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Abstract

In this study, the effect of the zonally-elongating monsoon trough (MT) on the binary
tropical-cyclones (TCs) interaction is investigated by using data analysis and idealized
simulations. The binary-TCs interaction is found to be sensitive to the relative
orientation of the two TCs embedded in the MT. When the two cyclones are lined up
in a northeast-southwest (NE-SW) orientation, the MT steers the two cyclones to
approach each other and promotes the Fujiwhara effect. In contrast, when the initial
cyclones are orientated in the northwest-southeast (NW-SE) direction of the MT, they
will move away from each other under the large-scale steering flows.

Idealized simulations are conducted to understand how the MT and the f-effect
influence the binary TC interactions, focusing on NE-SW oriented pairs. The steering
flows at different stages are examined by partitioning them into the one from the MT
and the other cyclone in the pair. The analysis shows that the binary TCs’ motions are
mainly controlled by the large-scale steering flows in the initial stage. In the case of
binary TCs with a NE-SW orientation, the MT can promote two TCs to approach each
other, thus increasing the possibility of binary interactions.

The sensitivity of the binary TCs interaction to their intensities, the strength of the
MT, and the [-effect are examined. The stronger the MT, the stronger its large-scale
steering flows will be, thus making the two NE-SW oriented TCs merge faster.
Furthermore, the binary interaction is stronger on the [B-plane compared to f-plane. It
is likely due to the [-induced Rossby wave energy dispersion. As the MT evolves into
a monsoon gyre (MQ) -like pattern, a pronounced southwesterly flow emanates in the
southeast quadrant of MG. This southwesterly flow acts as a steering flow to help the
western TC (TCW) move northeastward, by which accelerates to reach the critical

distance.

Keywords: Monsoon trough; Fujiwhara effect; Binary Tropical Cyclones
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1. Introduction

The ‘Fujiwhara effect’ (also identified as the Fujiwhara interaction or a binary
interaction) refers to the interaction of two or more cyclones, including mutual rotating,
approaching, and merging (Fujiwhara 1921, 1923; Lander and Holland 1993). When
two cyclonic vortices at a reasonably close distance experience a Fujiwhara interaction,
they can be called the binary tropical cyclones (BTCs, Ren et al. 2020). Numerous
modeling and observational studies have been conducted to investigate the interaction
of BTCs. Dritschel and Waugh (1992) classified five most common Fujiwhara
interactions using the idealized model: complete merger (CM), partial merger (PM),
complete straining-out (CSO), partial straining-out (PSO), and elastic interaction (EI).
Among them, the first two, CM and PM, are strong interactions. Based on the
observations, Carr and Elsberry (1998) categorized the binary TCs interactions into
direct TC interactions (DTIs), semidirect TC interactions (STIs), and indirect TC
interactions (ITIs).

Some studies have focused on possible factors affecting the Fujiwhara interactions.
Observational evidence by Brand (1970) suggested that two TCs interact when their
initial separation distance is within 1400 km in the Western North Pacific (WNP). When
the distance is less than 750 km, two TCs will attract to each other. Wang et al. (1989,
1992a, 1992b) found that the relative motion of the binary vortices is sensitive to their
initial spacing and relative intensity. They also confirmed the existence of the critical
separation distance (CSD) for the Fujiwhara interaction. The CSD is used to determine

the BTCs (DeMaria and Chan 1984; Ritchie and Holland 1993; Wang and Holland
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1995). Ren et al. (2020) used the CSD to establish an objective definition of binary TCs,
and explore typical BTCs interaction. Within the CSD, BTCs have multiple
manifestations, including merging. However, different CSDs were obtained in different
model frameworks. For example, Ritchie and Holland (1993) found that, in a barotropic
model, the initial separation distance between two TCs must be less than 300 km in
order for them to merge. Also using a baroclinic model, Wang and Holland (1995)
showed that the two vortices separated by less than 450 km are likely to merge. These
previous studies focused on the binary interaction in the absence of environmental
flows. In a real world, the behavior of multiple tropical cyclones is more complicated
due to the wide range of scales involved in the environmental flow. Dong (1980) found
that the anticlockwise mutual rotation of two TCs in the cyclonic environmental fields
is largely influenced by the environmental flow through analyzing real cases. Hart and
Evans (1999) also found that the cyclonic mutual rotation of two TCs accelerates when
they are embedded in an environment with large-scale cyclonic vorticity. Kuo et al.
(2004) identified the role of vorticity strength ratio and vorticity radius ratios between
two TCs on the merger and formation of concentric vorticity.

