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Abstract

This study investigates the intensity change of binary tropical cyclones (TCs) in idealized
cloud-resolving simulations. Four simulations of binary interaction between two initially identical
mature TCs of about 70 ms™' with initial separation distance varying from 480 to 840 km are
conducted in a quiescent f~plane environment. Results show that two identical TCs finally merge
if their initial separation distance is within 600 km. The binary TCs presents two weakening stages
(stages 1 and 3) with a quasi-steady evolution (stage 2) in between. Such intensity change of one
TC is correlated with the upper-layer vertical wind shear (VWS) associated with the upper-level
anticyclone (ULA) of the other TC. The potential temperature budget shows that eddy radial
advection of potential temperature induced by large upper-layer VWS contributes to the weakening
of the upper-level warm core and thereby the weakening of binary TCs in stage 1. In stage 2, the
upper-layer VWS first weakens and then re-strengthens with relatively weak magnitude, leading to
a quasi-steady intensity evolution. In stage 3, due to the increasing upper-layer VWS, the non-
merging binary TCs weaken again until their separation distance exceeds the local Rossby radius
of deformation of the ULA (about 1600 km), which can serve as a dynamical critical distance
within which direct interaction can occur between two TCs. In the merging cases, the binary TCs
weaken prior to merging because highly asymmetric structure develops as a result of strong
horizontal deformation of the inner core. However, the merged system intensifies shortly after

merging.
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1. Introduction

When two tropical cyclones (TCs) interact with each other, errors in both track and intensity
forecasts are often larger than those for a single TC (Brand 1970; Jarrell et al. 1978; Liu and Tan
2016). Fujiwhara (1921, 1923, and 1931) first demonstrated the interaction of two vortices in
proximity in the tank experiments and found that the two cyclonic vortices rotated
counterclockwise, moved toward each other, and finally merged (i.e., Fujiwhara effect). In the real
atmosphere, binary TCs are detected by using various statistical parameters such as their intensities,
relative locations, coexistence time and separation distance. The critical separation distance
determining whether two TCs belong to binary TCs ranges from 1300 to 1800 km (Brand 1970;
Dong and Neumann 1983; Wu et al. 2011; Jang and Chun 2015a; Ren et al. 2020). Within the
critical separation distance, the motion of binary TCs presents mutual approaching, mutual cyclonic
orbiting, or mutual escaping (Brand 1970; Dong and Neumann 1983; Lander and Holland 1993,
hereafter LH93). Sometimes mutual anticyclonic rotation of binary TCs happens under the
influence of the large-scale environmental flow such as the subtropical high (Dong and Neumann
1983; LH93). Real case studies show that the weaker and smaller TC is susceptible to the stronger
and larger TC in a binary system, where the former looks like moving around the latter (Wu et al.
2003; Yang et al. 2008). Moreover, during the binary interaction, filamentation and deformation
occurred in the weaker and smaller TC Typhoon Alex (1998), which finally became a spiral band
of the stronger and larger Typhoon Zeb (1998) on satellite images (Kuo et al. 2000).

More details relating to the motion and structure change of binary TCs have been investigated

in idealized frameworks (Chang 1983; DeMaria and Chan 1984; Wang and Zhu 1989a,b; Waugh
2
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1992; Dritschel and Waugh 1992; Ritchie and Holland 1993; Wang and Holland 1995, hereafter
WHO9S5; Falkovich et al. 1995; Khain et al. 2000; Prieto et al. 2003; Shin et al. 2006; Jang and Chun
2015b, hereafter JC15b). Several barotropic dynamical processes have been discussed in the
literature. For example, the horizontal vorticity advection is key to whether the binary TCs may
approach each other in nondivergent barotropic model (DeMaria and Chan 1984; Wang and Zhu
1989a,b; Shin et al. 2006), while competition between the deformation and filamentation from the
opposite vortex and the restoring force of the vortex itself determines whether the two interacting
vortices merge or not (Dritschel and Waugh 1992; Waugh 1992; Ritchie and Holland 1993; Prieto
et al. 2003).

The binary interaction in three-dimensional models is more complicated by resolving the
baroclinic TC structure, surface friction, and diabatic heating (Chang 1983; Falkovich et al. 1995;
WHO95). Compared with dry simulations, diabatic heating can modulate the vortex structure in
moist simulations, in which the vortices show relatively axisymmetric structure during the merging
(WHO95; Khain et al. 2000). WH95 found that two identical TC vortices with the initial separation
distance less than 640 km on an f~plane experienced rapid mutual approaching and weakening
before merging. They also indicated that the merger of binary TCs was a bottom-up process where
the low-level vortices merged first, followed by the merging of the middle-level vortices with much
stronger filamentation. The simulation of WH95 also demonstrated a mutual orbiting process,
followed by release and escape, or merging, which was consistent with the conceptual model of
binary interaction proposed by LH93. More recently, JC15b demonstrated that greater

environmental convective available potential energy and higher maximum potential intensity could
3
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lead to stronger binary interaction, while the beta-effect could weaken the mutual approaching of
binary TCs by generating asymmetric structure.

Although previous studies have revealed many features of binary-TCs interaction, most of
them focused on the track characteristics of two interacting vortices. Limited studies have
investigated the intensity changes of binary TCs. In addition, the coarse model resolution and the
use of cumulus parameterization in previous studies are not adequate for understanding the
intensity change of binary TCs (e.g., WH9S5; Khain et al. 2000; JC15b). In this study, we will
examine the intensity change of two interacting TCs and understand the involved dynamical
processes using an idealized three-dimensional full-physics model. The rest of the paper is
organized as follows. The numerical model and experimental design are described in section 2.
Section 3 discusses the main results with the focus on the storm structure and intensity changes of
the simulated binary TCs. Summary and conclusions are given in the last section.

