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ABSTRACT

The authors investigate the transition of numerous subtropical cyclones into late season tropical storms and
hurricanes during the 2000 and 2001 Atlantic tropical cyclone seasons. In all transitioning cases (10), the 900—
200-hPawind shear was initially near or in excess of the upper limit of vertical shear deemed suitable for tropical
cyclogenesis. In many of these cases, the vertical shear decreased markedly near or prior to the time of tropical
cyclone formation. In cases that did not become named tropical cyclones, either the tropospheric vertical shear
remained in excess of 15-20 m s—* or the underlying sea surface temperature (SST) dropped below about 26°C
prior to or during the weakening of the shear. Cases in which the shear remained large featured multiple, short-
wave upper-tropospheric troughs interacting with the developing lower-tropospheric disturbance such that clas-
sical occlusion did not occur.

Through detailed analysis and simulation of the development of Hurricane Michael in 2000, it was found that
the rapid reduction of vertical shear occurred within the precursor baroclinic development. This shear reduction
is explained by the diabatic redistribution of potential vorticity, involving both the nonconservative redistribution
of potential vorticity (PV) along the three-dimensional vorticity vector and divergent, diabatically induced outflow
in the upper troposphere. While some shear reduction occurred in an adiabatic simulation, the diabatic processes
were found crucia to reducing the shear on a short (12 h) timescale. Such a rapid reduction in shear may be
particularly important for the formation of late season hurricanes because of the greater poleward steering
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influence of disturbances in the westerlies that tends to move such storms over cool water.

1. Introduction

The conditions favorable for tropical cyclogenesis
have been elucidated and verified by statistical analysis
in many studies (e.g., Gray 1968; DeMaria et al. 2001).
In addition to favoring environments with sea surface
temperatures (SST) greater than about 26.5°C, diver-
gence in the upper troposphere, consistent with deep,
organized ascent, a moist lower to middle troposphere
and a finite-amplitude near-surface cyclonic circulation
is the requirement of weak vertical wind shear. While
there is no unambiguous threshold defining *“weak,” it
is generally believed that tropical cyclogenesis is ex-
tremely unlikely when the magnitude of the 850—200-
hPa shear exceeds about 15 ms—* (DeMariaet a. 2001).
Gallinaand Velden (2002) have noted that Atlantic trop-
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ical cyclones are unlikely to intensify if the background
vertical shear exceeds even half that value.

While the previous conditions are arguably infor-
mative indicators of Atlantic tropical cyclone formation
in deep easterlies equatorward of about 20°N, there is
evidence that many tropical cyclones forming further
north are influenced by extratropical weather systems
and their attendant large vertical wind shear, both from
a theoretical (Montgomery and Farrell 1993) and ob-
servational perspective (Vegaand Binkley 1994; Brack-
en and Bosart 2000). Bracken and Bosart (2000) com-
posited the synoptic-scale flow associated with devel-
oping and decaying tropical disturbances over the north-
ern Caribbean Sea and found that the incipient low-level
cyclone was typically located beneath the inflection
point between an upshear trough and downshear ridge.
Quasigeostrophic theory was used to characterize this
location as consisting of gentle, subsynoptic-scale up-
ward motion, for which a nontrivial vertical shear was
crucia. Thus, Bracken and Bosart demonstrated that not
only can tropical depressions develop in the presence
of vertical shear, they suggested that the shear might be
necessary. Note that the mean tropospheric vertical wind



NovEMBER 2003

shear averaged over their sample of developing de-
pressions was about 10.5 m s, actually higher than
the threshold found by Gallina and Velden (2002) for
intensifying hurricanes. We are thus forced to reconcile
the apparent need for finite vertical shear to initiate de-
velopment with the notion that shear impedes devel-
opment.

Examples exist of subtropical baroclinic cyclonesthat
transition into tropical storms and hurricanes (referred
to as transitioning storms herein). Bosart and Bartlo
(1991) studied the development of Diana in 1984, a
storm that developed to the east of Florida from a cold-
core baroclinic cyclone. While of somewhat greater am-
plitude, the overall synoptic-scale structure in this case
was much like that shown in Bracken and Bosart (2000).
Davis and Bosart (2001) showed that balanced vertical
motion (in shear) initiated deep convection that pro-
duced mesoscale potential vorticity (PV) anomalies pri-
or to the formation of Diana. Intensification of asingle
anomaly, combined with the merger of surrounding
anomalies, resulted in a mesoscale, warm-core vortex
capable of self-amplification through air—sea interac-
tion. In this case, baroclinity was critical for producing
aregion of quasi-balanced upward motion within which
convection was focused, but Powers and Davis (2002)
showed that the intensification of the resulting depres-
sion to hurricane strength depended upon the weakening
of the overall vertical shear at later times.

The present paper first features a synthesis of diag-
nostic calculations performed on global analysesfor nu-
merous Atlantic cyclones occurring during thelatter half
of the 2000 and 2001 hurricane seasons (section 3). A
total of 10 tropical cyclones and 14 extratropical or
subtropical cyclones are examined. In all of the tropical
cyclone cases, an extratropical cyclone preceded de-
velopment, as did vertical shear exceeding the empirical
criterion for Atlantic tropical cyclone intensification
found by Gallina and Velden (2002). We then focus on
one particular case, Michael in 2000, and use numerical
simulations to address the dynamics responsiblefor con-
ditioning the atmosphere for tropical cyclogenesis (sec-
tion 4).

More generally, this paper suggests a range of pos-
sible behavior based on the intensity of the baroclinic
precursor to tropical cyclones. In stronger baroclinic
cases, baroclinic and diabatic processes combinetoyield
an intense mesoscale cyclone, either extratropical or
subtropical in nature that then transitions to a tropical
cyclone. In weaker baroclinic cases, we hypothesize that
the baroclinic structure efficiently organizes convection
and diabatic heating, which subsequently reduces the
shear and produces the incipient tropical disturbance. In
these latter cases, baroclinic cyclogenesis is a trivial

aspect.

2. Methodology

Our approach may be separated into two parts, the
analysis of global datasets and the analysis of mesoscale

DAVIS AND BOSART

2731

simulations. The global analyses are used to analyzethe
synoptic-scale disturbances and the environment of
tropical disturbances that develop. Simulations are used
to examine the dynamics responsible for weakening the
shear and for transforming the internal storm structure
from cold to warm core.

