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ABSTRACT

By using a linear symmetric Conditional Instability of Second Kind (CISK) model containing basic flow,
we study the interactions between basic flow and mesoscale disturbances in typhoon. The result shows
that in the early stage of typhoon formation, the combined action of vertical shear of basic flow at low
level and CISK impels the disturbances to grow rapidly and to move toward the center of typhoon. The
development of disturbances, likewise, influences on typhoon’s development and structure. Analysis of the
mesoscale disturbances’ development and propagation indicates that the maximum wind region moves toward
the center, wind velocity increases, and circulation features of an eye appear. Similarly, when a typhoon
decays, the increase of low-level vertical wind shear facilitates the development of mesoscale disturbances. In
turn, these mesoscale disturbances will provide typhoon with energy and make the typhoon intensify again.
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Therefore, it can be said that typhoon has the renewable or self-repair function.
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1. Introduction

The structural characteristic of the typhoon is one
of the important factors affecting its development and
movement. Recent researches on the typhoon struc-
ture have made new progress (Ding and Li, 2011;
Cheng et al., 2011; Li et al., 2009, 2010; Wang et al.,
2011). Horizontally, the typhoon has a symmetric or
asymmetric structure (Reasor and Montgomery, 2000;
Shea and Gray, 1973). The asymmetric structure out-
side the cloud wall comprises of mesoscale systems
such as the spiral cloud bands (Chen and Yau, 2003).
How is the relationship between these mesoscale sys-
tems and the basic flow of the typhoon? Willoughby
(1978) studied the mechanism of spiral rainband in
typhoon and pointed out that during the life of ty-
phoon, new mesoscale systems are constantly gener-
ated and old ones disappear, and air mass is contin-
ually entrained into the center of typhoon, providing

energy and angular velocity for the vortex. Chen et

al. (2002) pointed out that landfalling typhoons often
form mesoscale vortex at their periphery because of
the terrain or environmental convergence effect. These
vortices interact with typhoon and are inhaled to core
area, leading to typhoon’s vorticity increasing and its
sustaining on land. Recently, Tao and Xu (2012) stud-
ied development and movement of mesoscale distur-
bances in a tropical weak vortex and found that low-
layer vertical wind shear of the vortex can make tur-
bulence spread to the typhoon center, and impels ty-
phoon’s formation. Li et al. (2009) once pointed out
that when internal rainbands are involved to the ty-
phoon center and gradually form continuous annular
convective zone, the diameter of the typhoon eye de-
creases with the typhoon strengthening. Liu et al.
(1999) studied Hurricane Andrew (1992) and found
that the radius of maximum wind velocity shrank as
the velocity increased. Later, Corbosiero et al. (2005)
studied the structure and evolution of Hurricane Elena
(1985) and also showed that disturbances move to the
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center. However, whether or not there is a necessary
connection between strengthening of these mesoscale
systems and the moving of maximum wind velocity in
the typhoon is still not very clear, and is worthy of
further study.

In view of the above problems, according to the
actual structure of tropical cyclone and typhoon, this
article studies the effect of vertical wind shear in
typhoon on the development and spreading of the
mesoscale disturbances and the role of these distur-
bances in the further development and maintenance
of typhoon. It is found that when the tangential wind
of typhoon in the low troposphere exhibits an obvious
vertical shear, accompanied by condensational heat-
ing, mesoscale disturbances will develop rapidly and
spread to the typhoon center, providing energy for
the typhoon, and the maximum wind velocity moves
toward the typhoon center as well, producing an en-

hanced circulation structure of typhoon center.
2. Kinetic equation

Considering an approximate ringlike or semi-ring
disturbance (supposing that its radial scale is much
smaller than its tangential scale, e.g., Fig. 6), a sym-
metric (Willoughby et al., 1984) and linear model of
the disturbance in cylindrical coordinates is as follows:
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where 8} is equivalent potential temperature, ¢, is spe-
cific heat at constant pressure, T is average tempera-
ture, and @ is the non-adiabatic heating. All others
are commonly adopted meteorological symbols, and
asterisk denotes dimensional quantity.
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scale. Then, the non-dimensional Egs. (1)-(6) (Tao

and Xu, 2012) are given by
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Equation (11) is used to discuss the stability and dis-
seminating of the disturbance outside the maximum
wind velocity while Eq. (12) is used to simulate dis-
turbances in typhoon. V,, is non-dimensional max-
imum wind velocity, and ry,.x and r both are non-

dimensional quantities.

