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ABSTRACT

The process by which a baroclinic, vertically sheared, extratropical cyclone is transformed into a warm-core,
vertically stacked tropical cyclone is known as tropical transition. Six recent tropical transitions of strong
extratropical precursors in the subtropical North Atlantic are compared to better understand the manner by
which some of the canonical structures and dynamical processes of extratropical cyclones serve to precon-
dition the cyclone for transition. All six transitions resulted from the interaction between a surface baroclinic
zone and an upper-level trough. During the extratropical cyclogenesis of each storm, a period of intense near-
surface frontogenesis along a bent-back warm front occurred to the northwest of each sea level pressure
minimum. Within the resultant circulation, diabatic redistribution of potential vorticity (PV) promoted the
growth of alow-level PV maximum near the western end of the warm front. Concurrently, the upper-level PV
anomaly associated with each trough was deformed into the treble clef structure characteristic of extratropical
occlusion. Thus, by the end of the transitioning process and just prior to its becoming fully tropical, each
cyclone was directly beneath a weakened upper-level trough in a column with weak vertical shear and weak
thermal contrasts. The presence of convection to the west and southwest of the surface cyclone at the time of
frontogenesis and upper-level PV deformation suggests that diabatic heating contributes significantly to the
process of tropical transition in a manner that is consistent with its role in extratropical occlusion. Thus, it is
suggested that tropical transition is encouraged whenever extratropical occlusion occurs over a sufficiently
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warm ocean surface.

1. Introduction

Cyclonic storms are usually classified as either tropical
or extratropical based upon their geographic location
and their appearance in satellite imagery, which testify
to the different structures, energetics, and dynamics that
characterize the two types. Mature tropical cyclones are
axisymmetric in appearance, possess a tropospheric-
deep warm inner core, display their strongest circula-
tions near the surface, and derive energy from air-sea
interaction. Extratropical cyclones are usually asym-
metric in both the temperature and cloud fields (i.e., the
comma-shaped cloud canopy), and their circulations
increase in intensity with height and are driven by baro-
clinic energy conversion.
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Despite the conceptual appeal of such well-defined
categories, nature is not so binary since actual cyclones
not only frequently exhibit properties of both types but
also share important developmental mechanisms. For
instance, extratropical marine cyclones can develop eye-
like features and warm-core centers (e.g., Bosart 1981;
Reed and Albright 1986) while hurricane-like structures
and convectively driven vortices can result from the
passage of mesoscale disturbances over the relatively
warm water of the Mediterranean Sea (Reale and Atlas
2001) or even the Great Lakes (Sousounis et al. 2001).
Polar lows have been observed with small-scale warm
cores (e.g., Rasmussen 1981; Moore and Vonder Haar
2003) and are at least partially driven by diabatic pro-
cesses (Montgomery and Farrell 1992). Usually consid-
ered detrimental to tropical cyclogenesis, moderate
amounts of vertical shear have been shown to contribute
to the early development of tropical depressions (Bracken
and Bosart 2000; Molinari et al. 2004). Upper-level
troughs can strongly influence tropical cyclone devel-
opment as the interaction between a mature tropical
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cyclone and an upstream trough in certain synoptic
settings can lead to deepening (Hanley et al. 2001).
Clearly, no sharp boundary between the two cyclone
types exists; a realization that led Hart (2003) to con-
sider the concept of a cyclone phase space in which the
full “spectrum” of cyclones may be classified based
upon the physical properties of thermal symmetry and
variation of intensity with height.

The notion of a spectrum of cyclonic disturbances is
perhaps most interesting when considering a storm that
changes classifications during its life cycle as such a
change suggests companion changes in dynamics and
energetics. Several recent studies (e.g., Foley and
Hanstrum 1994; Harr and Elsberry 2000; Klein et al.
2000; Ritchie and Elsberry 2001; Hart and Evans 2001;
Sinclair 2002; Jones et al. 2003; Hart et al. 2006) have
examined a process known as extratropical transition
(ET) in which a tropical cyclone recurves to the mid-
latitudes, interacts with the indigenous baroclinicity,
acquires frontal structure and becomes fully extra-
tropical. The inverse of ET is tropical transition (TT), in
which a nontropical, frontal, baroclinic disturbance, of-
ten of midlatitude origin, develops and transforms into a
tropical cyclone. Tropical transitions tend to occur in the
subtropical ocean (poleward of 20° latitude) where mid-
latitude weather systems can ingest considerable mois-
ture from the warm underlying ocean (Davis and Bosart
2003, 2004). While storms that undergo tropical transition
rarely reach major hurricane status, they can be associ-
ated with hazardous sensible weather (Beven et al. 2003)
and, as a consequence of their formation at high latitude,
are also likely to affect land that is rarely hit by hurricanes
[e.g. Hurricane Juan in 2003; McTaggart-Cowan et al.
(2006)]. Recent work by McTaggart-Cowan et al. (2008)
suggests that such tropical transition events represent
~28% of all tropical cyclones in the Atlantic basin.'

