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ABSTRACT

In this study, the dependence of tropical cyclone (TC) development on the inner-core structure of the parent vortex is
examined using a pair of idealized numerical simulations. It is found that the radial profile of inner-core relative vorticity
may have a great impact on its subsequent development. For a system with a larger inner-core relative vorticity/inertial
stability, the conversion ratio of the diabatic heating to kinetic energy is greater. Furthermore, the behavior of the convective
vorticity eddies is likely modulated by the system-scale circulation. For a parent vortex with a relatively higher inner-core
vorticity and larger negative radial vorticity gradient, convective eddy formation and radially inward propagation is promoted
through vorticity segregation. This provides a greater potential for these small-scale convective cells to self-organize into a
mesoscale inner-core structure in the TC. In turn, convectively induced diabatic heating that is close to the center, along with
higher inertial stability, efficiently enhances system-scale secondary circulation. This study provides a solid basis for further
research into how the initial structure of a TC influences storm dynamics and thermodynamics.
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1. Introduction

Although forecasts of hurricane tracks have steadily im-
proved during the past few decades, tropical cyclone (TC)
genesis and intensity forecasts remain unsatisfactory (Els-
berry, 2005). In terms of TC genesis, numerous studies (Hen-
dricks et al., 2004; Montgomery et al., 2006; Tory et al., 2006;
Nolan, 2007; Ge et al., 2013a; Liang et al., 2014) suggest
that the merger of multiple smaller vortices into a mesoscale
inner-core structure is a key step. However, details on how
the parent vortex or incipient disturbance affects this merger
process have not been well studied. In operational fore-
casting, parent vortex structures can significantly affect the
behavior of hurricane intensity (Kurihara et al., 1993; Leslie
and Holland, 1995; Willoughby and Black, 1996). Because
of the paucity of observations, the so-called bogussing vortex
technique is often adopted to improve storm representation
in many operational centers (Kurihara et al., 1993; Liu et al.,
2006; Hendricks et al., 2011). Generally, this method is sim-
ply based on traditional parameters such as maximum wind
speed (Vmax), the radius of maximum winds (RMW), and
minimum sea-level pressure (MSLP). Even when the quan-
tities of such parameters are similar, the storm structure could
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be distinct if different wind-pressure relationships are ap-
plied.

In terms of TC intensity change, previous studies have
primarily focused on the large-scale environmental control
(Wang and Zhou, 2008; Wu et al., 2011; Ge et al., 2013b).
Xu and Wang (2010) investigated the sensitivity of TC de-
velopment to the initial storm size and found that TC inten-
sification and structure are sensitive to the outer circulation
(i.e., the wind profile beyond the RMW). Recently, Rogers et
al. (2013) found that one of the key inner-core structural dif-
ferences between intensifying and steady-state TCs is the ra-
dial location of convective bursts. Specifically, for intensify-
ing TCs, it is preferentially located inside the RMW, whereas
for steady-state TCs the bursts are located outside the RMW.
Observational and numerical studies suggest that small-scale
convective systems play an important role in TC genesis
(Hendricks et al., 2004; Montgomery et al., 2006). These
studies strongly support the idea that the merger of multiple
smaller vortices into a larger “parent” vortex is a key part of
the genesis process. That is, interactions of different-scale
systems in vorticity-rich areas act as important contributing
mechanisms for TC genesis or development. However, the
relationship between TC inner-core structure and the behav-
ior of the convective system are not well understood. Hence,
in this study, we attempt to scrutinize how the initial parent
vortex modulates the embedded small-scale convective cells
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and thus influences its subsequent evolution. In other words,
the primary goal here is to illustrate the sensitivity of TC de-
velopment to its initial inner-core structure.

The paper is organized as follows: The model and exper-
imental design are briefly introduced in section 2. The pre-
liminary results are presented in section 3. Finally, in section
4, a short summary and discussion are given.

