase, and weak
monsoon years, respectively. The differences in the ratio
of binary to total TCs between the phases are 1.9%,
3.7%, and 2.1% for ENSO, QBO, and monsoon activity,
respectively, implying for the largest difference in the
ratio by QBO phases. However, the differences in the
number of binary TCs between the phases of interannual
variations are not statistically significant, likely due to
the small number of sampling years. However, the
interannual variation in the number of binary TCs is
beyond the scope of the current study and it needs to be
studied in the future.
Figure 1b shows the monthly distribution of the

number of total (green bar) and binary TCs (red bar).

Three-fourths of the binary TCs (76.3%) occurred from

July to September, which is consistent with the season of

high TC genesis. The number of binary TCs is highest

in August followed by September and July, which is

consistent with total TCs. The ratios of the occurrence

frequency of binary TCs to total TCs in July, August, and

September are 16.7%, 18.2%, and 16.7%, respectively.

b. Spatial distribution

Figures 2a and 2b show the track density for total and

binary TCs, respectively. The track density is defined as

the number of TCs thatmove into a 2.58 3 2.58 (latitude3
longitude) grid box. The maximum of track density is

present in the east and west sides of the Philippines

influenced by the prevailing westerlies and North Pacific

high. For binary TCs, a higher track density is present in

the east and north of the maximum track density for

total TCs. The ratio of the track density of binary TCs to

total TCs (Fig. 2c) indicates that the tracks of binary TCs

shift to the northeast and eastward of the major regions

of the tracks for total TCs, moving toward the Korean

Peninsula and Japan. The differences in the spatial dis-

tribution of the track densities for total and binary TCs

are likely due to the differences in the genesis locations

and environmental conditions, which will be shown in

the next section. Figures 3a and 3b show the genesis

density for total and binary TCs, respectively. Similar

to the track density, the genesis density is defined

as the number of TCs for which each TC first forms in

a 2.58 3 2.58 grid box. A relatively higher genesis density

is present in the wide region between 58–158N and 1158–
1508E for total TCs (Fig. 3a), while it is concentrated in

the narrow region between 58–158N and 1358–1508E for

binary TCs (Fig. 3b). The ratio of the genesis density of

binary TCs to total TCs (Fig. 3c) shows that the genesis

locations of binary TCs are concentrated to the north of

158N and to the east of 1508E, which is shifted to the

north and east from the genesis location of total TCs.

The genesis distribution partly contributes to the dif-

ferences in the track density between total and binary

TCs shown in Fig. 2, because the track of the TC is

influenced by its genesis location. In addition, the track

density is strongly associated with the environmental

conditions as well as genesis location and, therefore, the

effects of environmental conditions on binary TCs will

be investigated in the following section.

c. Environmental conditions for binary TCs

Figure 4 shows the composites of the geopotential

height, steering flow, magnitude of the deep-layer (be-

tween 200 and 850 hPa) vertical wind shear, SST, and the

differences in them between binary and nonbinary TCs

at their genesis time. It should be noted that in the

present study, we define the vertical wind shear as the

difference in the magnitude of the horizontal wind

vector between 200 and 850hPa (in m s21). When binary

TCs are formed, the center of the North Pacific high is

located at 308N, 1658E, and the anticyclonic steering

flow is present near the North Pacific high (Fig. 4a). In

comparison to binary TCs, the North Pacific high for

nonbinary TCs expands farther to the Philippines and

TABLE 2. The number of total and binary TCs that occurred in 15 years of each phase for ENSO, QBO, and monsoon activity.

The methodology for selecting the 15 years is described in the text.