Davis and Bosart (2003) surveyed 10 cases of tropical
transition that occurred in the 2000 and 2001 Atlantic
hurricane seasons. They found that each of these cy-
clones had initial 900-200-hPa vertical shear values near
or above the empirical threshold at which tropical cy-
clogenesis is unlikely.” However, for each transitioning
storm, vertical shear decreased below the critical value
by the time each cyclone became tropical. Therefore,
identifying the process or processes by which the cyclone
sheds its initially highly sheared environment is funda-

! More specifically, McTaggart-Cowan et al. (2008) found that
13% (15%) of all tropical cyclones arose from tropical transition
events involving a weak (strong) precursor.

2 Generally, unless the vertical shear in the 200-900-hPa layer (i.c.,
from the tropopause to the boundary layer) is less than 10-15 m s~ !,

tropical cyclogenesis is unlikely (e.g., DeMaria et al. 2001).
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mental to understanding tropical transition. One obvi-
ous process, operating in the extratropical cyclone life
cycle, which results in reduced vertical shear above the
surface cyclone center is the midlatitude occlusion pro-
cess in which the originally asymmetric thermal struc-
ture is rendered equivalent barotropic with an attendant
decrease in vertical shear above the sea level pressure
minimum (Palmén and Newton 1969). Indeed, Davis
and Bosart (2003, 2004) recognize the importance of
extratropical occlusion in the tropical transition process.’

Posselt and Martin (2004) examined the effect of la-
tent heat release on the development of the occluded
thermal structure in a robust winter storm by comparing
companion full physics (FP) and no-latent-heat-release
(NLHR) simulations of the event performed using the
fifth-generation Pennsylvania State University—National
Center for Atmospheric Research (PSU-NCAR) Me-
soscale Model version 3.5 (MMS). Concentrating on the
role of latent heat release on the evolution of the upper-
tropospheric potential vorticity (PV) morphology, they
showed that direct destruction of upper-tropospheric
PV by midtropospheric latent heat release initiated
formation of a local, upper-tropospheric PV minimum
to the northwest of the surface cyclone. The production
of this PV minimum initiated a cutting off of the upper-
tropospheric PV anomaly associated with the surface
development. The upper-tropospheric circulation asso-
ciated with the cutoff anomaly, in turn, advected low
values of PV into the developing PV trough. This com-
bination of kinematic and diabatic processes produced
both the tropopause PV treble clef (Martin 1998) as well
as the underlying warm occluded thermal structure in
the FP simulation. Though an adiabatic kinematic ten-
dency to produce a PV treble clef operated in the NLHR
simulation, the resulting PV and thermal structures were
weaker and slower to evolve than those produced in the
FP simulation. They therefore concluded that latent
heat release plays a fundamental role in the midlatitude
occlusion process.

In their model-aided analysis of a tropical transition
event (Hurricane Michael in 2000), Davis and Bosart
(2003) found that strong latent heating, organized in the
convection associated with the baroclinic precursor, re-
moved vertical shear by redistributing PV in the vertical
(Raymond 1992). In addition, the outflow from the
convection helped to horizontally displace large PV
gradients away from the column directly above the
surface cyclone creating a low-shear environment in

*Davis and Bosart (2004) state, as a forecast rule for SEC
transition events, that “the precursor cyclone must occlude and
remain over warm water (> ~26°C) for at least a day following
occlusion.”
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which a warm-core tropical cyclone could be nurtured.
An analysis of additional cases by Davis and Bosart
(2004) suggested that convection upshear of the pre-
cursor cyclone may be particularly efficient at horizon-
tally displacing large PV gradients, especially when the
baroclinic precursor is exceptionally strong.*