2. Numerical model and experimental design
a. Model setup

In this study, the advanced Weather Research and Forecasting (WRF) model version 3.4
(Skamarock et al. 2008) was used to investigate the interaction between two TCs. The WRF model
is a three-dimensional nonhydrostatic, full-physics, atmospheric model. The model domain was
configured with two nested interactive meshes of 901x901 (D01) and 901x901 (D02) grid points,
with their horizontal grid spacings of 9 and 3 km, respectively. The open lateral boundary condition
was utilized for DO1. The model atmosphere had 50 vertical levels topped at the 25-km height

(about 28 hPa) with 18 vertical levels below the 3-km height. The model physics included the WRF
4
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5-class microphysics scheme (WSMS5; Hong et al. 2004) and the Yonsei University planetary
boundary layer (PBL) scheme (YSU; Hong et al. 2006). The Kain—Fritsch cumulus
parameterization scheme (Kain and Fritsch 1990) was applied only in DO1. The scheme for drag
and enthalpy coefficients was Donelan Cd + Constant Ck (Donelan et al. 2004). The radiations
were not activated in this study. All experiments were performed on an f-plane at 20°N over ocean

with a uniform sea surface temperature (SST) of 28°C.

b. Initial vortex

The initial axisymmetric vortex for all experiments of binary TCs was spun up from a single
TC integration (ORIG). In ORIG, the Jordan sounding (Jordan 1958) was used as the unperturbed
environment. The initial vortex in ORIG had the radial profile of tangential wind following that in
Fiorino and Elsberry (1989). The maximum tangential wind speed was 30 m s™! at the radius of 120
km (RMW) with the exponential decaying factor of 1.0. The maximum wind decreased with height
to zero at about 100 hPa following Wang (2007). The vortex in ORIG was initially located at the
center of the two meshes and spun up for 96 hours when the storm reached its mature stage. We
separated the axisymmetric vortex of the TC after the 96-h simulation as the initial vortex and used
the mean fields after removing the axisymmetric vortex as the environmental fields in all binary-
TCs experiments. The vortex separation followed that in Liu and Tan (2016), which was an
extension of the method introduced by Cha and Wang (2013) and included the following four steps.
First, a local three-point spatial filter was conducted, respectively, in the meridional and zonal

directions to separate the basic field and the disturbance field. Second, a cylindrical filter was
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applied to further extract the vortex component from the disturbance field. Third, the axisymmetric
TC vortex was calculated as the azimuthally averaged vortex component. Finally, the
environmental field was obtained by spatially averaging the total field excluding the axisymmetric
vortex. More details can be found in Cha and Wang (2013) and Liu and Tan (2016), and references
therein. Figure 1a shows the obtained axisymmetric tangential and radial wind fields of the TC
vortex after the 96-h spinup in ORIG. The RMW at the top of the boundary layer was about 60 km
and tilted radially outward with height. The inflow was below 2 km, and the outflow occurred
mainly in the upper troposphere. The anticyclonic circulation in the upper troposphere (above the
14-km height) was outside of a radius of about 500 km from the TC surface center. The
environmental sounding was very close to the Jordan sounding (not shown).

To ensure the validity of the initial conditions composited by the axisymmetric TC vortex and
the mean environmental field in our binary-TCs experiments, we first ran a simulation using a
single TC initial condition as a reference (CTRL). Figure 1b compares the intensity evolutions of
the simulated TCs in ORIG and CTRL. In ORIG, the TC intensified and reached its mature stage
after about 90-h simulation. In CTRL, the vortex experienced some quick adjustment and then
reached a steady-stage evolution as in ORIG. Although the intensity evolutions in terms of the
maximum 10-m height wind speed (Vmax) and the minimum sea level pressure (MSLP) differ in
details in CTRL and ORIG, the difference can be considered relatively small. This indicates that
the axisymmetric vortex obtained from the 96-h spinup in ORIG reached its mature phase. Thus,
any significant change in intensity in the binary-TCs simulations can be considered as a result of

the binary interaction when two TCs vortices were simultaneously introduced.
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c. Experimental design

To investigate the interaction of binary TCs, we conducted four experiments with different
initial separation distances, which were 480 (D480), 600 (D600), 720 (D720), and 840 km (D840),
respectively. In each experiment, the two initial TCs, which were the same as that in CTRL above,
were placed in the east-west direction. The centroid of the binary TCs was located at the center of
DO1 and D02. For the convenience of discussion, we named the WTC for the TC initially located
to the west and the ETC for the TC initially located to the east.

Some parameters in the following analysis/discussions are defined here. The TC surface
center was simply defined as the location of the MSLP. We will discuss the TC intensity change in
terms of the change in MSLP rather than Vmax (e.g., WH95; Falkovich et al. 1995; Khain et al.
2000; JC15b) because the MSLP of one TC can be detected even when binary TCs are undergoing
merging process. The eye region was roughly defined as the area from the TC surface center to a
radius of 60 km, which was the same as the initial RMW at the low levels in the binary-TCs
experiments. The inner core was referred to the area from the TC surface center to a radius of 180
km, which was about three time of the initial RMW at the low levels (Wang 2008).

3. Results
a. An overview

Figure 2 shows the track and intensity evolutions of the binary TCs, together with the change
of the separation distance between the centers of two TCs. For a comparison, the intensity evolution
of a single TC in CTRL is also shown in Fig. 2. Both TCs mutually rotated cyclonically in all

experiments. The two TCs merged as a new TC after 22 h and 67 h in D480 and D600, respectively.
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In D720 and D840, the binary TCs did not merge with their separation distance increasing with
time. As the separation distances increased, the cyclonic rotation also slowed down and the two
TCs eventually departed from each other without significant rotation, such as the case in D840 (Fig.
2g). These results are roughly consistent with previous studies (WH95; JC15b) and the conceptual
model of binary-TCs interaction in LH93.

We divided the intensity evolution into three stages (right panels in Fig. 2) depending on their
interaction modes. Stage 1 is the first 10 h of the simulations during which the binary TCs
experienced the weakening in all experiments. Stage 2 is from 10 h to 55 h of the simulations when
the intensity of the binary TCs showed little change or experienced a quasi-steady evolution in
D600, D720 and D840. In stage 3, the binary TCs weakened again after 55 h in D600 (55-67 h),
D720 (55 h to the end) and D840 (55-78 h), and prior to merging from 10 h to 22 h of the simulation
in D480. Although the binary TCs in D480 weakened during the first 22 h of the simulation, the
physical processes that led to the two weakening periods were different. Note that an intensification
of the merged system occurred in both D480 and D600, which was also found in WH9S5. 1t is
interesting that the two TCs in D840 after stage 3 intensified again when the separation distance
between the two TCs became larger than 1600 km (Fig. 2h). Since the temporal evolutions of the
two TCs in the binary experiments are similar and almost symmetric with respect to their centroid
due to their identical initial conditions, we take the WTC to discuss the intensity and structure
changes in the following discussion.