ENSO QBO Monsoon

El Niño La Niña Westerly Easterly Strong Weak

Total TCs 408 407 443 435 459 407

Binary TCs 43 35 48 63 59 44
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Taiwan, and the related anticyclonic steering flow is also

expanded (Fig. 4d). The differences in the geopotential

height and the steering flow between binary and non-

binary TCs (Fig. 4g) show statistically significant cy-

clonic rotations over 108–208N and 1058–1508E, and the

related poleward steering flow in the eastern end of the

cyclonic rotation (108–208N, 1508E). This poleward

steering flow for binary TCs prevents the westward

movements of the TCs and keeps TCs in the ocean,

which results in a different spatial distribution of the

track density shown in Fig. 2.

The spatial patterns of the vertical wind shear for bi-

nary and nonbinary TCs are similar, except that the two

maxima are shown to the west of the Korean Peninsula

(408N, 1108E) and to the east of Japan (458N, 1558E) for
binary TCs, while a maximum is in the southeastern part

of Japan (408N, 1408E) for nonbinary TCs. The strength
of the vertical wind shear is much smaller in a wide area

in the WNP between 208–408N and 1008E–1808 for bi-
nary TCs as shown in Fig. 4h. Considering that the strong

vertical wind shear prohibits the intensification of TCs

(McBride and Zehr 1981; Merrill 1988; DeMaria 1996;

Frank and Ritchie 2001), the weaker vertical wind shear

in this region can lead to higher developments of bi-

nary TCs, which is evidenced in the relatively high

genesis density of binary TCs in this region (Fig. 3c).

On the other hand, a stronger vertical wind shear is

present in the low-latitude region at 08–158N, 1008–
1608E for binary TCs than for nonbinary TCs, and this

distribution is responsible for the northward shift

of the track and genesis densities as shown in Figs. 2

and 3.

The composites of SST are constructed by using the

data from 1982 to 2012 at the genesis day of each TC,

and the numbers of binary and nonbinary TCs in this

period are 112 and 813, respectively. The composites of

SST for binary and nonbinary TCs generally show sim-

ilar spatial distribution with significant latitudinal vari-

ation (Figs. 4c and 4f). The SST for binary TCs is

significantly larger than that for nonbinary TCs to the

north of 208N and the differences between binary and

nonbinary TCs generally increase with latitude in this

region (Fig. 4i). The differences to the south of 208N are

not significant except for to the east of 1658E. Consid-
ering the positive effects of SST on the intensification of

TCs (Emanuel 1988), generally larger SSTs for binary

TCs to the north of 208N are likely to provide favorable

conditions for the development of stronger TCs. The

differences in SST between binary and nonbinary TCs

have similar spatial features when they are calculated

FIG. 2. Track density for (a) total TCs and (b) binary TCs. (c)

Ratio of the track density between total and binary TCs. The track

density is defined as the number of TCs that move into a 2.58 3 2.58
(latitude 3 longitude) grid box.
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using the SST data from the NCEP/Department of En-

ergy (DOE) Reanalysis 2 (Kanamitsu et al. 2002) with

coarser resolution (T62, 1.8758 3 1.9158), except for

a smoother feature and slightly wider region for warmer

SSTs for binary TCs (not shown).

It should be noted that the intensities of the two TCs,

their separation distance, and the coexistence time are

used as the criteria for detecting binary TCs. Consider-

ing these criteria, long-lived TCs are favorable to be

classified into binary TCs, because they have better

chances to interact with the preexisting or new TCs. The

average lifetime of binary and nonbinary TCs for the

entire 62 years considered in the present study is 221.92

and 169.58 h, respectively. The average lifetime of bi-

nary TCs is approximately 31% larger than that of

nonbinary TCs, and this difference is significant at a 99%

confidence level. As shown in Figs. 2 and 4, binary TCs

have a relatively higher track density in the ocean and

stay longer in the ocean with a warmer SST. This is

a favorable condition for long-lived TCs due to the in-

tensification by a continuous supply of water vapor from

the ocean. A weaker vertical wind shear in the genesis

region of binary TCs also provides favorable condition

for TC development and contributes to the evolution of

long-lived TCs.