Globally, the WNP basin has the highest frequency of TC formations, and thus
multiple TCs often co-exist therein. In the summertime, the monsoon trough (MT)
serves as the most prominent large-scale system in the WNP. It manifests itself as the
near-equatorial confluence or the shear zone between the lower-level westerly monsoon
and easterly trade winds (Briegel and Frank 1997; Holland 1995; Lander 1996; Chan

and Evans 2002). The observations indicate that typhoons Noru and Kulap in 2017,
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which are oriented in NE-SW direction embedded in the MT, interacted and merged at
the initial distance of 1800 km. However, two TCs Noul and Dolphin in 2015, which
are located in the MT with a NW-SE orientation and distance of 1500 km, did not merge.
The observational analysis presented in the next section will illustrate that there are
distinct behaviors of two TCs within the MT. The two TCs in the MT can exhibit various
types of Fujiwhara effects depending on the relative strength of two TCs, their
characteristics in the MT, and the intensity of the MT. A better understanding of such
occurrences could help to improve the perspective of TC track forecasts. This motivates
us for this study. As our focus is to investigate strong Fujiwhara interactions, the CSD
mentioned above refers to the threshold distance beyond which strong Fujiwhara
interactions, such as PM and CM, occur.

This paper is organized as follows: Section 2 presents the characteristics of the two
real cases in the observations, a pair of two typhoons Noru and Kulap in 2017 and Noul
and Dolphin in 2015. Section 3 describes the model configuration of idealized
simulations and experimental design. The simulated results for binary TCs in two
different environmental characteristics and possible mechanisms involved are
discussed in sections 4 and 5, respectively. A summary of the study is presented in

section 6.
2. Analysis of two cases with binary TCs

Two distinctively different binary TCs behaviors within the M T region are presented.
Scenarios of typhoons Noul and Dolphin in 2015, and Noru and Kulap in 2017 that are

oriented in different directions embedded in the MT are selected to illustrate different
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impacts of the MT on the interactions between the two cyclones. The TC data are
obtained from the best track dataset at the Japan Meteorological Agency (JMA). The
global reanalysis representing the environmental flows is from the National Centers for
Environmental Prediction (NCEP) global final analyses (FNL) data (NCEP 2000). The
horizontal resolution of the reanalysis data is 1.0°X1.0° with a 6-hourly time interval.

Typhoon Noru and Kulap were embedded in the MG with a NE-SW orientation (Fig.
Ic). Figures 1a and 1b present the 12-hourly track positions of the two storms and their
relative positions. At 00 UTC 23 July, the separation distance is about 1800 km. From
this point, Kulap moved westward while Noru moved southeastward. As the two TCs
approached each other, they started rotating anticlockwise around each other (Fig. la
and 1b). Kulap weakened as it approached Noru, and their mutual rotation speed started
slowing. The two vortices partially merged on 28 July (Fig. 1d).

In contrast, Noul and Dolphin were located in the MT with a NW-SE orientation on
May 4, 2015 (Fig. 2c). Note that since the track record of Dolphin from JMA started on
12 UTC 6 May, the track before that was based on the reanalysis data. The two typhoons’
initial separation distance is about 1500 km (Fig. 2c). Dolphin moved southeastward
under the westerly flows from the south side of the MT and then turned northward on
8 May (Fig. 2a). Noul basically maintained its northwestward movement under the
easterly flows from the northern flank of the MT. The distance between the two TCs
keeps getting larger and there is no rotation between them (Fig. 2b, 2d).

It has been well realized that TC motion is influenced by large-scale environmental

steering flows, the f-drift, and possibly the circulation of a neighboring TC. A Tukey
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window spatial low-pass filtering will be used to separate the environmental flow from
the TC-scale circulation (Hendricks et al. 2011; Ge et al. 2013, 2018; Xu et al. 2016;
Dong and Neumann 1983). Systems with a wavelength greater than 1000 km are treated
as the environmental fields, and those with a wavelength less than 1000 km are
considered as the TC-scale system for the storm. It is worthwhile mentioning that
different separating wavelengths have been tested, and the results are similar for the
separation wavelength ranging from 500 to 1000 km.

After the separation of spatial scales, the steering flows from the MT and TCs are
obtained by averaging the wind over an area within a radius of 400 km centered at the
storm. For different intensities of TCs, different vertical layers have been used for a
vertical average to better represent the steering flows instead of using a single-level
field (Wu et al. 2011; Dong and Neumann 1983). Among the two selected real cases,
Noul and Noru were the stronger ones within their own pairs. In the Noul-Dolphin pair,
Noul’s central minimum sea-level pressure (CMSLP) decreased from 1006 hPa to 935
hPa during the period of interest, while Noru in the Noru-Kulap pair decreased from
985 hPa to 970 hPa and then weakened to 975 hPa. Typhoon Dolphin and Kulap were
weaker in their respective pairs, with Dolphin’s intensity strengthening from 1007 hPa
to 998 hPa during the period, while Kulap’s intensity remained roughly unchanged at
around 1002 hPa. Following Wu et al. (2011), the vertical averages between 925-250
hPa are selected as the steering layer for Noul and Noru, and the averages between 850—
500 hPa are used as the steering layer for Dolphin and Kulap.

