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ABSTRACT

The effect of baroclinicity on vortex axisymmetrization isexamined within a two-layer dynamical model. Three basic
state vortices are constructed with varying degrees of baroclinicity: (i) barotropic, (ii) weak baroclinic, and (iii)strong
baroclinic. The linear and nonlinear evolution of wavenumber-2 baroclinic disturbances are examined in each of the three
basic state vortices. The results show that the radial propagating speed of the vortex Rossby wave at the lower level is larger
with the stronger baroclinicity, resulting in a faster linear axisymmetrization process in the stronger baroclinic vortex.

It is found that the nonlinear axisymmetrization process takes the longest time in the strongest baroclinic vortex among
the three different basic vortices due to the weaker kineticenergy transfer from asymmetric to symmetric circulationsat
the lower level. A major finding in this study is that the same initial asymmetric perturbation can have different effectson
symmetric vortices depending on the initial vortex baroclinicity. In numerical weather prediction models, this implies that
there exists a sensitivity of the subsequent structural andintensity change solely due to the specification of the initial vertical
shear of the tropical cyclone vortex.

Key words: vortex axisymmetrization, asymmetry, baroclinicity

Citation: Peng, J., M. S. Peng, T. Li, and E. Hendricks, 2014: Effect ofbaroclinicity on vortex axisymmetrization. Part II:
Baroclinic basic vortex.Adv. Atmos. Sci., 31(6), 1267–1278, doi: 10.1007/s00376-014-3238-9.

1. Introduction

Asymmetric perturbations such as convection near the in-
ner core of a tropical cyclone will be tilted by the basic shear
flows, such that the perturbation energy will be converted
to the symmetric mean flows which will strength the parent
vortex. This is the vortex axisymmetrization process, which
is closely related to tropical cyclone structure and intensity
change (Carr and Williams, 1989; Smith and Montgomery,
1995; Montgomery and Enagonio, 1998; Möller and Mont-
gomery, 1999, 2000; Shapiro, 2000; Enagonio and Mont-
gomery, 2001; Wang, 2002).

To investigate spiral bands in a hurricane, Montgomery
and Kallenbanch (1997) described the vortex axisymmetriza-
tion process through the vortex Rossby wave propagation.
Peng et al. (2008) constructed a barotropic dynamic model
to examine the vortex axisymmetrization process. The char-
acteristics of the initial asymmetric perturbations, including
their different positions, azimuthal and radial profiles, could
have significant effects on vortex axisymmetrization.

In Part I of this two-part paper (Peng et al., 2014), the
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barotropic and baroclinic disturbances axisymmetrized by
the barotropic basic vortex are investigated in a two-layer
dynamic model. The results show that the radial propaga-
tion of a baroclinic disturbance is slower than a barotropic
disturbance, resulting in a slower linear axisymmetrization
for baroclinic disturbances. The slower-propagating baro-
clinic waves induce more baroclinic asymmetric kinetic en-
ergy (KE) to be transferred to the barotropic symmetric vor-
tex than from barotropic waves, resulting in a faster axisym-
metrization process in the nonlinear baroclinic wave experi-
ment than in the nonlinear barotropic wave experiment.

In this, Part II of the paper, we focus on the baroclinic vor-
tex Rossby wave propagation under the environmental flows
of the baroclinic vortex, as well as their nonlinear interactions
and energy exchanges. As described in Part 1 (Peng et al.,
2014), a barotropic vortex, denoted as TC1, hasRmax = 0.1
(100 km) andVmax = 0.5 (25 m s−1) at both the upper and
lower levels. A strong baroclinic vortex applied here, in
Part 2, denoted as TC2, has a maximum tangential wind of
Vmax = 0.5 (25 m s−1) at the lower level andVmax = −0.5
(anticyclonic flow) at the upper level. A weak baroclinic vor-
tex, denoted as TC3, has a strong cyclone (Vmax = 0.5) at
the lower level and a weak cyclone (Vmax = 0.25) at the up-
per level (Peng et al., 2014, Fig. 1). The same baroclinic
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disturbances as in experiment LBC in Peng et al. (2014) is
used in all experiments of this paper. The linear experiment
WLBC has a weak baroclinic basic vortex (TC3), and experi-
ment SLBC has a strong baroclinic basic vortex (TC2). Their
corresponding nonlinear experiments are denoted as WNBC
and SNBC, respectively. A detailed description of these ex-
periments is given Peng et al. (2014, Table 1).

