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Abstract
In this study, the intensity change of tropical cyclone (TC) Noru (1705) is investigated by using numerical simulations. TC Noru
experienced a weakening stage during the binary interaction with TC Kulap (1706). In the presence of Kulap, the model captures
well the observed intensity change. On the contrary, once Kulap is removed, it fails to reproduce the weakening stage of Noru.
Possible mechanisms are proposed as follows: During the mutual interaction, the competition of moisture supplies will lead to a
dry air layer wrapped around Noru. Meanwhile, due to the circulation of nearby Kulap, the vertical shear is relatively larger in the
adjacent of Noru. As proposed by previous studies, the negative impacts by dry air layer will be enhanced through two possible
pathways. The first is that the dry air directly impacts the TC inner core convection under vertical wind shears. The second is
through the downward entropy flux into boundary layer, by which reducing the boundary layer entropy and thus convection.
Dynamically, along with the approach of Kulap, it will induce barotropic instability at the outer region, bywhich greatly enhances
the inner-core asymmetry. The asymmetric component will grow at the expense of the mean flow, and thus TC intensity weakens.
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1 Introduction

Under some circumstances, multiple tropical cyclones
(MTCs) develop successively over the western North Pacific
(WNP). The binary TC interaction was first investigated by
Fujiwhara (1921, 1923, 1931). So far, numerous observational
(Brand 1970; Carr et al. 1997; Carr and Elsberry 1998; Dong
and Neumann 1983; Jang and Chun 2015; Lander and
Holland 1993) and numerical studies (Chang 1983; DeMaria
and Chan 1984; Holland and Dietachmayer 1993; Prieto et al.
2003; Pokhil et al. 1990; Ritchie and Holland 1993; Schecter
2016; Shin et al. 2006; Wang and Holland 1995) have been
conducted in order to understand the so-called Fujiwhara ef-
fect. Prieto et al. (2003) identified five types of vortex inter-
actions, including elastic interaction, partial straining out,

complete straining out, partial merger, and complete merg-
er. In practical, the interactions among multiple TCs will
lead to a large forecasting track error. As such, most pre-
vious studies applied the simple nondivergent barotropic
models, and primarily focused on the critical separation
distance that determined the mutual attraction or repulsion
between two vortices.

Compared with the track changes, the intensity changes
during the binary interaction caught less attentions. A few of
studies examine the TC intensity changes during the binary
TC interaction (Dong and Neumann 1983; Jang and Chun
2015; Wu et al. 2003, 2012; Yang et al. 2008). It is suggested
that the merger of binary TCs may cause a dramatic TC inten-
sity change (i.e., rapid intensification). Most previous studies
focused on the TC rapid intensification during the mutual
interaction. By using numerical simulations, Kuo et al.
(2000) found the intensity of TY Zeb (1998) increased after
the merging process. However, some cases experienced a
weakening process as well. For instance, Ma-on (1106),
Wukong (0610) experienced a rapid weakening. On one hand,
during the period of binary interaction, the TC likely inten-
sifies rapidly since it absorbs additional vorticity source from
the surrounding vortex. On the other hand, the strong outer
convection associated with surrounding vortex may prevent
the inward transportation of mass and moisture into TC center,
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leading to the collapsing of the inner eyewall. With these
regards, the interactions among multiple TCs result in compli-
cated intensity changes, which is a great challenge for the
operational forecasting. Hence, the detailed mechanisms need
more studies. In this study, the interactions between TC Noru
(1705) and Kulap (1706) are selected to reveal the possible
underlying mechanisms. Prediction of multiple TCs activity is
essential to better prepare for and mitigate TC-induced
disasters.

The structure of this paper is organized as follows:
Section 2 introduces the observed features of these two TCs.
The model configuration and experimental designs are given
in section 3. In section 4, the simulated intensity and tracks are
compared, and the possible mechanisms accounting for the
intensity changes are proposed. Finally, a short summary
and discussion is given in the section 5.

