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ABSTRACT

Intense tropical cyclones often possess relatively little convection around their cores. In radar composites,
this surrounding region is usually echo-free or contains light stratiform precipitation. While subsidence is
typically quite pronounced in this region, it is not the only mechanism suppressing convection. Another
possible mechanism leading to weak-echo moats is presented in this paper. The basic idea is that the
strain-dominated flow surrounding an intense vortex core creates an unfavorable environment for sustained
deep, moist convection. Strain-dominated regions of a tropical cyclone can be distinguished from rotation-
dominated regions by the sign of S2

1 � S2
2 � �2, where S1 � ux � �y and S2 � �x � uy are the rates of strain

and � � �x � uy is the relative vorticity. Within the radius of maximum tangential wind, the flow tends to
be rotation-dominated (�2 � S2

1 � S2
2), so that coherent structures, such as mesovortices, can survive for long

periods of time. Outside the radius of maximum tangential wind, the flow tends to be strain-dominated
(S2

1 � S2
2 � �2), resulting in filaments of anomalous vorticity. In the regions of strain-dominated flow the

filamentation time is defined as �fil � 2(S2
1 � S2

2 � �2)�1/2. In a tropical cyclone, an approximately 30-km-
wide annular region can exist just outside the radius of maximum tangential wind, where �fil is less than 30
min and even as small as 5 min. This region is defined as the rapid filamentation zone. Since the time scale
for deep moist convective overturning is approximately 30 min, deep convection can be significantly dis-
torted and even suppressed in the rapid filamentation zone. A nondivergent barotropic model illustrates the
effects of rapid filamentation zones in category 1–5 hurricanes and demonstrates the evolution of such zones
during binary vortex interaction and mesovortex formation from a thin annular ring of enhanced vorticity.

1. Introduction

Figures 1a,d show 133- and 123-min composites of
the horizontal radar reflectivity for Hurricane Gilbert
on 13 and 14 September 1988. On 13 September, Gil-
bert was at peak intensity with a central minimum sea
level pressure (MSLP) reaching 888 hPa. During this
time, Gilbert exhibited a compact eyewall between 8
and 20 km from the center. Except for two small spiral
rain bands to the northeast of the eyewall, convective
cells were absent between radii of 20 and 68 km. Al-
though convection was sparse, there was widespread,
but light stratiform precipitation. On 14 September,
Gilbert’s MSLP rose slightly to 895 hPa, corresponding
to an eyewall replacement cycle. The inner eyewall was

between 8- and 20-km radius and the newly formed
outer eyewall between 55- and 100-km radius, with a
35-km weak-echo annulus (or moat) between the inner
and outer eyewalls. Here, we define a moat as a weak-
echo region outside of the primary eyewall of a storm,
whereas Simpson and Starrett (1955) referred to a
cloud-free region in the eye as a moat. Based on the
National Oceanic and Atmospheric Administration
(NOAA) WP-3D aircraft flight track described in
Black and Willoughby (1992), Figs. 1b,e show the radial
profiles of flight-level (700 hPa) tangential wind for 13
and 14 September. On 13 September, the tangential
wind maximum was 75–80 m s�1 at 10-km radius. By 14
September, the inner tangential wind maximum was
66–69 m s�1 at 10-km radius, while the outer tangential
wind maximum was 49–52 m s�1 at 61–67-km radius.
The strong cyclonic circulation was very deep with 50
m s�1 winds reaching a height of 12 km.

Weak-echo moats, such as the one shown in Fig. 1,
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are often found in intense tropical cyclones (TCs). The
tendency for convection to be suppressed in the moat
region is generally attributed to mesoscale subsidence
between two regions of strong upward motion. Accord-
ing to Dodge et al. (1999), there appears to be lower
tropospheric subsidence in the moat, but the upper tro-
pospheric vertical motion is apparently upward.
Through analysis of Doppler radar data, Dodge et al.
found that the moat of Hurricane Gilbert was charac-

terized by weak stratiform precipitation with 0.5–1.0
m s�1 downward motion below the bright band ob-
served near 5-km height, and 0.5 m s�1 upward motion
above 5 km. Evidence that subsidence plays a role in
the formation of moats is presented in Figs. 1c,f. These
figures show the flight-level temperature and dewpoint
temperature for radial legs across the storm. On 13
September, the dewpoint depressions in the moat
reached 5°C. On 14 September, the dewpoint depres-

