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ABSTRACT

Under two types of initial tropical cyclone structures that are characterized by high and low vorticity
zones, four sets of numerical experiments have been performed to investigate the interaction of a tropical
cyclone with an adjacent mesoscale vortex (MSV) and its impact on the tropical cyclone intensity change,
using a quasi-geostrophic barotropic vorticity equation model with a horizontal resolution of 0.5 km. The
results suggest that the interaction of a tropical cyclone characterized by a high vorticity zonal structure
and an MSV would result in an intensification of the cyclone. Its central pressure decreases by more than
14 hPa. In the process of the interaction, the west and middle segments of the high vorticity zone evolve
into two peripheral spiral bands of the tropical cyclone, and the merging of the east segment and the inward
propagating MSV forms a new vorticity accumulation area, wherein the maximum vorticity is remarkably
greater than that in the center of the initial tropical cyclone circulation. It is this process of merging and
strengthening that causes a greater pressure decrease in the center of the tropical cyclone. This process is
also more complicated than those that have been studied in the past, which indicated that only the inward
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transfer of vorticity of the MSV can result in the strengthening of the tropical cyclone.
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1. Introduction

There are large differences in landfalling tropical
cyclones in China. Some of them will quickly dissi-
pate right after they make landfall, while others will
be sustainable over land for a long period. Chen and
Ding (1979) pointed out that one possible mechanism
for a landfalling tropical cyclone to sustain itself over
land is the interaction with the adjacent mesoscale vor-
tex (MSV), especially when the MSV, merges into a
tropical cyclone.

With regard to the dynamics of the interaction
of a tropical cyclone with its adjacent MSV, re-
searchers have made certain contributions. In terms of
a barotropic model, using a stationary tropical cyclone
circulation with an MSV at its maximum wind radius
as the initial field, Moéller and Montgomery (MM here-
after, 1999) demonstrated that the inward propaga-
tion, in a manner of vortex Rossby waves (VRW), of
the relative vorticity of the MSV leads to the increase
in the mean tangential velocity at 90 km in the inner
region from the center of tropical cyclone.

On the other hand, there are three relevant prob-
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lems that need to be further investigated. First, a
stationary tropical cyclone circulation assumption was
used in MM; that means that there is the effect of the
tropical cyclone on the MSV but no influence of the
MSYV on the tropical cyclone. Second, in the real at-
mosphere, the interaction of the tropical cyclone and
MSYV sometimes results in the intensification of tropi-
cal cyclone, but sometimes it may not. The question
is how to distinguish the one from the other. Third,
is there a distinct intensification in mean tangential
velocity?

This paper presents new results for the three prob-
lems.

2. Model and experiments

In the numerical studies on VRW propagation, the
f-plan assumption is generally used. By now, the
quasigeostrophic barotropic model equation has the
following form:
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where 1) is the geostrophic stream function. The
computational domain is a square of 200 kmx 200 km
with its median on ¢9 = 25°N. The grid spacing is
0.5 km, amounting to 401x401 grid points in total,
i=1,2,...,401 and j = 1,2,...,401 which increase
eastwards and northwards respectively, the time step
is 10 seconds.

0y /0t = 0 on the south/north boundaries; the
cyclic boundary condition is used on the east/west
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£(z,y,0) = 6

§37

where &7 ,&; are the given vorticity parameters; &; >
0,& > 0. & is an undetermined parameter, &3 < 0.
The value of {3 is determined according to the follow-
ing regulation: its sum over the grids of the whole
computational domain is zero. S(p) = 1 — 3p? + 2p?
is the Hermite shape function, and p is a parameter
of the function, r = /(z —x0)%2 + (y — yo)?, where
(z0,yo) are the coordinates of the center of the initial
tropical cyclone vortex. ri (k=1,2,---, 5) is a given
radial distance parameter.

The initial vorticity field, £'(x,y,0) of the MSV is
given by the following expression (Ohnishi, 1991):

, B d2’(/)/ 1 dw/
¢/($, Z/,O) = 7/10[1 - (Q/QO)Q]TL ’ (5)

where ¢'(z,y,0) is the perturbation stream function
field of the initial MSV, ¢ = /(& — 24)? + (y — y4)?,
(x4, yq) are the coordinates of the center of the initial
MSV. gy is the radius of the initial MSV. 1y and n
are given parameters, and describe the intensity and
structure of the initial MSV respectively. When n = 4,
it is a tight vortex (Ohnishi, 1991).