The structure of this paper is as follows. The baro-
clinic asymmetric perturbations axisymmetrized by the vor-
tices with different baroclinicity is discussed in section2.
Section 3 investigates the energy conversion among the
barotropic (baroclinic) symmetric flows and barotropic (baro-
clinic) asymmetric perturbations. A summary and discussion
are provided in section 4.

2. Axisymmetrization with different baro-
clinic vortices

Observations indicate that both the symmetric and asym-
metric components of tropical cyclones have strong baro-
clinic structure (Marks and Houze, 1987; Reasor et al., 2000;
Rogers et al., 2012). In this section, we investigate how an
initially baroclinic perturbation is axisymmetrized by a baro-
clinic basic vortex. Two basic baroclinic vortices are de-

signed, including a weak baroclinic vortex (TC3) and a strong
baroclinic basic vortex (TC2). The initial asymmetry is baro-
clinic, as in the LBC and NBC cases (Peng et al., 2014, Ta-
ble 1). Note that the initial circulations at the lower level
have the same structure as the barotropic vortex (experiments
LBC/NBC). Therefore, the analyses for the experiments in
this study are focused on their lower-level components.

2.1. Linear simulations

The evolution of the asymmetric vorticity in the linear
cases WLBC and SLBC and their departures from LBC are
depicted in Fig. 1. The initial baroclinic asymmetric distur-
bance in both the weak and strong baroclinic vortex induces
stronger inner-core asymmetry, and the stronger baroclinic
vortex has even larger inner asymmetry (Fig. 1). The negative
difference region near and outside the radius of maximum
wind (RMW) (Figs. 1c and d) indicates that the initial baro-
clinic asymmetric disturbance will be axisymmetrized faster
in the stronger baroclinic symmetric vortex. The radial prop-
agating speed of the vortex Rossby wave at the lower level
is faster with the stronger baroclinicity, resulting in a faster
axisymmetrization process in the stronger baroclinic vortex
(figure not shown).

The linear vorticity equation for the lower level, given in
the following, is used to examine different evolutions of the

Fig. 1. The time–radius cross section of the asymmetric vorticity amplitude at the lower level in
case (a) WLBC, (b) SLBC, and (c, d) their differences from LBC, respectively.
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asymmetric disturbances in different symmetric vortices.

∂ζ ′

3

∂ t
=−

(

ū3
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ū3
∂ζ ′

3

∂x
+ v̄3

∂ζ ′

3

∂y

)

−

(

u′3
∂ ζ̄3

∂x
+ v′3

∂ ζ̄3

∂y

)

−

[

(1+2ζ̄3)

(

∂u′3
∂x

+
∂v′3
∂y

)

+ v̄3
∂
∂x

(

∂u′3
∂x

+
∂v′3
∂y

)

−

ū3
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where Eqs.(1a),(1b) and (1c) represent the evolution of asym-
metric vorticity at the lower level in case LBC, WLBC and
SLBC,respectively,withζ ′

3 representing the asymmetric per-
turbation vorticity and̄ζ3 the symmetric vorticity at the lower
level. The first term on the right-hand side of Eqs. (1a) to

(1c) represents the perturbation vorticity advection by the
mean flows at the lower level; the second term represents
the basic vorticity advection by perturbation flows; and the
third term represents the vorticity change by lower-level di-
vergence.