We utilize the Aviation (AVN) model analyses pro-
vided on a 1° X 1° latitude-longitude grid by the Na-
tional Centersfor Environmental Prediction (NCEP). To
facilitate analysis, and to provide initial and boundary
conditions for numerical simulations, these data are in-
terpolated to aMercator grid with the same grid spacing
asthe original data. Data are provided on 21 mandatory
pressure levels up to 50 hPa, with 25 hPa spacing be-
tween 1000 and 900 hPa. Wind, temperature, and rel-
ative humidity are provided at 6-h intervals.

We define the center of circulation for each storm by
a local maximum of relative vorticity at 900 hPa av-
eraged over a 3 X 3 square (333 km X 333 km). En-
vironmental parameters such as vertical wind shear and
relative humidity are averaged over a somewhat larger
5 X 5 grid centered on the storm. Unless otherwise
stated, the vertical shear is the mean in the 900—200-
hPa layer.

We also use the global analyses as a background for
initializing the fifth-generation Pennsylvania State Uni-
versity—National Center for Atmospheric Research Me-
soscale Model, release 3.5 (MM5; Grell et al. 1994).
All simulations consist of a3-domain configuration with
grid spacings of 111, 37, and 12.3 km on domains 1,
2, and 3 respectively. We use 37 terrain-following levels,
stretched from about 20-m vertical resolution near the
surface to more than 500-m spacing near the lid at 50
hPa. The lowest level is about 10 m above the surface.

All simulations use the Blackadar scheme for the
planetary boundary layer, the 3-category Numerical
Weather Prediction Explicit Microphysics scheme
(NEM; Schultz 1995), the Dudhia (1989) radiation
scheme and the Kain—Fritsch cumulus scheme (Kain and
Fritsch 1993). Considerable success was shown using
the Kain—Fritsch and NEM schemes in the simulation
of Dianain 1984 by Davis and Bosart (2001), although
it was recognized that there was significant sensitivity
to the choice of physical parameterization in that case.
The Blackadar scheme (Zhang and Anthes 1982) is used
because it has been shown to produce reasonabl e results
for hurricane simulations (Braun and Tao 2000). Sim-
ulations are initialized directly from the AVN datawith-
out reanalyzing other observations.

3. Data analysis
a. Transitioning storms during 2000 and 2001

During the latter parts of the 2000 and 2001 tropical
cyclone seasons, there were many tropical storms and
hurricanes that arose in sheared environments and fea-
tured extratropical characteristicsprior totheir transition
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TABLE 1. Shears (900—200 hPa) for transitioning storms.
Initial shear Lat (°N)/ Min shear Lat (°N)/
Storm Start date (ms) Lon (°W) Time (ms*) Lon (°W) Time
2000
Florence 0600 UTC 11 Sep 14 30/67 0000 UTC 9 Sep 1 30/74 1200 UTC 11 Sep
Leslie 1200 UTC 5 Oct 12 30/81 0000 UTC 5 Oct 6 30/75 0000 UTC 6 Oct
Michael 0000 UTC 17 Oct 32 26/72 0000 UTC 13 Oct 3 20/71 0000 UTC 18 Oct
Nadine 1200 UTC 20 Oct 8 25/61 0000 UTC 19 Oct 6 27/60 1200 UTC 19 Oct
2001
Gabrielle 1800 UTC 13 Sep 10 27/84 1200 UTC 10 Sep 2 25/86 0000 UTC 13 Sep
Humberto 1200 UTC 22 Sep 13 25/65 0000 UTC 21 Sep 5 32/67 0000 UTC 24 Sep
Karen 0600 UTC 13 Oct 30 30/64 1200 UTC 11 Oct 4 32/66 1200 UTC 12 Oct
Lorenzo 0000 UTC 30 Oct 12 28/37 0000 UTC 28 Oct 1 29/45 0000 UTC 30 Oct
Noel 0000 UTC 5 Nov 39 30/48 1200 UTC 1 Nov 10 34/51 1200 UTC 4 Nov
Olga 1200 UTC 24 Nov 13 30/52 0000 UTC 23 Nov 2 30/56 1200 UCT 26 Nov

to tropical cyclones. In Table 1, we have listed the trop-
ical cyclones that developed poleward of 20°N during
the periods September—October 2000 and September—
November 2001.

Vertical wind shear was calculated by averaging the
900—-200-mb shear from the NCEP analyses over an area
of 5° by 5° centered on the 900-hPa vorticity maximum.
All of these transitioning storms were identified with
larger shear early in their development rather than later.
In most of the storms in Table 1, the initial vertical
shears are near or greater than the empirically defined
upper limit of 12—15 m s, above which tropical cy-
clogenesis is not observed (Gray 1968; DeMaria et al.
2001). Gallina and Velden (2002) found that a more
stringent threshold shear about 8 m s—* separates de-
veloping and nondevel oping Atlantic tropical cyclones.
All theinitial shearsin Table 1 exceed this latter thresh-
old. In all cases in the table, the shear eventualy de-
creases to 10 m s~ or less during, or just prior to, the
transformation of these systems to tropical storms. In
most cases, the minimum shear is6 m s* or less.

Some noteworthy cases occurred among the sample
of developing storms. Michael in 2000 (Fig. 1a) and
Karen in 2001 (Fig. 1b) featured strong baroclinic cy-
clogenesis prior to tropical cyclone formation. Both cas-
es featured low-latitude penetrations of strong anticy-
clones and deep intrusions of stratospheric PV air into
the troposphere.

Leslie in 2000 (Fig. 1c), never becoming more than
a marginal tropical storm, developed along a stalled
frontal boundary over northern Florida in an environ-
ment of weak deep-layer shear, but relatively strong
lower-tropospheric shear dueto thefront. Leslieevolved
characteristics of an extratropical storm very early in
itslife cycle asthe deep-layer shear increased. The shear
over the storm center then decreased as the storm de-
veloped an occluded structure and the scale of the cy-
clonic vortex contracted, signaling its transition to a
tropical storm.