By Eq. (10), we obtain the stream function
0
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For simplicity, we use a two-layer model. The CISK
parameterization of heating is expressed as
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Moreover, we assume that maximum wind speed
occurs at the top of the friction layer (Li et al., 1985).

By substituting non-dimensionalized Eqgs. (16)—(17)
into Eqs. (13)—(15), we obtain
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Here, the subscripts 0, 1, 2, and 3 represent the

top of Ekman layer, lower troposphere, middle tropo-
Vo=V
A

. The other symbols have their

sphere, and upper troposhere, and V,; =

— V-V
and V.3 = ML
standard meteorological meaning.

1

We approximatively take ¢ = 5@2 + 1e), 3 =
1 1
§(¢2 + 14), then s — Yy = —§we. According to the
upper boundary conditions, we assume 14 = 0. Sub-
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stitute these into Eqgs. (18)—(21), they become
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tions (22)—(24) will be discussed in this paper; they
can be used to study the development and movement

of disturbances in typhoon.
3. Disturbance’s stability and phase velocity

Using the method by Lu et al. (2004) and Cor-
bosiero et al. (2006), we assume:
(vo1, Vg3, Ya) = (Tg1, as, Pa)el i, (25)
Here, vg1, Vg3, and 1;2 are regarded as slowly varying
functions, and [ is the radial wave number.
Substitute Eq. (25) into Egs. (22)—(24), we have
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Here,

o = (SQ_,U;H)(Z2+¥),

0= (QTK+ K;/“ (it+ %))(Sz—uH)

G+ RPN

+@(% +il) ] fs _ {%(32@2

2 A 20712
1 000y . 00co pHK /il
C2r or +1l26r) 2 (_;
1 ¢ iV 4
2 . N\ 61 UV,
LA 7‘2)} (TA 2r ) (30)
Firstly, substituting the Miller model Eq. (11)

into Eq. (30), we study the stability and phase ve-
locity in the region outside maximum wind velocity,
where desirable parameters are rop = 100 km, Dy = 10
km, A =045 H =11, A=1, f* =0.370x107% s~ 1,
N2 =10"%s"1 Vy=100m s .

From Fig. 1, we can see that the vertical shear
of basic flow has a great influence on stability. For
instance, when we take Vp = 0.35 and V5 = 0 m s~ 1,
the growth rate is 1.8x107° s71; when we take V) =
0.35 m s~! and Vo = 0.35 (namely vertical shear is
zero), the growth rate is only 0.4x107° s~!. This re-
sult is consistent with that of a rigid base flow (Tao
and Xu, 2012). In addition, it can be seen from Fig. 1
that the disturbance’s growth rate and phase velocity
are correlated with wave number. Specifically, when
wave number is larger than 3 (the dimensional wave
length is 100-200 km), both the growth rate and neg-
ative phase velocity are bigger, so the vertical shear
is advantageous to development of the mesoscale sys-
tem. Of course, if the disturbance’s radial scale is too
small, it is difficult to form a successive and lager-scale
ringlike structure, the influence of vertical wind shear
on typhoon structure would be relatively smaller.

Ding et al. (1986) studied a typhoon (1975) and
found that in the early stages of typhoon development,
the maximum wind velocity is at 900-850 hPa; when it
attains maturity, relatively homogeneous strong wind
spreads from 850 to 500 hPa, and the vertical shear
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is reduced at once. That is to say, the mature ty-
phoon’s vertical shear is smaller at low levels. Con-
versely, early-stage or weakened typhoon’s low-level
vertical shear is larger, so it is conducive to the distur-
bance development. Vertical shear also helps to result
in a high asymmetry structure of typhoon (Frank and
Ritchie, 2001).