Focusing on the apparent ubiquity of upshear® con-
vection in the tropical transition of SECs, the goal of the
present work is to examine the role that the frontal
structure and frontal dynamics of the precursor distur-
bance have on focusing moist ascent and the resulting
deep convection. The paper will present a survey of six
different cases of tropical transition (each characterized
by a strong baroclinic precursor) that occurred in the
subtropical Atlantic between 2000 and 2005. The anal-
ysis suggests that a dynamic—diabatic feedback between
lower-tropospheric frontogenesis, and the extratropical
occlusion process (which involves upshear convection
and associated diabatic PV redistribution), is essential to
the process of tropical transition. In a companion paper
(Hulme and Martin 2009), we choose a particular case,
Atlantic Hurricane Karen in 2001, and perform a nu-
merical simulation of it using the Weather Research and
Forecasting (WRF) model to further refine under-
standing of the mesoscale structures, physical processes,
and associated-scale interactions associated with tropi-
cal transition. The present paper is organized in the
following manner. Section 2 describes the dataset and
methodology used in this analysis. It also describes the
relationship between PV and diabatic heating as well as
upper-level PV gradients and vertical shear that pro-
vides useful background for understanding elements of
the tropical transition process. In section 3 a cursory
overview of six different cases of tropical transition that
occurred in the subtropical Atlantic Ocean between
2000 and 2005 is presented. An analysis of the distribu-
tion of low-level frontogenesis, upper- and lower-level
PV and their diabatically forced tendencies, as well as
upshear convection in the chosen cases of tropical
transition is offered in section 4. The goal here is not to
provide modest case studies of each event but rather to
highlight the similarities between the cases. Section 5
summarizes the results, discusses them in the context of
prior work, and suggests future directions for the study
of tropical transitions.

* Tropical transition involving strong extratropical cyclone
(SEC) precursors were identified by Davis and Bosart (2004)
as events in which a robust extratropical cyclone precedes the
transtion.

> The term “upshear” means to the west or southwest of the
surface cyclone.

HULME AND MARTIN

3607

2. Background and case overviews

Tropical transition is the process by which a baroclinic,
vertically sheared extratropical cyclone is transformed
into a warm core, weakly sheared, vertically stacked
tropical cyclone. Given TT’s dependence on vertical
shear reduction, it is useful to consider some mechanisms,
operating in the context of the extratropical cyclone life
cycle, whereby the vertical shear can be reduced.

a. Shear reduction

The occlusion process itself, wherein the cyclone
adopts an equivalent barotropic structure and the ver-
tical shear above the sea level pressure minimum is
greatly reduced (Palmén and Newton 1969), represents
perhaps the most obvious shear reduction mechanism in
the canonical extratropical cyclone life cycle. Martin
(1998) showed that adoption of a “treble clef”” shape to
the tropopause-level PV distribution was a sufficient
condition for asserting the presence of an occluded
thermal structure in the underlying troposphere.

Shear reduction mechanisms can also be understood
by examining the relationship between upper-level PV
gradients and vertical shear. From the quasigeostrophic
perspective, PV and geopotential are related via an el-
liptic, linear operator A. Specifically,

f 62¢>

q=f1 2+ 1T Ny +E )

where ¢ is quasigeostrophic PV, ¢ is geopotential, f is
the Coriolis term, and £, and o are constant Coriolis and
stratification typical of the midlatitudes, respectively.
Taking the spatial derivative of (1), ignoring variations
in f, and assuming geostrophy, an expression equating
the upper-level winds to the PV gradient can be found,

dq dq
2 =A 2=
ox (fovg)’ dy

MA@
where 1, and v, are components of the geostrophic wind.
Given the ellipicity of A, in the Northern Hemisphere a
local maximum (minimum) in the gradient of ¢ would be
correlated with a minimum (maximum) in meridional
wind and a maximum (minimum) in zonal wind. In most
cases, areas of zero PV gradient are areas of light upper-
level winds. Ignoring near-surface winds, the largest
values of vertical shear will then be collocated with the
largest magnitudes of upper-level PV gradient (Hoskins
et al. 1985; Davis and Bosart 2003).

Potential vorticity can be redistributed vertically by
introducing a differential diabatic heat source [e.g., la-
tent heat release (LHR)] into the column. From Hoskins
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TABLE 1. Parameters of interest for each of the selected cases of tropical transition. The Time of tropical designation was determined using
cyclone phase space diagnostics developed by Hart (2003). SLP and wind data are taken from HURDAT data.