Figure 3 shows the mean potential temperature anomaly in the eye region of the WTC in the

four binary experiments. The potential temperature anomaly was calculated as the perturbation
8
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relative to the environment, which was the mean potential temperature from the TC surface center
to 600-km radius, the same as that in Fu et al. (2019). Following Zhang and Chen (2012), we also
calculated the central sea level pressure rises induced by the upper-level (between the 9- and 16-
km heights, AP,), lower-level (between the 2- and 6-km heights, AP,)) and total-level warm core
(AP) using the hydrostatic equation with the results shown in Fig. 3. The bias of the central sea
level pressure integrated from the hydrostatic equation and the MSLP from the model simulations
was less than 5 hPa. The TC presented a warm-core structure at the initial time with two maximum
positive potential temperature anomalies centered at the 10- and 15-km heights, respectively, in all
four experiments. Influenced by the ETC, the upper-level warm core of the WTC weakened during
stages 1 and 3 in all binary experiments and in the meantime both AP and AP, rose. In D600,
D720 and D840 (Figs. 3b—d), the upper-level warm core weakened and the lower-level warm core
strengthened in stage 2, but the potential temperature change in both upper- and lower-levels were
quite small. This can be proven by the increasing of AP, and decreasing of AP;, and both were
largely offset. As aresult, AP did not change much in stage 2. The warm core strengthened again
as the merged TC intensified in D480 and D600 (Figs. 3a,b). After stage 3 in D840 (Fig. 3d) the
warm core re-strengthened with both AP and AP, slowly decreased until the end of the
simulation.

The above results demonstrate that the intensity change of the binary TCs is consistent with
the evolution of the warm-core strength. Therefore, the key to understand the intensity change is
to understand what caused the change in the warm-core strength under the binary interaction.

Previous studies have demonstrated that the weakening of the TC warm core and eyewall entropy
9
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is related to the asymmetric structures in the inner-core region and associated ventilation (Simpson
and Riehl 1958; Gray 1968; Frank and Ritchie 2001; Tang and Emanuel 2010; Gu et al. 2015).
Figure 4 shows the evolution of the inner-core mean relative wavenumber-1 kinetic energy (RKE,
defined as the percentage of the wavenumber-1 kinetic energy in the total kinetic energy) of the
WTC. The percentages of higher-wavenumbers were quite smaller than the RKE (not shown). In
all experiments, the RKE was the largest at the 16-km height and smallest below the 9-km height,
indicating that the upper-level (between the 9- and 16-km heights or equivalent 300-100 hPa) RKE
was dominant. In stage 1, the RKE increased rapidly above the 14-km height, which was consistent
with the weakening of the TC in all experiments. In D600, D720 and D840, the upper-level RKE
shrank in stage 2 from 10 h to about 30 h of the simulations. Then the upper-level RKE re-
strengthened and expanded downward. The development of upper-level RKE was prior to the
increase of the MSLP, suggesting that the development of asymmetric structure in the upper
troposphere was most likely responsible for the weakening of the binary TCs. In stage 3, the upper-
level RKE and the MSLP increased again in all experiments. After stage 3, the RKE of the whole
TC vortex decreased sharply after the two TCs merged and re-intensified in D480 and D600 (Figs.
4a,b). Similar features were found after stage 3 in D840 (Fig. 4d) probably because the two TCs
were far away from each other.

The dominance of wavenumber-1 asymmetry indicates that vertical wind shear (VWS) was
playing an essential role in the structure change (Jones 1995; Wang and Holland 1996; Frank and
Ritchie 2001; Corbosiero and Molinari 2003; Reasor et al. 2004; Chen et al. 2006; Xu and Wang

2013; Zhang et al. 2013; DeHart et al. 2014; Gu et al. 2016). Therefore, it is necessary to examine
10
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whether the intensity change of binary TCs is related to the asymmetric structure and the VWS.
The VWS over one TC must from the baroclinic circulation of the other TC in the binary system
(Fig. 1), since there was no large scale environmental VWS in the simulations. Figure. 5 shows the
evolution of the upper-layer VWS (between 100 and 300 hPa) and the commonly used deep-layer
VWS (between 200 and 850 hPa) averaged radially from the surface center to 600-km radius,
together with the 3-h MSLP change of the WTC in the four experiments. In stage 1, the WTC
weakened with the positive 3-h MSLP change when the upper-layer VWS increased and kept a
large magnitude in all experiments while the deep-layer VWS presented a decreasing trend in D480
and D600. In stage 2, the 3-h MSLP change was small and even a little bit negative, meaning that
the WTC did not further weaken but experienced a quasi-steady intensity evolution. Meanwhile,
the upper-layer VWS decreased first and then increased again while the deep-layer VWS continued
to increase and remained large. In stage 3, the 3-h MSLP change was mostly positive, and the
upper-layer VWS increased and was larger than that in stage 2 except for D480 and D600 in which
the upper-layer VWS decreased during the merging with a decrease in the deep-layer VWS.
Nevertheless, in comparison with the deep-layer VWS, the evolution of the upper-layer VWS is
more consistent with the 3-h MSLP change. Namely, the large or increasing upper-layer VWS
corresponds to the large and positive 3-h MSLP change, and the small or decreasing upper-layer
VWS corresponds to the small or even negative 3-h MSLP change. The correlation coefficients
between the upper-layer VWS and the 3-h MSLP change varied from 0.6 to 0.7 at 99% confidence
level in all four experiments based on the Student’s t-test. This strongly suggests that the upper-

layer VWS is a good indicator of the intensity change of the two interacting strong TCs. Note that
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the more detrimental effect of the upper-layer VWS on the intensity of a single mature TC has been
also found in previous studies (e.g., Xu and Wang 2013; Fu et al. 2019).

The above results show a strong relationship between the upper-layer VWS and the intensity
change of the simulated binary TCs. We hypothesize that the upper-layer VWS of one TC came
mainly from the upper-layer anticyclonic circulation of the other TC in the binary system. Previous
studies also mentioned the potential role of the VWS originated from the baroclinic structure of
one TC imposed on the other TC in the binary system (WH95; Khain et al. 2000; JC15b). However,
the physical processes that lead to the structure and intensity change of binary TCs have not been
investigated to any extent and will be analyzed in detail in the following subsections.

b. Stage 1: The early weakening of the binary TCs

In stage 1, one TC of the binary system was subject to the imposed vertical shear of tangential
wind from the other TC, leading to the initial ventilation of the warm core of each TC. To illustrate
the impact of the ETC on the WTC, we interpolated the fields into a new coordinate system for the
binary TCs with the origin following the surface center of the WTC as shown in Fig. 6. Thus, the
ETC was always to the east of the WTC and the cyclonic (anticyclonic) tangential wind of the ETC
across the WTC center was northerly (southerly) wind in this new coordinate system.

Figure 7 shows the potential temperature averaged from the 9- to 16-km heights over the WTC
in D720 together with the asymmetric wind vectors at the 9- and 16-km heights, respectively. Here,
the asymmetric wind of the WTC was calculated as the difference between the storm-relative flow
(total horizontal winds relative to the moving vortex) and the azimuthal mean wind as in Fu et al.