Humberto in 2000 (Fig. 1d) experienced only modest
shear in its early stages, but nonethel ess was influenced
by a southward extrusion of a narrow filament of high

PV in the upper troposphere. As can be inferred from
Fig. 1, itsinitial development resembled the formation
of Diana in 1984 although the disturbance was weaker
prior to Humberto. In Davis and Bosart (2001) it was
shown that balanced, vertical motion associated with
the synoptic-scale PV anomalies focused convection
that then organized into Diana. In Humberto, a similar
focusing of convection by the larger-scale flow is sug-
gested (Fig. 2). The location of the deep convection
prior to Humberto is directly downshear from the positive
PV anomaly in the upper troposphere (at the time shown
in Fig. 2, the deep-layer shear over the center of the
depression is directed toward the east-northeast at about
5 m s™1). We computed the adiabatic, nonlinear-bal-
anced vertical motion according to the method presented
in Davis and Emanuel (1991) and found weak lower-
tropospheric lifting (about 0.2 cm s—*) collocated with
the deep convection over the center of the developing
circulation. Although slightly smaller in scale, the syn-
optic-scale patternisfully consistent with the composite
of northern Caribbean devel oping depressions presented
by Bracken and Bosart (2000). Therein, upward motion
was inferred downshear from the upper-tropospheric
trough based on the quasigeostrophic omega equation.

b. Nontransitioning storms

Numerous cyclones with significant circulations over
warm water did not become tropical cyclones during
the period of interest. In Table 2, we have listed all
nontropical cyclones that developed poleward of 20°N
during the periods September—October 2000 and Sep-
tember—November 2001 and that satisfied the following
conditions:

* 900-hPa vorticity maxima exceeded 5 X 10-5s7* (3
X 3 box average) for at least 24 h,

e center persisted over ocean surface temperatures
greater than 25°C for at least 24 h, and

» storm developed poleward of 20°N and not in deep
easterlies.

For a uniform distribution of vorticity, this threshold
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Fic. 1. Wind and temperature (1-K interval) at 900 hPa and PV on the 340-K isentropic surface (PVU) from AVN analyses valid (a) 1200
UTC 15 Oct (pre-Michael); (b) 0000 UTC 12 Oct (pre-Karen); and (c) 1200 UTC 4 Oct 2000 (pre-Leslie); and (d) 1200 UTC 21 Sep 2001

(pre-Humberto).

vorticity is equivalent to an average cyclonic wind
around the perimeter of the 3 X 3 box of about 4 m
s1.

In most cases listed in Table 2, the shear did not
weaken below the empirically determined thresholds
conducive for tropical cyclogenesis. In other cases, the
shear did weaken, but the storm moved over cool water
and did not develop tropical characteristics. While the
initial vertical shear of transitioning cases appears
dlightly weaker, on average, than theinitial vertical shear
associated with nontransitioning cases, the primary dis-
tinction among cases remaining over SST > 26°C isthe
markedly lower shears just prior to or during tropical
cyclogenesis in the transitioning cases.

One factor characterizing nontransitioning cases in
which the shear did not weaken was the presence of

multiple upper-tropospheric disturbances of comparable
amplitude and relatively small spatial and temporal sep-
aration that affected cyclones during their developing
phase. An example was the storm of early October 2000
(Figs. 3ab). Following incipient cyclogenesis associ-
ated with a remnant baroclinic zone and the southern
end of afractured trough in the westerlies (broadly sim-
ilar to the early stages of Diana in 1984) a second,
stronger trough maintained the shear over the storm cen-
ter as it approached. In this case, the second phase of
development appeared to increase the poleward trans-
lation of the storm, thus moving it over cool water before
equilibration of this second phase of cyclogenesis could
transpire.

The presence of the two troughs was quantified by
computing atime series of the negative of relative vor-
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Fic. 2. Here, 340-K PV (PVU) and 900-hPa wind barbs (long barb = 5 m s71) from AVN analysis valid
1200 UTC 21 Sep 2001, overlayed on visible satellite image from corresponding time. The heavy black
arrow represents the deep-layer shear direction over the storm center (magnitude = 5 m s1).

TaBLE 2. Nontransitioning storms. Duration of event is period when storm exceeded minimum circulation and SST requirements

(see text).
Initial shear Lat (°N)/ Min shear Lat (°N)/
Dates (ms?) Lon (W) (ms?) Lon (°W) Remarks
2000

1200 UTC 5 Sep-0000 UTC 7 Sep 16 30/86 16 30/86 Shear increased with time

0000 UTC 9 Sep—0000 UTC 12 Sep 30 35/44 11 35/37 SST around 26°C

1200 UTC 12 Sep—0000 UTC 15 Sep 26 36/53 3 38/53 SST about 25.5°C; limited time
for development

1200 UTC 20 Sep—0000 UTC 22 Sep 22 27/56 8 26/61 Relative humidity from 900-600
hPa averaged 60%—70%

0000 UTC 30 Sep—1200 UTC 2 Oct 11 24/77 10 2477 Shear increased with time; later
decreased with storm over cool
water

1200 UTC 23 Oct—1200 UTC 24 Oct 30 32/57 30 32/57 Shear steady with time

0000 UTC 25 Oct—0000 UTC 28 Oct 28 24/73 8 29/72 SST < 26°C when shear de-
creased

2001

0000 UTC 16 Sep—1200 UTC 17 Sep 29 36/60 28 37/56

0000 UTC 27 Sep—1200 UTC 30 Sep 18 25/90 18 25/90 Shear increased with time

0000 UTC 1 Oct-1200 UTC 2 Oct 6-20 21/80 6 21/80 Shear increased to 20 m st then
decreased; strong deformation

1200 UTC 22 Oct—0000 UTC 24 Oct 20 26/87 14 3176

1200 UTC 4 Nov—0000 UTC 9 Nov 42 30/37 6 28/33 SST 25-25.5°C

0000 UTC 9 Nov—1200 UTC 11 Nov 30 26/45 30 26/45 Shear decreases when storm over
cool water; deformation > 5
X 10°5st

1200 UTC 14 Nov-1200 UTC 20 Nov 40 28/79 32 29/76 Multiple, short-wave troughs
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Fic. 3. Sea level pressure (2-hPa interval), 340-K PV, and 340-K wind from AVN analyses valid (a) 1200 UTC 1 Oct and (b) 1200 UTC
2 Oct 2000; and (c) 1200 UTC 14 Nov and (d) 1200 UTC 15 Nov 2001.

ticity advection at 300 hPa, averaged over a 7 X 7
gridpoint box centered one grid point north and west of
the surface cyclone center (Fig. 4a). The box was shifted
relative to the center to emphasize troughs approaching
within the northwest quadrant of the cyclone (positive
values in Fig. 4 corresponding to positive vorticity ten-
dency). We expect the approach of atrough on the north-
west flank of a cyclone to increase the vertical wind
shear over the center. Such a relationship between po-
tential vorticity anomaly (PVA) and shear isnot obvious
from Fig. 4, at least on timescales|lessthan 24 h, perhaps
owing to the importance of diabatic effectsthat decrease
the vorticity in the upper troposphere. However, when
viewed on longer timescales (1-2 d), the temporal en-
velope of strong shear corresponds well with the suc-
cessive approach of the two troughs.