In addition, the phase velocity of disturbance is
negative, suggesting that the disturbance will pro-
pogate toward the typhoon center, and the greater
the vertical shear is, the faster the disturbance moves.
Note this model filters out gravity waves and retains
only CISK wave. As mentioned above, the mature
typhoon’s vertical shear is smaller, the disturbance’s
spread velocity toward center is very slow; whereas in
early-stage typhoon and decayed typhoon, the vertical
shear is greater, so the disturbance’s spread velocity
toward center is faster, which feeds back more energy
to typhoon. This may cause the typhoon to be re-
strengthened. It can be said that typhoon may have a
“self-healing” ability to make itself maintain a longer
time.

From Fig. 2, we can see that the growth rate is
larger near the maximum wind velocity center than
away from the center because of distribution of basic
flow (see Eq. (11)); meanwhile, the phase velocity also
changes with the radius, so when a disturbance moves
toward the center, it will get deformed. In addition,
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Fig. 1. Variations of the growth rate (solid lines) and
phase velocity (dashed lines) with wave number under dif-
ferent tangential wind shear conditions (n = 0.5, Vi =
Oms™!, u =038, r=200km).
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the growth rate and propagation velocity are also re-
lated to condensational heating and they are the result

of combined action of vertical shear and CISK.
4. Physical mechanism

Figure 3 shows the physical mechanism of distur-
bance development and propagation under the vertical
shear condition. In Fig. 3, because tangential wind
in low layer is larger than in higher layer, the verti-
cal advection effect makes the tangential wind in the
“A” (positive vorticity) region increase; conversely, the
tangential wind in the “B” (negative vorticity) region
decreases. Because ¢ @, vorticity is increased in
“A” region and decreased in “B” region. Coupled with
the effect of condensational heating, the disturbances
grow faster. Meanwhile, the tangential velocity in “A”

region is increased and the velocity in “B” region de-

creased, and because ( «x —, the vorticity increases
between “A” and “B”; thus, the disturbances propa-

gate inwards.
5. Disturbance evolvement

Because the frequency equation contains radius
r, the above conclusion is only suitable for initial dis-
turbance. With the increase of time, disturbance am-
plitude will change. To further verify the conclusions

from the above qualitative analysis, we must study the
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time evolution of the disturbances.

We will use numerical method to solve Eqs. (22)—
(24). They are written in the following form
G Vg M 0 e
E s Gt *
(S — uH)AaaQ;éQ + (VZS?S - szl
fS A (G Gy,
C1f1 Ve LT, J;1 88% + 8;?;2 % B 369;2 12/17;3
2
83;2 % aatie B # (aa;ée - %88%)' (33

First, we solve Egs. (31)-(32) to obtain values
of vg1 and vg3 under initial condition, then substitute
them into Eq. (33) to obtain value of 15 using chasing
method. We set the model with a 1-km grid spacing
and use the boundary conditions v,, = vg = 0 at r =
0.

Because condensational heating occurs mainly in
the region with convergence in the boundary layer, in
the process of calculation, if w, is less than zero, we

let 1 equal zero.

Fig. 3. Schematic diagram of physical mechanism of the
disturbance development and propagation under certain

condition of vertical shear of basic flow.
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Using the above model, we first study the forma-
tion of typhoon with the basic flow given by Eq. (12).
We take B = 1.6 and ryax= 1.8, namely, its maximum
value is at the distance of 180 km to the center (see
Fig. 4). The initial disturbance is also shown in Fig.
4. Tts maximum value is at the distance of about 220
km to the center.