(2019). Also plotted in Fig. 7 are the vortex center at the 16-km height and the mean upper-layer
12
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VWS between the 16- and 9-km heights (very close to the VWS between 100 and 300 hPa). The
vortex centers at the 9- and 16-km heights were defined as the centroid of PV for each TC in the
innermost domain. Other three experiments (not shown) have similar features to D720 in stage 1.

As shown in Fig. 7, the asymmetric winds at the 16-km height ventilated the warm anomalies
in the TC core, leading to the weakening of the upper-level warm core in stage 1. The mean
asymmetric winds at the 16-km height were roughly perpendicular to the orientation between the
surface centers of the binary TCs. Note that the upper-level anticyclone (ULA) of the ETC was the
strongest at a height of about 16 km (Fig. 1a) and had southerly winds to the west of the ETC. This
is consistent with the asymmetric winds across the inner core of the WTC at the 16-km height in
the early stage of the simulations, indicating the important role of the ETC’s ULA on the WTC.
Moreover, the ULA of the ETC induced the upper-layer VWS over the WTC, which was also
mentioned in previous studies (WH95; Khain et al. 2000; JC15b). The upper-level the WTC tilted
toward the downshear-left side of the upper-layer VWS. As a result, the differential advection of
the upper-level circulation of the WTC by the VWS further enhanced the asymmetric flow crossing
the warm core of the WTC. Note that the upper-layer VWS between the 16- and 9-km heights was
almost equal to the mean asymmetric wind at the 16-km height because the asymmetric winds at
the 9-km height were quite weak (Figs. 4 and 7) during stage 1.

To further confirm the ventilation of the upper-level warm core by the asymmetric flow, we
performed the potential temperature budget as given below following Stern and Zhang (2013)

AO = (éADV + Oygar + OppL + gDIF)Ata (1)

where A@ is the actual change in the potential temperature (6) during the time period At; 84py
13
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is the total tendency due to horizontal and vertical advections of 8; @ygar is the tendency from
diabatic heating; Opp; is the tendency from the boundary layer parameterization scheme; and
Op;r is the tendency due to subgrid-scale horizontal diffusion. The model potential temperature
tendencies are from the model output at every 6 min, and the budget was conducted from 6 to 9 h.
The results are consistent across all simulations and thus we choose D720 as an example in the
following discussion.

The patterns in 3-h actual 6 change (Fig. 8a) and the results from the right-hand side (RHS)
of Eq. (1) (Fig. 8b) are very similar, implying that the budget is reliable. The residual term
(difference between 3-h 6 change and RHS of Eq. 1, Fig. 8c) shows some errors mostly near the
TC center above the 15-km height, probably due to the interpolation and/or the tilting of the vortex
at the upper levels. However, these errors do not have impact on our interpretation. Among all four
terms on the RHS of Eq. (1) (Figs. 8d—f), only the total advection term (6,1py) induced significant
cooling in the upper-layer eye region and the whole eyewall (Fig. 8d). The cooling in the eyewall
by total advection was largely offset by diabatic heating (Fig. 8¢). The boundary layer process
(6pp.,) and horizontal diffusion (6, ) caused warming in the inflow layer and cooling at the top of
the boundary layer (mainly contributed by 6pp, term) but their tendencies were quite small
compared to 8,y and Oypar (Fig. 8f). The total advection (8,py) can be further decomposed
into the azimuthal mean radial advection (Ogapyy = —1(8/07)0), the eddy radial advection
(Orapye = —(8/0r)(W'8") — (u'67/r) and the total vertical advection (8y 4py); where # and u’
are azimuthal mean and asymmetric radial wind,  and @' are azimuthal mean and asymmetric

potential temperature, and 7 is the radius from the surface TC center. Orpyy Was much smaller
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than other two terms (Fig. 8g) because the azimuthal mean radial wind could neither pass through
the TC eye region nor ventilate the warm core. Only Orapyr contributed negatively to the
tendency of the upper-level warm core (Fig. 8h) because the asymmetric flow at the 16-km height
brought the cold air in and took the warm air out of the eye region (Fig. 7). 8y4py had an opposite
distribution to Orapyr, but its magnitude was smaller than that of Ograpyg, giving rise a net
negative advection tendency in the upper-level eye region and the whole eyewall. Therefore, based
on the potential temperature budget, we can conclude that the eddy radial advection of potential
temperature (Og4py) due to the upper-level asymmetries (Figs. 4 and 7) is the major process that
caused the weakening of the upper-level warm core and thus the intensity of binary TCs in stage 1.
The asymmetries of one TC resulted from the upper-layer VWS (Fig. 5), which in turn was
originated from the baroclinic circulation of the other TC in the binary system (Fig. 7).
c. Stage 2: The quasi-steady intensity evolution of the binary TCs

During 10 to 55 h of the simulations, the binary TCs in D600, D720, and D840 experienced a
quasi-steady intensity evolution. We still take D720 as an example since the results are similar for
D600 and D840. The upper-level warm core of the WTC changed very slowly during this period
(Figs. 3c and 9). The asymmetric flow at the 9-km height strengthened during this period, which
can also be found in Fig. 4c. The VWS between the 16- and 9-km heights decreased first and then
increased, with the shear direction changing with time from southwesterly to northerly. As a result,
the vortex centers at the 16- and 9-km heights gradually aligned and then departed again. This
implies that the vortex tilting did not continue to increase in stage 2. The relatively weak upper-

layer VWS could still lead to the slow weakening of the upper-level warm core and the intensity
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of the TCs (Figs. 3¢ and 9), but its effect was largely counteracted by the faintly strengthening of
the lower-level warm core. Potential temperature budget (not shown) indicates that the
strengthening of the lower-level warm core was contributed by 6y 4py, which was caused by the
relatively weak downward motion in the eye region. This downdraft was a consequence of the
reconstructed secondary circulation under the weakening of upper-level VWS. Therefore, the
intensity of binary TCs showed a quasi-steady intensity evolution in stage 2.