Time of tropical Min SLP at TD Min SLP overall Max winds

Storm Dates designation (hPa) (hPa) (kt)
Michael 15-20 Oct 2000 1200 UTC 15 Oct 1003 965 85
Karen 11-15 Oct 2001 1200 UTC 12 Oct 988 982 70
Noel 4-6 Nov 2001 1200 UTC 3 Nov 986 986 65
Olga 23 Nov—-4 Dec 2001 0000 UTC 24 Nov 989 973 80
Delta 19-29 Nov 2005 1200 UTC 22 Nov 983 980 60
Epsilon 29 Nov-9 Dec 2005 0600 UTC 29 Nov 993 981 75

et al. (1985), the Lagrangian PV tendency due to a dia-
batic heat source is represented by

dP :
P =MV, 3)

where p is the atmospheric density, P is the potential
vorticity, 1, is the three-dimensional absolute vorticity
vector, and 6 is the diabatic heating rate (i.e., df/dr).
Assuming that the diabatic heating maximum is in the
midtroposphere and the absolute vorticity vector is
nearly vertical, PV will tend to increase (decrease) in the
layer below (above) the heating maximum (Raymond
1992). The end result will be anomalously high PV in the
lower troposphere, with lower values near the tropo-
pause. Thus, a PV perspective suggests that shear can
hypothetically be decreased over a cyclone by two
methods: 1) decreasing the magnitude of the upper-level
PV gradient through a diabatic process that homoge-
nizes the PV field, or 2) either moving the surface cy-
clone (or reforming it) under tropospheric columns
capped by weak PV gradients.

b. Data

The six-case survey presented here utilizes the
6-hourly Global Final Analysis (FNL) dataset provided
by the National Centers for Environmental Prediction
(NCEP). Standard meteorological variables were sam-
pled at 50-hPa intervals from 1000 to 100 hPa on a 1° by
1° latitude-longitude grid. The Hurricane Best Track
(HURDAT) database compiled by the Tropical Pre-
diction Center (TPC) was utilized to determine the lo-
cation and strength of each surface cyclone. However,
since the cyclones studied here had often existed as
extratropical cyclones for several days before being in-
cluded in HURDAT, supplemental surface cyclone
positions were determined from the FNL data. The time
of tropical designation for each storm was defined as the
time at which it was first analyzed as “warm core/sym-
metric” according to the cyclone phase space diagnos-
tics of Hart (2003). (For all the storms except Epsilon,

we employed the cyclone phase space charts available
online at http://moe.met.fsu.edu/cyclonephase/.)®

c. Case overviews

We next compare the evolutions of six cases of tropical
transition involving strong extratropical cyclones (SECs).
Sealevel pressure (SLP) data taken from HURDAT along
with the time of tropical designation as determined by
cyclone phase space diagnostics are listed for each cyclone
in Table 1. The tracks of the six storms are shown in Fig. 1.

Michael formed 750 km southwest of Bermuda on
14 October 2000 as a result of the interaction between
an upper-level trough and a stationary front (Franklin
et al. 2001). While becoming tropical on 15 October,
the storm moved to the west and became stationary.
Michael briefly reached category 2 strength just east of
Nova Scotia late in the day on 19 October while tran-
sitioning into an intense extratropical cyclone.

On 10 October 2001, Karen formed downstream of an
upper-level trough along a stationary front 1000 km
south of Bermuda. The storm made a northwestward jog
and passed very close to Bermuda while becoming
tropical on 12 October. Karen became a hurricane for a
short time on 14 October prior to making landfall in
Nova Scotia on 15 October.

Noel resulted from a decaying, occluded cyclone in
the north-central Atlantic that began to redevelop in
response to the encroachment of an upper-level trough
on 2 November 2001 (Beven et al. 2003). While ex-
tratropical, the storm moved quickly westward and
then took a northward turn after becoming tropical on
3 November. Noel reached hurricane status on 5 No-
vember before undergoing an ET.

Olga originated from a persistent extratropical cy-
clone that by 22 November 2001 had moved 1000 km
southeast of Bermuda. The storm moved eastward in the
westerlies until 24 November when it became tropical

®We used the FNL data to construct a similar cyclone phase
space diagnostic for Epsilon.
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FIG. 1. Cyclone tracks of each of the six tropical transition cases. Closed dots represent cyclone positions taken
from HURDAT with open dots indicating supplemental cyclone positions taken from FNL analysis. Black lines/dots
indicate positions at which the cyclone was considered nontropical (either extratropical or subtropical) and gray
lines/dots indicates position at which the cyclone was considered tropical (note that different shades of gray have no
significance except to demarcate different tracks). Number next to a dot indicates the 0000 UTC position for that
date. Cyclone tracks lasting 5 days after tropical transition are truncated and end in an arrow.
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and sat in the axis of a small-amplitude, negatively tilted,
upper-level trough (Beven et al. 2003). By 25 November,
the storm started moving westward. Olga was a hurri-
cane from 26 to 28 November and did not dissipate until
early December while near the Bahamas.

