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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 §7 + $3 — %, where S, = u, — v, and S, = v, + u, are the rates of strain
and { = v, — u, is the relative vorticity. Within the radius of maximum tangential wind, the flow tends to
be rotation-dominated (£ > S7 + $3), 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
(83 + 85 > %), resulting in filaments of anomalous vorticity. In the regions of strain-dominated flow the
filamentation time is defined as 7 = 2(S7 + S — £2)" V2. In a tropical cyclone, an approximately 30-km-
wide annular region can exist just outside the radius of maximum tangential wind, where T, 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.
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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
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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~ ! at 10-km radius. By 14
September, the inner tangential wind maximum was
66-69 m s~ ! at 10-km radius, while the outer tangential
wind maximum was 49-52 ms~ ! at 61-67-km radius.
The strong cyclonic circulation was very deep with 50
m s~ winds reaching a height of 12 km.

Weak-echo moats, such as the one shown in Fig. 1,
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Fi1G. 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 X 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).

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
ms~! downward motion below the bright band ob-
served near 5-km height, and 0.5 m s~! 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-
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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

al AW, Q)
= *3 ey " W3¢, 1)
and
(= V2, ©)
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where { is the relative vorticity, (-, -)/d(x, y) is the
Jacobian operator, s is the streamfunction for the non-
divergent flow (u, v) = (—d/dy, dyfox), and v 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 d(1)/ox = ia(1)/dy, we obtain

1. 1 .
2 <gx + lgy) - zlg _E(Sl + lSZ)
De\¢g —ig,) | 1 , 1
g —5 (81— iSy) —5i
» <€x+i§y> 3)
L—ig,)’
where
g - Ju  dv d s = Jv  Jdu 4
1T 9% Tay M4 STty “

are the rates of strain and (D/Dt) = (d/dt) + u(dlox) +
v(9/dy) is the material derivative. In the meteorological
literature, 4S5 is referred to as the stretching deforma-
tion, 145, as the shearing deformation, and 14(S% + §5)"2
as the total deformation. Values of §; and §, are de-
pendent on the orientation of the coordinate axes, but
the value of (57 + $3)" is not.

The eigenvalues of the 2 X 2 matrix on the right-hand
side of (3) are given by =15i({* — S — $3)'?if > > §7
+ S5 (rotation dominated), or by +14(S7 + $5 — %)'?
if ST + S3 > ¢ (strain dominated). In many TC situa-
tions, $7 + S5 and ¢* 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

(2 — 53— Sg)mz] it 2>857+8 (5

N =

exp| *

or

exp| * ! (53 + 85— {2)1/21?} it S$+852>72 (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

Ta(x, ) as
T =287+ 83— for SS+82>2 (7)

Our primary hypothesis is that cumulonimbus convec-
tion becomes highly distorted, and even suppressed, in
regions where the filamentation time 7 is less than
Teonv—the time scale for deep, moist convective over-
turning. It can be argued that 7., 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 ms™;
namely, 7., = 14.4 km/8 m s~! = 30 min. It can also be
argued that hurricane convective cells have weaker up-
draft speeds (3-4 m s~ '), 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 7, near 30 min. With some subjectivity in
the estimate of ,,,, a rapid filamentation zone is op-
erationally defined as a region in which 7, < 7.,,, = 30
min.

To estimate filamentation times for TCs, it is useful
to express S7 + S5 — £ in polar coordinates. Thus,
transforming to the polar coordinates (r, 6), we obtain

v, v vy \ 2 dv v, v, \2
2 2 r r 0 0 0 r
! 2 ( a r r80> ( ar r r80> ’

®)

and

§2=(a—ve+

v, v, \? 9
ar ro ’ ©)

ro0

where v, and v, 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 v, JV Jw
(2 2 _ 2y _ 0770 -
4(Sl-i-S2 )  or w(w-l—rar), (10)

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

12
Vg IV,
o= | —— 2
fil roor

- LA N B L Y
=|"olotry Orrar<' (11)
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To gain insight into the spatial distribution of 75, we
now consider three simple examples. The first example
is the Rankine vortex. Its angular velocity is defined as