With mainly westerly and easterly flows on the south and north side of the MT, Noru
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and Kulap with a NE-SW orientation initially have their separation distance decreasing
with time (Fig. 1b). After 00 UTC 23 July, the MT evolves into a MG. The time
evolutions of the steering flows at different scales for Noru and Kulap are displayed in
Figs. 3a and 3b, respectively. After 00 UTC 25 July, the dual-vortex interaction
gradually strengthened (Fig. 1b). Specifically, the zonal component (C,) of Noru’s
movement conformed well with the large-scale steering flows before 18 UTC 25 July
(Fig. 3a). Hereafter, Noru’s C, turned from positive to negative, and the deviation of
it from C,; increased. The difference between C, and C,; for Kulap, the weak
cyclone of the pair, was large throughout. The meridional movement speed (C,,) for
both Noru and Kulap is different from the large-scale steering flow (Cy,,), especially
after 12 UTC on 24 July, with Noru deviating to the north and Kulap to the south, and
the difference reaches about 2-3 m s~1. The difference between C, and C,; of Kulap

remains about 2 ms~?!

after 00 UTC 27 July, when Kulap moves westward and
merges with the eastward-moving Noru. Overall, the MT steering cannot fully explain
the storms’ movement for this case. The underlying processes that account for the
discrepancy of movement speed may come from the strong mutual interactions between
the two TCs and the idealized simulations will investigate it.

For the case of Noul and Dolphin, which had a NW-SE orientation, the moving speed
of the weaker Dolphin in general conformed with the environmental MT flow (Fig. 4).
Noul maintained a westward movement, and Dolphin kept eastward under the mainly

zonal large-scale steering flow. The C,;, of Noul and Dolphin remained nearly 0

ms~! from 00 UTC 4 May to 18 UTC 7 May. The largest difference between the TC
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movement and the environmental MT steering is with the zonal component of Noul for
about 1-2 ms™. The rather unique locations of the two storms allow the MT to push
the two systems away from each other with no interactions between them.

The above results suggest that for a nearly east-west trough, when the two TCs are
embedded in the MT at a certain orientation, their future motions can be very different
as influenced by the MT steering forces. Ideal numerical experiments will be conducted
to understand the influence of MT on the binary TCs interaction with different

orientations.
3. Model and experimental designs

In this study, the Advanced Research version of the Weather Research and
Forecasting model (WRF-ARW) is used for the idealized numerical experiments. The
simulations use a single domain without nesting with a horizontal resolution of 18 km,
and 55 levels in the vertical. The domain covers 6 °S — 33 °N, 118.5 °E — 179.5 °W.
The periodic boundary conditions are applied in the east-west direction, and open
boundary conditions are applied in the north-south boundary. The selected physics
parameterizations are the WRF Single-Moment 6-class (WSM6; Hong et al. 2010)
microphysics scheme, the Dudhia (1989) shortwave radiation scheme, the Rapid
Radiative Transfer Model (RRTM; Mlawer et al. 1997) longwave radiation scheme, the
Yonsei University planetary boundary layer (PBL) scheme (Hong et al. 2006) and the
Kain-Fritsch cumulus parameterization scheme (Kain and Fritsch 1992). In this study,
for those [-plane runs, the B value is set to 2.21x10""' m~* s™1, which corresponds

to the center latitude (i.e., 15°N).
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Based on the analysis presented in Section 2, eleven sets of numerical experiments
are designed to reveal possible roles of the MT and the initial characteristics of the two
TCs on the TC interactions (Table 1). The MT over the WNP features low-latitude
cyclonic shear vorticity. In this study, the MT is defined as the shear zone between an
easterly and a westerly between 5°-25°N centered at around 15°N (Guinn and Schubert
1993; Ferreira and Schubert 1997). The MT has a baroclinic structure with a transition
at 400 hPa to an anticyclonic shear above. The horizontal distribution and vertical
structure of the idealized MT are given in Fig. 5. The zonal wind profile of the initial

MT is established as:

_ 0.501-(X=20 )2y
U(y) — _UmO .[u.e Ym Sln(%

m

c—-04 (1)
1-0.4 )]

where U(y) represents the zonal wind, U,,, is the maximum zonal wind, y is the
meridional distances, y, represents the initial MT center, y,, indicates the half-width,
which is taken as 900 km; o is the model sigma level.

The initial TC wind speed is maximum at low level, decreases gradually with height,

and vanishes at 100 hPa. That is, the tangential wind profile of initial TC is given by

Equation (2):
i 2 - _ 2
Vo r—2-e w.gin| Z.2 0.1 , r<r, @)
r 2 1-0.1
A
1-— _ 1--2 _
Vo _lr=n, | e sin(l g O'IJ y r>r,
- Ty =1, 2 1-0.1

where V, is tangential wind, r is the radius, V4, 1s maximum tangential wind, 7,
is the radius of V4, and 1y represents the radius of tangential wind vanished. For