The first two terms on the right-hand side of Eqs. (1a) to
(1c) are the same. The difference comes from the third term,
the divergence term. For the LBC case (the initial baroclinic
disturbance in a barotropic vortex, TC1), Eq. (1a) could be
derived from Eq. (6) in Peng et al. (2014) by usingζ ′

3 =−ζ ′

d,
u′3 =−u′d, v′3 =−v′d, ζ̄3 = ζ̄a, ū3 = ūa, and ¯v3 = v̄a. Therefore,
the relationship between the baroclinic asymmetric vorticity
and the divergence in Eq. (6) of Peng et al. (2014) is the same
as that in Eq. (1a) for the lower-level asymmetric vorticity
and divergence. As illustrated in Peng et al. (2014), the initial
baroclinic asymmetry could generate new lower-level asym-
metry inside the RMW in the early stage. The divergence
term always has a negative effect on the inner core asymmet-
ric vorticity at the lower level (see Peng et al., 2014, Fig. 5).
In contrast, the positive effect by the divergence term is im-
posed on the outer original asymmetric vorticity. Further-
more, the OMEGA equation diagnosis shows that the warm
(cold) advection by the symmetric mean flow in case LBC
induces the phase difference between the asymmetric diver-
gence and vorticity at the lower level, as shown in Peng et al.
(2014, Fig. 6).

For the WLBC case (an initial baroclinic disturbance with

Fig. 2. The lower-level vorticity changed by divergence in case WLBC at time (a) 0.18, (b) 0.54, (c) 0.72, and
(d) 1.08. Shading represents the positive asymmetric vorticity.
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a weak baroclinic vortex, TC3), the initial baroclinic pertur-
bations will generate the lower-level asymmetric vorticity in-
side the RMW in the early stage, as in LBC. The divergence
term has a positive effect on the lower-level asymmetric vor-
ticity near and inside the outer cell in the early stage before
time 0.72 (Figs. 2a–c), so the asymmetry is larger than the
LBC asymmetry inside the RMW (Fig. 1c). Since the diver-
gence term propagates slower than the vorticity field in the
azimuthal direction, its positive region begins to lag the pos-
itive vorticity region and has a negative effect after time 0.72
(Fig. 2d). In comparison, the divergence term remains locked
in phase with the asymmetric vorticity in LBC. This causes a
faster decaying of the asymmetry in WLBC than in LBC.

The diagnosis of Eq. (7) in Peng et al. (2014) (the
OMEGA equation) is examined to understand the relation
between the asymmetric vorticity and divergence at lower
level. The left-hand side of Eq. (7) in Peng et al. (2014)
can be related to the divergence at the lower level, i.e.,
∇2(−ω2/∆p)− (1+ ζ̄a)(−ω2/∆p) ∝ δ3. Overall, the fifth
and sixth terms make the largest contribution to the evolution
of the lower-level asymmetric divergence in terms ofδ3 ∝
VVV a ·∇T ′ +VVV ′

a ·∇T . The evolution of the fifth term, the sixth
term, and the sum of all the terms on the right-hand side of
Eq. (7) in Peng et al. (2014) are depicted in Fig. 3. The warm
advection by the barotropic mean flows (−VVVa ·∇T ′ > 0) and
the barotropic perturbation flow (−VVV ′

a ·∇T > 0) located near

Fig. 3. The fifth term, sixth term, and the sum of terms on the right-hand side of the OMEGA equation in case
WLBC at time (a, b, c) 0.18, (d, e, f) 0.54, (g, h, i) 0.72, and (j, k, l) 1.08. Shading represents the positive
asymmetric vorticity.
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Fig. 3. (Continued).

and inside the RMW will generate upward motion (ω2 < 0)
accompanied by convergence at the lower level (δ3 < 0) and
divergence at the upper level before time 0.72 (Figs. 3a–i).
The cold advection has more of an effect on the outer part
of the asymmetric vorticity at the lower level after time 0.72
(Figs. 3j–l), which induces downward motion, divergence at
the lower level and convergence at the upper level. Conse-
quently, the warm (cold) advection by the barotropic mean
(perturbation) flow in this case causes the phase difference
between the lower-level asymmetric divergence and vortic-
ity; therefore, the asymmetric divergence modifies the energy
propagation of the vortex Rossby wave and makes the vortex
axisymmetrization faster in the WLBC case than in the cor-
responding barotropic vortex case, LBC.