Four sets of experiments are performed for two
model hours.

In Experiment 1, there is only a tropical cy-
clone vortex in the initial field, and its parameters
are given as (ry,r9,73,74,75) = (8,14,20,30,40) km;
(&1,&,€3) = (1.0,31.25,—0.77) x 10~* s71. The co-
ordinates of the center of the tropical cyclone are
(Io, Jo) = (201,201), i.e., the center of the compu-
tational domain. The maximum wind radius 7,1 of
the tropical cyclone is about 21 km.

§S[(r—r1)/(ra —r1)] + &S[(r2 — 1) /(r2 — 1],
z §8[(r —12)/(rs — r2)] + §1S[(rs — 1) /(r3 — 12)]

§1S[(r —714)/(r3 — ra)] + &3S[(rs — 1) /(r5 — 14)]
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boundaries.
With regard to the initial condition, set
&(z,y,0) = &(z,9,0) + & (2,y,0) , (2)

where & and fl denote the initial vorticity fields of the
tropical cyclone vortex and MSV respectively. The ini-
tial vorticity field, £(x,y,0), of the tropical cyclone is
given by the following formula (Kossin and Schubert,
2001):

0<r<mnr
M <r<ro
ro <1< r3
r3 <r<ry
ra <r<ry
rs ST,

In Experiment 2, there is a tropical cyclone vor-
tex and an MSV in the initial field. Parameters of
the tropical cyclone vortex are the same as those in
Experiment 1. The center, (I,,J,) = (232,170), of
the initial MSV lies at the maximum wind radius
about 21 km southeast of the tropical cyclone center,
o = —1.4x10° m? s~ 1.

In Experiment 3, there is only a tropical cy-
clone vortex in the initial field, and its parameters
are given as (r1,72,73,74,75) = (8,10,12,30,40) km;
(€1,&2,&3) = (1.0,250.0, —-0.94) x 104 s~1. The co-
ordinates of the center of the tropical cyclone are
(Zo,Jo) = (201,201), and the maximum wind radius,
rm2, of the tropical cyclone is about 10.5 km.

In Experiment 4, there is a tropical cyclone vortex
and an MSV in the initial field. The parameters of
the tropical cyclone vortex are the same as those in
Experiment 3. The position, structure, and intensity
of the initial MSV are the same as in Experiment 2,
and the center of the MSV lies at 27,».

In Experiments 1 and 2, the maximum value
of the initial tropical cyclone vorticity fields is
€a=31.25x10"* s~ (Fig. la), the maximum tan-
gential velocity Vimax is 17.9 m s™', and the radius of
maximum wind is 7,1 =21 km. The tangential velocity
increases slowly over the interval of 10.0 km < r < 21.0
km (Fig. 1b).

In Experiments 3 and 4, the maximum value
of the initial tropical cyclone vorticity field is
Emax=250.0x10~%s71 (Fig. 1c) which is 8 times of that
in Experiments 1 and 2; Viae=42.6 m s™1, rme=10.5
km. The tangential velocity increases rapidly over the
interval of 8.0 km < r < 10.5 km (Fig. 1d).
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Fig. 1. Vorticity, £(r), and tangential velocity,
1-4 (a—d respectively).

In Experiment 1, the initial tropical cyclone cir-
culation is stable, and there exists only the advection
of the relative vorticity of the tropical cyclone circu-
lation. In Experiment 2, there exists the interaction
of the tropical cyclone and the adjacent MSV. In Ex-
periment 3, the initial tropical cyclone circulation is
unstable. Before destablization, there exists the ad-
vection of the relative vorticity of tropical cyclone cir-
culation; after destablization, there exists the interac-
tion of the tropical cyclone circulation with multiple
small vortices. In Experiment 4, there exists the in-
teraction between the initial unstable tropical cyclone
circulation and the adjacent MSV.