The case of 14-20 November 2001 (Figs. 3c,d and
Fig. 4b) was also characterized by multiple short-wave

troughs affecting a developing surface cyclone. A mod-
est, subsynoptic-scale baroclinic development occurred
in response to the approach of trough 1 toward a surface
cyclone over the Gulf Stream to the east of Florida
However, as the cyclone was occluding, trough 2 ap-
proached and distorted the structure of the incipient bar-
oclinic disturbance, maintaining the shear over the low-
level center (Figs. 3d and 4b). Less than one day later,
trough 3 approached in northwesterly flow and again
disrupted the baroclinic cyclone equilibration and in-
creased the shear (Fig. 4b).

Among the nontransitioning cases in which the ver-
tical shear did weaken substantially, but not until the
storm was over cooler water, was the subtropical storm
of October 2000 (ST). The ST formed roughly one week
after Michael and in nearly the same location (Fig. 5).
The overall paths of the storms were similar, however,
ST moved poleward much faster than Michael, equa-
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Fic. 4. Time series of vertical shear between 900 and 200 hPa
averaged over a 5 X 5 box centered on the storm expressed as a
velocity difference (m s—1, thin line), and the negative of the relative
vorticity advection at 300 hPa averaged over a7 X 7 box offset one
grid point north and west from the storm center (10-° s~2, heavy
line) for (a) 30 Sep—4 Oct 2000 and (b) 14—-20 Nov 2001.

torward of about 35°N. The similar tracks imply that
both storms moved over similar ocean temperatures, at
least early in their developments. However, the more
rapid poleward translation of ST placed it over cool
water by the time the vertical shear decreased (Fig. 6).

A comparison of the upper-level PV and 900-hPa
potential temperature at 0000 UTC 27 October (Fig. 7a)
with that present during the baroclinic development pre-
ceding Michael (Fig. 1a) reveals marked differences.
Cyclonic wrapping, reminiscent of the LC2 paradigm
of Thorncroft et al. (1993) characterized ST, whereas
filamentation and the formation of a cutoff low char-
acterized the pre-Michael disturbance (the LC1 para-
digm). Further examination of the LC1 life cycle in
Thorncroft and Hoskins (1990) reveals the occurrence
of frontal cyclogenesis on a subsynoptic scale at a rel-
atively low latitude following the formation of a cutoff
low in the upper troposphere (see Figs. 4-5 of Thorn-
croft and Hoskins 1990). The structure of this secondary
cycloneisremarkably similar to the structure of the pre-
Michael storm.

To quantify the differences of upper-level PV struc-
ture on storm motion, we performed PV inversion tech-
niques following Davis and Emanuel (1991) using the
NCEP global analyses. We calculated the contribution
of PV anomalies (defined as departures from a centered,
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8-day mean) in the layer from 500 and 200 hPa to the
deep-layer, density-weighted mean wind averaged be-
tween 900 and 500 hPa. The 900-500-hPa layer-mean
wind represented the steering flow better than the tra-
ditionally used 900—200-hPa layer, presumably because
the disturbancesin question were baroclinic. Comparing
the steering flows, averaged about a 5° by 5° box cen-
tered on the storm, at 0000 UTC 16 October (pre-Mi-
chael) and 0000 UTC 27 October (ST) revealed avector
difference (ST minus pre-Michael) of 8 m s~* directed
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Fic. 6. Time series of storm-centered, 900—200-hPa wind shear
and SST (from AVN analyses) for (left) the pre-Michael disturbance
and Hurricane Michael and (right) the subtropical storm of Oct 2000
ST. The tropical phase of Michael is indicated.
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local nondivergent wind direction over the storm center (magnitude
about 8 m s71). A streamfunction gradient of 2 X 10° m2 s~ over
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poleward. This difference resulted from a deep south-
southeasterly flow directed across the cyclone in ST
(Fig. 7b) and amost no steering flow in the case of
Michael (not shown). The observed motion of ST was
about 5 m s~* toward the north at this time, compared
to the nearly stationary pre-Michael disturbance. Thus,
we conclude that the differences in upper-tropospheric
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synoptic-scal e structure were responsible for moving the
subtropical over cooler water before it could transform
into a tropical cyclone.

¢. Synthesis of results using global analyses

Overall, it appears that the cases in which baroclinic
development is alowed to proceed to its equilibrated
(i.e., occluded) state while the storm remains over warm
water (SST > 26°C or so) are the casesin which tropical
cyclogenesis occurs. We use the term equilibration to
mean the elimination of the systematic tropopause PV
gradient in the vicinity of the cyclone such that further
baroclinic growth is meager. Multiple trough interac-
tions, unless the last in the series of troughs has the
greatest amplitude, are not generally favorable if their
spacing is too close temporally relative to the timescale
of equilibration.

The central question appears to be ‘““how does the
shear decrease’’ ? In general, thereis no mystery because
it is well known that occlusion tends toward an equiv-
alent barotropic structure in which the vertical shear
over the center is small (Paimén and Newton 1969).
Unlessthe baroclinic cyclone is embedded within strong
horizontal deformation, or, as seen earlier, if there are
multiple interactions with upper-tropospheric troughs, it
will reach some form of occluded state with weak shear
above the center. However, time is usually limited for
the occlusion to take place, given that the region of
sufficiently warm ocean temperatures is limited, espe-
cialy late in the Atlantic tropical cyclone season, and
the poleward translation speed is often nontrivial. Thus,
rapid occlusion would facilitate the production of afa-
vorable, low-shear environment whilethe primary storm
is still over warm water. As we will demonstrate for
Michael in 2000 the rapid reduction in shear is facili-
tated by diabatic heating and its secondary circulation.

Cases such as Humberto in 2001 are characterized by
exceedingly weak baroclinic development, to the point
where the classical meaning of occlusion may not apply.
In these cases, we hypothesize that it is the convection
organized by the synoptic scale that is responsible for
the decrease in shear. Thus, an intermediate step of con-
vective organization is required to link the synoptic-
scale precursor with the incipient mesoscale vortex ca-
pable of self-amplification through air—sea interaction.
This sequence of events characterizes well the devel-
opment of Dianain 1984 (Davis and Bosart 2001, 2002;
Powers and Davis 2002).