The baroclinic perturbations in the strong baroclinic vor-
tex (SLBC) will generate a stronger lower-level asymmetric
vorticity inside the RMW in the early stage (Fig. 1b) than
in the weak baroclinic vortex (WLBC) (Fig. 1a) due to a
stronger positive effect of the divergence on the lower-level
asymmetric vorticity inside the RMW before time 0.72 (Figs.
4a–c). On the other hand, the stronger negative effect by the
divergence is imposed on the asymmetric vorticity near the
outer cell after time 0.72 (Fig. 4d), resulting in a faster decay
of the asymmetric vorticity amplitude in SLBC than WLBC
(Fig. 1). It is found that the sixth term (the warm/cold ad-
vection by the barotropic perturbation flows) and the eighth
term in Eq. (7) of Peng et al. (2014) (the OMEGA equa-
tion) in the SLBC case cause the phase difference between
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Fig. 4. The lower-level vorticity changed by divergence in case SLBC at time (a) 0.18, (b) 0.54, (c) 0.72, and (d)
1.08. Shading represents the positive asymmetric vorticity.

the lower level-asymmetric divergence and vorticity (figure
not shown); therefore, the asymmetric divergence modifies
the energy propagation of the vortex Rossby wave and makes
the vortex axisymmetrization faster in SLBC case than the
corresponding WLBC case.

2.2. Nonlinear simulations
Figure 7e in Peng et al. (2014), as well as Figs. 5a and d in

the current paper, indicate that the nonlinear axisymmetriza-
tion process takes the longest time in a strong baroclinic vor-
tex among the three different basic vortices. The comparison
between the linear case, WLBC (Fig. 1a), and its correspond-
ing nonlinear case, WNBC (Fig. 5a), indicates that the linear
axisymmetrization process takes longer than in the nonlinear
process. However, the linear axisymmetrization process by
the stronger baroclinic vortex will take a shorter time than
the corresponding nonlinear process (Fig. 1b vs. Fig. 5d).

The lower-level symmetric KE tendency is calculated in
the following to delineate the nonlinear axisymmetrization.
The lower-level symmetric KE tendency equation is

∂K3

∂ t
=
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∂ ūaūd

∂ t
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where K3 is the lower-level symmetric KE,Ka is the
barotropic symmetric KE, andKd is the baroclinic symmetric
KE. The terms on the right-hand side of Eq. (2) are given in
Peng et al. (2014, Appendix B).

In the NBC experiment, ¯ud = 0, v̄d = 0, andKd = 0, so
the symmetric KE at the lower level is equal to the barotropic
symmetric KE (K3 = Ka), while the tendency of the lower-
level symmetric KE is the same as that of the barotropic
symmetric KE, i.e.,∂K3/∂ t = ∂Ka/∂ t. As the barotropic
asymmetric KE is one order of magnitude smaller than the
baroclinic asymmetric KE, the lower-level asymmetric KE in
NBC is almost equal to the baroclinic asymmetric KE in ex-
periment NBC. On the other hand, the barotropic symmetric
KE in experiment SNBC is four orders of magnitude smaller
than the corresponding baroclinic symmetric KE, i.e.,Ka≈ 0,
so the tendency of the lower-level symmetric KE is the same
as that of the baroclinic symmetric KE (∂K3/∂ t = ∂Kd/∂ t),
and the symmetric KE at the lower level is equal to the baro-
clinic symmetric KE in experiment SNBC (K3 = Kd).