The distribution of initial vorticity fields, £(z, y, 0),

V(r), profiles of initial tropical cyclones in Expts.

is given in Fig. 2. Obviously, £(z,y,0) in Experiments
1 and 2 shows a pattern of low vorticity zonal structure
of a tropical cyclone (Figs. 2a, 2b), while £(x,y,0) in
Experiments 3 and 4 exhibits a pattern of high vortic-
ity zonal structure of a tropical cyclone (Figs. 2¢, 2d).
These are two different radial structures of a tropical
cyclone. In Experiments 2 and 4 (Figs. 2b and 2d),
a MSV with a maximum tangential velocity of 26.8
m s~ is introduced.

Based on the results of the four experiments per-
formed under conditions of the two types of tropical
cyclone structures, the interaction between the trop-
ical cyclone and MSV and its effect on the tropical
cyclone intensity changes can be analyzed.
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Fig. 2. Distributions of initial vorticity field, £(z,y,0), in Experiments 1 (a), 2 (b), 3 (c), and 4
(d). Point O denotes the position of the tropical cyclone center. The contour interval is 10.0x10~*
s~!, and the outermost and innermost contours of the tropical cyclone vortex are 5.0x107% s™1 in
(

a) and (c).

The quasigeostrophic barotropic model outputs the
gridded (401x401) vorticity field £(z, y) every 10 min-
utes of integration, therefore ¥ (x,y) is derived. Then
the nonlinear balance equation

2 a%p [ 9%\’ ;
axzayz‘(axay) ©)

is used to calculate p(z,y) under the assumptions of
p=1.13kgm3 and pz =0.0 on the boundaries > of

1

the computational domain. p is the air density, p(z,y)
describes the pressure distribution relative to that on

the boundary, therefore it is called the relative pres-
sure field hereafter.

We are going to analyze changes in the intensity of
the tropical cyclone in terms of the relative pressure
field p(z,y) and the relative pressure py at the center
of the tropical cyclone.

3. Interaction of tropical cyclone and mesoscale
vortex under the condition of low vorticity

zonal structure

In Experiment 1, there is only an initial tropical
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Fig. 3. Temporal changes of the vorticity field £(z,y) in Expt. 1 at t = 0 (a), 10 (b), 20 (c), --- ,
110 (1) min. The contour interval is 10.0x10™* s™!, and point O denotes the position of the tropical
cyclone center. The panel area given is 60 km x60 km, while the real computed area is 200 km x200

km.
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Fig. 4. Same as Fig. 3 except for Expt. 2.
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Fig. 6. Temporal variations of the tropical cyclone central
relative pressure (po) in Expt. 1 (circles) and 2 (stars).

cyclone vortex without an MSV, and it has a low vor-
ticity zonal structure. The temporal change of the
vorticity field (x,y) is not evident (Fig. 3).

The pressure is relatively uniform, and the tangen-
tial velocity is very small (Fig. 1b) in the region of
r < 10 km in the initial relative pressure field p(z,y)
of Experiment 1. The isobars are concentrated near
r = 20 km, and the corresponding tangential velocity
is increased (Fig. 1b). The temporal changes of the
relative pressure pattern are also not obvious.

In Experiment 2, a tropical cyclone vortex and
an MSV coexist in the initial vorticity field (Fig. 4a).
When t = 0, the center of the MSV is located 21 km
southeast of the tropical cyclone center (Fig. 4a); at
t = 30 min, the center lies at 15 km due east of the
tropical cyclone center (Fig. 4d); and at ¢ = 70 min,
the center is 6 km almost due north of the tropical
cyclone center (Fig. 4h). This means that under the
steering of the tropical cyclone circulation, the MSV
rotates anticlockwise and approaches the point O, i.e.,
the initial position of the tropical cyclone center. Af-
ter ¢ = 70 min, the MSV continues to approach to the
point O, and when ¢ = 90 min (Fig. 4j), the center
of the MSV almost coincides with the point O. Then
the MSV departs slightly from the point O afterwards
(Figs. 4k and 41).