2 Observational Analysis

In this study, the binary TC interaction in July 2017 is selected
as one example. The observational data is from the best track
dataset of Japanese meteorological agency (JMA), which in-
cludes 6 hourly TC center location and intensity. During 23–
27 July 2017, TCNoru and Kulap existed within the monsoon
trough (MT) over the western North Pacific basin (WNP).
Figure 1 displays the evolution of 850 hPa circulations of
these two storms. In the beginning, TC Kulap is located to
the northeast side of the MT, where the easterly flow steers its
westward movement. For TC Noru, it is located to the

southern flank of theMT, andmoves eastward due to themean
westerly steering flow. With times, these two storms rotated
anticlockwise, and gradually approached to each other.
Around July 25, Noru shows a sudden northward turning,
and then moves westward since July 26 (Fig. 2a).

At 00UTC 25 July, 2017, TC Noru was located to the
southwest side of Kulap, with a distance of about 1800 km.
This separation distance between two systems is relatively
larger than the critical separation distance of Fujiwhara effect
suggested by previous studies (Brand 1970; Holland and
Dietachmayer 1993; Ritchie and Holland 1993; Shin et al.
2006; Wang and Holland 1995). In those studies, the critical
separation distance reflects the distance that two systems start
to attract and merge eventually. It is possible that, the critical
radius is not only sensitive to the intensity and structure of the
systems, but also sensitive to the ambient conditions (i.e.,
moisture and relative vorticity). Schecter (2016) found that
the critical radius is highly sensitive to the ambient relative
humidity (RH). In a moister environment, the critical radius
tends to become larger. In the current study, these two storms
are embedded into the monsoon trough with a higher RH.
Hence, the critical radius is likely larger and the partial merger
process occurs eventually.

During the period of interest, the intensity of stormKulap is
constantly weaker, with the central minimum sea-level pres-
sure (CMSLP) of 1002 hPa (Fig. 2b). For TC Noru, the inten-
sity increased with CMSLP about 970 hPa at the end of 23
July. Thereafter, it maintained a steady state for about 30 h.
Around 06UTC 25 July, as the storm Kulap moved closer to
TC Noru, it decayed with a fluctuation of 6 hPa in terms of

Fig. 1 Time evolution of 850 hPa
wind (vector; unit: m s−1) and
vorticity (shaded; unit: 1 ×
10−5 s−1) fields on (a) 23 July, (b)
25 July, (c) 26 July, (d) 27 July,
2017. The letters “N” and “K”
indicate NORU and KULAP,
respectively
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CMSLP. Hence, a question arises here is what responsible for
the intensity change of TC Noru? To address this question, a
pair of numerical simulations are conducted in the following
section.

3 Model and Experimental Designs

In this study, the Advanced Research Weather Research and
Forecasting model (ARW-WRF) system version 3.3.1
(Skamarock et al. 2008) is used to conduct numerical simula-
tions. There are 37 levels in the vertical. Three nested domains
with the horizontal resolutions of 27, 9, and 3 km are config-
ured. The outermost mesh has grids of 241 × 181, the second
domain has 271 × 361, and the innermost has 241 × 241. The
model physics includes a microphysics scheme (Ferrier 1994),
and Kain–Fritsch convective scheme (Kain 1993). For the
radiation process, Dudhia shortwave radiation (Dudhia
1989) and Rapid Radiation Transfer Model (RRTM)
longwave radiation parameterization scheme (Mlawer et al.
1997) are used.

The model initial and boundary condition fields are obtain-
ed from the 6-hourly 1° × 1° FNL reanalysis data from
National Centers for Environmental Prediction (NCEP). The
initial time is at 00UTC 23 July, 2017. In the control experi-
ment (CTL), we will attempt to reproduce the track and inten-
sity of the TCNoru (1705). As such, both TCNoru (1705) and
Kulap (1706) are kept to include the possible mutual

interactions. In the second experiment (EXP), the weak storm
Kulap (1706) is removed by using a spatial filtering technique
that is Turkey window method, which is original from the
operational COAMPS system of at NRL (Hendricks et al.
2011; Ge et al. 2018). Specifically, the variables with wave-
length less than 500 km are firstly extracted, and the compo-
nents are then removed from the initial fields within a radius of
500 km centered on the minimum sea level pressure (MSLP)
of TC Kulap (1706). The comparison likely reflects the po-
tential impacts of a nearby weak storm on the evolution of
Noru (1705). The model integrations last for 96 h. More de-
tails on the experiment designs are given in Table 1.