In the remainder of the paper, we will concentrate on
Michael and perform simulations to better understand
how the vertical shear isreduced and how the transition
from cold-core to warm-core cyclone takes place.

4. Michael in 2000
a. Observations

Hurricane Michael was first analyzed by the Tropical
Prediction Center (TPC) around 0000 UTC 17 October,
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Fic. 8. Gray-scaled images from TRMM composites at (a) 1330
UTC 15 Oct and (b) 1713 UTC 16 Oct 2000. Peak rain rates (white)
derived from TRMM exceed 25 mm h-1. Frontal symbols are an-
notated at the earlier time. The dotted line in (a) is the 80% relative
humidity contour derived from the 700-hPa AVN analysis for 1200
UTC 15 Oct. The tropical storm symbol is shown at the center in (b)
even though Michael was not officially a tropical storm until after
0000 UTC 17 Oct.

having previously existed as a baroclinic cyclone de-
veloping along arelatively strong frontal boundary dur-
ing the previous 4 days. Development was induced by
an upper-tropospheric cyclonic vortex that had separated
from the main westerlies farther north (Fig. 1a). The
initial development revealed some similarity to the bar-
oclinic phase preceding Hurricane Dianain 1984. In the
present case, the deep-layer vertical shear was about
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twice as strong as prior to Diana and the baroclinic
cyclone prior to Michael was also stronger.

Examination of satellite data, especially datafrom the
Tropical Rainfall Measuring Mission (TRMM) instru-
ment, suggested that Michael actually became atropical
cyclone well beforeits alleged transition on 17 October.
Figure 8 depicts TRMM radar images at 1330 UTC 15
October and 1713 UTC 16 October. The position of the
surface low at 1330 UTC 15 October (Fig. 8a) was
estimated based on animations of low cloud motion and
was about 200 km to the east of the precipitation shield.
This structure was evidence that the cyclone was still
baroclinic at this time, consistent with the frontal struc-
ture subjectively inferred from the NCEP analysis at
1200 UTC 15 October.

By 1713 UTC 16 October, amarkedly different struc-
ture was evident. Spiral bands of precipitation encircled
the storm, and heavy rainfall was found within a partial
ring about 70-80 km from the estimated storm center
(Fig. 8b). The heavy rainfall was probably part of a
developing eyewall and suggested a storm of at least
tropical storm intensity. Thisrainband formed from deep
convection that developed explosively around 1200
UTC on the east and north sides of the storm.

Around the time of the image shown in Fig. 8b, the
best track estimate of maximum surface wind speed was
about 15 m s-*. Unfortunately (for our anaysis), the
rather intense baroclinic cyclogenesis on 14 and 15 Oc-
tober caused a near absence of ship data near the de-
veloping storm. Surface winds estimated by the National
Aeronautics and Space Administration Jet Propulsion
Laboratory (NASA JPL) SeaWinds instrument aboard
NASA's Quick Scatterometer (QUIkSCAT) were avail-
ableat 0917 UTC and 2318 UTC 15 October, and 1032
UTC and 2253 UTC 16 October. (See http://manati.
wwhb.noaa.gov/quikscat to access historical images.) On
15 October, as suggested in Fig. 8a, the storm was clear-
ly extratropical, and the strongest surface winds, up to
35 kt, occurred in the northwest quadrant of the storm
(not shown). On 16 October, many of the wind estimates
near the storm center were flagged for possible rain
contamination. Among these were a 40-kt wind at 1032
UTC and numerous 35-40-knot winds at 2253 UTC.
The strongest wind not potentially contaminated by rain
was 35kt at the later time and was about 100 km from
the estimated center. Given that the horizontal resolution
of the QUIkSCAT winds is similar to the scale of the
developing eyewall apparent in the TRMM data, and
that backscatter measurements underestimate wind
speeds near 20 m s—* and greater (Donnelly et al. 1999),
the QUIkSCAT winds are probably conservative esti-
mates of the true maximum winds. Therefore, itislikely
that Tropical Storm Michael was born during the morn-
ing of 16 October, perhaps 6-12 h earlier than the of-
ficial estimate.

b. Smulations

The MM5 simulations of Michael discussed herein
were initialized at 0000 UTC 15 October. The initial
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Fic. 9. Sealevel pressure (c.i. = 4 hPa), 700-hParelative humidity
(medium gray = RH > 70%; dark gray = RH > 90%) and 900—
200-hPa shear vectors valid 0000 UTC 15 Oct 2000, the initialization
time for the Michael simulation (control). All of domain 3 is shown.
Heavy dotted circle indicates boundary of SST perturbation less than
—1 K for perturbed SST simulation.

15m/s

condition is shown in Fig. 9. Henceforth all results will
be shown on domain 3 (121 X 121 points, 12.3 km grid
spacing). The surface cyclone was located about 400
km to the west of a thermal ridge (denoted by the an-
ticyclonic curvature of the shear vector in Fig. 9) and
in a region of strong shear through the troposphere.

Thirteen hours into the simulation, the model rainfall
pattern broadly matched that seen from TRMM (cf. Figs.
8a and 10a), with most of the rainfall on the west side
of a still-extratropical storm. Note that MM5 accentu-
ated a nearly east—west precipitation band to the south-
west of the surface cyclone. There was some evidence
of a sharp, east—west-oriented southern edge of the pre-
cipitation in the TRMM data at nearly the same time.
Note also that the model correctly simulated a ““dry
slot” to the east of the surface cyclone, with lighter rain
in an arc to the north of the storm.

By 1700 UTC 16 October (Fig. 10b), a complete
transformation of the cyclone structure has occurred in
the simulation. Asin the TRMM data, a partial eyewall
has formed. The simulated cyclone central pressure was
about 980 hPa and the maximum sustained near-surface
winds were approaching 30 m s* (Fig. 11b). By this
time, the highly asymmetric, baroclinic structure had
been replaced by a more symmetric, tropical cyclone.