2. Model and experimental design

In this study, version 3.3.1 of the Advanced Research
Weather Research and Forecasting model (WRF_ARW) is
used. This model is triple-nested with two-way interaction.
The mesh sizes in the three domains are 241 x 241, with hor-
izontal dimensions of 27, 9 and 3 km, respectively. There
are 28 vertical levels. The microphysics scheme (Lin et al.,
1983) is applied in all meshes. The model is initialized with
a weak axisymmetric cyclonic vortex on an f-plane located
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at 15°N in a quiescent environment with a constant SST of
29°C. The environmental sounding is based on mean trop-
ical sounding (Jordan, 1958). To investigate the sensitivity
of TC intensification to inner-core structure, two idealized
vortices are designed. Figures la and b display the vertical—
radial profiles of tangential wind and associated temperature
anomalies. Specifically, the tangential wind profiles are spec-
ified as follows:

CTL:V; =V X (r) X [exp

m
T xexp<1r0)}; (1)
ro—"m m
Vin
RANK: Vi = — xr,r<ry. 2)

'm
Beyond the RMW, the tangential winds in both cases are the
same as defined by Eq. (1), in which Vy, is the maximum
wind speed, ry, is the RMW, r is the radius, and ry is set to
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Fig. 1. Top panels: vertical-radial profiles of tangential wind (contours; units: m s~ ') and associated temper-
ature anomalies (color scale; units: K) obtained by subtracting the mean value averaged in the storm-centered

domain within a radius of 300 km: (a) RANK; (b) CTL.

Bottom panels: inner-core radial profiles of (c) relative

vorticity (units: 10~* s~ 1y and (d) tangential wind (units: m s~ 1) near the surface layer.
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1000 km. Initially, both cases have comparable Vmax (12.5
m s~!) and RMW (150 km), but the inner-core radial pro-
files of relative vorticity are remarkably different (Figs. 1c
and d). For the first vortex (named CTL hereafter), its max-
imum relative vorticity appears at the storm center and then
decreases monotonically with the radius, indicating a nega-
tive radial gradient of relative vorticity (the so-called vortex
B-effect). For the second one (named RANK), it is a classic
Rankine-type vortex with a constant relative vorticity within
the RMW. The initial tangential wind profiles vertically de-
crease as a sinusoidal function and vanish at 100 hPa. Once
such tangential wind fields are specified, the mass and ther-
modynamic fields are obtained based on a nonlinear balance
equation. Therefore, the initial vortex satisfies both hydro-
static and gradient wind balances. It is worth mentioning that
the thermodynamical structures show some discrepancies as
well. To satisfy the thermal wind balance, the decease of
tangential wind with height requires a warm-core structure.
In the current study, the maximum warm cores in both cases
occur at the height of z =4 km, albeit with different magni-
tudes. For instance, CTL has a slightly stronger warm core,
implying this vortex has a lower central MSLP. In the follow-
ing sections, we investigate how these inner-core differences
affect the subsequent storm’s evolution.

3. Numerical results

Figure 2 displays the evolution of intensities (represented
by MSLP) in CTL and RANK, separately. In general, the
vortices show little variations in intensity during the first 24
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Fig. 2. Evolution of intensities (MSLP; units: hPa) in CTL and
RANK.

hours. Later on, both develop into a tropical storm after day
2, but with different intensification rates. Notice that CTL
has a greater intensification rate compared with RANK. That
is, starting from ¢ = 24 h, the storm in CTL develops rapidly.
The MSLP reaches about 970 hPa at + = 48 h of simulation,
which is much lower than in RANK (~986 hPa) at the same
time. To further demonstrate the discrepancies, the evolu-
tion of azimuthal-mean tangential winds at z = 0.5 km are
plotted in Fig. 3. The results clearly show that, along with
the enhanced tangential wind, the outer size increases but the
RMW contracts. Nevertheless, the tangential wind reaches
40 m s~ in CTL on day 2, which is about 10 m s~! greater
than in RANK. This indicates that small differences in the
inner-core will result in significant variations in TC develop-
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Fig. 3. Evolution of azimuthal-mean tangential wind (units: m s1) at z=0.5 km in (a) RANK and (b) CTL.
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ment.

Naturally, an interesting question arises: what is respon-
sible for such discrepancies? Numerous studies (Hendricks et
al., 2004; Montgomery et al., 2006; Houze et al., 2009) have
pointed out that small-scale vortices, such as vortical hot tow-
ers (VHTs), play a prominent role in TC development. To
reveal the roles of small-scale entities, we first examine the
finer structure of the relative vorticity field. To this end, a spa-
tial filtering (Ge et al., 2013b) is utilized to separate the small-
scale convective cells from the system-scale or parent vortex.
The variables will be separated into components with wave-
length greater or less than 50 km, respectively. The compo-
nent with wavelength less than 50 km approximately reflects
the small-scale eddies, whilst the other represents the system-
scale circulation. In this study, the terms of system-scale cir-
culation and the parent vortex are interchangeable, and prob-
ably stand for the embryo of the storm. Fang and Zhang
(2011) examined three scales ranging from the system-scale
main vortex (L > 150 km) to the intermediate scale (50 km
< L < 150 km) and individual vorticity-rich convective cells
(L < 50 km). Here, the separation only consists of two scales,
and the choice of 50 km is somewhat arbitrary. Nevertheless,
it will provide an opportunity to identify some salient features
of system-scale and convective-scale circulation.