Changes in the upper-layer VWS over the WTC in stage 2 can be largely inferred from the
evolution of asymmetric flow at the height of 9 km because the asymmetric flow over the WTC at
the 16-km height did not change much. At the beginning of stage 2 (Fig. 9a), the mean asymmetric
wind across the center of the WTC was weaker than that at the 16-km height and hence the upper-
layer VWS was southwesterly. However, the asymmetric flow over the WTC at the 9-km height
strengthened and became southerly (Figs. 9b—e), which corresponded to the ULA of the ETC. This
led to a decrease in the difference of the mean winds between the 16- and 9-km heights over the
WTC, which means that the upper-layer VWS over the WTC decreased because the asymmetric
flow at the 9-km height strengthened. As the asymmetric wind at the 9-km height continued
strengthening as the ULA of the ETC expanded downward (see discussion below) and became
stronger than that at the 16-km height, the upper-layer VWS over the WTC changed to northerly
with the shear magnitude increasing again (Figs. 9f—1).

Since the upper-layer VWS over the WTC results from the ULA of the ETC in the binary
system, it is necessary to examine how the ULA of the ETC evolved to lead to the variation of the

upper-layer VWS over the WTC in stage 2. Figure 10 shows the radius-height cross sections of the
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azimuthal mean tangential and radial winds of the ETC on the near and opposite sides to the WTC
center. The near side of the ETC was defined as the quadrant close to the WTC and the opposite
side was the rest part of the ETC away from the WTC, as shown in light and dark gray zones in
Fig. 6, respectively. The interaction of binary TCs should have much stronger impact on the near
side, but relatively weaker impact on the opposite side of each TC. In stage 2, the opposite-side
ULA of the ETC strengthened and expanded outward in D600, D720 and D840, similar to that for
a single TC simulated in CTRL (not shown), but weaker because the TC in the binary system
weakened due to binary interaction. The azimuthal mean anticyclonic tangential wind on the
opposite side of the ETC at the 9-km height also increased but was still weaker than that at the 16-
km height, which is different from the asymmetric flow at the 9- and 16-km heights over the WTC.
This implies that the tangential wind of the ETC could not fully explain changes in the upper-layer
VWS over the WTC. Therefore, the binary interaction must play some role in changing the upper-
layer VWS over the WTC. The azimuthal mean tangential wind on the near side of the ETC was
quite different from that on the opposite side. On the near side, the ULA of the ETC expanded
downward and the azimuthal mean anticyclonic tangential wind at the 9-km height became stronger
over the WTC surface center in D600, D720 and D840 (Figs. 10a,d,g), leading to a decrease in the
upper-layer vertical shear of the azimuthal mean tangential wind of the ETC between the 16- and
9-km heights over the WTC. As the azimuthal mean anticyclonic tangential wind of the ETC at the
9-km height continued to strengthen and became stronger than that at the 16-km height (Figs.
10e,f,h,1), the upper-layer vertical shear of the azimuthal mean tangential wind of the ETC over the

WTC turned to the opposite direction and increased again in D720 and D840. This is consistent
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with changes in the asymmetric flows at the 9- and 16-km heights (Fig. 9) and the upper-layer
VWS over the WTC (Figs. 5c,d) in D720 and D840. Different from that in D720 and D840, as the
two TCs in D600 approached each other, the WTC entered the area of the upper-level outflow of
the ETC by the end of stage 2 (Fig. 10c). The outflow of the ETC at the 16-km height was stronger
than that at the 9-km height over the WTC, resulting in a re-strengthening of the upper-layer VWS
over the WTC in D600.

Note that at the beginning of the simulations, the difference in the azimuthal mean tangential
wind of the ETC between the near and opposite sides is primarily due to the superposition of winds
of the two TCs, that is, the near-side ULA of the ETC was strengthened by the superposition of the
cyclonic circulation on the near side of the WTC. However, this cannot explain why the ULA
expanded downward. We hypothesize that the weakening of the secondary circulation in each TC,
which caused downdraft anomaly in the near side of each TC and induced the downward advection
of the ULA. Figure 11 shows the distributions of the vertical motion vertically averaged between
the 16- and 9-km heights over the WTC in D600, D720, and D840 at 20-h interval from 10 h to 50
h of the simulations. In stage 2, the updraft on the near side in the WTC eyewall became weaker
than that on the opposite side. Downward motion anomalies occurred on the near side of the WTC,
especially in the southeast quadrant because of the confluence of the upper-level outflows of the
WTC and the ETC. This resulted in the weakening of the secondary circulation of both TCs, and
thereby the weakening of updraft on the near side of the WTC. The downward motion anomaly
favored the downward penetration of the ULA (and southerly) of the ETC from the top down. This

thus led to changes in the upper-layer VWS over the WTC as mentioned above.
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The above process can be confirmed by the meridional wind (V') budget in the binary
coordinate system as defined earlier. The budget equation can be given as:

AV = (Viapy + Vvapv + Veres + Veort + Vepr + Vpir)At, (2)
where AV is the actual change in V over a given period At; Vya.py and Vy4py are the
tendencies due to horizontal and vertical advections, respectively; Vprgs and Vipg; are the
tendencies due to pressure gradient and Coriolis forces, respectively; Vpp; is the tendency from
the boundary layer parameterization scheme; and Vp;z is the tendency due to subgrid-scale
horizontal diffusion. All terms of the RHS of Eq. (2) are based on the model output at every 6 min
as in the potential temperature budget. Figure 12 shows the V budget of the WTC at the 9- and
16-km heights in D600, D720 and D840 in stage 2 (42—48 h). The difference between the model
V' change and the sum on the RHS of Eq. (2) integrated from 42- to 48-h simulations was quite
small. At the 9-km height, all three experiments show the increasing in V (southerly or
anticyclonic tangential wind relative to the ETC). Vy4py Wwas positive during the budget period
and was the primary cause for the increase in V' (namely southerly strengthened). Other terms on
the RHS of Eq. (2) contributed little or even negative tendency to the southerly wind. At the 16-
km height, V' changed little in D720 (Fig. 12d) and decreased in both D600 and D840 (Figs. 12b,f).
The tendencies contributed by Vpgrgs and Vyap, were largely offset in both D720 and D840.
Therefore, the momentum budget of meridional wind demonstrates that the enhancement of
asymmetric southerly at the 9-km height over the WTC mainly resulted from the downward
advection of the near-side ULA of the ETC in stage 2. Namely, the binary interaction weakened

the near-side vertical secondary circulation of each TC in stage 2, causing the downward expansion
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of the near-side ULA. As a result, the upper-layer VWS over each TC weakened first and then re-
strengthened, leading to marginally changes in the upper-level warm core and the intensity of the
binary TCs.

d. Stage 3a: The second weakening of the non-merging binary TCs

The TCs in the two non-merging binary experiments (D720 and D840) experienced the second
weakening (stage 3). This stage can be considered as a continuation of stage 2 because the upper-
layer VWS continued strengthening and remained large by the end of stage 2 (Figs. 5c¢,d). The
binary TCs in both D720 and D840 experienced a weakening in stage 3 as in stage 1. The large
upper-layer VWS led to the strengthening of the RKE above the 9-km height (Figs. 4c,d). The
potential temperature budget shown in Fig. 13 indicates that 8z.pyr weakened the warm core at
the 15- and 9-km heights of the WTC. Compared with stage 1, the weakening of the warm core at
the 9-km height caused by Orapyr in stage 3 further confirms that the binary interaction resulted
in downward expansion of the near-side ULA as discussed for stage 2 in section 3c.