Time series (Fig. 11) reveal that, like the case of
Dianain 1984 (Davis and Bosart 2001) the devel opment
occurred in three stages. Following the initial intensi-
fication of a baroclinic cyclone, ending at roughly 1600
UTC 15 October, there was a 6-h period of quiescence
until 2200 UTC 15 October during which the near-sur-
face wind and sealevel pressure did not signify intensity
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Fic. 10. Sea level pressure (4-hPa interval, except 8-hPa interval
for pressures less than 1000 hPa) and hourly rainfall (mm) from the
control simulation valid (a) 1300 UTC 15 Oct and (b) 1700 UTC 16
Oct. Heavy dashed lines in (a) denote location of cross sections A—
A’ (Fig. 13) and B-B’ (Fig. 16).

change. However, during this period the vertical shear
continued to decrease from about 13 to about 9 m s—1.
Beginning around 2200 UTC 15 October, a new period
of development occurred, ending around 1800 UTC 16
October as the vertical shear increased slightly in re-
sponse to an approaching weak upper-tropospheric
trough.

While the structure of the simulated storm and the
timing of its apparent transition to a tropical storm
roughly correspond to observations, it isdifficult to sup-
port the intensity revealed by the simulation on 16 Oc-
tober from the limited observations available. Asshown
in Fig. 11b, maximum winds derived from QuikSCAT
remained nearly 20 m s for the entire period of the
simulation, suggesting that the control simulation in-
tensified the storm too rapidly after 2200 UTC 15 Oc-
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tober. However, as noted earlier, these observationslike-
ly underestimated the true wind speeds (Donnelly et al.
1999).

Although a number of sensitivity simulations were
carried out, varying resolution and physics, the greatest
departure from the control simulation during the final
24 h was obtained by reducing the SST by only about
1°C underneath the storm. MM5 allows a time-varying
SST, but does not directly incorporate the effect of
storm-induced upwelling on the ocean surface temper-
ature. The minimal translation of Michael suggests that
upwelling effects could have been important. Given the
absence of ships in the region there were few in situ
measurements of SST during the period. Satellite esti-
mates were hampered due to persistent, deep cloud cov-
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er and precipitation. Estimates of ocean surface tem-
perature derived from the Advanced Very High Reso-
[ution Radiometer (AVHRR) aboard the NOAA-14 sat-
ellite* reveal ed an approximate decreasein SST by about
2°-3°C near and dlightly poleward of 30°N, 70°W be-
tween 10 and 20 October. Although we cannot be certain
when the cooling occurred, it is reasonable to assume
that the disturbed sea state and persistent cloud, rain,
and cooler air temperatures associated with the baro-
clinic cyclone development could have created a sub-
stantial cooling by 15 October.

Therefore, we ran a sensitivity simulation in which
we cooled the SST by a maximum of 1.5°C with a
Gaussian radial decay over a length scale of 400 km
centered roughly on the position of the pre-Michael dis-
turbance at 1200 UTC 15 October (see Fig. 9), slightly
to the west of the initial storm location at 0000 UTC
15 October. This subtle cooling resulted in anearly com-
plete removal of the second intensification phase noted
in the control simulation. It also brought the maximum
winds into much closer agreement with the QuikSCAT
data. Given the probable underestimate of winds from
QUikSCAT, we are fairly confident that the control and
reduced-SST simulations bracketed the true storm in-
tensity.

We interpret the difference between the modified SST
and control simulations as indicative of a removal of
air—sea interaction feedback in the former as the SST
underneath the storm decreased from just over 27° to
around 26°C. Such a large sensitivity to SST beneath
the stormisfully consistent with the results of published
studies (e.g., Schade 2000). As the primary emphasis
in the present paper is the conditioning of the atmo-
sphere for tropical cyclogenesis, more than the actual
tropical cyclogenesis phase, we note that the initial 24
h proceeded very much the same as in the control sim-
ulation. We conclude that the uncertainty in SST is re-
sponsible for adifference that islarger than the apparent
discrepancy between the control simulation and obser-
vations. Therefore, we will not focus extensively on the
last 18-24 h of the simulation, but rather emphasize the
transition in structure that occurred during the first 24—
30 h.

Time—radius representations of kinematic and ther-
modynamic quantities (Fig. 12), support the assertion
that the initial development in the control simulation
was baroclinic and cold core, while the later develop-
ment was tropical and warm core. An important aspect
of the initial baroclinic development was a decrease in
the radius of maximum wind (RMW) from roughly 200
to 100 km. This occurred as maximum near-surface

* Images were obtained from Rutgers University at http://marine.
rutgers.edu/mrs/newevery.topex.html. Information on the processing
of AVHRR datamay be found at http://fermi.jhuapl.edu/avhrr/primer/
primer_html.html, a World Wide Web site created by Dr. Frank Man-
ado at the Applied Physics Laboratory at The Johns Hopkins Uni-
versity.
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Fic. 12. Time-radius diagrams from the control simulation of (a) azimuthal and layer (roughly 850—
700 hPa) mean potential temperature and azimuthal mean of water vapor mixing ratio averaged over
the lowest five model levels (shaded); and (b) maximum azimuthal mean tangential wind at about 500
m AGL. (bottom right) The time series of vertical wind shear adapted from Fig. 11. The time axis is
labeled as both time during the control simulation (h) and universal time (date/hour UTC).

winds increased to nearly 25 m s~* around 1200 UTC of Diana discussed in Davis and Bosart (2001). During
15 October (see Fig. 11b). the last 24 h of the simulation (0000 UTC 16 to 0000

The warm core formed after the quiescent period (cf. UTC 17 October), the RMW decreased further to about
Figs. 12a and 12b near 18-24 h). During the quiescent 50 km, the warm core strengthened, and the water vapor
period not only did the vertical shear decrease, but also  content of the boundary layer continually increased. It
the boundary layer water vapor began increasing (Fig. is our assessment that air—sea interaction, in the form
124). This moistening phase occurred in the simulation  of the wind-induced surface heat exchange concept of
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vector in the plane of the cross section.

Emanuel (1986, 1995), was operating at that timein the
control simulation.