Figures 4 and 5 illustrate the evolution of relative vortic-
ity at z =2 km in RANK and CTL, respectively. The shaded
area represents wavelength greater than 50 km and approx-
imately reflects the system-scale circulation. The contours
with wavelength shorter than 50 km denote the convective-
scale vorticity anomalies (CVAs). In both cases, a large num-
ber of small-scale vorticity anomalies prevail around the gen-
esis area, which agrees with previous numerical and observa-
tional studies (Hendricks et al., 2004; Houze et al., 2009; Ge
et al., 2013a). Starting form ¢t = 12 h, the CVAs emanate
sporadically. With time, the CVAs spiral radially inward,
merge frequently and eventually lead to a mesoscale system
that will further evolve into the TC inner-core. This upscale
cascade has been well demonstrated previously (Hendricks
et al., 2004), and thus we only display some of the evolution
characteristics of the CVAs. Obviously, there is a faster orga-
nization of CVAs in CTL, since the CVAs merge quickly into
a well-organized structure at around # = 24 h. In RANK, al-
though the CVAs rotate anticlockwise, the interactions, such
as merge processes, are insignificant. For instance, the CVAs
mainly circle around the center at a certain radius (i.e., 50
km), which is farther away from the center of the parent vor-
tex compared to those in CTL. As a result, a poorly-organized
inner-core structure can be identified during the period of in-
terest.

In terms of the system-scale vorticity field, this probably
represents the embryo of the storm. This circulation has a
smooth and well-organized structure. Notice that the magni-
tude is larger in CTL compared with RANK. According to the
so-called conditional instability of the second kind (Ooyama,
1964, 1982), a positive feedback exists between the bound-
ary layer vorticity and the diabatic heating. The larger the
boundary layer vorticity, the stronger the Ekman pumping
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and, thus, the greater the diabatic heating. Therefore, we
speculate that a system-scale circulation with large vorticity
is conducive to its own intensification. Furthermore, there
are multi-scale interactions during the TC development pro-
cess. These convective-scale eddies contribute to the sustain-
ment and reinvigoration of moist convection, which in turn
contributes to the maintenance and upscale growth of these
vortices. On the one hand, the embedded small-scale CVAs
will promote the system-scale circulation through the upscale
growth; while on the other hand, the system-scale circulation
provides a favorable environment for the CVAs.

Provided that there are salient differences in terms of the
behavior (i.e., movements) of CVAs, it is helpful to address
the following two questions: What is responsible for such
different behavior of CVAs? And are the small-scale entities
modulated by the system-scale one? For a typical TC-like
vortex, the tangential wind peaks near the surface and decays
upward, vertically. This indicates that there is vertical shear
of the primary circulation and thus horizontal vorticity. Once
the deep convection is triggered, each updraft will induce vor-
ticity dipoles with negative and positive sign on either flank
of the updraft, which is due to the tilting term in the vortic-
ity tendency equation (Klemp, 1987). These vorticity dipoles
will be split due to the vorticity segregation process (Schecter
and Dubin, 1999; Van Sang et al., 2008). Specifically, small-
scale cyclonic (anticyclonic) vorticity entities will move up
(down) the ambient vorticity gradient. As a result, cyclonic
vorticity anomalies tend to move toward the vortex center,
while anticyclonic entities tend to move away from the center.
As these positive vorticity eddies move radially inward and
become closer to each other, they have a greater potential to
merge together into a relatively larger-scale system. This pro-
cess can be clearly demonstrated in a purely two-dimensional
dynamics framework. In this study, the dry experiments are
performed on a primitive equation model (Li et al., 2012).
Figure 6 compares the different performances of vorticity ed-
dies under different background vorticity gradients. Initially,
four small-scale vorticity eddies are symmetrically embed-
ded around the vortices. Interestingly, in CTL, with a neg-
ative vorticity gradient, these eddies rotate and rapidly dis-
tort to become strained out into filaments, which are even-
tually absorbed by the main vortex through axisymmetriza-
tion. In contrast, in the RANK-type case, the positive eddies
rotate cyclonically along the initial radius and do not show
radial inward movement. In other words, these entities are
barely distorted by the refilamentation process, as in shown
in CTL. These simple model results illustrate the important
role of the background vorticity in modulating the embedded
eddies.