FIG. 1. Composite horizontal radar reflectivity of Hurricane Gilbert for (a) 2141–2354 UTC 13 Sep 1988 and (d)
0923–1126 UTC 14 Sep 1988. The domain is 240 km � 240 km, with tick marks every 24 km. Also, flight-level
tangential wind (dashed line) and filamentation time, as computed from (11), for the 700-hPa flights for (b) 13 and
(e) 14 Sep; corresponding temperature and dewpoint temperature along the same flight track on (c) 13 and (f) 14
Sep. Detailed descriptions of Hurricane Gilbert are given by Black and Willoughby (1992), Samsury and Zipser
(1995), and Dodge et al. (1999).
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sions in the moat were approximately 8°C, nearly as
large as in the eye, which is a telltale sign of subsidence
in the moat. With larger dewpoint depressions occur-
ring on the second day, it is likely that the secondary
circulation associated with the secondary eyewall, ad-
ditive to the primary eyewall secondary circulation, was
enhancing subsidence and dewpoint depressions in the
moat.

The above observations of Hurricane Gilbert suggest
that lower tropospheric subsidence plays an important
role in the dynamics of the moat. However, there are
additional dynamics at work. In the present paper, the
moat is determined to be a region of strain-dominated
flow in which essentially all fields are filamented. The
concept of strong strain-dominated regions outside of
primary eyewalls is not a new one. For example, in
analogy with terminology used to describe the sur-
roundings of the stratospheric polar vortex, Guinn and
Schubert (1993) refer to the region outside the hurri-
cane’s high potential vorticity (PV) core as the surf
zone, a zone where differential rotation causes PV
wave breaking to occur repeatedly. In addition, Shapiro
and Montgomery (1993) allude to such processes in de-
veloping their asymmetric balance model, while Kossin
et al. (2000) also provide a qualitative description of
such straining zones and hypothesize that such zones
are possible reasons for the weak-echo moat. The
present paper explores these ideas in greater detail. In
section 2, strong straining zones around vortex cores
are discussed in the context of barotropic dynamics,
and the concept of a rapid filamentation zone is intro-
duced. In section 3 we use numerical results from a
barotropic model to explore the necessary conditions
for forming moats around eyewalls. The barotropic
model is initialized with various eyewall vorticity distri-
butions embedded within a “stirred” field of net cy-
clonic vorticity. In sections 4 and 5 we illustrate the
evolution of rapid filamentation zones during binary
vortex interaction and mesovortex formation. Finally, a
summary of the results and conclusions is presented in
section 6.

2. Basic concepts

In Cartesian coordinates, the equations for the f-
plane, nondivergent, barotropic model are

��

�t
�

�	�, �


�	x, y

� ��2�, 	1


and

� � �2�, 	2


where � is the relative vorticity, �(·, ·)/�(x, y) is the
Jacobian operator, � is the streamfunction for the non-
divergent flow (u, �) � (���/�y, ��/�x), and 
 is the
constant coefficient of viscosity.

To better understand the dynamics of the rapid fila-
mentation zone, we refer to the equation governing the
evolution of the vorticity gradient (Okubo 1970; Weiss
1991; Brachet et al. 1988). Temporarily neglecting dif-
fusion and computing �(1)/�x � i�(1)/�y, we obtain

D

Dt ��x � i�y

�x � i�y
� � �

1
2

i� �
1
2

	S1 � iS2


�
1
2

	S1 � iS2
 �
1
2

i� �
� ��x � i�y

�x � i�y
�, 	3


where

S1 �
�u

�x
�

��

�y
and S2 �

��

�x
�

�u

�y
	4


are the rates of strain and (D/Dt) � (�/�t) � u(�/�x) �
�(�/�y) is the material derivative. In the meteorological
literature, 1⁄2S1 is referred to as the stretching deforma-
tion, 1⁄2S2 as the shearing deformation, and 1⁄2(S2

1 � S2
2)

1/2

as the total deformation. Values of S1 and S2 are de-
pendent on the orientation of the coordinate axes, but
the value of (S2

1 � S2
2)1/2 is not.