Delta began as an extratropical cyclone that formed
on 19 November 2005 in the middle of the Atlantic. The
system progressed eastward as an intensifying extra-
tropical cyclone downwind of an upper-level trough
until 1200 UTC 22 November when it became tropical
and turned to the south-southwest. Delta’s sustained
winds reached a maximum intensity of 31 m s ', just
below hurricane strength, on 25 November. After this,
the system moved quickly eastward affecting the Canary
Islands and Morocco on 29 November as a hybrid storm.

Epsilon developed on 28 November 2005 downstream
of an upper-level trough along a stationary front 1800 km
east of Bermuda. The cyclone moved westward while
transitioning and became tropical on 29 November.
Epsilon made a cyclonic loop before turning eastward
on 1 December (Beven et al. 2008). Beginning on 3
December, Epsilon was a hurricane for 5 days with
maximum winds up to 39 m s~ '. The system decayed on
9 December as a tropical depression.

Prior to transition, each storm either began to move
westward with respect to its prior movement, deflected to

the west while moving northward (e.g., Michael), or ex-
perienced a decrease in forward speed while moving
quickly eastward in the mean flow (e.g., Delta). In all
cases except Michael, the precursors underwent a period
of strengthening prior to tropical designation and attained
sea level pressures of 993 hPa or below with surface winds
in excess of 23 ms ! before transition. After becom-
ing tropical, most of the cyclones deepened only another
5-10 hPa; hence, a large fraction of the overall intensifi-
cation of each storm occurred during its development as
either an extratropical or subtropical cyclone.

The most apparent similarity in all six cases is that the
precursor in each case resulted from the interaction of
an upper-tropospheric trough with a low-level baroclinic
zone beginning about three days prior to transition. The
precursor to Michael developed along a southwest—
northeast-oriented stationary front in the right entrance
region of a jet on the eastern side of a large-amplitude
upper-level trough (Fig. 2a). The precursor to Karen
responded to a similar configuration except the upper-
level jet was broader and the lower-level baroclinic zone
was more zonally oriented (Fig. 2b). Noel developed in
the left exit region of a zonal jet that was positioned south
of 30°N at the base of a large-amplitude trough (Fig. 2c).
As Noel’s precursor was a robust cyclone several days
before transition, the strongest baroclinicity had become
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TABLE 2. Mean vertical shear (m s~ ') in the 200-900-hPa layer at 6-h intervals from 24 h before (7 — 24) to 24 h after (T + 24) the time
of tropical designation (7 = 0) calculated using the FNL data. Shear is averaged over a 5° X 5° grid centered on the center of each storm in
the analysis. The storm center was defined as the 900-hPa vorticity maximum averaged on a 3° X 3° grid.

T-24 T-18 T-12 T-6 T=0 T+6 T+ 12 T+ 18 T+ 24
Michael 32.6 31.9 30.3 271 18.4 15.2 12.5 12.1 10.7
Karen 30.7 29.6 19.1 15.1 7.4 11.9 12.0 11.8 11.6
Noel 20.6 18.9 15.7 15.6 12.9 11.5 13.5 11.5 12.4
Olga 14.6 19.1 16.8 12.4 12.4 10.5 7.9 8.5 11.8
Delta 19.8 17.1 14.9 17.1 14.2 11.4 10.2 15.4 18.0
Epsilon 16.2 9.7 10.4 10.8 7.5 11.0 10.6 11.1 9.6

positioned west of the SLP minimum at the time shown.
The synoptic-scale settings in which Olga (Fig. 2d) and
Delta (Fig. 2e) developed were similar to one another. In
both cases, the precursor cyclone had existed for a few days
as evidenced by the thermal ridge present in both low-level
temperature fields. In addition, both cyclones became
positioned near a small-amplitude trough axis in the left
exit region of a northwesterly jet. Epsilon’s precursor was
more removed from an upper-level jet than the other five
cases but was located downstream of an upper-level cutoff
low (Fig. 2f). The baroclinicity in Epsilon extended along a
warm front to the north and northeast of the SLP mini-
mum. Located downshear of an upper-level trough, each
cyclone was in a favorable area for deepening via vertical
motions inferred from cyclonic vorticity advection by the
thermal wind (Sutcliffe 1947; Trenberth 1978). Thus, even
as proximate as one day or so before transitioning, each
cyclone was ensconced in an environment supportive of
extratropical deepening. During this period of baroclinic
development, the vertical shear over each cyclone was at
or above the 15 m s~ threshold (Table 2) a result of each
storm’s proximity to an upper-level jet.