Under complex circumstances, such as those in the TC
inner area, Fang and Zhang (2011) investigated the evolution
of negative vorticity anomalies and argued that the spiraling
inward motion of these vorticity anomalies are mainly driven
by the background flows. In this regard, the system-scale flow
may modulate the behavior of individual convective anoma-
lies. Hence, we speculate that, for a system-scale circulation
with a stronger radial inflow, the conditions will promote the
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CVAs to move spirally inward. To this end, it is useful to plays the vertical-radial profiles of azimuthal-mean tangen-
compare the background (axisymmetric) flows. Figure 7 dis-  tial winds and radial flows in both cases. The boundary layer
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inflows appear shortly after 12 hours of simulation, and en-
hance gradually with time. Meanwhile, the radial inflows ex-
tend inward. Notice that there are significant inflows in the in-
ner area in CTL compared with RANK. Since the radial flow
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the radial flows lies in the breaking of a

is initially set to zero in both experiments, the triggering of

gradient wind balance

due to surface friction. The greater the surface wind speed,
the greater the friction and imbalance are. As shown in Fig.
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1, the wind speed in the inner area is slightly larger in CTL. dial inflow. To measure how differently the boundary layer
In this regard, a greater imbalance will lead to a stronger ra- gradient wind imbalance is excited under different vorticity
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conditions, we examine a net radial force field, following Li
et al. (2012). The net radial force field is defined as the resid-
ual term of the gradient wind balance, reflecting a difference
between the local radial pressure gradient and the sum of the
centrifugal and Coriolis forces in the radial momentum equa-
tion, i.e.,

V2

1P _
+V+—,

AF= -2
p or

where P is the pressure, p is the air density, f is the Coriolis
parameter, and V is the tangential wind. The overbar repre-
sents the azimuthal-mean component. If AF = 0, the tangen-
tial flow is in an exact gradient wind balance; if AF < 0, this
flow is subgradient, indicating that there is a tendency to en-
hance the inflows toward the vortex center; and if AF > 0,
it is supergradient, which means that there is a tendency to

enhance the outflows away from the vortex center. Figure 8
shows the time-radius cross section of the azimuthal-mean
net radial force field at z = 500 m. Note that in CTL the neg-
ative AF (i.e., subgradient flow) develops much earlier. It be-
comes evident at around 24 hours and continues to strengthen
during the intensification period. In contrast, the negative in-
flow tendency is weaker in RANK. In short, it is likely that
the difference in the radial wind between CTL and RANK
can be primarily attributed to the extent to which the bound-
ary layer imbalance is triggered.

Once the convection is triggered, the associated diabatic
heating will drive the secondary circulation. Under the con-
straint of both the hydrostatic and gradient wind balance, the
axisymmetric secondary circulation forced by the diabatic
heating can be obtained through the Sawyer—Eliassen (SE)
balance equation (Hendricks et al., 2004; Willoughby, 2009).
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This method is extensively used to diagnose the adjustment
to reach a quasi-balanced state. For brevity, we do not in-
troduce the details of the SE equation here. In this study,
the azimuthal-mean diabatic heating forcing only is taken
into account, since the spin-up of the system-scale secondary
circulation is primarily ascribed to this term (Montgomery
et al., 2006; Nolan, 2007). Figure 9 compares the compo-
nents (i.e., the radial inflow and vertical motion) in the model
simulations and forced by the SE equation, separately. The
model simulation clearly shows the azimuthal-mean lower-
level inflow and upper-level outflow. This basic structure is
successfully obtained through the SE method, although the
strength is comparatively weaker than in the model simula-
tion. The main differences exist in the boundary layer and
upper outflow layer, where the balance assumptions are not
fully satisfied (Smith and Montgomery, 2008). Admittedly,
some discrepancies may come from other forcing terms such
as the momentum forcing and frictional effect, which are ne-