4. Categorization of binary TCs

a. Representative tracks

In this section, tracks of binary TCs observed in the

WNP are categorized into six types based on the clus-

tering technique (Gaffney 2004). The clustering anal-

ysis is applied to 84 binary cases, after excluding 14

triple TC cases. Figure 5 shows the individual tracks

(thin solid lines) belonging to each type and the re-

gressed tracks (thick solid lines with dots) for each type.

The regressed tracks are obtained by using a second-

order polynomial regression model that minimizes the

sum of the deviation between the regressed and

observed tracks (Kleinbaum et al. 1997). The red (blue)

curves denote the tracks for the western (eastern) TC

of a binary TC pair. The number of TCs belonging to

the six types, named type A, B, C, D, E, and F, are 8, 21,

11, 17, 16, and 11, respectively. In type A, the western

TCs (WTCs) continuously move westward to the

Philippines and the eastern TCs (ETCs) move west-

ward or recurve (Fig. 5a). In the regressed tracks of

type B, WTCs and ETCs recurve to the west of the

Philippines and to the east of Taiwan, respectively

(Fig. 5b). In type C, the recurving location of the re-

gressed tracks shift more eastward and the curvatures

FIG. 3. As in Fig. 2, but for genesis density. The genesis density is

defined as the number of TCs for which each TC first forms in a 2.58 3
2.58 (latitude 3 longitude) grid box.
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of the tracks are larger than those in type B (Fig. 5c).

The regressed tracks of types D, E, and F showed un-

usual movements in comparison with the general tracks

of TCs in the WNP. In type D, WTCs move to the

Korean Peninsula or the eastern part of China, and

ETCs generally recurve to the south of Japan (Fig. 5d).

Two regressed tracks in type E interact for movement

to the southeast of Japan (Fig. 5e). The individual

tracks in type E are quite divergent from the regressed

tracks. In type F, WTCs recurve to the southwest of

Japan, while ETCs recurve to the southeast of Japan or

move northwestward (Fig. 5f). It is noteworthy that the

grouping of each type can be different from the number

of clustering, in general. In the present study, we

choose six types, because they represent all of the

observed tracks with different characteristics, as shown

in Fig. 5. W11 categorized binary TCs in the WNP into

seven types. Among the seven types from W11, two of

the regressed tracks are similar to those of types A and

C in the present study and three of them show slightly

modified patterns from those of types A, B, and F in the

present study. It should be noted that the regressed

track with a concentric circle pattern shown in W11 is

not present in this study. The different features in the

regressed tracks between W11 and the present study

are due to the use of different best track data, criteria

for detecting binary TC, and clustering numbers. In the

following section, we investigate the effects of envi-

ronmental conditions on the clustered tracks shown in

Fig. 5.

FIG. 4. Composites of the geopotential height at 500 hPa and environmental steering flow for (a) binary and (d) nonbinary TCs. (g) The

differences between (a) and (d) are shown. The magnitude of the vertical wind shear between 200 and 850 hPa for (b) binary

and (e) nonbinary TCs, and (h) their differences. (c),(f),(i) As in (b),(e),(h), but showing SST. The gray shadings and bold vectors in

(g),(h), and (i) indicate significant areas at a 95% confidence level. The contour intervals in (a) and (d) are 20m, and those in (g) are 4m.

The contours intervals in (b),(e), and (h) are 2m s21. The contour intervals in (c) and (f) are 28C and that in (i) is 0.48C.
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b. Effects of environmental conditions on the
clustered tracks

To investigate the effects of the environmental flow

on binary TCs during the evolution of binary TCs in

each type, composite analysis is performed by using

eight binary TC pairs belonging to each type with re-

spect to three stages: initial, middle, and final stages. The

initial and final stages are defined as the genesis and

extinction time of the TC that forms first and disappears

later between the two TCs, respectively. The middle

stage is defined as the center time point between the

times for the initial and final stages. The composites of

the geopotential height at 500hPa, steering flow, and

relative vorticity at 850 hPa for the three stages of each

type are shown in Fig. 6.