3. Synoptic settings of the six cases
a. Low-level frontogenesis

Prior idealized modeling work by Takayabu (1986),
Xu (1990), and Schar and Wernli (1993) has suggested a
relationship between lower-tropospheric frontogenesis
along the warm front and the accumulation of vorticity
(or PV) at the western end of the front. In their analysis
of an isolated, adiabatic, semigeostrophic idealized cy-
clone, Schir and Wernli (1993) showed that westward,
storm-relative, alongfront advection of vorticity, pro-
duced in association with frontogenesis and its attendant
vertical circulation, accounted for the ‘‘stubbiness” of the
warm frontal zone in the simulation. Additionally they
showed that the alongfront vorticity advection resulted
in a concentration of vorticity and baroclinicity at the
western end of the frontal zone near the cyclone center.

A similar relationship between frontogenesis, its ver-
tical circulation, and the lower-tropospheric potential

vorticity appears to characterize the cases under inves-
tigation here. Figure 3 displays the low-level (900 hPa)
temperature, winds, frontogenesis, and (850-950-hPa
layer) PV fields at the approximate time of maximum
frontogenesis for each cyclone. At the time of tropical
designation, Michael (Fig. 3a) had a well-defined warm
front that wrapped around the SLP minimum as a bent-
back front. Near the western end of the bent-back ex-
tension strong frontogenesis occurred to the northwest
of Michael’s robust PV maximum. Karen (Fig. 3b) was
slightly less developed than Michael at the time shown,
yet a strong linear band of frontogenesis existed along
the cyclone’s warm front and its bent-back extension.
Just to the south of the most intense frontogenesis was
an area of large, positive PV displaced slightly west of
the SLP minimum. Noel (Fig. 3c) had existed for a
longer time prior to transition than the other cyclones in
this study and, hence, its thermal field resembled that of
a large occluded cyclone with the cyclone’s SLP mini-
mum far-removed from the peak of the thermal ridge.
However, modest but localized frontogenesis did occur
just to the west of the cyclone center. For Olga (Fig. 3d),
strong frontogenesis was confined to the north of the PV
maximum, which extended slightly to the west of the
SLP minimum. Additionally, a warm anomaly coinci-
dent with the cyclone center had been enclosed almost
entirely by cooler air bordering the southern half of the
cyclone. Delta (Fig. 3e) was similar to Karen in that a
lengthy band of frontogenesis extended from along the
warm front to northwest of the SLP minimum on a bent-
back front. However, Delta’s thermal field resembled
that of an occluded cyclone with the SLP minimum far to
the west of the peak of the warm sector. Epsilon (Fig. 3f)
had a strong band of frontogenesis extending north-
eastward from the SLP minimum while a robust PV
maximum existed at the end of the front.

As shown in Fig. 3, near the time of transition of each
cyclone, strong frontogenesis occurred to the northwest
of alow-level PV maximum located near the end of each
cyclone’s warm front. These regions of frontogenesis
were associated with the production of heavy precipi-
tation (not shown) and considerable LHR. Following
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UTC 3 Nov 2001 (Noel), (d) 0000 UTC 24 Nov 2001 (Olga), (¢) 1200 UTC 22 Nov 2005 (Delta), and (f) 0000 UTC
29 Nov 2005 (Epsilon). Temperature is labeled in K and contoured every 2 K. PV is labeled in PVU (1 PVU =
107% m? K kg~ ' s™") and contoured every 0.25 PVU beginning at 0.5 PVU. Frontogenesis is contoured in fronto-
genesis units [FGU = K (100 km) ™' (3 h) '] and is shaded every 0.2 FGU with light (dark) shading indicating
positive (negative) frontogenesis. The “L” in (a)—(f) represents position of the SLP minimum.

the method employed by Emanuel et al. (1987), the rate

of latent heating can be calculated as

4)

where H corresponds to latent heat release, w is the
vertical velocity (in Pas™ '), 6, is the equivalent potential
temperature, and vy, and v,, are the dry and moist adi-
abatic lapse rates, respectively. Quantitative values of
PV generation in the lower troposphere are obtained by
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inserting values of the calculated LHR into an explicit
computation of the diabatic, nonadvective time ten-
dency of PV. Following Cammas et al. (1994), the local
nonadvective change in PV can be written as

9PV
== %
Py gy, Y, ®)

where g is the gravitational acceleration, and V,, is the
three-dimensional vector gradient (Vp = 9/oxi + d/dyj —
d/dpk). The nonadvective potential vorticity flux vec-
tor is