The nonlinear axisymmetrization process takes longer in
a stronger baroclinicity vortex due to the weaker KE trans-
fer from asymmetric to symmetric circulations at the lower
level [(Fig. 7d in Peng et al. (2014), and Figs. 5c and f in the
current paper]. The energy transfer from asymmetric to sym-
metric flows is more efficient in the nonlinear case, WNBC,
than in the linear case, WLBC, so the linear axisymmetriza-
tion process in WLBC takes longer than in the nonlinear ax-
isymmetrization process in WNBC. On the other hand, less
energy could be transferred from the asymmetric circulations
to the symmetric flow, resulting in a slower nonlinear axisym-
metrization in case SNBC than the corresponding linear pro-
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Fig. 5. The time–radius cross section of (a, d) asymmetric vorticity amplitude, (b, e) symmetric
KE, and (c, f) the KE exchange between symmetric and asymmetric circulations at the lower
level in case WNBC (left panels) and SNBC (right panels).

cess in case SLBC.
The symmetric vortex with a stronger baroclinicity is

weaker at the lower level because less energy is gained from
the asymmetric disturbances [Fig. 7b in Peng et al. (2014),
and Figs. 5b and e in the current paper). The evolution of
the maximum tangential wind in the nonlinear cases, NBC,
WNBC and SNBC, is depicted in Fig. 6. The initial baro-
clinic asymmetric disturbances imposed near the RMW will
intensify the lower-level basic state, with the largest increase
in NBC, followed by WNBC, and the smallest in SNBC.

3. Energy conversion between barotropic and
baroclinic components

In this section, we investigate the energy transferring
among the four components, i.e., the barotropic (baroclinic)
symmetric flows and asymmetric perturbations.

3.1. Energy transfer in experiment SNBC

In SNBC, initially, the lower-level positive vorticity cen-
ters are located at 90◦ and 270◦, while the upper-level positive
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Fig. 6. The evolution of maximum tangential wind in the non-
linear cases (a) NBC (solid line), WNBC (dashed line), and
SNBC (dashed–dotted line).

vorticity centers are located at 0◦ and 180◦. Since the asym-
metric vorticity centers at the upper and the lower level rotate
in opposite directions by the symmetric flows, the vorticity
centers at each level need to rotate 45◦ to become in phase.
This occurs at around time 0.18. Once the asymmetric pertur-
bations are in phase, they each need to rotate 90◦ in opposite
directions in order for them to become out of phase. This
occurs at around time 0.54. The asymmetric perturbations at
the upper and lower levels are again in phase with each other
at around time 0.72. In summary, the asymmetric perturba-
tions have the stronger barotropic structure at time 0.18, 0.72,
1.26 and 1.8, and the stronger baroclinic structure at time 0.0,
0.54, 1.08, 1.62 and 2.16 (figure not shown).

The initial baroclinic asymmetric perturbations will gen-
erate the barotropic asymmetric perturbations by the baro-
clinic wave–mean flow interactions [the fourth term on the
right-hand-side of Eq. (B3) in Peng et al. (2014, Appendix
B)]. The barotropic asymmetric KE then increases to its max-
imum, while the initial baroclinic asymmetric KE decreases
to a minimum at time 0.18 by the interactions of barotropic
disturbance and baroclinic basic flow [the fourth term on the
right-hand-side of Eq. (B4) in Peng et al. (2014, Appendix
B)]. The evolution of the barotropic asymmetric KE is out
of phase with that of the baroclinic asymmetric KE (figure
omitted).

The baroclinic symmetric KE is four orders of magni-
tude greater than the corresponding barotropic symmetric
KE (Fig. 7a), so the barotropic symmetric flow could be ne-
glected in experiment SNBC. The interactions between the
barotropic and baroclinic disturbances cause the energy trans-
fer from asymmetric perturbation to the baroclinic symmetric
flows [the third term on the right-hand-side of Eq. (B2) in
Peng et al. (2014, Appendix B), and Fig. 7b in the present
paper]. The baroclinic symmetric KE change rate atr = 0.1
indicates that the barotropic and baroclinic wave–wave in-
teractions are the key dynamic processes, rather than the ra-
dial advection of baroclinic symmetric KE by the barotropic