When t = 0, the tropical cyclone vortex basically
exhibits a circular pattern (Fig. 4a). Along with the
anticlockwise rotation of the MSV, the circular tropi-
cal cyclone vortex deforms, and rotates anticlockwise,
to exhibit a phenomenon of the mutual rotation of bi-
nary vortices (Figs. 4c-h). When ¢ = 90 min (Fig. 4j),
the center of the MSV has overlapped with the point
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O which is the initial position of tropical cyclone vor-
tex, and the original tropical cyclone circulation has
elongated, narrowed , and become a spiral vorticity
band (Fig. 4j), forming a new typhoon-like flow pat-
tern in which the MSV becomes a dominant part of
the tropical cyclone to replace the original one (Figs.
4k-1).

The above process in which the MSV approaches
the point O of the initial position of the tropical cy-
clone center is just the process of transferring the vor-
ticity of the MSV onto the point O. Phenomenally,
this inward propagation of vorticity increases the vor-
ticity at point O to result in the increase of the tropical
cyclone intensity.

The manner of motion in which the MSV rotates
and approaches the point O is also clearly shown in the
evolution process of the relative pressure p(z,y) (Fig.
5). When t = 0, the relative pressure py at the initial
tropical cyclone center point O is about —2.0 hPa., and
when t = 50 min, it drops to —3.0 hPa (Fig. 5f); when
t = 70 min, po is about —5.0 hPa (Fig. 5h), and when
t = 90 min, it has decreased to about —9.0 hPa (Fig.
5j). po slightly increases afterwards (Figs. 5k-1).

The temporal variations of py in Experiments 1
and 2 (Fig. 6) indicate that the relative central pres-
sure pg has almost no change with time if there is no
interaction with the MSV (Experiment 1) and that the
relative central pressure will be decreased obviously if
there is interaction with an MSV (Experiment 2). It
is shown in Experiment 2 that the maximum decrease
of pg is —9.0 hPa at the time ¢ = 90 min and the mean
decrease of pg is —3.8 hPa in the period of ¢ = 40 min
to 120 min.

4. Interaction of tropical cyclone and mesoscale
vortex under the condition of high vorticity
zonal structure

In Experiment 3, there is only an initial tropical
cyclone vortex without an MSV, and temporal varia-
tions of the vorticity field £(z,y) (Fig. 7) are obviously
different from those (Fig. 3) of the low vorticity zonal
structure of a tropical cyclone.

At the initial time t = 0, the vorticity field shows a
circular pattern (Fig. 7a), and at ¢ = 30 min, it is ap-
proximately a rhombic pattern (Fig. 7d); when ¢ = 40
min, the vorticity zone broadens, and its peripheral
contours become unsmooth (Fig. 7e); at ¢ = 50 min,
the initially smooth circular vorticity zone splits into
four closed centers that become the four vertexes of a
quadrangle, and their peripheral contours are also un-
smooth (Fig. 7f) showing the feature of a fracture(Luo,
1999). Because the high vorticity zone corresponds to
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Fig. 10. Temporal variations of the relative pressure po
at the initial tropical cyclone center O in Expts. 3 (circles)
and 4 (stars).

the eyewall of the tropical cyclone, the splitting of the
zone means the rupture of the tropical cyclone cir-
cular eyewall and the transforming of the continuous
eyewall into discontinuous ones. At ¢ = 60 min, in ad-
dition to the four closed centers, a weak closed center
appears at point O, several even smaller closed centers
occur, and the flow pattern becomes complicated (Fig.
7g). Afterwards, the number of the smaller closed cen-
ters is decreased, the irregular extent of the peripheral
contours is also reduced, but the feature of the discon-
tinuous eyewalls of the quadrangle is still maintained
(Figs. 7h-1).

In Experiment 3, at the initial time ¢ = 0, the rela-
tive pressure at the initial tropical cyclone center pg is
lower than —13 hPa; at ¢ = 10 and 20 min, it is higher
than —13 hPa; at ¢ = 30 min, it is lower than —13 hPa
again; and after ¢ = 40 min, it remains higher than —13
hPa for the rest of the experiment. Correspondingly,
the temporal evolution of the relative pressure field
p(z,y) in Experiment 3 also undergoes a transforming
process from a pattern of a single closed center into
multiple closed centers. And their spatial scales are
larger at ¢ = 50 min, and reduce gradually afterwards.