4 Simulated Results

Figure 3 displays the evolution of 850 hPa circulations in CTL
and EXP, respectively. In CTL, two storms rotated around
each other when they were within about 800 km, and then
Noru merged the weaker Kulap eventually. This agrees well
with the observation. However, in the absence of the nearby
Kulap, the entity experiences a rapid intensification in EXP.
Figure 4 compares the simulated track and intensity changes
in CTL and EXP, respectively. Basically, the control experi-
ment well simulates the intensity and track changes of TC
Noru. That is, the storm initially shows eastward movement,
and then experiences a sudden re-curvature to be northwest-
ward around 25 July. As such, an arch pattern occurs as ob-
served. In EXP, TC Noru experiences an eastward-
northwestward-westward track change as well, except the an-
gle of recurvation is much sharper than that in CTL, indicating
a pronounced difference from the observation. Figure 5 dis-
plays the evolution of relative positions of two storms centers
in CTL. The origin (0, 0) is the middle point between two
systems at each time. The result shows a quite symmetrically
mutual rotating track, indicating a clear binary interaction.

Nevertheless, there is a marked difference in the simulated
intensities of Noru in both experiments. In CTL, the evolution
of intensity agrees well with the observation. Specifically, it
initially intensifies until at 00UTC 25 July, 2017. Thereafter, it
shows a gradually weakening, with a fluctuation of 5 hPa. On
the contrary, in the absence of nearby Kulap, TC Noru expe-
riences a rapid intensification. That is, in EXP, it intensifies
consistently into a strong TC with the MCSLP about 930 hPa
at the end of the integration. The sensitivity experiment clearly
suggests that the Kulap may suppress the intensification of TC

Table 1 List of experiments

Experiment Descriptions

CTL Both NORU and KULAP are kept

EXP KULAP is removed at the initial time

Fig. 2 The JMA (a) best-tracks and (b) minimum centre pressure
(CMSLP; hPa) of KULAP (solid line) and NORU (dotted line) from
0000 UTC 23 July to 0000 UTC 27 July
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Noru. Hence, we will conduct analyses by using the model
output, by which we may gain insights on the underlying
processes accounting for the discrepancies.

It has well realized that the ambient moisture is one of the
important factors in affecting TC intensity (Gray 1975; Li
2012; McBride and Zehr 1981; Nolan 2007; Tang and
Emanuel 2012; Wang 2012). Moreover, previous studies
(Kuo et al. 2000; Wu et al. 2012) suggested that the intensity
and structure of binary TCs is highly sensitive to the distribu-
tion of moisture in between. This motivates us to examine the
evolution features of moisture fields in two experiments.
Figure 6 compares the time evolution of relative humidity
(RH) at height of z = 4 km in CTL and EXP, respectively. To
have a closer examination on TC Noru, we only focus on the

RH field around this entity. Basically, near-saturated air col-
umns are concentrated around the areas such as inner-core
region (i.e., eyewall) and outer spiral rainbands. To the north-
west side of the TC, there exists a pronounced dry air rotating
cyclonically. With times, the dry air gradually wraps around
the TC center, and possibly intrudes into inner core area. This
impact of the dry air intrusion is much stronger in CTL, since
the band with a smaller RH is much closer to the center.

To further demonstrate the differences, Fig. 7 presents the
snapshots of vertical-radius cross sections of RH and equiva-
lent potential temperature (θe) at 00UTC 25 July. It is worth to
mentioning that these variables are azimuthally averaged. In
CTL, there is a clearly relative drier mid-level air layer (i.e.,
z = 4–8 km) especially beyond the radius of 150 km. This

Fig. 3 Time evolution of 850 hPa
wind (vector; unit: m s-1) and
vorticity (shaded; unit: 1 ×
10−5 s−1) fields on (a) 23 July, (b)
25 July, (c) 26 July, (d) 27 July,
2017, in CTL (left panels) and
EXP (right panels), respectively.
The letters “N” and “K” indicate
NORU and KULAP, respectively
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feature is also identified in the θe field. That is, a region with
smaller θe appears at the mid-level. The region with smaller
θe is closely associated with the lower RH. The lower mid-
level θe is considered as one of factors inhibiting TC rapid
intensification (Braun 2010; Dunion and Velden 2004; Ge

et al. 2013; Kimball 2006; Wang 2012; Wu et al. 2006; Wu
2007). Physically, dry-air intrusions can have a negative influ-
ence on TC intensification as long as the dry air penetrates into
inner-core region. This dry air ingestion promotes the forma-
tion of cold downdrafts, which transport the air particles with
low θe into the sub-cloud layer (Emanuel 1989; Tang and
Emanuel 2012). Naturally, a question arises here is what
causes this dry air intrusion? It is hypothesized that, due to
the existence TC Kulap, there is a possible competition on the
moisture supply. As a result, the ambient RH around TC Noru
is lower in CTL. Of course, the detailed processes resulting in
the different ambient RH need more investigations.