FIG. 5. Six types of clustered binary TCs with the number of cases for each type. The thin red and blue lines in each figure indicate the

individual TC of the western and eastern TC in each group, respectively. The thick solid lines indicate the regressed tracks of individual

TCs.
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FIG. 6. Composites of geopotential height at 500 hPa (contour), environmental steering flow (vector), and relative vorticity at 850 hPa

(shading) at the (left) initial, (middle)middle, and (right) final stages for eight binary TCs of type (a)A, (b) B, (c) C, (d) D, (e) E, and (f) F.

Definitions of the initial, middle, and final stages are provided in the text. The contour interval in each figure is 20m.
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In type A (Fig. 6a), the strong North Pacific high is

present in the wide region of theWNP in the initial stage

and the western boundary of the 5880-gpm line reaches

to 1308E. A strong westward steering flow is formed to

the south of the North Pacific high. Although the

strength of the North Pacific high is slightly weakened in

the middle stage, it expands westward again in the final

stage. The strong positive low-level vorticity is present

along the low-latitude region (08–108N) and this feature

is retained from the initial to the final stage. These en-

vironmental conditions are likely to induce continuous

westward movements of the two TCs, as shown in

Fig. 5a. Compared to type A, the strength of the North

Pacific high decreases and the westward steering flow at

the low latitude is also weakened in type B (Fig. 6b),

although it expands westward in the final stage. There-

fore, the two TCs recurve rather than moving westward

continuously. Similar to type A, a positive low-level

vorticity is present at the low latitude (108–208N) in type

B, except for its slight northward shift. In type C

(Fig. 6c), the center of the North Pacific high is shifted

more eastward (208N, 1658E) than that in type B. This

result is likely to induce the eastward shift of the re-

curving locations of the two TCs, in comparison to the

regressed tracks of TCs in type B. Similar to types A and

B, the positive low-level vorticity at the low latitude is

also present in type C, although its strength is generally

weaker than those in types A and B.

The North Pacific highs in the initial stage of types D,

E, and F are located in the southeastern part of Japan. In

types D and E (Figs. 6d and 6f), there is no significant

change in the location of the North Pacific high with the

time (308N, 1508E for type D, and 308N, 1708E for type

F). The North Pacific high in typeD is likely to affect the

recurving movements of the ETC as shown in Fig. 5d,

while the complexmotions of theWTC is induced by the

interaction with the ETC. Although the positive relative

vorticity is present to the south and west of the North

Pacific high, a significant positive relative vorticity

elongated in the west–east direction at a low latitude is

not evident, in comparison to types A and B. In type E,

because the North Pacific high is located farther to the

east than those in the other types, the two TCs interact in

the southeastern part of Japan with a small effect from

the North Pacific high. The positive relative vorticity is

dominant in the southwestern part of the North Pacific

high at 158–308N. In type F, the spatial patterns of the

relative vorticity in the initial and middle stages are

generally similar to those in type E, but with slightly

higher value. In the geopotential height in type F, the

western boundary of the 5880-gpm line reaches the

southeastern coast of Japan until the middle stage and

then it retreats rapidly eastward in the final stage.

Therefore, the WTC recurves by the influence of the

North Pacific high until the middle stage and the ETC

recurves or moves northwestward during the rapid re-

treat of the North Pacific high, as shown in Fig. 5f.

5. Summary and conclusions

In this study, the statistical and dynamical character-

istics of binary tropical cyclones observed in the WNP

for 62 years (1951–2012) are investigated. To detect the

binary TCs, a new criterion that is slightly modified from

previous studies is defined as follows: the two TCs co-

existed within 1600km of each other for more than 24h

with a maximum wind speed greater than 17.2m s21.