TC, 1, and 1, are 100 km, 1500 km respectively in idealized experiments.
10
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Since the interaction between the two NE-SW oriented TCs in the MT presents a
more interesting scenario, as shown by the example in Fig. 1, it is this study's main
focus. In the control experiment “NE-CTL”, two idealized TC-like vortices are
embedded in the zonally oriented MT with a NE-SW orientation at the initial time. The
two vortices are specified with different initial intensities. The strong one has a
maximum wind speed (V,,4,) of 30 m s™! and the weak storm of 10 m s}, both at a
radius of 100 km. Given the specified two vortices, the CSD is 1111.3 km according to
the Liou-Liu empirical formula (Liou et al. 2016). The initial distance between the two
vortices is therefore set to 1200 km, which is unfavorable to their interactions. To
investigate the role of the MT on Fujiwhara interaction, the monsoon trough is excluded
in the experiment “NE-NMT”. In the third experiment “NE-WMT”, the strength of the
MT is reduced by 20%. To further explore the effect of the relative strength of the initial
vortices on the BTCs interaction, experiments “NE-SVI” and “NE-LVI” are set up with
the same separation distance of the two TCs as in the NE-CTL but with different relative
intensities (Table 1). Here “SVI” (LVI) is the abbreviation for the same (low) vortex
intensity ratio. It should be noted that the relative intensity is defined as the ratio of the
initial maximum wind speed of the western vortex to the eastern one.

In experiments “NW-CTL”, “NW-SVI”, and “NW-LVI”, the two TC vortices are
initially positioned in a NW-SE orientation embedded in the MT, representing the
characteristics of the Noul-Dolphin couplets (Fig. 2). The three experiments carry the
same intensities for the two TCs as in NE-CTL, NE-SVI, and NE-LVI. For brevity, the
vortex initially located on the west side is identified as TCW, and the one on the east

11
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side is TCE in this study. In addition, a set of f-plane experiments are conducted for
different relative intensities and relative positions of two TCs to investigate the [-
effect on binary interactions. Three additional sets of NW-SE experiments are
conducted, in which the idealized MT is centered around 7°N that is closer to the Noul-
Dolphin case (Fig. 2). These experiments have similar results to those in which the

MT’s center is placed at 15°N (Figure not shown).

4 Binary TCs with northeast-southwest orientation

4.1 The role of the monsoon trough

a). Simulated Results

Figures 6-7 display the tracks, relative positions, and the evolution characteristics of
the two TCs in NE-CTL, NE-NMT, and NE-WMT. In NE-CTL, the two vortices are
initially located on either side of the MT within a NE-SW orientation. Due to the
steering of the MT circulation, TCW in the NE-CTL moves northeastward and TCE
moves northwestward so that the two TCs slowly approach each other and the cyclone-
cyclone interaction strengthens. Subsequently, the two vortices rotate anticlockwise
around each other (Fig. 6d). It is worth mentioning that after t = 48 h, the idealized
zonal MT flow gradually evolves into a large cyclonic flow (Fig. 7d). By t =72 h, TCE
has moved to north of TCW. Meanwhile, the distance between TCW and TCE gradually
decreases, and the distortion of the vortices increases (Fig. 7g). These two storms begin
to merge at around t = 120 h (Fig. 7j). The MT is now a large MG, very similar to the
MG in the Noru-Kulap case (Fig. 1¢). In this study, when the large-scale environmental

flow evolves into a sub-circular cyclonic vortex with a radius above 800 km, the MT is
12
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considered to evolve into an MG (Lander 1994; Wu et al. 2013; Molinari and Vollaro
2017). It should be noted that, under the idealized framework, the structure of the
idealized MT is difficult to maintain in the absence of environmental weather systems
(e.g., subtropical high). Dynamically, the MT region satisfies the necessary condition
of barotropic instability, which leads to wave breakdown and evolves into several
vortices (Guinn and Schubert 1993).

In contrast, the behaviors of TCW and TCE show marked differences in NE-NMT.
Since there is no large-scale steering flow, the vortex pair only exhibit their individual
northwestward movement under the [-drift effect (Fig. 6b). There is little change of
the distance between TCW and TCE. Meanwhile, by testing the binary interaction in
absence of MT with different initial spacings from 400-800 km, it is found that TCW
and TCE will merge when they are separated by approximately less than 500 km
initially. The weaker TCE deforms and merges into the spiral rainband of stronger TCW
under the strong Fujiwhara effect (Figure not shown). The above results show that MT
can advect the two TCs and make them close enough to occur the Fujiwhara interactions.

In NE-WMT with reduced MT intensity, the evolution characteristics of TCW and
TCE are similar to those of NE-CTL. However, there remains a significant distance
between the two vortices at the end of the integration t = 120 h, as the approaching
speed of the two cyclones is slower with weaker steering by the MT and the two entities
miss the window of opportunity to merge together (Fig. 6f). As mentioned above, the
circulation of MT is likely to facilitate the two TCs’ merging, as well as the merging
rate, which is sensitive to the MT strength. The merging rate is represented by the
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314

relative distance between two TCs during the integration period of 120 h. The results
suggest that the MT can significantly affect the Fujiwhara effect of two TCs, in
agreement with previous studies (Brand 1970; Wang and Holland 1995; Wang et al.