Experiment 4 implements the interaction of the
tropical cyclone and the MSV. At the initial time
t = 0, the center of the MSV is located at 21 km
southeast of the tropical cyclone center (Fig. 8a), and
at t = 10 min, it rotates anticlockwise to the ESE of
the tropical cyclone center. In the process of the ro-
tation, the MSV deforms and elongates, exhibiting a
quasi-elliptic pattern, and the tropical cyclone vortex
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also deforms (Fig. 8b). At ¢ = 20 min, the MSV contin-
ues its anticlockwise rotation as well as its elongation,
and becomes a vorticity band; the high vorticity zone
of the tropical cyclone circulation also further enfolds
and elongates, with a small scale closed center in the
vicinity of its east end and serrated perimeters on the
northwest side of the tropical cyclone vortex (Fig. 8¢).
At t = 40 min, the main body of the original MSV
merges with the small scale closed center near the east
end of the high vorticity band, forming a vorticity ac-
cumulation area near the tropical cyclone center point
O. The remainder of the original MSV forms a spi-
ral band north of the vorticity accumulation area, and
the west and central segments of the high vorticity
band of the tropical cyclone circulation have evolved
into two spiral bands south of the accumulation area
(Fig. 8e). At t = 50 min, the vorticity accumulation
area shows a typhoon-like spiral structure, and its cen-
ter basically coincides with the tropical cyclone center
point O (Fig. 8f). In comparison with the initial vor-
ticity field, more vorticity has been transferred onto
the tropical cyclone center point O, which will result
in the intensification of the tropical cyclone. The vor-
ticity flow entering point O consists of two parts: the
vorticity of the MSV and the vorticity of the east seg-
ment of the high vorticity band of the tropical cyclone.
Therefore it is the interaction of the MSV and tropical
cyclone vortex that contributes to the accumulation of
vorticity at the tropical cyclone center and the intensi-
fication of the tropical cyclone intensity. After ¢ = 50
min, a typhoon-like spiral structure exists around the
point O for the rest of the experiment, and its spiral
bands rotate anticlockwise slowly (Figs. 8g-1).

In the initial relative pressure field p(z,y), the rel-
ative pressure of the tropical cyclone center (point O)
po is lower than —13 hPa, and the MSV lies 21 km
southeast of the tropical cyclone center, with a central
relative pressure also being lower than —13 hPa (Fig.
9a). At ¢ = 10 min, the MSV rotates anticlockwise
and approaches the point O, while the relative pres-
sure at the tropical cyclone center py has increased to
above —13 hPa (Fig. 9b). At ¢ = 30 min, the center of
the MSV has moved to a position 7 km due east of the
point O, with a relative pressure lower than that at
21 km. Therefore, the relative pressure at the center
of the MSV 7 km east of tropical cyclone center has
further decreased, and its value has become lower than
—25 hPa; the relative pressure at the tropical cyclone
center (point O) pg correspondingly decreases to less
than —13 hPa (Fig. 9d). At ¢ = 50 min, the intensifying
MSV center coincides basically with point O, and pqg
has decreased to less than —29 hPa (Fig. 9f). Phenom-
enally, after the interaction of the two vortices over the
period from 0 to 50 min, the relative pressure at the
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center of the tropical cyclone has decreased by about
16 hPa. Afterwards, the center of the MSV oscillates
around point O for the rest of the experiment, and
does not depart far from it (Figs. 9g-1). Thus, over
the period from 50 to 110 min the relative pressure
po of the tropical cyclone center point O maintains a
lower value to intensify the tropical cyclone intensity.

The temporal variations of py in Experiments 3
and 4 (Fig. 10) demonstrate that the py will slightly
increase by 2 hPa over the time period from 0 to 120
min if there is no MSV interaction (Experiment 3)
and pg will dramatically decrease by 14.1 hPa over the
time period from 40 to 120 min if there is MSV interac-
tion in the experiment (Experiment 4). The numerical
experiments have shown that the interaction between
the tropical cyclone and the MSV or the merging of
an MSV into a tropical cyclone would lead to the in-
tensification of the tropical cyclone.