The eigenvalues of the 2 � 2 matrix on the right-hand
side of (3) are given by �1⁄2i(�2 � S2

1 � S2
2)1/2 if �2 � S2

1

� S2
2 (rotation dominated), or by �1⁄2(S2

1 � S2
2 � �2)1/2

if S2
1 � S2

2 � �2 (strain dominated). In many TC situa-
tions, S2

1 � S2
2 and �2 can be considered nearly constant

along a trajectory, because the azimuthal wind is much
larger than the radial wind and the flow is nearly axi-
symmetric, resulting in particle trajectories that are
nearly circular. When the eigenvalues are almost con-
stant along a trajectory, the solutions of (3) are approxi-
mated by linear combinations of

exp��
1
2

i	�2 � S1
2 � S2

2
1�2t� if �2 � S1
2 � S2

2 	5


or

exp��
1
2

	S1
2 � S2

2 � �2
1�2t� if S1
2 � S2

2 � �2. 	6


Because the solutions given in (5) are oscillatory, co-
herent structures survive in regions where vorticity
dominates strain. In contrast, the solutions given in (6)
are exponential, so that regions where strain dominates
vorticity are characterized by vorticity-gradient sheets.
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These vorticity-gradient sheets are long, thin layers
across which vorticity rapidly changes. In the strain-
dominated regions, we define the filamentation time
�fil(x, y) as

	fil � 2	S1
2 � S2

2 � �2
�1�2 for S1
2 � S2

2 � �2. 	7


Our primary hypothesis is that cumulonimbus convec-
tion becomes highly distorted, and even suppressed, in
regions where the filamentation time �fil is less than
�conv—the time scale for deep, moist convective over-
turning. It can be argued that �conv should be taken as
the time required for a parcel to travel from the top of
the boundary layer (600 m) to the anvil level (15 km) at
a typical cumulonimbus updraft velocity of 8 m s�1;
namely, �conv � 14.4 km/8 m s�1 � 30 min. It can also be
argued that hurricane convective cells have weaker up-
draft speeds (3–4 m s�1), but only extend slightly above
the freezing level before merging into the general me-
soscale rising motion. This argument, with its weaker
updrafts and smaller vertical depths, also leads to esti-
mates of �conv near 30 min. With some subjectivity in
the estimate of �conv, a rapid filamentation zone is op-
erationally defined as a region in which �fil � �conv � 30
min.

To estimate filamentation times for TCs, it is useful
to express S2

1 � S2
2 � �2 in polar coordinates. Thus,

transforming to the polar coordinates (r, �), we obtain

S1
2 � S2

2 � ���r

�r
�

�r

r
�

��


r�
�2

� ���


�r
�

�


r
�

��r

r�
�2

,

	8


and

�2 � ���


�r
�

�


r
�

��r

r�
�2

, 	9


where �r and �� denote the radial and azimuthal com-
ponents of velocity, respectively. In the special case of
axisymmetry with no radial flow, (8) and (9) yield

1
4

	S1
2 � S2

2 � �2
 � �
�


r

��


�r
� ���� � r

��

�r �, 	10


where � � ��/r is the angular velocity. Using (10) in (7)
we obtain the following for the axisymmetric case:

	fil � ��
�


r

��


�r ��1�2

� ����� � r
��

�r ���1�2

for
�


r

��


�r
� 0. 	11


To gain insight into the spatial distribution of �fil, we
now consider three simple examples. The first example
is the Rankine vortex. Its angular velocity is defined as

�	r
 � �0� 1 if 0 
 r � a

	a�r
2 if a 
 r � �,
	12


where a is the radius of maximum tangential wind and
�0 is the constant angular velocity inside r � a. Using
(12) in (10) we obtain

1
4

	S1
2 � S2

2 � �2
 � �0
2� �1 if 0 
 r � a

	a�r
4 if a � r � �,
	13


which shows that there is an abrupt change from vor-
ticity-dominated flow inside r � a to strain-dominated
flow outside r � a. In the strain-dominated region, the
filamentation time as defined in (11) is

	fil	r
 � �0
�1	r�a
2 for a � r � �. 	14


For a � 15 km and ��1
0 � (50 m s�1/15 km)�1 �

300 s, the filamentation time �fil(r) varies from 5 min at
r � 15 km to 60 min at r � 52 km and the rapid fila-
mentation zone is the annular region defined by 15 km
� r � 37 km.