1989).

b). Decomposition of steering flows at different scales

As with the real cases discussed in Section 2, the MT and typhoon-scale flows can
be separated using the spatial filtering method (Ge et al. 2013; Xu et al. 2016). Since
the TC-scale circulation contains both TCW and TCE, we also separate out the
circulation associated with each individual TC. We attempt to obtain the system-scale
circulation by partitioning and reconstructing the wind field in a limited vortex core
area (Zhou and Cao 2010; Cao et al. 2019). Specifically, we first extract one TC from
the total fields (i.e., the TCE) with its circulation confined within a region with “0”
contour in the relative vorticity. The stream function and velocity potential are then
calculated based on the finite region’s vorticity and divergence. Then the associated
rotational and divergent winds are obtained. Finally, the storm-scale circulation is
obtained by adding the rotational and divergent flows together. By subtracting the
circulation of TCE from the filtered system-scale circulation, the remaining total TC
circulation is taken as the circulation of TCW. The same method can be applied to
extract the TCW.

Separating the large-scale monsoonal flow from the storm-scale circulation of each
TC can better reflect the relative significance of the BTCs interaction and the large-

scale steering flow on the TC’s movement. In our idealized numerical experiments, the
14



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

averaged value of different steering flows from different vertical layers is selected
depending on the strength of the vortex (Wu et al. 2011; Dong and Neumann 1983).
The vertical average between 1-10 km is selected as the steering layer for the stronger
TC, and the average of 1-6 km is obtained as the steering layer for the weaker one,
respectively. At each level, the steering flows from the different scales are obtained by
averaging the wind fields within a radius of 500 km centered at the storm.

Figure 8 presents the time series of different components of the steering flows in NE-
CTL associated with MT, TCW, and TCE separately. In the early stage (i.e., t = 0-48
h), for both TCW and TCE, their movements are primarily controlled by the MT
steering, since the movement speeds closely match with the components derived from
the MT flow. During the next 24 hours (t = 48-72 h), the TCW is still steered by the
monsoonal flow, but TCE exhibits different evolution features. For instance, the
contribution from TCW for TCE starts to become significant shortly after 48 h.
However, the impact of TCE on TCW is not evident until ¢ =72 h, while the distance
between TCE and TCW consistently decreases since the start (Fig. 6a, d).

To summarize, TCW first moves northeastward under the large-scale steering flow
and then experiences a re-curvature to be northwestward around ¢ = 108 h under the
combined effect of the TCE and the MT. For TCE, it is affected by the MT before 48 h,
and then experiences an anticlockwise movement with combined effects from the MT
and TCW. The reason that the TCE is affected by TCW earlier is due to the size
differences between them so that the weaker cyclone is attracted by the stronger one
quicker. The steering flows in the meridional and zonal directions display similar

15



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

characteristics, except that the meridional component of TCE is completely controlled
by the TCW beyond 72 h (Fig. 8d) during the looping of TCE by the TCW (Fig. 6a).
The overall process is similar to the merging of Noru and Kulap (Fig. 1).

In NE-NMT, TCW and TCE do not approach each other, and both two entities show
steadily northwestward movements due to the f-effect (Fig. 6b, e). The study of Chan
and Williams (1987) suggests that the [-drift is largely proportional to the TC size. As
a stronger TC tends to have a larger outer size, it has a larger northwestward propagation
speed than TCE. Therefore, the f-effect can drive clockwise rotation of two TCs
relative to their midpoint. In NE-WMT (Fig. 9), the weakening of MT inevitably leads
to a correspondingly smaller large-scale steering flow, slowing down the TCW and
TCE’s approach to each other. As a result, the time when TCW and TCE starts
interacting lags behind that in NE-CTL but the overall patterns are similar between NE-
CTL and NE-WMT. In NE-WMT, the contribution from TCW to TCE beyond 72h (Fig.
9d) is much less than its counterpart in NE-CTL (Fig. 8d), indicating a later merger

between the two cyclones.

4.2 Sensitivity of relative intensity and the [-effect

The binary vortices in the first three experiments all have a NE-SW orientation and
the same relative intensities of the binary TCs. Because the relative intensity of the two
TCs can have a wide range in real cases, two more experiments are conducted to
investigate the sensitivity of TC interactions to their relative strength. In NE-SVI, the
intensities for the two TCs are the same of 30 m s”' maximum wind, while in NE-LVI,

the TCW and TCE have 10 m s™ and 30 m s!, respectively. In both experiments, the
16



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

initial positions of the two TCs are the same as in NE-CTL.

Figure 10 presents the tracks and the relative positions of the binary TCs’ center in
NE-SVI and NE-LVI experiments. For better comparison, Fig. 6a and 6d for NE-CTL
are also included in Fig. 10. In general, regardless of their relative intensities, the binary
TCs rotate anticlockwise and approach each other under the large-scale steering flows
and experience the Fujiwhara effect, and all eventually merge. In NE-SVI, the two
equally strong TCs approach to each other faster than in NE-CTL and experience two
looping motions (Fig. 10b, €). Meanwhile, the TCW’s intensity weakens gradually, thus
favoring their faster merge than in NE-CTL (Figure not shown). In NE-LVI, the
stronger TCE moves northwestward during t = 0-24 h. Then, after a short southward
motion during t =24-42 h, it moves northwestward steadily under the MG circulation
and a strong pS-effect, while the weaker TCW moves mostly eastward in the early stage
under the influence of the MG with a weaker f-effect and then it moves northward
under the influence of TCE. The two cyclones loop around each other in the early stage
and merge after 87h (Fig. 10f). Although the p-drift of TCE favors it to move
northwestward, the weaker TCW’s intensity weakens quickly, which is conducive to
the stronger TCE to approach to TCW.