After stage 3 in D840, the upper-layer VWS decreased and the binary TCs deepened (Fig. 5d)
until the end of the simulation when the separation distance between the two TCs increased over
1600 km (Fig. 2h). We also examined additional experiments with the same initial vortices but
different initial separation distances and found that the overall behavior of the binary TCs are quite
similar (not shown) with the weakening terminated once their separation distance exceeding about
1600 km. This seems to be a critical separation distance in our experiments and is consistent with
some relevant statistical analyses of binary-TCs interaction based on observations (Brand 1970;

Dong and Neumann 1983; Wu et al. 2011; Jang and Chun 2015a; Ren et al. 2020). Since the ULA
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of one TC affects the intensity of the other TC in the binary system, we further introduce the local
Rossby radius of deformation Lz (= NH/I, where N is the Brunt-Viisild frequency; H is the

scale height; and [ is the inertial stability) of the azimuthal mean ULA for understanding the

dynamics. NH is 60 m s the same as that in Bell et al. (2012), and I (= \/(f + ) (f +2717),
where ( is the relative vorticity and ¥ is the azimuthal mean tangential wind) is calculated from
the model output. We did not use the near-side azimuthal mean ULA because once the two TCs
were far enough away from each other, the difference of the azimuthal mean ULA on the near and
opposite sides was negligible. We can estimate Lz to be 1500—-1700 km, comparable to 1600 km in
our experiments. Note that Lg is much smaller in the middle—lower troposphere than in the outflow
layer because of the much larger inertial stability. Therefore, it is expected that once the separation
distance between the two TCs becomes larger than the horizontal scale Lr determined by the ULA,
the binary interaction and the associated intensity change would become very weak and can be
ignored.
e. Stage 3b: The weakening of the binary TCs during merging

From 10 h to 22 h of the simulation in D480 and from 55 h to 67 h of the simulation in D600,
the binary TCs experienced a weakening period prior to their merger. During this stage, the two
TCs presented increasingly asymmetric structure as they approached each other with their
separation distance decreasing rapidly, consistent with the weakening of the two TCs. Since the
structure and intensity evolutions are similar in D480 and D600, we take D480 as an example to
describe the merging process. Figure 14 shows the simulated maximum radar reflectivity in D480

prior to merging. The binary TCs showed an “8” shaped rainband structure. The eyewall on the
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near side of each TC was weaker than that on the opposite side and gradually weakened but
suddenly disappeared before merging. The partial eyewalls of the two TCs finally formed a new
closed eyewall of the merged TC system. Figure 15 shows the PV distributions in D480 at four
different heights. In the boundary layer (at the 1-km height) in D480 (Fig. 15a), the two vortices
presented weak deformation at 18 h of the simulation but then accelerated the rotation with more
and more deformation and filamentation until they merged (Figs. 15b—c). The similar deformation
and filamentation also occurred in the lower- (at the 2-km height, Figs. 15d-f) and middle-
troposphere (at the 5-km height, Figs. 15g—1), but both were weaker and the merging of the two
vortices lagged that in the boundary layer. Going to higher levels, the PV structure (Figs.15j-1) was
more asymmetric as the circulation in the upper troposphere (at the 9-km height) was much weaker.
The two vortices at the upper level rotated more slowly than that at the lower- and middle-levels,
implying a large vertical tilt of the TC vortices. Different from those in the middle-lower
troposphere, the PV field at the 9-km height shows no merging but strong deformation and
filamentation, leading to banded structure as the low-level vortices merged. The results thus
demonstrate a bottom-up merging process of the binary TCs in the simulations, which is consistent
with the findings in WH95.

Figure 16 shows the vertical cross sections of the total wind speed through the surface vortex
centers of the two TCs in D480. The eyewalls as inferred by large wind speed on the near side of
the binary TCs weakened from the top down partly due to the vertical tilt of the TC vortices.
Meanwhile, both TC vortices became more asymmetric. This highly asymmetric TC structure

resulted primarily from the strong shearing deformation of the TC vortices, a process well studied
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with both barotropic and baroclinic models in the literature (Holland and Dietachmayer 1993;
WHO9S5; Falkovich et al. 1995; Khain et al. 2000; Prieto et al. 2003; Shin et al. 2006). After the two
TCs merged, the new eye was larger than the eye of either TC prior to merging. The merger
occurred very rapidly and the new TC became more and more axisymmetric and also experienced
intensification after merger. These are consistent with those documented in previous studies
(WHO95; Khain et al. 2000) and can also be seen from Figs. 2a—d. Therefore, the weakening and
structure change of the binary TCs prior to merging, including the highly asymmetric rainbands,
the near-side eyewall weakening and breakdown from the top down, and the large tilt, were due to
the combined effect of large VWS and strong horizontal shearing deformation of the drastic binary
interaction when the two TCs approached rapidly toward merging.
4. Conclusions and Discussion

In this study, the intensity change of binary TCs has been investigated using a three-
dimensional numerical model with a finest grid spacing of 3 km under idealized conditions on an
f-plane with a constant sea surface temperature and in a quiescent environment. To allow more
realistic binary interaction, we first simulated a single TC for 96 h until it reached its mature stage
with the fully-developed secondary circulation and used its axisymmetric vortex as the initial TCs
in the binary experiments. Four experiments were performed with the initial separation distances
between the two identical TCs being 480 (D480), 600 (D600), 720 (D720), and 840 km (D840),
respectively. Results show that the two TCs approached each other and merged only in D480 and
D600. In D720, the two TCs rotated cyclonically but with their separation distance increasing with

time. In D840, the two TCs rotated cyclonically in the early stage but then anticyclonically and
23



504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

moved away (escaped) from each other. These three interaction modes are very similar to the
conceptual model of binary TC interaction proposed by LH93.