Figure 4 shows the change of disturbance in dif-
ferent vertical shears of basic flow after 30 h. When
the vertical shear is larger (e.g., Vo = 0.25 and V5 =
0.1 m s1), the disturbance grows very fast and the
maximum wind velocity is up to 44 m s~!. When
the vertical shear is smaller, e.g., V) = 0.25 and V5, =
0.2 m s~ !, the maximum wind velocity is only about
13 m s~

Figure 4 also shows that the disturbance’s moving
velocity and the basic flow’s vertical shear are closely
related. The larger the vertical shear is, the faster the
disturbance moves. For instance, when we take Vy =
0.25 and V5 = 0.1 m s~ !, the maximum velocity region
of disturbance is at a distance of 180 km away from its
initial position after 30 h; when we take V; = 0.25 and
Vo = 0.2 m s™!, the maximum value of disturbance is
at a distance of only about 60 km away from its initial
position, i.e., its movement speed is smaller.

Figure 5 corresponds to a tropical cyclone case
with initial disturbance bearing weak tangential wind
(maximum value is 3 m s~!). It is an example that
shows various components of the disturbance changing
and moving. When the disturbance develops, it moves
toward the tropical cyclone center.

Figure ba shows change of the disturbance’s tan-
gential wind. Near the vortex center, the tangential
wind is negative and rotates clockwise, which partly
offsets the positive rotating basic flow, so the wind
velocity will become very small near the center (Fig.
5d); by then, features of a tropical cyclone eye appear.

Figures 5bb and 5c show radial velocity and ver-
tical movement of the disturbance. From Fig. b,
we can see when the disturbance moves near the cen-
ter, sinking movement over the center appears; outside
it, upward movement appears. These are the circu-
lation characteristics near the center of the typhoon.

Here, the vertical and radial movements are very sim-
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ilar with works of Liu et al. (1999).

Figure 5d reflects the process during which the
maximum tangential wind increases gradually and
moves toward the center.

Of course, this model is too simple. The actual
typhoon is a nonlinear system, and this model can only

explain some phenomena qualitatively.
6. Example analysis

In order to verify the above theoretical results, we
use NCEP data to analyze the development process
of some typhoon cases. Generally speaking, vertical
shear of basic flow is larger in initial-stage typhoons
than in mature typhoons.

Figure 6 shows the formation process of Typhoon
Nanmadol (2011).

see that, in the early stage, the vertical wind shear is

From Figs. 6a and 6b, we can
bigger and its range is wider in the lower troposhere,
and it has an obvious tangential component (but the
vertical shears are not the same in different directions,
consistent with Kepert (2006)). At this time, a distur-
bance develops fast and gradually evolves into a ring-
like maximum wind band while moving toward the ty-
phoon center. However, with the development of the
system, the range and strength of the vertical wind
shear clearly become smaller (Fig. 6¢), the maximum

wind velocity band no longer moves toward the center;
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Fig. 4. Change of disturbance velocity with different ver-
tical shears of basic flow u = 0.8 and V4 = 0. Dashed lines
give the base flow and initial disturbance profiles. Solid

lines give profiles of the disturbance after 30 h.
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instead, it forms the structure of a tropical cyclone
eye in the mature stage. These are consistent with

theoretical analysis results.
7. Summary

The structure and intensity change of the typhoon
is an important aspect of typhoon forecasting. How-
ever, the related physical mechanisms are still not very
clear. The unstability of base flow can stimulate the
mesocale waves in typhoon (Tao and Li, 2009), causing
energy consumption. Conversely, typhoon also needs
the mesoscale system to feed it energy. Then, how the
typhoon and mesoscale system interact is still worthy
of further study.

By using a linear, symmetric CISK model includ-

ing the basic flow, this study focuses on the interaction
between basic flow of typhoon and mesoscale distur-
bances. The results may have some significance for
explaining the formation and structural change of ty-
phoons. During the early stage of typhoon formation,
mesoscale disturbances follow the maximum wind re-
gion to move toward the typhoon center till wind ve-
locity increases and circulation features of a tropical
cyclone eye appear. When a typhoon decays, the in-
creasing of vertical shear at low level will be good for
development of mesoscale disturbances. In turn, these
disturbances provide typhoon with energy and make
the typhoon strengthen again. Therefore, we can say
that typhoon has a renewable or self-repair function.

Because the model used is too simple, we just

do some qualitative analysis. In order to know more
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about the typhoon’s real change, we must use more
complex nonlinear models.
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