Based on the present definition of a binary TC, 98 binary

TC systems are selected. The annual average of occur-

rence frequency is 1.58 between 1951 and 2012 in the

WNP, which is slightly larger than that obtained in B70

(1.47) and DN83 (1.43), but less than half of that ob-

tained in W11 (3.58). The occurrence frequency shows

significant year-to-year variation with two periods of

strong activity in the mid-1960s and early 1990s. Most of

the binary TCs occurred between July and September

with the maximum number in August, which is consis-

tent with the high activity season of the general TCs in

the WNP. However, the correlation coefficient between

the number of total TCs and binary TCs is rather small

(0.4), although it is statistically significant at a 95% con-

fidence level. The spectral analysis in the time series of the

number of TCs shows dominant periods at 3.6 and 2.5

years for total TCs and 5.6 years for binary TCs. For total

TCs, there is no significant difference in the occurrence

numbers between the different phases of the ENSO (El

Niño and La Niña) and the QBO (easterly QBO and
westerly QBO), while more TCs occurred during strong
monsoon years with a 90% statistical significance. On the
contrary, more binary TCs occurred in the El Niño (23%),
easterly phase QBO (31%), and strong monsoon years
(34%) than in the La Niña, westerly phase QBO, and
weak monsoon years, although their differences are not
statistically significant due to the small sample size.
The spatial distribution of binary TCs is different

from that of total TCs. The maximum track density of

total TCs is located to the east and west of the Philip-

pines, while the maximum track density of binary TCs

is located to the east and north of the maximum total

TCs. This difference in track density is likely due to the

genesis locations and environmental conditions. In

comparison with total TCs, the region for higher gen-

esis density of binary TCs shifts eastward and is con-

centrated in a narrow region.

Environmental conditions for binary and nonbinary

TCs at the formation time are investigated using
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composite analysis. In comparison with nonbinary TCs,

the North Pacific high for binary TCs retreats and the

significant poleward steering flow is shown near 208N.

This steering flow prevents westward movements of bi-

nary TCs and keeps TCs over the ocean. The vertical

wind shear is weaker for binary TCs in the midlatitude

region of the WNP than for nonbinary TCs. Although

a short period of SST data (1982–2012) is used for

compositing, it is found that SST for binary TCs to the

north of 208N is significantly larger than that for non-

binary TCs. These three environmental conditions—

poleward steering flow, weaker vertical wind shear, and

warmer SST—result in a longer lifetime for TCs by

maintaining TCs over the ocean longer, which can pro-

vide enough humidity to sustain the TCs under weak

vertical shear and warm SST conditions. Considering

that the criteria for detecting binary TCs include the

intensities of the two TCs, their separation distance, and

their coexistence time, TCs with longer lifetimes have

more opportunities to become part of a binary system.

Six representative tracks of binary TCs are obtained

by using clustering analysis and the effects of environ-

mental conditions on the clustered tracks are in-

vestigated. The tracks of each type show distinct

characteristics and the TCs in types A, B, and C are

formed at lower latitude than those in types D, E, and F.

The regressed tracks of types A, B, and C are more

typical tracks of TCs in the WNP, such as continuous

westward movements or recurving motions, while those

in types D, E, and F show various and unusual tracks

moving near the Korean Peninsula and Japan. The im-

pacts of environmental conditions during the evolution

of each type of binary TC are investigated using the

composites of the geopotential height at 500hPa,

steering flow, and relative vorticity at 850hPa at the

initial, middle, and final stages. In the evolution of bi-

nary TCs, the movements of the two TCs are strongly

influenced by the strength and location of the North

Pacific high, which has a strong influence on the steering

flow. The spatial distributions of the composites for the

relative vorticity at 850 hPa showed different features

with respect to the clustered types.

Although this study examined the environmental

conditions that may be favorable for binary TCs, de-

ducing the major factors that determine the occurrence

of binary TCs among general TCs is not straightforward.

In addition, this study takes only the SST into consid-

eration for the thermodynamic variable, but other

thermodynamic variables, such as moisture, convective

activity, and temperature in the upper-troposphere and

lower-stratosphere regions (Emanuel et al. 2013), may

be important for binary TC formation and evolution,

which remains a topic for future study.
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