The evolution of different components of the steering flows at different scales for
NE-SVI and NE-LVI are given in Fig. 11. As the two cyclones get closer, it is difficult
to separate the steering components from one another, only the periods before the two
vortices got closer than 370 km are shown for NE-SVI and NE-LVI. In NE-SVI, the

Fujiwhara interaction starts to appear after 39 h. Because both TCW and TCE are strong
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typhoons in this case, both of them undergo multiple turns before eventually merging.
Beyond 60h, the binary TCs interaction is significant, as shown by the large
contribution of the steering of one TC to the other, reflecting the interactions of the two
vortices. In NE-LVI, the weaker typhoon TCW approaches TCE rapidly after 24 h as a
result of the combined effect of the large-scale steering flows and different intensities
of the two cyclones. Meanwhile, the stronger TCE is basically controlled by the large-
scale steering flows, and the influence of TCW on it is small (Fig. 11d, h). These
idealized simulations reflect many characteristics of the evolution of the Noru and
Kulap, indicating that when the binary TCs are initially oriented NE-SW in the MT, the
large-scale steering flows are conducive to the merger of two TCs.

In comparison with the evolutions of the binary vortices in NE-CTL, NE-SVI, and
NE-LVI, the dual storms only partially merge in the NE-CTL, while a complete merging
has occurred in NE-SVI and NE-LVI. According to the NE-NMT experiment, a
clockwise (anticlockwise) mutual rotation of the two TCs occurs in NE-CTL (NE-LVI),
relative to the midpoint of the two TCs. It is speculated that this clockwise rotation is
ascribed to the different [-drift associated with the storm size. In NE-NMT, TCW has
a larger outer size and thus has a larger [-drift. As such, it has a larger northwestward
propagation speed compared to its counterpart (TCE), which likely induces the
clockwise mutual rotation. Likewise, the difference in S -drift can account for a
clockwise (anticlockwise) mutual rotation in NE-CTL (NE-LVI), relative to the
midpoint of the two TCs.

To explore more specifically the role of the [-effect, the three NE-SW oriented
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experiments with the same relative intensities as in NE-CTL, NE-SVI, and NE-LVI are
conducted on the f-plane, identified with “F” in front of the experiment names (Table
1), and their tracks and relative positions are given in Fig. 12. In FNE-CTL and FNE-
LVI, the relative distances between two TCs are both approximately 300 km around ¢
=120 h. Of particular interest is that the weaker TC approaches and rotates around the
strong one. Thereafter, the weak TC becomes the outer spiral rain band of the strong
TC (Figure not shown). In the absence of the [-effect, the two vortices in FNE-CTL
and FNE-LVI have nearly mirroring trajectories, and their approaching speed is similar.
In FNE-SVI, the lack of f[-effect makes the TCs rotate with each other in a symmetric
way with their equal intensities under the influence of MT. In summary, two TCs with
large size differences are more likely to interact than those with identical sizes.
Furthermore, the results above indicate that the binary interaction is faster on the [-
plane compared to f-plane. As the [-effect likely affects large-scale environmental
flow, the evolutions of the large-scale circulation in NE-LVI and FNE-LVI are shown
in Fig. 13. Previous studies (Carr and Elsberry 1995; Bi et al. 2015) have pointed out
that Rossby wave energy dispersion contributes to a sudden northward track change of
TC. As MT evolves into MG, a pronounced southwesterly flow emanates due to the f-
induced energy dispersion (Ge et al. 2008). An anticyclone, therefore, develops in the
southeastern flank of MG. This pattern enhances the pressure gradient and thus the
southwesterly flow therein. This flow acts as a steering flow to help TCW move
northeastward, which accelerates to reach the CSD (top panels in Fig. 13). With this
regard, the [-effect can impact the approaching speed of two TCs and thus Fujiwhara
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effect, which is in agreement with Chan and Law (1995).
5 Binary TCs with northwest-southeast orientation

In the two observational cases, both the tropical cyclone couplets Noru-Kulap and
Noul-Dolphin, are located in the MT, but showed completely different tracks. This
indicates that the relative position of the two storms embedded in the MT may affect
their interactions (Fig.1-2).

Figure 14 displays the tracks, and relative positions of the two TCs in NW-CTL, NW-
SVI, and NW-LVI. All the systems are embedded in the NW-SE direction in the MG,
and have the same storm intensities as their counterparts in NE-CTL, NE-SVI and NE-
LVI, respectively. In NW-CTL, the two TCs initially drift away from each other without
a mutual rotation. Their initial relative motions are similar to the movements of Noul-
Dolphin. Nevertheless, after t =60 h, the two vortices have some rotation around each
other. In NW-SVI, the two TCs exhibit a more distinct mutual rotation during t = 0—
69 h (Fig. 14e). Furthermore, the two vortices in NW-LVI rotate with each other during
the integration period (Fig. 14f).