Braun et al. (2012) indicated that the dry air intrusion will
lead to prominent asymmetries in convection, and thus in-
hibits TC intensification. Moreover, it has been recently pro-
posed that a more axisymmetric convective structure is favor-
able for TC intensification (Miyamoto and Nolan 2018;
Miyamoto and Takemi 2013). To this end, the convective
axisymmetry (γ) of TC is given as:

γ r; z; tð Þ ¼ PV r; z; tð Þ2

PV r; z; tð Þ2 þ ∫2π0 PV 0 r;λ; z; tð Þ2dλ=2π
ð1Þ

where γ denotes the potential vorticity axisymmetry index,PV
denotes the potential vorticity, r, z, t, λ represent the radius,
height, time and azimuth, respectively. The overbar denotes
the azimuthal-mean and the prime denotes the deviation from
the azimuthal mean. The larger the γ is, the more axisymmet-
ric structure is. Figure 8 compares the time series of γ aver-
aged between z = 2–8 km in the vicinity of the eyewall region
in both two experiments. γ is averaged over a radial extent of
18 km centered on the TC’s RMW at each time snapshot.
Broadly, the axisymmetry index increases with time. It is like-
ly that, along with the contraction of RMW, the convection in
the TC inner-core region may become more concentrated in a
smaller annulus about the TC center. As a result, this contrib-
utes to a more symmetric convective structure. In the presence
of TC Kulap, the asymmetric structure becomes evident when
the dry-air layer is introduced at a smaller distance to the storm
center. Namely, the magnitude of γ is much smaller in CTL
than that in EXP, which agrees with that the dry air produces
marked asymmetries of convection that are unfavorable for a
rapid intensification. Overall, TC in EXP has a higher γ than
its counterpart during the whole integration period, which
agrees well with a rapid intensification rate.

To further illustrate the characteristics of the convection,
Fig. 9 gives contoured frequency by altitude diagrams of the
vertical velocity (Yuter and Houze 1995), which is obtained
within the radius of 180 km centered on the Noru. This meth-
od may statistically compare the different behaviors of small-
scale convection. Generally, in both experiments, the majority
of grid points have small vertical velocities (i.e., −1 m s−1 <w

Fig. 4 The JMA and the simulated (a) tracks and (b) minimum center
pressure (CMSLP; hPa) of NORU from 0000 UTC 23 July to 0000 UTC
27 July

Fig. 5 The evolution of relative positions of the NORU and KULAP
centers in CTL during 23 ~ 27 July, 2017. The origin (0, 0) is the
middle point between the two Typhoon centers at each time
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< 1 m s−1). The strong updrafts greater than 2 m s−1 only
occupy a small region, representing a small portion of vigor-
ous convective bursts. The result is consistent with previous
studies (Guimond et al. 2010; Hendricks et al. 2004; Steranka

et al. 1986). At 00UTC 25 July, the portion of strong updrafts
are larger in CTL, and decreases with time. This agrees well
with the weakening stage of TC Noru during the period of 25–
27 July. Nevertheless, the contours with a larger value expand

Fig. 6 Evolution of relative
humidity RH at the height of z =
4 km (shaded; unit: %) fields in
CTL (left panels) and EXP (right
panels), respectively
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to right side in EXP, indicating that convective bursts occur
more frequently when Kulap is excluded. It is speculated that
convective bursts can lead to great latent heat release in the
inner-core region where the large inertial stability, by which
favors a great conversion ratio of diabatic heating to kinetic
energy.