glected here. Nevertheless, the results suggest that the dia-
batic heating does indeed play a vital role in vortex spin-up.
The mean radial circulation in CTL is considerably stronger
than in RANK during the period of interest (i.e., averaged
during 24-36 h). Around the TC genesis area, the strong dia-
batic heating is generated by the convective VHTs. Once the
convection is triggered, the diabatic heating will be released,
and then converted into kinetic energy through the balance
adjustment. It is apparent that the genesis efficiency (i.e., the
conversion ratio of the diabatic heating to the kinetic energy)
is largely proportional to the inertial parameter. Under the
condition that the inertial stability is larger, the efficiency is
higher (Schubert and Hack, 1982; Hack and Schubert, 1986).
Physically, a larger inertial stability corresponds to a smaller
Rossby deformation radius. With a smaller Rossby defor-
mation radius, the energy produced by the diabatic heating
is likely confined within a smaller radius, rather than dis-
persed by gravity waves. Accordingly, there is a consider-
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derived from the SE equation for RANK and CTL, respectively.

able balance response of the system-scale vortex to the heat-
ing forcing, and the system-scale secondary circulation will
be greatly enhanced. The strong convergent lower-level in-
flow helps the storm to spin up through the convergence of
absolute angular momentum. In turn, the convergent inflow
encourages the CVAs to move inward. This will help in-
teractions, such as merger interactions, and lead to a single
but more intense vorticity anomaly. Thereafter, the so-called
system-scale intensification mechanism will become impor-
tant (Tory et al., 2006).

Figure 10 shows that the radius—height cross section of
symmetric components of the diabatic heating and inertial
stability, I> = (f+ &) (f +2V /r), averaged during r = 24 — 36
h. Here { is the relative vorticity. Consistent with the rapid
intensification in CTL, the inertial stability and diabatic heat-

ing are much greater than those in RANK. Meanwhile, the
radial location of the maximum diabatic heating is closer to
the storm center in CTL. As revealed by Rogers et al. (2013),
one of the key inner-core structural differences between in-
tensifying and steady-state TCs is the radial location of con-
vective bursts. For intensifying cases, the convective bursts
are situated closer to the storm center. Our results support
their findings. In short, both the vorticity segregation process
and system-scale inflow likely explain the different intensifi-
cation rates. This upscale cascade is considered as the first
key step toward cyclogenesis. On the one hand, the CVAs
provide seed vorticity that contributes to the vortex upscale
cascade; while on the other hand, the net heating from these
convective updrafts drives the transverse circulation neces-
sary for the spin up of the azimuthal-mean vortex.
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4. Summary and discussion

The dependence of TC development on the initial struc-
ture of the parent vortex is explored using a set of idealized
numerical simulations. It is found that the ability of the par-
ent vortex to maintain itself and intensify further into an in-
cipient TC can depend strongly on its structure. For a sys-
tem with a larger inner-core vorticity/inertial stability, the
conversion ratio of the diabatic heating to kinetic energy is
greater. Furthermore, the behavior of the convective vortic-
ity eddies is likely modulated by the system-scale circula-
tion. Both vorticity segregation and system-scale circulation
affect the upscale growth of the convective vorticity eddies.
Generally, the larger the background vorticity, the greater the
Ekman pumping, and the more prolific the convection. A par-
ent vortex with a larger relative vorticity will promote CVA
formation, radial propagation and, thus, a greater potential
for merger. In turn, the diabatic heating closer to the storm
center, along with higher inertial stability, will efficiently en-
hance the system-scale secondary circulation.

The results presented here also suggest that an impor-
tant issue is to include structural parameters in operational
forecasts. By this reasoning, more work is needed to vali-
date initial and forecasted storm structures. Hopefully, with
sufficient observations, such as those from airborne dual
Doppler radar data, advanced data assimilation methods such
as 4DVAR and EnKF can correctly initialize TCs (Xiao et
al., 2000; Wu et al., 2006; Zhang et al., 2011). Furthermore,
when we monitor TC genesis, it is important to compare the
radial structure instead of simply comparing with parameters
such as Vmax and MSLP only. Since small-scale vortices are
typically formed within clusters of cumulonimbi, a structural

comparison might offer some predictive insight into which
cloud clusters have a better chance of undergoing tropical cy-
clogenesis. Finally, in the current study, only highly idealized
vortices with weak strength are examined. More cases with
different intensities should be examined in order to reveal the
impacts of initial inner-core structure on TC rapid intensifi-
cation.
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