Fig. 7. The time–radius cross-section of (a) baroclinic symmet-
ric KE and (b) its change rate by the interactions of barotropic
and baroclinic waves. (c) The evolution of baroclinic symmetric
KE change rate atr = 0.1 by the radial flux of baroclinic sym-
metric KE (solid line), by barotropic and baroclinic flow inter-
actions (dashed line), by barotropic and baroclinic wave inter-
actions (dashed–dotted line), and the radial advection of baro-
clinic potential energy (long–short line) in experiment SNBC.
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symmetric flow, the interactions of barotropic and baroclinic
flows, and the radial advection of the baroclinic symmetric
potential energy (Fig. 7c).

There are three dominant terms in the interactions be-
tween the barotropic and baroclinic disturbances [the third
term on the right-hand-side of Eq. (B2) in Peng et al.
(2014, Appendix B)]. They are:−v̄du′av′d/r, −v̄du′dv′a/r and
−v̄d[u′a(∂v′d/∂ r) + u′d(∂v′a/∂ r)]. Note that the baroclinic
symmetric flows are always negative (¯vd < 0). At time
0.18, the barotropic asymmetric vorticity center is located up-
stream of the adjacent baroclinic asymmetric vorticity center,
which inducesu′av′d > 0 andu′dv′a < 0 (figure omitted). There-
fore, the baroclinic symmetric flows obtain energy from the
asymmetric perturbations by−v̄du′av′d/r > 0, and lose en-
ergy to the asymmetric perturbations by−v̄du′dv′a/r < 0 at
the same time (figure omitted). The baroclinic tangential mo-
mentum advection by the barotropic radial perturbation flows
and the barotropic tangential momentum advection by the
baroclinic radial perturbation flows make the energy transfer

from the asymmetric perturbation to symmetric flows near
the RMW, which is the main contribution term (figure not
shown). However, the barotropic asymmetric vorticity cen-
ter shifts downstream of the adjacent baroclinic asymmet-
ric vorticity center at time 0.36, which makesu′av′d < 0 and
u′dv′a > 0. Therefore, the asymmetric perturbations obtain en-
ergy from the baroclinic symmetric flows by−v̄du′av′d/r < 0,
while transferring their energy to the baroclinic symmetric
flows by−v̄du′dv′a/r > 0 (figure omitted), exactly out of phase
with the energy transfer at time 0.18. The most important en-
ergy transferring term is the momentum advection term that
makes the energy conversion from the asymmetric perturba-
tion to symmetric flows near the RMW (figure not shown).
The energy conversion process at time 0.54 is the same as
that at time 0.18, while the energy transfer process at time
0.72 is the same as that at time 0.36, and so on.

In summary, the initial baroclinic asymmetric perturba-
tions in experiment SNBC can generate barotropic asymmet-
ric perturbations through baroclinic wave–mean flow inter-

Fig. 8. The time–radius cross section of (a) barotropic symmetric KE and their change rate by (b)
barotropic wave–wave and (c) baroclinic wave–wave interactions. (d) The evolution of barotropic sym-
metric KE change rate atr = 0.1 by radial flux of barotropic symmetric KE (solid line), baroclinic sym-
metric flow–flow interactions (dashed line), barotropic wave–wave interactions (dashed–dotted line),
baroclinic wave–wave interactions (long–short line), andthe radial advection of barotropic symmetric
potential energy in experiment WNBC.
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actions. Later, the barotropic asymmetric perturbations can
feed the energy back to the baroclinic asymmetric pertur-
bations by the interactions of barotropic disturbances and
baroclinic flows. The baroclinic symmetric kinetic energy is
changed by the barotropic and baroclinic wave interactions.
The detailed energy conversion process in experiment SNBC
is delineated in Fig. 10b.