1
wir) = wo{ (cz/r)2

if 0=r<a

12
if asr<o, (12)
where a is the radius of maximum tangential wind and
wy 1s the constant angular velocity inside r = a. Using
(12) in (10) we obtain

-1 if 0=r<a

(an* if a<r<e, =

1

AT -0)= wé{
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

() = 0o {(r/a)* for a<r<. (14)

For a = 15 km and w,' = (50 m s '/15 km) ™' =
300 s, the filamentation time g,(r) varies from 5 min at
r = 15 km to 60 min at » = 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

F 2,12
vl =5 (1= e, (15)

where the constant I' is the circulation at large radii and
b is the e-folding distance of the vorticity distribution.
The maximum tangential wind occurs at r,,, ~ 1.121b
and has the value vy(r,..) = 0.638 I'/(27b). The vortic-
ity distribution associated with (15) is {(r) = [I'/(mwb?)]
exp(—r*/b*) and the filamentation time, found by using
(15) in (11), is

2mb? [ r\? 2,2
Ta(r) = T (E) (1—-e rZ/b) vz

2',2 —1/72
X [1 - (1 + —2>e’2”’2]
b

<0. (16)

vy
for o
With the choice I'/(27) = 7.5 X 10° m* s, Fig. 2 illus-
trates vy(r) and 7, (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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F1G. 2. (a) Radial profiles of v, (r) as given by (15) for six
different values of the parameter b. (b) Corresponding radial
profiles of 75 () as given by (16). The filamentation times 7(r)
are plotted only in the strain-dominated regions, where S5 + S3 —
2 >0.

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 duy/dr < 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-
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FIG. 3. An idealized vortex with a secondary eyewall. The solid
curve is v, (r) as given by (17), and the dashed curve is the fila-
mentation time 7(r), as given by (18). The filamentation time is
plotted only in the regions, where $7 + S3 — Z > 0.
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proach each other and increase as 7 [i.e., with the same
far-field behavior as the Rankine vortex (14)]. The
71(r) curve for the tropical storm lies above 7,,,,. How-
ever, as the idealized Gaussian cyclone becomes stron-
ger, the filamentation time scale dips well below 7.,
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. le. The tangential
wind for the parameterized concentric eyewall situation
is given by

vy(r)
v, (r/ry) if 0=r<n
v, (/1) it rn=r<r,
| D el ) i =<
v (ry/r)** if ry=r<o,
(17)

where r; = 10 km, r, = 50 km, r; = 60 km, v; = 70
ms~ ', v, = v(r,/r,)", and v; = S50 m s~'. Here we note
that 2 > 57 + S3in the regions 0 = r < r, and r, < r <
5 because dvy/dr > 0 and v, > 0 in these regions. How-
ever, ST + S7 > Zin the regions r; <r <ryand r; <r
< o, Using (17) in (11), the filamentation time can be
expressed as

rn<r<r,

(0~5)71/2("1/U1)("/r1)1'5 if
Tal\r) = (18)

(0.4) 2(ry/uy)(rirs) it rs <r<oo

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 74, (r) computed from the Hur-
ricane Gilbert tangential wind data on 13 and 14 Sep-
tember 1988. In regard to Figs. 1cf, 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-
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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 g is a scalar
field obeying

Dg
D=9 19)

then the equation governing the horizontal derivatives
of g is

1
— 5 (8 +iS)

Dt

1
D (qx+iqy> B 2%
q. — iq, 1

R

x<%+?ﬂ+(@+7ﬂ, (20)
qx — lq)/ qx — l(’Iy

where ¢ represents the material source term. For sim-
plicity, vertical advective effects are neglected. In the
context of a full-physics model, g 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 X 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
dEdt = —2vz and dz/dt = —2vP, where E = [[
VAV - Vifs dx dy is the energy, Z = [[ 1A% dx dy is the
enstrophy, and ? = [[ AV - V{ dx dy is the palinstro-
phy, a measure of the overall vorticity gradient. During
the advective rearrangement of vorticity, 2 can rapidly
increase, and for sufficiently small values of v, ? can
surge to values much larger than its initial value. During
the period of heightened P, Z decays rapidly compared
to £, whose rate of decay becomes smaller as Z de-