To further demonstrate these discrepancies, the evolutions characteristics of the two
TCs in NW-CTL, NW-SVI, and NW-LVI are given in Fig. 15. In NW-CTL, as the TCW
is stronger, a cyclonic vortex with a radius over 800 km forms near the strong TC. MT
still evolves into MG through the interaction with the TCs. The southwesterly winds
are strengthened on its southeast side due to the energy dispersion. This contributes to
the separation of TCW and TCE (left panels in Fig. 15). In NW-SVI, since both TCW

and TCE are intense TCs, the southwesterly winds on the southeast side of TCE are
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enhanced more significantly. The enhanced southwesterly flow likely helps TCW move
faster to turn northeastward, thus making the TCW and TCE exhibit mutual rotation
(middle panels in Fig. 15). Similarly, as the MT evolves into MG through the interaction
with the TCs, the TCW moves to the southwest after several track swings under the
effect of MG in NW-LVI (right panels in Fig. 15). Once again, due to the lack of the
constrain of larger circulation (e.g., subtropical high), the structure of MT cannot be
maintained.

The evolution of each steering flow component from different scales for NW-CTL,
NW-SVI, and NW-LVI are given in Figures 16-17. In these experiments, the initial two
TCs depart from each other under the influence of easterly and westerly flows on either
side of the MT. During the 120 h of integration, the actual speeds of TCW and TCE are
in good agreement with the large-scale steering flows regardless of their relative
intensities. Meanwhile, the impact of adjacent TC fluctuates around zero during the
integration time in these NW-SE experiments. This indicates that the large-scale
steering flows dominate the movements of TCW and TCE.

Overall, when the two vortices are located with a NW-SE orientation in the zonal
MT, the easterly and westerly large-scale steering flows keep them away from each
other, unfavorable for their merging. These findings are consistent with the similar
theoretical model of Dong and Neumann (1983). Meanwhile, when the eastern TC is
stronger, the [-effect favors more north and northwestward motion and pushes it away
from the MT’s westerly flow. As MT still evolves into MG through the interaction with

the TCs, the southwesterly winds are strengthened on its southeast side due to the
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energy dispersion, thus making the TCW and TCE exhibit mutual rotation.
6 Discussion and summary

The observational analysis shows that a Fujiwhara effect occurs between two
typhoons Noru and Kulap (2015), which are originally located on the two sides of the
MT with a NE-SW orientation, and eventually merge. Conversely, Noul and Dolphin
(2017) located in the MT with a NW-SE orientation move away from each other. It is
worth noting that Noru-Kulap merges eventually with an initial distance of 1800 km
apart. In contrast, Noul-Dolphin, separated initially by 1500 km, did not merge. The
goal of this study is to examine the influence of MT on the interactions of two TCs by
utilizing ideal numerical simulations.

The steering from the MT and from the other co-existing cyclone are separated out
and analyzed. A conceptual model of how MT affects the BTCs interactions in different
configurations is given in Fig. 18. When the two vortices are distributed in a NE-SW
direction in the beginning, the MT flow plays an essential role for both cyclones at the
early stage. The MT’s circulation pushes the two cyclones closer and promotes the
cyclone-cyclone interaction. Once two vortices approach within a short distance, the
impact from the nearby TC becomes more evident, and the two TCs exhibit Fujiwhara
interaction (Fig. 18a). In this set up, even if the two vortices are initially far apart, they
can still interact with the help of the steering from the MT. Therefore, MT can accelerate
the two TCs to move closer, thus the Fujiwhara interaction.

In addition, the dual-vortex interaction is sensitive to the MT’s strength, the relative

intensity of the two TCs, and the f[-effect. The stronger the MT, the faster the two
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vortices approach each other and merge. Moreover, the binary interaction on the [-
plane series is stronger than those on the f-plane. Once the MT evolves into an MG-
like pattern, a pronounced southwesterly flow emanates due to the energy dispersion.
This southwesterly flow acts as a steering flow to help TCW move northeastward,
which accelerates to reach the CSD.

When the two TCs are located with a NW-SE orientation in the MT, the MT
circulation pushes the two cyclones away from each other and further prevents the
interactions between them (Fig. 18b). Therefore, the motion of two vortices will be
controlled by the large-scale steering flows throughout. In such a configuration, the
greater the relative intensity of the two storms, the faster they separate from each other.

In this study, the simulations are idealized. In reality, the MT structure is more
complicated also. This implies that the binary TCs’ development may highly depend on
the morphology of the MT and TC structure. These issues need to be further addressed
in future studies.
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Table 1. Summary of the idealized experiments.