To help understand when rapid filamentation zones
first appear and how they evolve during the TC life
cycle, we now consider a family of Gaussian vortices
with the tangential wind profile

�
	r
 �
�

2�r
	1 � e�r2�b2


, 	15


where the constant � is the circulation at large radii and
b is the e-folding distance of the vorticity distribution.
The maximum tangential wind occurs at rmax � 1.121b
and has the value ��(rmax) � 0.638 �/(2�b). The vortic-
ity distribution associated with (15) is �(r) � [�/(�b2)]
exp(�r2/b2) and the filamentation time, found by using
(15) in (11), is

	fil	r
 �
2�b2

� � r

b�2

	1 � e�r2�b2

�1�2

� �1 � �1 �
2r2

b2 �e�r2�b2��1�2

for
��


�r
� 0. 	16


With the choice �/(2�) � 7.5 � 105 m2 s�1, Fig. 2 illus-
trates ��(r) and �fil(r) for various values of b. The values
of b represent a tropical storm (b � 20 km) and cat-
egory 1–5 (Saffir–Simpson scale) TCs (i.e., b � 13.0,
10.2, 8.5, 7.4, 6.3 km, respectively). Decreasing b in-
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creases the maximum tangential wind and decreases the
radius of maximum wind. The sequence of curves in
Fig. 2 can be interpreted as typical profiles that occur
during the intensification from a tropical storm to a
category 5 TC. The filamentation times shown in Fig. 2b
are defined in the region where ���/�r � 0. As r ap-
proaches the radius of maximum wind from the right,
the filamentation time approaches infinity for each
value of b. As r increases, all curves asymptotically ap-

proach each other and increase as r2 [i.e., with the same
far-field behavior as the Rankine vortex (14)]. The
�fil(r) curve for the tropical storm lies above �conv. How-
ever, as the idealized Gaussian cyclone becomes stron-
ger, the filamentation time scale dips well below �conv

and the region affected by such strain-dominated flow
grows. In the rapid filamentation zone, patches of
anomalous vorticity are expected to be quickly fila-
mented into arbitrarily thin strips, which are ultimately
lost to diffusion.

To understand how a secondary eyewall can influ-
ence the rapid filamentation zone, we consider a third
wind profile, which is an idealization of the Hurricane
Gilbert wind profile shown in Fig. 1e. The tangential
wind for the parameterized concentric eyewall situation
is given by

�
	r


� �
�1	r�r1
 if 0 
 r � r1

�1	r1�r
0.5 if r1 
 r � r2

��2	r3 � r
 � �3	r � r2
�	r3 � r2
�1 if r2 
 r � r3

�3	r3�r
0.4 if r3 
 r � �,
	17


where r1 � 10 km, r2 � 50 km, r3 � 60 km, �1 � 70
m s�1, �2 � �1(r1/r2)0.5, and �3 � 50 m s�1. Here we note
that �2 � S2

1 � S2
2 in the regions 0 
 r � r1 and r2 � r �

r3 because d��/dr � 0 and �� � 0 in these regions. How-
ever, S2

1 � S2
1 � �2 in the regions r1 � r � r2 and r3 � r

� �. Using (17) in (11), the filamentation time can be
expressed as

	fil	r
 � �	0.5
�1�2	r1��1
	r�r1
1.5 if r1 � r � r2

	0.4
�1�2	r3��3
	r�r3
1.4 if r3 � r � �.
	18


Both (17) and (18) are plotted in Fig. 3. In the region
between 10 and 43 km and the region just outside 60 km
the filamentation times are less than 30 min. The effect
of the secondary eyewall region is to provide a haven of
rotation-dominated flow and to effectively reset the
filamentation time to a lower value just outside this
haven.

Radial profiles of filamentation time computed from
actual hurricane data are not as smooth as the idealized
dashed curves in Figs. 2 and 3. Noisier profiles are given
in Figs. 1c,f, which show �fil(r) computed from the Hur-
ricane Gilbert tangential wind data on 13 and 14 Sep-
tember 1988. In regard to Figs. 1c,f, it is worth noting
that filamentation times just outside the radius of maxi-
mum winds have changed little even though an eyewall
replacement cycle has apparently commenced. How-

FIG. 3. An idealized vortex with a secondary eyewall. The solid
curve is �� (r) as given by (17), and the dashed curve is the fila-
mentation time �fil(r), as given by (18). The filamentation time is
plotted only in the regions, where S2

1 � S2
2 � �2 � 0.

FIG. 2. (a) Radial profiles of �� (r) as given by (15) for six
different values of the parameter b. (b) Corresponding radial
profiles of �fil(r) as given by (16). The filamentation times �fil(r)
are plotted only in the strain-dominated regions, where S2

1 � S2
2 �

�2 � 0.
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ever, as the eyewall replacement cycle proceeds, the PV
sheet near 10-km radius collapses, and the inner tan-
gential wind maximum and its attendant rapid filamen-
tation zone are lost, which leaves the region between 15
and 50 km more favorable for deep convection.