Lo
—5 (8 = iS)
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creases. In this way, Z is selectively decayed over E.
This is the essence of the selective decay hypothesis.
Since $% + S5 — # = —4d(u, v)/3(x, y), integration over
the domain yields [f YA(ST + S3) dx dy = [[ Val’dxdy,
so that the total rate of strain [ ¥4(S7 + S3) 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 X 1024 equally spaced collocation points on a dou-
bly periodic domain of size 600 km X 600 km. The
model is run with a dealiased calculation of the qua-
dratic nonlinear terms in (1), resulting in 340 X 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 v = 20
m?s~!. 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

r ..
{(X, Y, 0) = g() + ’ZT_bze ke + gturb(x’ )’)

1, O=r<n

r—r
X9 S , NSr<r, 21
ry— 1

0, r=r
where r = (x*> + y*)"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, ¢, 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 I" 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 — 3s* + 2s” is the basic
cubic Hermite shape function satisfying S(0) = 1, S(1)
=0, 5'(0) = §’(1) = 0. S(s), and the constants r, and r,
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control the size of the stirred vorticity disk. Here, S
smoothly damps the turbulent vorticity amplitudes to
zero between r; and r,. The surrounding turbulent vor-
ticity field is given by

kmax €max

bu(® )= 2 D Gl

k=—kmax €¢=—€max

(22)

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

( 0, 0=k<k
Ky — K
S|l—— ], ki=k<k
Ky = Ky
Cee = ge'reg L, Ky = K <Kz, (23)
K — K3
S| — |, Ks=k<Ky
K4 = K3
\ 0, Ky =K

with k = (kK> + €%)" the total wavenumber, { the am-
plitude of the turbulent vorticity fluctuations, and R, ,
random numbers between zero and 2. The constant
specified wavenumbers k;, k5, K3, and k, determine the
spatial scales of the random vorticity elements in the
stirred vorticity field.

In the current experiments, we specify I' = 27(7.5 X
10°) m?s™', r; = 120 km, r, = 130 km, k; = 0, k, = 15,
Ky =30,k =45, {0 =1X107*s71, {=15%x 1075571,
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/k, so that the range of turbu-
lence wavenumbers 0 = k = 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 # = 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,
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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 X 600 km but only the inner 300 km X 300
km is displayed. Vorticity contours are at 1.0 X 1074, 5.0 X 1074,

and 10.0 X 107* s™!, with the darkest shading representing the
highest values of vorticity.

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,
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F1G. 5. Barotropic model results at t = 30 min for the six Gaussian vortices with a superimposed turbulent field.
Vorticity is plotted for (a) b = 20 km (tropical storm), (b) b = 13 km (category 1 tropical cyclone), (c) b = 10.2
km (category 2), (d) b = 8.5 km (category 3), (¢) b = 7.4 km (category 4), and (f) b = 6.3 km (category 5). Shaded
regions are separated by the vorticity contours 1 X 1074, 5 X 1074, 10 X 107%,50 X 10™%,and 100 X 10~*s~'. The
darker shading represents higher values of vorticity. The model domain encompasses 600 km X 600 km, but only
the inner 100 km X 100 km is displayed.
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and separation distances. They classified the resulting
interactions using the scheme devised by Dritschel and
Waugh (1992). An important conclusion of these pa-
pers is that one way to produce a halo of enhanced
vorticity around an intense vortex is through a binary
interaction in which the weaker vortex is completely
strained out. This mode of interaction is most likely to
occur when the peak vorticity in the strong vortex is at
least 5 times that of the weak vortex (Kuo et al. 2004,
Fig. 10).