3.2. Energy transfer in experiment WNBC

Observations indicate that the symmetric circulations of
a tropical cyclone usually have a stronger barotropic compo-
nent and a weaker baroclinic component (Marks and Houze,
1987; Reasor et al., 2000; Rogers et al., 2012). TC3 is a
weak baroclinic tropical cyclone that contains a strong cy-
clonic flow (V̄max = 0.5) at the lower level and a weak cy-
clonic flow (V̄max= 0.25) at the upper level.

The initial baroclinic asymmetric perturbations in experi-
ment WNBC will generate the barotropic asymmetric pertur-
bations by the baroclinic wave–mean flow interactions [the
fourth term on the right-hand-side of Eq. (B3) in Peng et al.
(2014, Appendix B)]. The barotropic asymmetric KE then
increases to a maximum at time 0.72, while the initial baro-
clinic asymmetric KE decreases to a minimum by the in-
teractions of the barotropic wave and baroclinic flow [the
fourth term on the right-hand-side of Eq. (B4) in Peng et
al. (2014, Appendix B)]. Later, the barotropic asymmetric
KE decreases while the baroclinic asymmetric KE increases
slightly (figure omitted). Compared with experiment SNBC,
the period of the energy conversion between the barotropic
and baroclinic asymmetric circulations in experiment WNBC
is larger, attributed to a smaller baroclinic symmetric flowin
TC3 than in TC2.

The barotropic symmetric KE nearr = 0.1 increases with
time, which is due to energy transfer from the barotropic
or baroclinic asymmetric perturbations to symmetric flows
by the barotropic wave–wave interactions and the baroclinic
wave–wave interactions (Figs. 8b and c). Due to the down-
shear tilt of the barotropic or baroclinic asymmetric vorticity
structure, the barotropic or baroclinic momentum flux near
r = 0.1 is positive (−u′av′a > 0 or −u′dv′d > 0, figures omit-
ted), and their gradient withrare positive (−∂ (u′av′a)/∂ r > 0
or−∂ (u′dv′d)/∂ r > 0), which causes the energy transfer from
asymmetric perturbations to symmetric flows. It is interest-
ing to note that the barotropic symmetric KE change rate
at r = 0.1 by the barotropic wave–wave interactions is out
of phase with that by the baroclinic wave–wave interactions.
The other three terms (the first, second and fifth term) on the
right-hand-side of Eq. (B1) (Peng et al., 2014, Appendix B)
have fewer effects on the evolution of the barotropic symmet-
ric KE (Fig. 8d).

The baroclinic symmetric KE change rate is less than that
of the barotropic symmetric KE in experiment WNBC, be-
cause the interactions between the barotropic and baroclinic
waves makes a smaller energy transfer from the asymmetric
perturbation to symmetric flows [the third term on the right-
hand side of Eq. (B2) in Peng et al. (2014, Appendix B),

Fig. 9. The time–radius cross section of (a) baroclinic symmet-
ric KE and their change rate by (b) the interactions of barotropic
and baroclinic waves. (c) The evolution of baroclinic sym-
metric KE change rate by radial flux of baroclinic symmet-
ric KE (solid line), barotropic and baroclinic mean flow inter-
actions (dashed line), barotropic and baroclinic wave interac-
tions (dashed–dotted line), and the radial advection of baro-
clinic symmetric potential energy (long–short line) in experi-
ment WNBC.
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Fig. 10. The energy transfer diagrams in experiment (a) NBC, (b) SNBCand (c) WNBC.
TWTW and CWCW indicate the barotropic wave–wave interactions and the baroclinic wave–
wave interactions. TWCW, CWCM and TWCM indicate the interactions of barotropic and
baroclinic waves, the interactions of the baroclinic wave and baroclinic mean flow, and the in-
teractions of the barotropic wave and baroclinic mean flow. The solid (dotted) arrows indicate
a strong (weak) energy conversion rate.