The intensity of the binary TCs experienced three stages and the intensity change was well
correlated with the VWS in the upper troposphere between 100 and 300 hPa over the inner core of
each TC. The first stage was the weakening of the binary TCs during the first 10 h of the simulations.
In this stage, the vertical shear of the tangential wind from one TC imposed a large upper-layer
VWS on the other TC, leading to the ventilation and weakening of the warm core through both
horizontal advection and eddy flux of the potential temperature. Such a mutual interaction led to
the weakening of the two TCs. The second stage was the quasi-steady intensity evolution in the
three binary experiments (D600, D720 and D840) from 10 h to 55 h, when the two TCs did not yet
or never merge. During this stage, the upper-layer VWS decreased first due to the enhanced
asymmetric flow at the 9-km height. The increasing asymmetric flow resulted mainly from the
outward and downward expansion of the ULA due to the superposition of the two TCs’ circulations
and the binary interaction. As a result, the vertical tilt of the TC vortex largely decreased, the warm
core remained its strength, and the TCs experienced little intensity change. In the merging cases of
D480 and D600, the two TCs continued weakening until the two TCs merged. The weakening was
mainly due to both the VWS and shearing deformation of the cyclonic circulation as previously
studied. After merging in D480 and D600, the new TC system experienced intensification due to
the continuous axisymmetrization. The non-merging binary TCs in D720 and D840 weakened
again after the quasi-steady intensity evolution as the asymmetric flow at the 9-km height induced

by the ULA of the opposite TC continued increasing. This led to the increase in the upper-layer
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VWS over each TC and thus the weakening of the warm core and the TCs. The intensity of the
binary TCs in D840 did not decrease further after 78 h of the simulation because the interaction of
the binary TCs became very weak after their separation distance increased to 1600 km, which is
comparable and even larger than the local Rossby radius of deformation (Lr) of the upper-level
anticyclonic circulation of the TCs. Therefore, Lr determines the horizontal scale of the ULA and
can be used as a measure to determine whether the two TCs could experience direct binary
interaction.

Note that the intensity change of binary TCs is investigated under idealized conditions in this
study. It is unclear whether the importance of upper-layer VWS in the binary interaction is a model
result or also true in real binary TCs. The initial vortex in our experiments was as intense as 895
hPa in its MSLP (about 70 m s! in the maximum near-surface wind speed), which seems to be
“unrealistically strong” in the real atmosphere. We used such a strong TC because it is in its mature
stage of a simulated TC with well-developed primary and secondary circulations. This can ensure
a strong binary interaction and overcome the initial model spinup of a weak TC and also the
intensity change of the binary TCs can be attributed to the binary interaction because the single TC
would experience a quasi-steady intensity evolution. Note that we also conducted a series
experiments of relatively weak binary TCs (initial maximum near-surface wind speed of 35 m s™!,
not shown), the two TCs showed similar intensity evolutions as those shown in this study. In
addition, the detailed merging processes have not been analyzed in this study as they seem to be
similar to what revealed in previous studies (e.g., WH95; Khain et al. 2000; JC15b). Previous

studies (Yang et al. 2008; Jang and Chun 2013; Liu and Tan 2016) also suggested that the structure
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and intensity changes of binary TCs could be sensitive to the initial TC structure and intensity in
real atmosphere. Therefore, how sensitive the binary TC interaction is to the structure of the TCs
and the relative intensity and size of the two TC vortices needs to be addressed in future studies.
In addition, the binary interaction is often affected by the environmental flow and latitudinal
dependence of the Coriolis parameter (e.g., WH95; Khain et al. 2000; JC15b). In those cases, the
initial orientation and relative intensity of the two TCs may become also important (WH95). In
addition, it is also worth noting that the role of the Lz of the ULA in distinguishing the direct binary
interactions is found in fully-physics moist simulations, in case of binary interaction of dry TC-like
vortices the ULA may be very weak or even not exist at all. It is unclear what scaling parameters
can be used to distinguish the direct interaction for dry vortices. These will be examined in our

future studies.
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Figure Captions

Figure 1. (a) Radial-height distribution of the azimuthal mean radial (m s, interval of 5 m s,
shading) and tangential (m s™!, contours) winds of the TC at the initial time in CTRL (after a
96-h spinup of the model TC vortex). Positive values (solid) with contour intervals of 5 m s!
are for cyclonic circulation and negative values (dashed) with contour intervals of 2 m s™! are
for anticyclonic circulation. (b) The temporal evolutions of the Vmax (m s!) at the 10-m height
and the MSLP (hPa) in ORIG (gray) and CTRL (black). The ORIG simulation started from —
96 h and the CTRL simulation started from 0 h (see more details in the text).

Figure 2. The left panels show tracks of binary TCs in (a) D480, (c) D600, (e) D720, and (g) D840,
respectively. The blue curves are for the WTC and the red curves are for the ETC. The right
panels show the intensity evolutions of the WTC (blue) and the ETC (red) in (b) D480, (d)
D600, (f) D720, and (h) D840, together with the intensity evolution of the TC in CTRL (black).
The gray curves in (b) and (d) represent the intensity of the merged TC. The green curves denote
the separation distance between the two TCs. The dashed vertical lines separate the three stages
of the intensity evolution discussed in section 3.

Figure 3. Time-height cross sections of the potential temperature perturbation (K, shading)
averaged within the eye region (r < 60 km) of the WTC in (a) D480, (b) D600, (¢) D720, and
(d) D840, along with the time evolution of the central sea level pressure changes (solid line)
and stage separation lines (dashed vertical lines). The central sea level pressure changes are
relative to the initial time and caused by the total-level (AP, black line), upper-level (AP,, red
line), and lower-level (AP, blue line), respectively.

Figure 4. Time-height cross sections of the RKE (%, shading) averaged within the inner core (r <
180 km), together with the evolution of the MSLP (solid line) and stage separation lines
(dashed vertical lines).

Figure 5. Time evolution of VWS between 200 and 850 hPa (black dashed line) and that between
100 and 300 hPa (black solid line) over the WTC and the 3-h MSLP change (gray curves with
red and blue dots) in (a) D480, (b) D600, (c) D720, and (d) D840. The red and blue dots signify
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intensification (negative 3-h MSLP change) and weakening (positive 3-h MSLP change),

respectively.

Figure 6. Schematic diagram of the horizontal coordinate system in the analysis for binary TCs.

The origin is located at the surface center of the WTC. The x-axis is from the WTC to the ETC.
The y-axis is perpendicularly toward the left of the direction from the WTC to the ETC. The
near side (light gray zone) is the nearest quadrant of the two TCs and the opposite side (dark
gray zone) is the remaining part. We define the zonal wind being along the x-direction and

meridional wind being along the y-direction.