Experiment Monsoon The Vpax The Initial B/ f-
trough of western V4, Oof  orientation plane
vortex eastern of two TCs
(m/s) vortex
(m/s)
NE-CTL Existence 30 10 NE-SW
NE-WMT Existence 30 10 NE-SW 5
(reduced
20%)

NE-NMT Not existence 30 10 NE-SW p
NE-SVI Existence 30 30 NE-SW p
NE-LVI Existence 10 30 NE-SW 5

FNE-CTL Existence 30 10 NE-SW f
FNE-SVI Existence 30 30 NE-SW f
FNE-LVI Existence 10 30 NE-SW f

NW-CTL Existence 30 10 NW-SE p
NW-SVI Existence 30 30 NW-SE p
NW-LVI Existence 10 30 NW-SE 51
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672 List of Figures

673  Fig. 1. (a) The IMA 12-hourly best tracks of Noru (blue) and Kulap (red) from 00

674  UTC 23 July to 00 UTC 28 July 2017. The typhoon symbols denote the beginning

675  and ending or the typhoon positions from the JMA best track data. The dashed line
676  represents the TC’s best tracks before it transitions to an extratropical cyclone. The
677  solid line represents the time period of interest in this study; (b) The evolution of

678  relative positions of two TCs. The origin (0, 0) is the middle point between two

679  vortices at each time; (c)-(d) The 850 hPa wind (vector; unit: m s~1) and vorticity

680  (shading, unit: 1 X 107> s™1) on 00 UTC 23 July and 00 UTC 28 July 2017.

681  Fig. 2. (a) The 12-hourly track positions of Noul (blue line) and Dolphin (red line)

682  from 00 UTC 4 May to 00 UTC 9 May 2015. The typhoon symbols denote the

683  beginning and ending or the typhoon positions from the JMA best track data. The

684  dashed line represents the TC’s best tracks before it transitions to an extratropical

685  cyclone. The solid line represents the time period of interest in this study; (b) The

686  evolution of relative positions of two TCs in which the origin (0, 0) is the middle

687  point between two vortices at each time; (¢)-(d) The 850 hPa wind (vector; unit:

688 m s~ 1) and vorticity (shading, unit: 1 X 107> s™1) on 00 UTC 4 May and 00 UTC 9
689  May 2015, respectively.

690  Fig. 3. Evolutions of the steering flows at different scales of the Noru (left panels) and
691  Kulap (right panels). Cx and Cy (black lines) represent the TC’s actual movement
692  speed. Cx;, and Cyy, (blue lines) show the large-scale steering flow. X and Y denote the

693  zonal and meridional components, respectively.
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Fig. 4. As in Fig.3, but for Typhoon Noul (left panels) and Dolphin (right panels).

Fig. 5. Initial configurations of (a) 850 hPa wind fields of ideal MT and (b) vertical
structure of zonal winds.

Fig. 6. The tracks (top) and relative positions (bottom) of TCW (black lines) and TCE
(red lines) in NE-CTL (left panels), NE-NMT (middle panels), and NE-WMT (right
panels) from ¢ =0 hto 120 h.

Fig. 7. Time evolutions of 850 hPa wind (vector; unit: m s~1) and vorticity (shading;
unit: 1 X 1075 s71) in NE-CTL (left panels), NE-NMT (middle panels), and NE-WMT
(right panels), respectively.

Fig. 8. Evolutions of the steering flows at different scales of the TCW (left panels) and
TCE (right panels) in NE-CTL. Cx and Cy (black lines) represent the actual moving
speed of TC. Cyx;, and Cyp, (blue lines) show the large-scale steering flow. Cxw, Cyw,
Cxg and Cyg (red lines) present the impact of TCW and TCE on the other storm. X
and Y denote the zonal and meridional components, respectively.

Fig. 9. As in Fig.8, but for NE-WMT.

Fig. 10. The tracks (top) and relative positions (bottom) of TCW (black lines) and TCE
(red lines) in NE-CTL (left), NE-SVI (middle) and NE-LVI (right) from ¢ =0hto 120
h.

Fig. 11. As in Fig.8, but for NE-SVI (left two panels), and NE-LVI (right two panels).
Fig. 12. The tracks (top) and relative positions (bottom) of TCW (black lines) and
TCE (red lines) in FNE-CTL (left panels), FNE-SVI (middle panels), and FNE-LVI
(right panels) from t =0 h to 120 h.
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Fig. 13. The tracks (top) and relative positions (bottom) of TCW (black lines) and
TCE (red lines) in NW-CTL (left panels), NW-SVI (middle panels), and NW-LVI
(right panels) from t=0hto 120 h.

Fig. 14. Evolutions of 850 hPa monsoonal wind (vector; unit: m s~ 1) and vorticity
(shading; unit: 1 X 107 s™1) in NE-LVI (top panels) and FNE-LVI (bottom panels).
The white “W” and “E” indicate the positions of TCW and TCE correspondingly at
that moment. Vectors in red represent wind speeds greater than 10 m s~ 1.

Fig. 15. Time evolutions of 850 hPa wind (vector; unit: m s~1) and vorticity
(shading; unit: 1 X 1075 s71) in NW-CTL (left panels), NW-SVI (middle panels), and
NW-LVI (right panels), respectively.

Fig. 16. As in Fig.§8, but for NW-CTL.

Fig. 17. As in Fig.8, but for NW-SVI (left two panels) and NW-LVI (right two
panels).

Fig. 18. Conceptual model of the influences of monsoon trough on the BTCs

interactions in the (a) NE-SW and (b) NW-SE configuration.
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