Although we have presented the concept of rapid
filamentation zones in terms of the vorticity equation,
the concept is more general. For example, if q is a scalar
field obeying

Dq

Dt
� q̇, 	19


then the equation governing the horizontal derivatives
of q is

D

Dt �qx � iqy

qx � iqy
� � �

1
2

i� �
1
2

	S1 � iS2


�
1
2

	S1 � iS2
 �
1
2

i� �
� �qx � iqy

qx � iqy
� � �q̇x � iq̇y

q̇x � iq̇y
�, 	20


where q̇ represents the material source term. For sim-
plicity, vertical advective effects are neglected. In the
context of a full-physics model, q could represent the
specific entropy of moist air (alternatively, the equiva-
lent potential temperature), the mixing ratio of total
airborne moisture (i.e., the sum of the mixing ratios of
water vapor and airborne condensate), the mixing ratio
of precipitation, or even the moist PV (Schubert et al.
2001; Schubert 2004). Since the 2 � 2 matrix in (20) is
identical to the one in (3), all these fields’ gradients
should behave in a similar way as vorticity gradients
within the rapid filamentation zone.

Before presenting numerical results in sections 3–5, it
should be pointed out that these experiments will dis-
play many of the characteristics of 2D turbulence, in
particular the selective decay of enstrophy and total
strain. To help understand this point, we recall that two
quadratic integral properties associated with (1) on a
periodic domain are the energy and enstrophy relations
dE/dt � �2
Z and dZ/dt � �2
P, where E � ��
1⁄2�� · �� dx dy is the energy, Z � �� 1⁄2�2 dx dy is the
enstrophy, and P � �� 1⁄2�� · �� dx dy is the palinstro-
phy, a measure of the overall vorticity gradient. During
the advective rearrangement of vorticity, P can rapidly
increase, and for sufficiently small values of 
, P can
surge to values much larger than its initial value. During
the period of heightened P, Z decays rapidly compared
to E, whose rate of decay becomes smaller as Z de-

creases. In this way, Z is selectively decayed over E.
This is the essence of the selective decay hypothesis.
Since S2

1 � S2
2 � �2 � �4�(u, �)/�(x, y), integration over

the domain yields �� 1⁄2(S2
1 � S2

2) dx dy � �� 1⁄2�2dxdy,
so that the total rate of strain �� 1⁄2(S2

1 � S2
2) dx dy , like

the enstrophy, is selectively decayed.

3. Filamentation by tropical storms and category
1–5 hurricanes

To demonstrate the evolution of vorticity patches
around a strong vortex, we now perform numerical in-
tegrations of (1) and (2). The solutions are obtained
with a double Fourier pseudospectral model containing
1024 � 1024 equally spaced collocation points on a dou-
bly periodic domain of size 600 km � 600 km. The
model is run with a dealiased calculation of the qua-
dratic nonlinear terms in (1), resulting in 340 � 340
Fourier modes. The wavelength of the highest Fourier
mode is 1.76 km. Time integration is accomplished via
the standard fourth-order Runge–Kutta scheme, with a
time step of 5 s. The value of viscosity in (1) is 
 � 20
m2 s�1. This yields a 1/e damping time of 1.1 h for all
modes having total wavenumber 340.

The initial condition consists of a circular patch of
high vorticity embedded within a stirred vorticity field
biased toward cyclonic vorticity. The precise math-
ematical form of the initial condition is

�	x, y, 0
 � �0 �
�

�b2 e�r2�b2
� �turb	x, y


� �
1, 0 
 r � r1

S� r � r1

r2 � r1
�, r1 
 r � r2

0, r2 
 r

, 	21


where r � (x2 � y2)1/2. With periodic boundary condi-
tions, zero net circulation for the entire domain is de-
sired, yet the two final terms on the right-hand side of
(21) yield nonzero circulation. Therefore, �0 in (21) is
not a specified constant and it is obtained from the
circulation constraint �� �(x, y, 0) dxdy � 0. The second
term on the right-hand side of (21) is the term for the
Gaussian vortex. Here, the constant � controls the am-
plitude of the Gaussian vortex and the constant param-
eter b governs the shape of the Gaussian vortex profile
with respect to r. Finally, the last term represents the
stirred field of vorticity; S(s) � 1 � 3s2 � 2s3 is the basic
cubic Hermite shape function satisfying S(0) � 1, S(1)
� 0, S�(0) � S�(1) � 0. S(s), and the constants r1 and r2
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control the size of the stirred vorticity disk. Here, S
smoothly damps the turbulent vorticity amplitudes to
zero between r1 and r2. The surrounding turbulent vor-
ticity field is given by