Figure 7. Potential temperature (K, shading) of the WTC vertically averaged between the 9- and

16-km heights at (a) 4 and (b) 8 h of the simulation in D720. The center of each panel is the
vortex center at the 9-km height. The red and blue arrows represent the asymmetric flow at the
16- and 9-km heights, respectively. The black hollow circle denotes vortex center at the 16-km
height. The black arrow in the lower left corner of each panel is the VWS (twice longer)

between the 16- and 9-km heights averaged within a radius of 600 km from the surface center.

Figure 8. Radial-height distribution of potential temperature budget terms (K, shading). Upper row:

Azimuthal mean of (a) the actual 3-h potential temperature change, (b) the sum of the RHS of
Eq. (1), and (c) budget errors. Middle row: Azimuthal mean potential temperature tendencies
due to (d) total advection (8,4py), (¢) diabatic heating (8yga7), and (f) the sum of the boundary
layer process and horizontal diffusion (8pg, + Op;r). Lower row: Azimuthal mean tendencies
due to (g) the azimuthal mean radial advection (Brapyy), (h) eddy radial advection (Brapyr),
and (i) total vertical advection (8y 4py). All terms are budgeted for the WTC and integrated for

3-h period from 6 to 9 h of the simulation in D720.

Figure 9. Same as Fig. 7, but from 10 to 50 h of the simulation at 5-h interval.

Figure 10. Same as Fig. 1a, but for the ETC from 10 to 50 h of the simulations at 20-h interval in

(a-c) D600, (d-f) D720, and (g-1) D840. The left half in each panel is the azimuthal mean on
the near side and the right half is that on the opposite side. The green line denotes the location

of the WTC surface center. The result is from the outermost domain as the ULA covers a large
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Figure 11. Vertical motion (m s™) distribution relative to the surface center of the WTC vertically
averaged between the 9- and 16-km heights from 10 to 50 h of the simulations at 20-h interval
in (a-c) D600, (d-f) D720, and (g-1) D840.

Figure 12. Time evolutions of the actual inner-core mean meridional wind (V) change (MODE,
dashed gray line) relative to 42 h of the simulation of the WTC, the sum of the azimuthal
mean RHS of Eq. (2) (black solid line), Vyapy (blue solid line), Vyapy (red solid line),
Vores (yellow solid line), Veor; (pink solid line), Vpp, (purple solid line), and Vp;z (green
solid line) in Eq. (2) in (a, b) D600, (c, d) D720, and (e, f) D840 at the 9- (left) and 16-km (right)
heights. See text for detail.

Figure 13. Same as Fig. 8, but all tendencies are integrated from 66 to 69 h of the simulation in
D720.

Figure 14. Horizontal distributions of simulated maximum radar reflectivity (dBZ) every hour
from 19 to 22 h in D480.

Figure 15. Horizontal distributions of PV (PVU) at the (a-c) 1-, (d-f) 2-, (g-1) 5-, and (j-1) 9-km
heights in D480. The left, middle, and right columns are at 18, 20, and 22 h of the simulation,
respectively.

Figure 16. Vertical cross sections of total wind speed (m s™') along the x-axis from the WTC (left)
to the ETC (right) from 12 to 22 h of the simulation at 2-h interval in D480.
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806  Figure 3. Time-height cross sections of the potential temperature perturbation (K, shading)
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824 The origin is located at the surface center of the WTC. The x-axis is from the WTC to the ETC.
825 The y-axis is perpendicularly toward the left of the direction from the WTC to the ETC. The
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Figure 8. Radial-height distribution of potential temperature budget terms (K, shading). Upper row:
Azimuthal mean of (a) the actual 3-h potential temperature change, (b) the sum of the RHS of
Eq. (1), and (c) budget errors. Middle row: Azimuthal mean potential temperature tendencies
due to (d) total advection (84py ), (¢) diabatic heating (8yga7), and (f) the sum of the boundary
layer process and horizontal diffusion (8pg;, + 0p;r). Lower row: Azimuthal mean tendencies
due to (g) the azimuthal mean radial advection (Brapyy), (h) eddy radial advection (Brapyr),

and (i) total vertical advection (8y 4py). All terms are budgeted for the WTC and integrated for

3-h period from 6 to 9 h of the simulation in D720.
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Figure 9. Same as Fig. 7, but from 10 to 50 h of the simulation at 5-h interval.
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Figure 11. Vertical motion (m s™!) distribution relative to the surface center of the WTC vertically

averaged between the 9- and 16-km heights from 10 to 50 h of the simulations at 20-h interval

in (a-c) D600, (d-f) D720, and (g-i) D840.

46



858

859
860
861
862
863
864

————km___ —r 16 km
D600 o5 ©)

05

0.6

03

Vms")
Vmsh

0.0

0.3

. ‘ . L L L L . ‘ .
42 43 44 45 46 47 48 42 43 4 45 46 47 48
Time (h) Time (h)
6.0

D720 -

4.0

20

0.0 |

V(ms™")
V(ms?h

<20

20r 40 F

. L L | L . . L L .

42 43 44 45 46 47 48 42 43 44 45 46 47 48

Time (h) Time (h)
8.0 T T T T ——

D840 40

20

V(ms")
V(ms™)

4.0 L L L L L 60

42 43 44 . 45 46 47 48 42 43 44 45 46 47 48
Time (h) Time (h)
L L L] . . L
----MODE RHS VHADV VVADV VPRES Vcom VPBL VDIF

Figure 12. Time evolutions of the actual inner-core mean meridional wind (V) change (MODE,
dashed gray line) relative to 42 h of the simulation of the WTC, the sum of the azimuthal
mean RHS of Eq. (2) (black solid line), Vypy (blue solid line), Vyspy (red solid line),
Veres (yellow solid line), Vgpr; (pink solid line), Vpg; (purple solid line), and Vp;r (green
solid line) in Eq. (2) in (a, b) D600, (c, d) D720, and (e, f) D840 at the 9- (left) and 16-km
(right) heights. See text for details.
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Figure 13. Same as Fig. 8, but all tendencies are integrated from 66 to 69 h of the simulation in

D720.

48



Y (km)

-450 -300 -150 0 150 300 450

869 X (km)
870  Figure 14. Horizontal distributions of simulated maximum radar reflectivity (dBZ) every hour

871 from 19 to 22 h in D480.
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Figure 15. Horizontal distributions of PV (PVU) at the (a-c) 1-, (d-f) 2-, (g-1) 5-, and (j-1) 9-km

heights in D480. The left, middle, and right columns are at 18, 20, and 22 h of the simulation,

respectively.
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877  Figure 16. Vertical cross sections of total wind speed (m s') along the x-axis from the WTC (left)

878 to the ETC (right) from 12 to 22 h of the simulation at 2-h interval in D480.
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