The comparisons demonstrate that a marked difference in
the inner-area convective activity. What is the possible mech-
anism accounting for this discrepancy? Two possible path-
ways are proposed to explain the low-entropy air penetrates
into the eyewall region and then inhibit the TC intensification
(Tang and Emanuel 2012). The first pathway is the direct
ventilation of low-entropy mid-level air into the eyewall

through turbulent entrainment. For the second low-level path-
way, the low-entropy air associated with the convective down-
drafts outside the eyewall is advected inwards by the boundary
layer radial inflow. Ge et al. (2013) showed that the effect of
mid-level dry air intrusion on TC intensification is greatly
enhanced in the presence of an environmental VWS.
Because of the baroclinic structure, the TC may impose the
vertical wind shear (VWS) on its neighboring environment,
which is a potential factor in modulating the nearby TC de-
velopment. This motivates us to examine the VWS in both
experiments.

In this study, a spatial filtering technique (Hendricks et al.
2011) is first applied to separate the TC and environmental
circulation. The filtering scheme is Turkey window method,
which is obtained from the operational system at the Naval
Research laboratory. Specifically, the wavelength greater than
500 km is considered as the background flow, and the remain-
ing component (with wavelength shorter than 500 km) repre-
sents the TC scale circulation. Thereafter, the mean wind is
calculated from 850 to 500 hPa in the vertical, and averaged
over a region within a radius of 500 km from the TC center. It
should be mentioned that the magnitudes of VWS in both
cases are moderate, which are around 5 m s−1 (Fig. 10).
Nevertheless, the difference of VWS ismore significant below
500 hPa. Previous studies (Finocchio et al. 2016; Wang et al.
2015)pointed out that the TC development is probably more
sensitive to the lower-level VWS. The flows rotate clockwise
with height, indicating a positive helicity that is favorable for
TC development (Onderlinde and Nolan 2014; Nolan 2007;
Gu et al. 2018). It is suggested that, the height-dependent
vortex tilt controls TC structural differences in clockwise
(CW) and counterclockwise (CC) hodographs during their

Fig. 7 Height-radius cross
sections of relative humidity RH
(upper panels, unit: %) and
equivalent potential temperature
θe (bottom panels, unit: K) fields
in CTL (left panels)、EXP
(middle panels) and difference
(right panels) at 0000 UTC 25
July

Fig. 8 Time evolution of the axisymmetric PV γ averaged from z = 2 to
8 km inside the RMW for TC in CTL (black solid)、EXP (red dashed)
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initial stage of development. Moist convection may enhance
the coupling between displaced vortices at different levels and
thus reduce the vortex tilt amplitude and enhance precession
of the overall vortex tilt during the early stage of development.
However, differences in the overall vortex tilt between CW
and CC hodographs are further amplified by a feedback from
convective heating and therefore result in much higher inten-
sification rates for TCs in CW hodographs than those in CC
hodographs. The difference of the helicity is small, implying

this dynamical impact plays a minor role. Nevertheless, the
VWS would result in a vertical tilting. To demonstrate this
feature, Fig. 11 compares one snapshot of the vortex centers
at the height of z = 1.5 km and 7 km in two experiments. In
CTL, the mid-level vortex shifts to the downshear side clearly.
As such, the horizontal displacement between lower and mid-
level vortex is greater than that in EXP, indicating a larger
vertical tilting. A vertical alignment favors a greater intensifi-
cation rate. By this reasoning, this partially accounts for the
difference in the intensity change.

Riemer et al. (2013) suggested that the low-entropy air
brought into the boundary layer from above by shear-
induced downdrafts may significantly reduce the equivalent
potential temperature in boundary layer, and subsequently
constrain the storm intensity when the lower-entropy air enters
the eyewall updrafts. This effect is quantitively measured by
using the downward entropy flux (DFX), which is defined as

DFX ¼ w−⋅θ
0
e

where w− is the downward motion, θ
0
e is the perturbation that

is devaited from the azimthual mean. Hence, the positive DFX
reflects downward flux leading to a reduction of entropy in the
boundary layer. The low θe implies a weaker thermal efficien-
cy of Carnot heat engine. To this end, Fig. 12 presents the
snapshot of horizontal distribution of DFX during 24 ~ 26
July. In CTL, the anomaly positive DFX initially occurs at
the northwest quadrant, and moves cyclonically to southeast
side at 12UTC 26 July. In CTL, the positive value dominates
in the downshear-left quadrant, and the general distribution of
DFX is consistent with Riemer et al. (2013). During this pe-
riod, this positive DFX is organized into a clear band-like
structure. As such, a clear wavenumber 1 asymmetry is evi-
dent. The enhanced DFX is largely collocated with the dry