To understand how rapid filamentation zones evolve
during such vortex interactions, the experiments de-
picted in Fig. 6 are performed. In this experiment the
domain size is 200 km X 200 km (but only the inner 100
km X 100 km is displayed) and the value of viscosity is
set to v = 6.5 m*s~'. The initial condition consists of
two circular vortex patches with sharp edges. Initially,
the small patch has a nearly uniform vorticity equal to
1.5 X 107%s™') and a radius of 10 km. Meanwhile, the
larger patch has an almost uniform vorticity equal to
2.5 X 107? s™! and a radius of 30 km. The distance
between the vorticity centers is 50 km. As shown in Fig.
6a, the large, weak vortex has been completely strained
out after 3 h. At 6 h (not shown), the tightly wound
portion of the spiral acquires an irregular character
while the outer portion becomes very thin. By 12 h, the
central core of high vorticity is surrounded by a moat of
low vorticity, which in turn is surrounded by a halo of
enhanced vorticity from the original weak vortex. Out-
side the halo is a region of irregular vorticity, associated
with dissipating thin spiral bands. This outer region is
qualitatively similar to the irregular region outside 65-
km radius in the Hurricane Gilbert azimuthal wind pro-
file shown in Fig. le.

The corresponding distributions of filamentation
time, computed from (7), are shown in Fig. 6b. The
white areas are regions where the flow is rotation-
dominated. There are five shades of gray, indicating
filamentation times 7 < 7.5 min (black region), 7.5 <
T < 15 min, 15 < 15 < 30 min, 30 < 73 < 45 min,
45 < 75 (lightest gray region). The three darkest re-
gions indicate the rapid filamentation zone. At 12 h,
there are alternating layers of rotation-dominated and
strain-dominated flow with a rapid filamentation zone
approximately 15 km wide immediately outside the
central core of high vorticity. Such layering seems to be
a robust feature of the interaction of a small intense
vortex with a large region of relatively weak vorticity.

Can a strong vortex imposed upon a stirred field of
vorticity lead to a halo of vorticity similar to those
formed in the experiments of Kuo et al. (2004)? Let us
consider the experiments described in section 3. In this
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case however, the second Gaussian term in (21) is re-
placed with ¢, S[(r — r3)/(ry — r3)], where S(x) is the
basic cubic Hermite shape function defined earlier, and
ry and r, are defined to approximate an intense TC.
This structure is approximately a Rankine vortex.
Choosing .. = 6.5 X 107% s7!, the central vortex
approximates a category 5 hurricane with maximum
tangential winds of 75.5 ms~' near r = 25 km. The
simulation is carried out as before, except this time, it
continues for 48 h.

The results of this experiment are illustrated in Fig. 7.
As indicated in Fig. 7a, the strong vortex dominates the
field of turbulent vorticity and preferentially filaments
the vorticity closer to the core at 9 h, clearing much of
the vorticity within a 30-km-wide annulus surrounding
the core. Vorticity patches in the far field are less domi-
nated by the core’s motions, and therefore, these
patches have pronounced interaction with neighboring
vorticity patches. Nevertheless, as the far field is still
strain-dominated on average, after 45 h the outer vor-
ticity patches have strained out, leaving a fairly axisym-
metric vorticity distribution about the storm’s center.
Smaller filamentation times near the core, as presented
in Fig. 7b, eliminate vorticity around the core. A halo of
weak vorticity begins at a radius of about 70 km from
the center. The magnitude of this vorticity halo is an
order of magnitude less than the halo resulting from the
binary interaction experiment. Initially, the magnitude
of the central core is only one order greater than the
surrounding stirred vorticity, but after about 45 h, the
difference is two orders of magnitude. Because of the
del-squared diffusion term in the vorticity equation, dif-
fusion acts aggressively on the scales of the small vor-
ticity elements. At the same time, the larger and uni-
form vorticity patch observed in the binary vortex ex-
periment remains relatively protected from diffusion.