�turb	x, y
 � �
k��kmax

kmax

�
����max

�max

�k,�ei	2��L
	kx��y
. 	22


Here, L is the domain size, �0,0 is a specified constant
that determines the cyclonic bias of the surrounding
turbulent vorticity field, and

�k,� � �̂eiRk,��
0, 0 
 � � �1

S� �2 � �

�2 � �1
�, �1 
 � � �2

1, �2 
 � � �3

S� � � �3

�4 � �3
�, �3 
 � � �4

0, �4 
 �

, 	23


with � � (k2 � �2)1/2 the total wavenumber, �̂ the am-
plitude of the turbulent vorticity fluctuations, and Rk,�

random numbers between zero and 2�. The constant
specified wavenumbers �1, �2, �3, and �4 determine the
spatial scales of the random vorticity elements in the
stirred vorticity field.

In the current experiments, we specify � � 2�(7.5 �
105) m2 s�1, r1 � 120 km, r2 � 130 km, �1 � 0, �2 � 15,
�3 � 30, �4 � 45, �0,0 � 1 � 10�4 s�1, �̂ � 1.5 � 10�5 s�1,
and run six experiments for the six values of b given in
Fig. 2. Associated with the total wavenumber � is a
horizontal scale 600 km/�, so that the range of turbu-
lence wavenumbers 0 
 � 
 45 corresponds to hori-
zontal scales greater than 13 km. Most of the random
vorticity elements have a scale between 20 and 40 km.
These random elements can be viewed as the result of
vorticity generation by small groups of irregularly
spaced cumulonimbus clouds. Tropical Rainfall Mea-
suring Mission (TRMM) data show such scales are
common in tropical convection near intensifying
storms. Figure 4 shows the spatial distribution of the
stirred vorticity field [i.e., the last term on the right-
hand side of (21)].

To illustrate the effects of rapid filamentation, Fig. 5
shows the vorticity distribution at t � 30 min for each of
the experiments described above. Regions of enhanced
vorticity in Fig. 4 undergo merger events and simulta-
neously demonstrate filamentation. In all the panels in
Fig. 5, the distribution of turbulent vorticity elements is
nearly identical at radii greater than 40 km. These simi-
larities result from similar advecting tangential winds,

as observed in Fig. 2a, at radii larger than 40 km. On the
other hand, it is evident that at smaller radii, the stron-
ger vortices deform the turbulent vorticity more effi-
ciently, leading to even more rapid filamentation.
Clearly, the filaments around the category 5 vortex are
much finer than those forming around the tropical
storm. As illustrated in Fig. 2, stronger Gaussian mono-
poles, which possess larger radial gradients of tangen-
tial wind, yield higher values of strain. In the nondiver-
gent barotropic framework, this is the physical mecha-
nism leading to the development of a moat around the
vortex core. If the central vortex is strong enough, con-
tinued evolution of the vorticity field eventually leads
to the formation of a weakly positive vorticity ring out-
side of a smooth, axisymmetric moat of slightly nega-
tive vorticity.

4. Evolution of rapid filamentation zones during a
binary vortex interaction

An interesting example of vortex interaction is the
evolution of two initially circular, vortex patches in
close proximity. One patch with small area, but large
vorticity can be considered the TC core. The other
patch containing larger area, but much weaker vorticity
can be considered a weaker, nearby storm or simply
enhanced vorticity generated in surrounding asymmet-
ric convection. Recently Prieto et al. (2003) and Kuo et
al. (2004) ran numerous barotropic model experiments
with a range of vortex area ratios, peak vorticity ratios,

FIG. 4. Contour plot of the turbulent part of the initial vorticity
field [i.e., the last term on the rhs of (21)]. The model domain
encompasses 600 km � 600 km but only the inner 300 km � 300
km is displayed. Vorticity contours are at 1.0 � 10�4, 5.0 � 10�4,
and 10.0 � 10�4 s�1, with the darkest shading representing the
highest values of vorticity.
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