Fig. 9 Contoured frequency by
altitude diagrams of vertical
velocity (unit: m s−1) in the
innermost 180 × 180 km domain
in CTL (upper panels)、EXP
(bottom panels) for (left to right)
during the period of 25 ~ 27 July.
The dotted line is displayed as a
reference to highlight the value of
2 m s−1 and 4 m s−1

Fig. 10 Simulated hodograph representative of the mean environmental
flows in CTL (black solid)、EXP (red dashed) during the period of 25 ~
26 July. The dots represent the wind at each pressure level, and the lines
represent the vertical shear between each dot. The arrow represents the
vertical wind shear from the bottom (850 hPa) to the top (500 hPa) level
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intrusion, implying a potential impact of mid-level dry air on
the thermodynamical conditions in the boundary layer. It is
likely that, in the presence of mid-level dry air, it will enhance
the evaporative cooling and thus the downdrafts (Dunion and
Velden 2004). Accordingly, it leads to a lower θe therein. In
turn, the enhanced evaporative cooling will induce greater
downdraft as well. In contrast, in EXP, the spatial pattern of
positive DFX is much weaker or less organized. The result is
also consistent with the a larger axisymmetry index in EXP. In
short, the stronger positive DFX, the greater reduction of en-
tropy in the boundary layer. As a consequence, the TC inten-
sification will be greatly suppressed in CTL.

In CTL, TC Kulap approaches gradually and then actually
merges with TC Noru. During the approach period, it is great-
ly deformed. Within the axisymmetric dynamical framework,

the relative vorticity associated with Kulap circulation may
induce a local vorticity maximum at a certain radius. As such,
the signs of the radial gradient of vorticity change in the adja-
cent of this local maximum, which satisfies the necessary
condition of barotropic instability. Recent literatures (Peng
and Reynolds 2006; Peng et al. 2009; Yan et al. 2019) exam-
ined the impacts of barotropic instability at outer region on the
TC intensification. It has been proposed that, the emergence of
barotropic instability at the outer region could increase the
asymmetry in the inner area, which is ascribable to the inter-
action between the perturbations at inner and outer regions. As
a consequence, the enhancement of inner-core asymmetric
component will affect the TC intensification. To this end, we
examine the time evolution of the radial profile of relative
vorticity in two experiments (Fig. 13). Apparently, there exists

Fig. 12 Time evolution of DFX
(unit: 0.1 Km s−1) at the top of the
inflow layer in CTL (upper
panels)、EXP (bottom panels)
for (left to right) at 2100 UTC 24
July, 0900 UTC 25 July and 1200
UTC 26 July. The arrow
represents the vertical wind shear
from the bottom (850 hPa) to the
top (200 hPa) level

Fig. 11 The simulated upper-
(7 km; red contour) and lower-
(1.5 km; black contour) level
vorticity fields (unit: 1 × 10−5 s−1)
at 0000 UTC 26 July in (a) CTL
and (b) EXP. Only vorticity fields
associated with wavelengths
>200 km are shown

Intensity Change of NORU (2017) During Binary Tropical Cyclones Interaction

Korean Meteorological Society



a local vorticity maximum in CTL, although the magnitude is
quite smaller compared to that in the inner core region (i.e.,
eyewall area). More specifically, in CTL, the local vorticity
maximum is located at the radius of 900 km at 00UTC 25 July,
and then moves into the radius of 700 km away from the Noru
center at 12UTC 26 July. In contrast, the vorticity decreases
gradually with the radius, and thus there is barotropic stable in
EXP. The comparison indicates that this outer barotropic in-
stability is ascribed to TC Kulap.

Following Yan et al. (2019), the wave-number two compo-
nent of relative vorticity field is extracted (Fig. 14). Notice that
the wavenumber-2 asymmetric components exist in the inner
area in both experiments. During the period of interest, the
asymmetric perturbations in CTL are much pronounced com-
pared with those in EXP. Moreover, the magnitude increases
significantly with times. It is speculated that, the enhancement
of asymmetric eddies grows at the expense of the mean flow,
and thus the TC intensity weakens. The greater asymmetric
components likely account for the lower axisymmetry index
(γ) as shown in Fig. 8.