5. Evolution of rapid filamentation zones during
mesovortex formation

Observed flows in intensifying TCs sometimes re-
semble an idealized circular flow with a thin annular
ring of enhanced vorticity (Kossin and Eastin 2001).
These flows tend to be highly unstable and, in certain
circumstances, can break down into a number of meso-
vortices (Kossin and Schubert 2001, hereafter KSO01,;
Montgomery et al. 2002; Kossin et al. 2002). The ex-
periments presented in Figs. 8 and 9 provide some in-
sight into the evolution of rapid filamentation zones
during mesovortex formation. The initial condition for
these two experiments is {(r, ¢, 0) = {(r) + {'(r, d),
where {'(r, ¢) is a small perturbation of the axisym-
metric vorticity field
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FI1G. 6. (a) Vorticity contour plots and horizontal wind vectors for the binary interaction experiment are shown
in the left three panels. The contours are 10 X 104,50 X 107%, and 100 X 10~*s™!, with darker shading denoting
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Fi1G. 9. (a) Vorticity contour plots and horizontal wind vectors for the second thin annular vorticity ring experi-
ment. The contours begin at 5 X 107% s™! and are incremented by 5 X 102 s~'. Darker shading denotes higher
vorticity. (b) Corresponding filamentation times for the panels to the left. Shaded regions are separated by
filamentation times of 45, 30, 15, and 7.5 min, with darker shadings representing the smallest times. The model
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é 4 0<r<ry,
OS[(r = r/ry = r)] + LS[(ry, — D(ry —1r))] ry=r<r,,
_ OS[(r — 1 )/(rs — 1)1 + §S[(rs = (s — 1,)] ra=r<rs,
(=9 (24)
& 3 =T <Ty,
GS[(r = r)/(rs = r)] + GS[(rs = )(rs = ry)] ra=r<rs,
- & Is =T <%,

where ry, 1, 13, T4, ¥s, {1, &5, and {5 are independently
specified quantities, and S(s) is the same basic cubic
Hermite shape function used in (21). This initial condi-
tion is identical to that imposed in experiments 1 and 6
of KSO1. In the present simulations, a slightly different
initial random noise perturbation {'(r, ¢) is chosen,
but, as in KS01, it is also 1% of the local vorticity. A
comparison of the present results with KSO1 reveals the
sensitivity to subtle differences in the initial condi-
tions—an expected result considering the chaotic be-
havior of this simple nonlinear system. For the results
shown in Figs. 8 and 9, Eqgs. (1) and (2) are integrated
with 512 X 512 collocation points on a 200 km X 200
km domain. The viscosity is chosen as v = 5m?s ™' and
the time step is 5 s.

For the experiment shown in Fig. 8, (ry, 15, 13, 14, 's5)
= (13,15, 17, 35, 45) km and ({5, &, &3) = (1.02,248.52,
—1.48) X 10~*s™!, which yield a vortex with maximum
tangential winds of 45 ms™!, at r = 17 km. Figure 8a
depicts vorticity and the associated wind field. The thin
annulus quickly experiences exponential growth of
small initial perturbations, resulting in numerous meso-
vortices. Many have merged by ¢ = 3 h. Eventually, a
quasi-stable configuration of four vortices materializes.
The interesting features include the persistent general
cyclonic flow surrounding an interior region of rela-
tively calm winds. This flow steers the mesovortices in
a cyclonic orbit. Each mesovortex induces an asymmet-
ric circulation about itself.

Given the particular wind distributions associated
with the mesovortex configurations, it is valuable to
study where rapid filamentation occurs. Figure 8b dis-
plays filamentation times for the corresponding plots
on the left-hand side. The contouring scheme is de-
scribed with more detail in section 4. Gibbs phenomena
are somewhat noticeable in these experiments, espe-
cially apparent in the 7 field. Rapid filamentation al-
ways occurs on the outside regions of all areas of higher
vorticity. In this case, it would be difficult to maintain
weaker vorticity and convective clouds around each
mesovortex perimeter.

For the second experiment, shown in Fig. 9, (ry, r», 13,
ry, s) = (30, 30.5, 32, 40, 45) km and ({;, &, &3) = (1.02,
395.0, —1.48) X 10~* s~'. These choices result in an

initial maximum wind of 74 m s~ ' around r = 33 km. In
Fig. 9a, vorticity and wind fields are plotted every 3 h
starting at 12 h As in KSO1, six mesovortices maintain
themselves in an alternating wavenumber-5 or -6 pat-
tern as one vortex migrates in and out of the center. As
before, winds are relatively calm in the center and
stronger and more cyclonic on the outskirts. Each
mesovortex also induces its own asymmetric circulation
about itself. In this case, however, when one vortex
periodically migrates into the interior region, an asym-
metric pattern in the wind field appears and stronger
winds are carried into the eye.