5. Conclusion and discussion

Recently, the physical mechanism for the intensity
change of tropical cyclones has become an active topic
of tropical cyclone dynamics, and studying the prop-
agation characteristics of vortex Rossby waves in the
tropical cyclone circulation area has become one of the
major research approaches (Moller and Montgomery,
1999, 2000; Montgomery and Kalenbach, 1997; Reasor
and Montgomery, 2000).

The main working hypotheses of this paper are the
following two points.

First, the condition of stationary tropical cyclone
circulation was generally used in the existing pa-
pers (such as Moller and Montgomery, 1999, 2000;
Montgomery and Kalenbach, 1997; Reasor and Mont-
gomery, 2000), hence the vortex Rossby waves propa-
gate in a stationary circular shearing basic flow. If an
MSYV initially lies at the maximum wind radius or in
the outer region of a tropical cyclone, and if its vortic-
ity propagates into the vicinity of the tropical cyclone
center, then the tropical cyclone will be intensified.
Here, the inward propagation of vorticity is a major
reason for the intensification of the tropical cyclone.
We consider that when a tropical cyclone and an MSV
coexist, not only may the tropical cyclone affect the
MSV, but the MSV may also affect the tropical cyclone
with the process of its vorticity propagation. There-
fore, the assumption of a stationary tropical cyclone
circulation is invalid, and the vorticity propagation of
the MSV should be analyzed under the condition of
nonstationary tropical cyclone circulation.

Second, tropical cyclones have a diversity of differ-
ent structures, but at least two types of structures can
be distinguished. The first type is characterized by a
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tangential velocity V that increases rapidly with 7 in
the inner region of the tropical cyclone; e.g., in Hur-
ricane Esther, the maximum tangential velocity V max
reaches about 62.0 m s~!, and its maximum wind ra-
dius 7, is about 21 km. The second type is character-
ized by a tangential velocity V that increases slowly
with r in the inner region of the tropical cyclone; e.g.,
in Hurricane Ginger, the maximum tangential veloc-
ity Vmax reaches about 34.0 m s~' and 7, is about
85 km (see Fig. 2.9b in Chen and Ding, 1979). Cor-
respondingly, the maximum vorticity of Esther is 7.5
times that of Ginger. The former (latter) is denoted
as a high (low) vorticity zonal structure. The interac-
tion of vortices and its effect on the tropical cyclone
intensity change are analyzed under the circumstances
of two types of different tropical cyclone structures, in
which the £, of the high vorticity zonal structure is
8.0 times that of the low vorticity zonal structure.

The two major conclusions of this paper are as fol-
lows:

First, under the condition of nonstationary tropi-
cal cyclone circulation, physical processes affecting the
tropical cyclone intensity change include the inward
propagation of the vorticity of the MSV and the ef-
fect of the process of merging vortices. Due to the
interaction of the two vortices, the west and central
segments of the high vorticity band of the tropical cy-
clone evolve into two spiral bands; and the merging
of the east segment and the inward propagating vor-
ticity of the MSV forms a new vorticity accumulation
area where the vorticity maximum is larger than that
of the initial tropical cyclone at the initial tropical cy-
clone center leading to the intensification of the tropi-
cal cyclone. This process is different from that of pure
inward propagation of vorticity.

Second, the interaction of the tropical cyclone vor-
tex of different structures with the MSV leads to dif-
ferent results. Under the condition of low vorticity
zonal structure, the interaction leads to a pressure de-
crease of 3.8 hPa at the tropical cyclone center; while
under the condition of high vorticity zonal structure,
the interaction results in a pressure decrease of 14.1
hPa. The latter is 3.7 times the former. Therefore,
the tropical cyclone structure also plays an important
role in the intensity changes of tropical cyclone itself.

The dynamics of the tropical cyclone intensity
change involves many physical processes, such as baro-
clinicity, diabatic heating, orographic forcing, interac-
tion between the boundary layer and the free atmo-
sphere, etc. (Wang et al., 1996; Gao, 2000; Meng
et al., 2002; Yu, 2002). This research is performed
within the framework of the advection dynamics of a
2D vortex, therefore the result obtained is preliminary.
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Further studies are needed, especially to study the rel-
ative importance of these other processes as compared
to the vortex interaction in the tropical cyclone inten-
sity change.
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