During the mesoscale, baroclinic cyclogenesis period
of Michael (prior to 0000 UTC 16 October), the primary
region of precipitation was organized along a north—
south-oriented bent-back front (Fig. 10a). However, the
southern end of this rainfall featured a mesoscale, east—
west-oriented band of heavy rainfall. A cross section
oriented perpendicular to this line (Fig. 13) reveals that
the band formed slightly downshear from a tropopause
depression, in a region where the tropopause height and

tropopause potential temperature exhibited a sharp gra-
dient. Furthermore, ascent of potentially unstable air in
the lower troposphere along the gently sloping isentro-
pic surfaces that defined the low-level baroclinity cre-
ated absolute instability as the air neared saturation.
The convection, although only about 12 km deep,
rapidly intensified and formed a slightly sloped updraft
maximizing at about 1 m s~1.2 The potential vorticity

2 Note that the cross section represents a centered average over 20
points in the direction orthogonal to the section.
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1
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Fic. 14. Relative vorticity (grayscale, units 105 s~*) at 900 hPa and sea level pressure (4-hPainterval) at (a) 1000, (b) 1200, (c) 1400,
and (d) 1600 UTC 15 Oct.

also underwent a marked transition (Figs. 13a,c) during
which time the tropopause was raised above the con-
vection and the divergent outflow centered 10-11 km
above ground level (AGL) advected high PV associated
with the tropopause depression southward. The PV in
the middle troposphere featured a dipole pattern with
negative PV on the south flank of the rainband in the
upper troposphere and relatively large PV on the north
side, concentrated in the lower troposphere. Because
there was positive vertical wind shear normal to the
cross section (i.e., flow into the page aloft), the vorticity
vector pointed upward and to the left (southwestward).

As demonstrated in Raymond (1992), where the heating
increases upward along the vorticity vector, PV increas-
es nonconservatively. Past the heating maximum, where
heating decreases along the vorticity vector, PV de-
creases. This simple argument explains qualitatively the
vertical and horizontal redistribution of PV caused by
the latent heating. After forming, the high-PV air and
associated cyclonic vorticity in the lower troposphere
on the north side of the rainband merged with the storm
center (Fig. 14). This process resulted in the scale con-
traction and rapid intensification of the cyclone prior to
0000 UTC 16 October.
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As noted, the transition to a warm-core structure oc-
curred after the vertical shear over the mesoscal e center
decreased to below about 10 m s~*. Asseenin Fig. 11c,
the decrease in vertical shear occurred rapidly at first
between 6 and 12 h (0600—-1200 UTC 15 October), then
more gradually to its minimum value around 25 h (0100
UTC 26 Octaober). The initial decrease occurred on the
timescale of the development of the convective band,
suggesting a prominence of diabatic effects.

The change in the shear over the storm center may
be decomposed into dynamical (adiabatic and diabatic)
and translational effects, the latter being the movement
of the storm center relative to a nearly steady pattern
of deep-layer shear. To help understand the relative im-
portance of these effects in reducing the shear, we con-
sidered asensitivity simulation with diabatic heating due
to phase changes of water suppressed. The vertical shear
over the center from the “‘fake-dry” simulation de-
creased to about 23 m st (recall Fig. 11c) after 24 h
(0000 UTC 16 October).

By computing a time series of zonal distance from
the storm center to the location of the maximum shear
at the same latitude (Fig. 15a) for both the control and
fake-dry simulations, it is apparent that storm in the
fake-dry simulation began dlightly toward the east
(warm) side of the maximum shear and drifts to the
west (cool) side with time. In the control simulation,
the storm never moved beneath the maximum shear.
Instead, the pattern of vertical shear was dramatically
rearranged. The initial maximum shear to the west of
the surface cyclone was displaced farther west relative
to the center and a new shear maximum of comparable
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Fic. 16. Cross sections (see Fig. 10) PV and absolute momentum
(seetext) valid 1200 UTC 15 Oct from (&) the control simulation and
(b) the fake-dry simulation. Heavy, dashed line in (b) is a reference
vertical line at the x coordinate of the storm center. The heavy solid
line in (b) bounds approximately the region with a positive zonal PV
gradient.

strength appeared to the east of the center by 13 h (1300
UTC 15 October). Note that the vertical shear to the
west and east of the center in the control simulation
retained a similar magnitude to the shear in the fake-
dry simulation (Fig. 15b). Thus, the key to reducing the
shear over the pre-Michael disturbance was the spatial
displacement of vertical shear from the storm center
rather than a global reduction in shear magnitude. This
displacement depended fundamentally on diabatic pro-
cesses. Furthermore, the rate of displacement was much
larger than the relative movement of the surfacecyclone,
implying that translational effects were a secondary as-
pect of shear reduction over the storm center.

The cross sections in Fig. 16 show that the deep,
cyclonic PV anomaly located slightly to the west of the
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surface cyclone in the fake-dry simulation (Fig. 16b)
was redistributed in the control simulation (Fig. 16a).
Because surfaces of absolute momentum—M = v + fX,
where v is the velocity normal to the cross section and
X the direction toward the right—are parallel to the ab-
solute vorticity vector, the redistribution of PV takes
place along M surfaces. On the 48 m s=* M-linein Fig.
16a, we see clearly the deficit of PV in the upper tro-
posphere and a large increase in the lower troposphere
in the control simulation relative to the fake-dry sim-
ulation, consistent with the expected effect of latent
heating in vertical shear (Raymond 1992).

To the extent that an invertibility relationship exists—
g = £(¥), where q is the PV, ¥ the streamfunction,
and £ an elliptic operator—one can equally use the re-
lationship g, = £'(v) to relate the meridional wind to
the zonal gradient of PV. Here, the subscript x denotes
differentiation, and £’ is simply the derivative of £ with
respect to x. By virtue of the general propertiesof elliptic
equations, we expect a local minimum (maximum) in
g, will be roughly collocated with a maximum (mini-
mum) in v. The maximum negative gradient in PV above
the storm center in the fake-dry simulation is therefore
collocated with the meridional jet, beneath which there
is strong meridional wind shear. By redistributing the
PV through diabatic heating, the PV gradient above the
cyclone is reduced and therefore so is the meridional
jet and tropospheric meridional shear. Furthermore, the
outflow below the tropopause tends to displace the PV
gradient laterally, also contributing to the reduction of
shear over the storm center in the middle and upper
troposphere.

One may also note that, to the extent that the flow is
quasi-two-dimensional, M is approximately conserved
and therefore becomes well mixed where convection
occurs. Because the vertical shear is equivalent to M,,
mixing of M removes the shear. The PV and M-surface
perspectives produce the equivalent result, and from ei-
ther it is clear that vigorous latent heating, organized
on the mesoscale, is central to the removal of vertical
shear. We conclude that the reduction of vertical shear
over the center of the pre-Michael disturbanceto avalue
below the empirical threshold for tropical cyclone in-
tensification is crucially dependent on the diabatic re-
arrangement of PV within the storm itself.