Y=—H{,+V 0 XF, (6)

where £ is the three-dimensional absolute vorticity
vector ({, = dvldp, {, = —auldp, {, + f) and F is the
friction force. For the purposes of the present investi-
gation, we neglect the effects of friction and focus solely
on the time tendency of PV associated with LHR, which
may be written as

PV
7=ngp~Y=g§a~VpH. (7)

Figure 4 shows the low-level frontogenesis, PV, and the
local nonadvective change in PV at 900 hPa for each
storm at the same times as in Fig. 3. Note that in each
case the nonadvective PV tendency is maximized to
the west (northwest, west, or southwest) of the cyclone
center. These nonadvective tendencies are, in each case,
an order of magnitude larger than the horizontal PV
advection at 900 hPa. To the extent that positive PV
tendencies are associated with cyclonic development,
such a distribution encourages a westward propagation
of the cyclone center near the time of transition and
suggests that this propagation is the by-product of LHR
in convection located west of the cyclone center. Si-
multaneously, corresponding negative PV tendencies at
upper-tropospheric levels in the same vertical columns
(to be shown in Fig. 7) served to reduce the vertical
shear in the columns toward which the cyclones were
moving.

Prior to the transition of each cyclone, strong fronto-
genesis occurred to the northwest of a low-level PV
maximum located at the end of each cyclone’s bent-back
warm front. For each case, the frontogenetical region
was characterized by an area of confluence where winds
having a cross-front component on the warm side of the
front met with mostly front-parallel winds on the cool
side of the front. Additionally, cooler air had begun to
wrap around each cyclone in varying degrees by the
times shown in Fig. 3, a trend that was encouraged to
continue in each case as cold air advection was occurring
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to the south of each cyclone. Strong winds, approaching
30 ms™ ' in a few cases, existed on the cool side of the
bent-back warm front in each case. As a consequence of
their northerly direction, these winds likely exported
cooler, drier air over the warm ocean thereby enhancing
the transfer of sensible/latent heat from the ocean to the
atmosphere and promoting destabilization. Addition-
ally, each cyclone was in the process of moving westward
during the period of intense frontogenesis (see Fig. 1).
Given their common configuration in all six cases,
low-level PV and frontogenesis appear to be strongly
interactive during tropical transition. In fact, the coin-
cidence of large diabatic PV production by LHR and the
maximum lower-tropospheric PV itself in each case is
suggestive of a frontogenetically driven, diabatic origin
for the low-level PV maxima in these cases of tropical
transition. Figure 5 displays the 900-hPa frontogenesis
and low-level PV fields over a portion of the life cycle of
Michael. For ease of illustration, Fig. 6 includes the di-
abatic PV tendency due to LHR along with the low-level
PV and frontogenesis over the same period of Michael’s
life cycle. The evolution observed here is representative
of all six cases with regard to the general positions and
trends of the frontogenesis, low-level PV maxima, and
diabatic PV tendency. At 0000 UTC 14 October 2001
(36 h prior to tropical designation), a linear band of PV
identified the stationary front along which Michael’s
precursor developed (Fig. 5a). Moderate frontogenesis
was coincident with the area of enhanced PV near the
newly formed SLP minimum. Robust diabatic PV ten-
dency was associated with the updraft portion of the
thermally direct circulation implied by the frontogenesis
(Fig. 6a). The cyclone was further developed 18 h later
with an ellipsoidal PV anomaly located at the intersec-
tion between the warm front extending northeastward
and a cold front extending to the south (Fig. 5b). Intense
frontogenesis, with a maximum value higher than ob-
served at any other time during the transition, occurred
directly to the north of the SLP minimum in an area of
enhanced confluence at this time. The largest diabatic
PV tendency was associated with this region of fronto-
genesis (Fig. 6b). By 1200 UTC 15 October, the strongest
frontogenesis had rotated into the northwest quadrant
of the cyclone and its intensity had slightly decreased
(Fig. 5¢). A strong, more circular PV anomaly became
collocated with the SLP minimum with only a slight
ridging of PV along the cyclone’s warm front. The dia-
batic PV tendency maximum followed the frontogene-
sis to the northwest of the cyclone center by this time
(Fig. 6¢) and was a direct result of the intense convection
in this region (see Fig. 2b of Davis and Bosart (2004)).
By 0600 UTC 16 October the frontogenesis had almost
entirely diminished (Fig. 5d) and the thermal field in the
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FIG. 4. Asin Fig. 3, but FNL analyses of 900-hPa frontogenesis (shaded), 850-950-hPa PV (dashed gray lines), and
900-hPa diabatic PV tendency. Frontogenesis shaded as in Fig. 3 and PV labeled and contoured, though with dashed
lines, as in Fig. 3. Diabatic PV tendency is labeled in PVU day ' and contoured every 2 PVU day ™' beginning at

1PVU day L

vicinity of the cyclone had become more axisymmetric
with a warm anomaly at the center and no sharp tem-
perature gradients. Interestingly, the largest diabatic PV
tendencies of the entire life cycle occurred coincident
with the nearly circular low-level PV maximum indi-
cating that the convective heating was no longer tied to
lower-tropospheric frontogenesis by this time (Fig. 6d).