and Fig. 9b in the present paper]. The baroclinic symmetric
KE change rate atr = 0.1 indicates that the barotropic and
baroclinic wave interactions are stronger than the other three
terms on the right-hand side of Eq. (B2) (Peng et al., 2014,
Appendix B) (Fig. 9c). Similar to experiment SNBC, the
barotropic asymmetric vorticity center is located upstream of
the adjacent baroclinic asymmetric vorticity center at time
0.36 and 0.72 (figure not shown), which makes the energy
transfer from asymmetric perturbations to baroclinic sym-
metric flows in terms of−v̄du′av′d/r > 0, while energy of
the baroclinic symmetric flows lose to asymmetric pertur-
bations in terms of−v̄du′dv′a/r < 0 (figure omitted). How-
ever, the barotropic asymmetric vorticity center shifts down-
stream of the adjacent baroclinic asymmetric vorticity center

at time 1.08 and 1.44. Therefore, the asymmetric perturba-
tions obtain energy from the baroclinic symmetric flows by
−v̄du′av′d/r < 0, while transferring their energy to the baro-
clinic symmetric flows by−v̄du′dv′a/r > 0 (figure omitted).
The most important energy transfer term is the momentum
advection term, which makes the energy conversion from the
asymmetric perturbation to symmetric flows near the RMW
(Fig. 9).

The major energy conversion process for experiment
WNBC is shown in Fig. 10c. The barotropic and baroclinic
asymmetric perturbations could exchange their energy with
each other through baroclinic wave–mean flow interactions,
as well as barotropic wave and baroclinic mean flow in-
teractions. The barotropic or baroclinic wave–wave interac-
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tions have the greater effect on the energy change of the
barotropic symmetric flows, while the interactions between
the barotropic and baroclinic waves have less effect on the
energy evolution of the baroclinic symmetric flows.

4. Summary and discussion

This paper investigates the axisymmetrization process of
baroclinic disturbances by vortices with different baroclinic-
ity on the basis of a two-layer dynamic model. The study
focuses on energy exchange among different components.

A stronger inner-core asymmetry can be generated in a
stronger baroclinic vortex with the same initial baroclinic per-
turbations. The radial propagation of the vortex Rossby wave
at the lower level is faster in the stronger baroclinic vortex,
resulting in a faster axisymmetrization for the same initial
baroclinic perturbations. Therefore, the stronger baroclinic
vortex gains less energy from the asymmetric disturbances
resulting in a weak cyclonic circulation at the lower level.

The baroclinic wave–wave interactions can cause large
energy transfer to the barotropic vortex due to the downshear
tilt of baroclinic asymmetric vorticity perturbations near the
RMW. In the strong baroclinic vortex, the initial baroclinic
perturbations can generate the barotropic perturbations.The
barotropic and baroclinic asymmetric KEs are interchanged
due to the different basic flows at each level, making the
growth and decay of barotropic and baroclinic asymmetric
perturbations out of phase. Furthermore, the nonlinear inter-
actions of the barotropic and baroclinic waves intensify the
baroclinic symmetric vortex near the eyewall region due to
the phase difference between the barotropic and baroclinic
asymmetric vorticity disturbances.

The barotropic asymmetry in the weak baroclinic vor-
tex can be generated by the interactions between the baro-
clinic symmetric flows and the initial baroclinic asymmetric
perturbations. The period of energy conversion between the
barotropic and baroclinic asymmetric perturbations is larger
than that in the strong baroclinic vortex, which is attributed to
the smaller baroclinic symmetric flows in the weak baroclinic
vortex. Both the barotropic and the baroclinic wave–wave
interactions can intensify the barotropic symmetric circula-
tions, while less intensification of the baroclinic symmetric
flows is being induced by the interactions of barotropic and
baroclinic disturbance.

The major finding of this study is that the same ini-
tial asymmetric perturbation can have different effects on
symmetric vortices with different baroclinicity. In numeri-
cal weather prediction models, a synthetic vortex is usually
added in the initial field to represent a TC without in situ
data. This study implies that the vertical structure of the ini-
tial vortex can have a large influence on the simulated tropical
cyclone intensity change in the later stages.
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