Figure 9b shows filamentation times corresponding
with Fig. 9a. Again, each mesovortex is surrounded by
aregion of rapid filamentation. Elsewhere, the filamen-
tation time is much longer. In nature, if 2D nondiver-
gent barotropic dynamics were the only physics at
work, given sufficiently thin rings of vorticity, similar
vorticity structures would be found in TC inner cores.

As a point of interest, Fig. 10 provides a Defense
Meteorological Satellite Program (DMSP) visible im-
age of the inner core of Hurricane Isabel at 1315 UTC
12 September 2003 (Kossin and Schubert 2004). At the
time of this image, the maximum sustained winds in the
eyewall were 70 m s~ ! and the eye was approximately
65 km in diameter. This image is suggestive that vortex
crystal patterns similar to Fig. 9 may emerge in nature.
A particularly interesting feature of this image is the
hub cloud (Simpson and Starrett 1955) at the center of
the eye. This feature resembles the central mesovortex
in the upper left panel of Fig. 9. Further analysis is
needed to determine how the mesovortex behavior dif-
fers from the 2D nondivergent barotropic mesovorti-
ces.

6. Concluding remarks

We defined a rapid filamentation zone as the part of
the strain-dominated flow region in which 75 < T gnys
where 7 is based on the Okubo-Weiss eigenvalues
describing the evolution of tracer gradients, and where
the moist convective overturning time is 7,,, = 30 min.
Rapid filamentation zones are less likely in weak tropi-
cal disturbances, but in symmetric hurricanes they tend
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F1G. 10. DMSP (F15) visible image of Hurricane Isabel on 1315 UTC 12 Sep 2003. At 0900
UTC 12 Sep, the MSLP was 936 hPa. At 1500 UTC 12 Sep, the MSLP was 924 hPa. The
approximate dimensions of the figure are 200 km X 200 km.

to occupy an annular region 20-30 km wide just outside
the radius of maximum wind. In symmetric, intense
hurricanes with secondary eyewalls, another (but nar-
rower) rapid filamentation zone can occur just outside
the secondary wind maximum. If mesovortices form
and the storm becomes asymmetric, the rapid filamen-
tation zone can extend into the eye, where strain rates
can be very large even though the flow is weak (bottom
panels of Fig. 8). In the binary interactions, it appears
that the rapid filamentation zone outside of a more
intense vortex can influence the development of a
moat.

It was hypothesized that both subsidence and rapid
filamentation are important to the formation and main-
tenance of a moat. Although an evaluation of the rela-
tive importance of these two effects is beyond the
simple barotropic arguments presented here, it is easy
to envision how they might work together to produce a
moat. As a tropical storm evolves into a young hurri-
cane, with convection fairly uniform outside the eye,
the filamentation time outside the radius of maximum

wind begins to decrease. Convective activity begins to
decrease in 20-30-km-wide annular ring outside the ra-
dius of maximum wind and increases near the radius of
maximum wind, thus concentrating the upward motion
and latent heat release at smaller radii while suppress-
ing upward motion in the annular ring. The large latent
heat release near the radius of maximum wind builds
the PV there to high values. The values of PV and
vorticity are relatively low just outside this evolving
wall of high PV, so that the azimuthal wind has the form
v~ r~ !, which is favorable for even smaller filamenta-
tion times and further suppression of convection. Thus,
in this scenario, there is a positive feedback process
whereby convection shifts inward, a wall of high PV
develops, and a strain-dominated subsiding moat devel-
ops between concentric eyewalls. Research with full-
physics models is required for a more complete under-
standing of such feedback processes. An interesting
starting point would be 3D simulations of deep, moist
convective clouds embedded in a background flow with
vertical motion and large horizontal strain.
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In closing, it should be pointed out there have been
recent efforts to improve the Okubo—Weiss criterion by
relaxing its assumption that velocity gradients are
slowly varying following a fluid parcel. In particular,
Hua and Klein (1998) have proposed an improved cri-
terion, from which a more precise definition of Ty is
easily obtained. We have also computed this more ac-
curate 7y but found that, for the examples presented in
this paper, the changes are not dramatic. However, the
more accurate argument does produce somewhat larger
rapid filamentation zones with smaller values of 7, so
that the estimates of the size and intensity of rapid
filamentation zones given in the figures presented here
should be regarded as conservative.
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