To further examine the evolution of asymmetric compo-
nents, the amplitudes of wavenumber (WN#) 1 and 2 in the
two experiments are examined in Fig. 15. The asymmetry is
likely attributed to the VWS (i.e., WN#1) and barotropic in-
stability (i.e., WN#2). During the period of interest (i.e., 1200
UTC 24 July – 1200 UTC 25 July), the amplitude of WN#1 is
relative larger compared with that of WN#2, indicating that
the importance of the VWS effect at the early stage.

Nevertheless, the amplitude of asymmetric perturbations in-
creases significantly with times and attains peak at 0000 UTC
25 July in CTL, whereas the peaks appear at 0600 UTC 24
July in EXP. For the WN#2 component, its peak appears
around 0000 25 July as well, and is more pronounced in
CTL, suggesting that the impacts of the outer barotropic in-
stability. Thereafter, the amplitudes of both WN#1 and WN#2
are relatively larger in CTL than that in EXP. With this regard,
both processes should work together in leading to a slow in-
tensification rate. In this study, we cannot tell the relative
contribution of these asymmetries, since the complicated non-
linear interactions exist therein. This tropic awaits further
studies.

5 Summary and Discussion

In this study, the intensity change of TC Noru (1705) is sim-
ulated to understand the possible processes related to the bi-
nary TC interaction. A pair of numerical simulations are con-
ducted. In the presence of TC Kulap, the simulation captures
well with the observation. Namely, TCNoru initially develops
rapidly, and then weakens during the latter stage. In contrast,
in the absence of Kulap, TC Noru experiences a consistently
rapid intensification process. The possible mechanisms ac-
counting for the intensity change are summarized as the
follows:

Fig. 13 Evolution of radial
profiles of azimuthal mean
relative vorticity fields (unit: 1 ×
10 −5 s−1) in CTL (black
solid)、EXP (red dashed) for (left
to right) at (a) 0000 UTC 25 July,
(b) 1200 UTC 25 July, (c) 0000
UTC 26 July and 1200 UTC 26
July at the height of z = 1.5 km.
And the small pictures represent
the blue box areawithin the radius
from 300 to 1000 km
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Fig. 14 Evolution of wave-
number-1 (a、b、c、d) and 2
(e、f、g、h) vorticity fields
(shaded; unit: 1 × 10−5 s−1) in
CTL and EXP for (left to right) at
0018 UTC 24 July and 0000UTC
25 July at the height of z = 1.5 km
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1) In the presence of Kulap, the competition on the moisture
supplies leads to a mid-level dry air layer wrapped around
the TC Noru. Meanwhile, a relative stronger VWS is
identified. A larger VWS reflects a larger vertical tilting
structure, inhibiting TC development. Furthermore, a dry
ambient environment favors a low entropy flux entrains
downward into boundary layer. As such, the negative
impacts of dry air intrusion are pronounced so that TC
Noru experiences a weakening stage.

2) Dynamically, along with Kulap approaches to Noru, it
results in a local vorticity maximum at the outer region
of Noru. This local vorticity maximum induces a
barotropic instability, by which greatly enhances inner-
core asymmetry. The asymmetric perturbations grow at
the expense of the mean flow.

Admittedly, this is only a real case study on the weakening
of TC intensity during the binary TC interaction. In reality,
there are different types of TC intensity change during the
mutual interaction. In other words, TC may experience either
rapid intensification or decay. The exact processes controlling
these intensity changes are not clear yet. It is speculated that
the different thermodynamical conditions may partly account
for these discrepancies. For instance, the critical separation
distance is highly sensitive to the ambient moisture condition.
The different separation distance implies varied Fujiwharat
effects. In theWNP, the multiple TCs event is prevailing with-
in the MT region where is possibly dynamically unstable.
How theMTaffects Fujiwhara effect remains unclear, and this
topic waits for future studies. Furthermore, our results confirm
the recently proposed paradigm for TC intensity modification
under vertical wind shear. it emphasizes the need for innova-
tive tools to assess the relative impact of wind shear by each of
the TCs. To fulfill these purposes, more experiments are re-
quired to disclose the relative roles of the individual storm
during the binary TC interaction. These will help gain more
insights of the TC intensity change during the multiple TCs
event.
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