5. Synthesis

We found significant baroclinic precursors to all At-
lantic tropical cyclones developing poleward of 20°N
during the latter half of the hurricane seasons 2000 and
2001. We hypothesize that the evolution of maritime,
baroclinic cyclones tends to produce environments con-
ducive to tropical cyclogenesis. In other words, the ini-
tially strongly sheared environment, hostile to tropical
cyclone formation, is drastically modified as the incip-
ient cyclone evolves such that, after a period of roughly
one day, the vertical shear is eroded and arobust, finite
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amplitude vortex is present in the lower troposphere,
free to organize fluxes of moist entropy from the ocean
surface. It appears that the initial cyclogenesis must
equilibrate and this is expedited by diabatic effects,
which transform the initial upper-tropospheric trough—
ridge couplet into a structure with little shear above the
storm center.

It appears inaccurate to think of the baroclinic con-
versions of energy within theinitial cyclogenesis asthe
most important aspect of the baroclinic precursor. Rath-
er, it appears that the baroclinic system is the conduit
for organized convection and its associated heating to
emerge. Diana in 1984 provided an excellent example
in which the baroclinic cyclogenesis was modest yet
facilitated organized convection that led to coherent vor-
tices in the lower troposphere. These, in turn, formed
the seed for the tropical cyclone (e.g., Davis and Bosart
2001).

Even in the cases featuring the strongest baroclinic
precursors, such as Michael in 2000 and Karen in 2001,
the baroclinic conversions of energy are still minor com-
pared to the diabatic effects (note that the disturbance
in the fake-dry simulation of the pre-Michael distur-
bance weakened monotonically from the beginning).
The key is the focusing of latent heat release. In Mi-
chael, this was attributable to moistening and thermo-
dynamic destabilization forced by mesoscale ascent
within the frontal cyclone. A qualitatively similar,
though weaker, signal could be inferred from the 24-
case composite of northern Caribbean developing trop-
ical depressions described in Bracken and Bosart
(2000).

There appears an additional set of cases in which
baroclinic effects may be important, though the overall
structure is not readily identified with the composite
structure presented by Bracken and Bosart (2000) that
features a baroclinic wave. Danny in 1997 (Molinari et
al. 2002) and Gabrielle in 2001 featured midtropos-
pheric vortices prior to tropical cyclogenesis. Deep con-
vection organized on the downshear side of these vor-
tices in accord with theory (Raymond 1992) and sub-
sequently led to surface development. While the dy-
namics responsible for the development of a surface
circulation in these cases and otherslike them isamatter
of continuing research, without shear, it is likely that
convection would not have been as organized as was
observed and therefore the path to surface cyclogenesis
might have required more time or not occurred at all.

6. Conclusions

The authors have examined numerous subtropical and
extratropical cyclones during the latter half of the hur-
ricane seasons of 2000 and 2001 in order to better un-
derstand how tropical cyclogenesis can take place in
environments that initially maintain a vertical wind
shear as large as 30 m s—* averaged through the tro-
posphere. In all casesthat transition to tropical cyclones,
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the vertical wind shear over the incipient storm center
decreased dramatically during the baroclinic develop-
ment that preceded tropical cyclogenesis. The range of
deep-tropospheric vertical shear (900—200 hPa) attained
prior to tropical transformation is typically from nearly
zero up to about 10 m s—1, roughly consistent with gen-
eral results on the maximum shear that can allow trop-
ical cyclogenesis (e.g., Gallina and Velden 2002).

In the cases that do not transition to a warm-core
structure (essentially the defining element of tropical
cyclogenesis), either the large vertical shear over the
center is maintained or the subtropical cyclone drifts
over cool water before the shear decreases. In the cases
where shear is maintained, it appears that multiple short-
wave troughs are involved, spaced too closely to allow
equilibration (occlusion) of the subtropical cyclone.

We examined the formation of Hurricane Michael in
2000 in detail. We presented evidence that Michael tran-
sitioned to a tropical storm several hours prior to its
official tropical designation by the TPC. The pre-Mi-
chael disturbance was a frontal wave that amplified and
occluded, resembling strongly the secondary frontal cy-
clogenesis discussed by Thorncroft and Hoskins (1990).
Simulations with the MM5 model reproduced the tran-
sition of Michael to awarm-coredisturbance. Thistrans-
formation occurred after the vertical shear over the sur-
face circulation center decreased from 30 to 8-10 m s
within 24 h. We diagnosed the decrease in shear in terms
of potential vorticity redistribution from diabatic heating
effects. Outflow at the tropopause laterally displaced the
gradients of PV away from the surface circulation. Non-
conservation of PV effectively transferred middle-up-
per-tropospheric anomalous PV, displaced slightly west
of the storm center, to low levelsin phase with the storm
center. Because gradients of PV are related to velocity
by an elliptic operator, removal of a PV gradient in the
middle and upper troposphere is synonymous with re-
ducing the tropospheric vertical wind shear. To the ex-
tent that the ambient flow is relatively two-dimensional,
the removal of vertical shear can be viewed in terms of
mixing quasi-conserved absolute momentum in the ver-
tical through organized, deep convection. The strong
outflow at the tropopause is directed down the gradient
of ambient absolute momentum, generally toward high-
er PV, and hence displaces the PV gradient laterally
away from the updraft. Although these processes were
examined for a single case, it is probable that a similar
dynamical chain of events occurs in other transitioning
or even more mature tropical cyclones, such that the
ability of a given storm to modify its own environment
should be considered a critical element affecting its sub-
sequent devel opment.

Because the pre-Michael cyclone was a robust bar-
oclinic cyclogenesis, it was able to produce a finite-
amplitude mesoscal e surface cyclone such that the tran-
sition to a warm-core structure could begin almost as
soon as the shear weakened. For cases beginning with
weaker extratropical disturbances, such as Humberto in
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(2001) and Diana in 1984, the transformation to a trop-
ical cycloneinvolved an intermediate step of organizing
convection which, in turn, produced a coherent meso-
scale vortex capable of growth through air—sea inter-
action. The distinction may be the degree to which the
character of organized convection isimposed by frontal
circulations in strongly baroclinic cases, versus inter-
nally generated in weakly ‘‘forced” cases. Therefore,
in the cases with weak precursor disturbances, the fun-
damental issue in need of further investigation is how
convection produces the necessary mesoscale vortices
to achieve a self-amplifying disturbance.
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