By 0000 UTC 17 October, the PV/wind fields were
symmetric and no clear frontal structure existed in the
near vicinity of the cyclone (Fig. 5e). The diabatic PV
tendency near the cyclone center had also decreased by
this time (Fig. 6e). Thus, for Michael, the area of
frontogenesis rotated cyclonically around the cyclone
center dragging the diabatic PV tendency maximum
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FIG. 5. Asin Fig. 3, but for (a) 0000 UTC 14 Oct 2000, (b) 1800 UTC 14 Oct 2000, (c) 1200 UTC 15 Oct 2000, (d) 0600
UTC 16 Oct 2000, and (e) 0000 UTC 17 Oct 2000.

with it. At the same time, the PV itself became better
organized at the terminus of the bent-back warm front.
This set of circumstances served to displace the inten-
sifying low-level circulation progressively farther west in
the period preceding tropical transition.

b. Upper-level potential vorticity

In each of the six cases studied here, tropical transition
was preceded by the migration of a distinct upper-level

PV anomaly from the midlatitudes into the subtropics
where it was subsequently altered and weakened during
the tropical transition process. Figure 7 shows the evo-
lution of the upper-level PV field over Noel, which is
representative of the PV evolution of all six cases. One
day prior to tropical designation (1200 UTC 2 Novem-
ber 2001), a large-magnitude PV anomaly was located
west of Noel’s SLP minimum (Fig. 7a). By 0000 UTC 3
November, the upper-level PV feature had begun to
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FIG. 6. As in Fig. 4, but for (a) 0000 UTC 14 Oct 2000, (b) 1800 UTC 14 Oct 2000, (c) 1200 UTC 15 Oct 2000, (d) 0600
UTC 16 Oct 2000, and (¢) 0000 UTC 17 Oct 2000.

deform as high PV began wrapping around to the south
of the cyclone and low PV air was streaming to the
northwest (Fig. 7b). The ridging evident in the anticy-
clonic turning of the upper-level winds to the north of
the cyclone center is consistent with the diabatic PV
destruction and attendant ridge building that was oc-
curring there. Additionally, the surface cyclone had
moved to the west temporarily placing it under an area of
stronger upper-level PV gradients. The deformation of

the upper-level PV field continued such that by 1200 UTC
3 November the anomaly began to detach from the
midlatitude westerlies and the trough became cut off
(Fig. 7c). Noel’s center moved quickly to the west under
the nose of the upper-level PV feature, which resembled
the treble clef structure observed in occluded cyclones
(Martin 1998). Strong PV gradients still existed over the
eastern half of the cyclone; however, the area immedi-
ately west of the cyclone, in the direction the cyclone
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F1G. 7. FNL analyses of 325-335-K PV (PVU, filled), 330-K winds (arrows), and 330-K diabatic PV tendency (gray
lines) for (a) 1200 UTC 2 Nov 2001, (b) 0000 UTC 3 Nov 2001, (c) 1200 UTC 3 Nov 2001, (d) 0000 UTC 4 Nov 2001,
(e) 1200 UTC 4 Nov 2001, and (f) 0000 UTC 5 Nov 2001. PV contoured and shaded every 1 PVU beginning at 1 PVU.
Diabatic PV tendency labeled in PVU day ! and contoured every 0.5 PVU day ! beginning at —0.5 PVU day ™ '. The
“L” in (a)-f) represents position of the SLP minimum.
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was moving, contained weak PV gradients and, conse-
quently, small vertical shear. The upper-level PV fea-
ture was completely isolated by 0000 UTC 4 November
(Fig. 7d). As Noel continued to develop tropical char-
acteristics, the upper-level PV feature continued to
weaken (Fig. 7e). By 0000 UTC 5 November the upper-
level PV feature had nearly disappeared and the PV
gradient over Noel was near zero (Fig. 7f). Accordingly,
vertical shear over the cyclone was small (10.5 m s~ 1)
and the cyclone was able to reach hurricane status dur-
ing the day on 5 November. It is interesting to note that
according to the HURDAT data, Noel had reached a
minimum SLP of 988 hPa by 0000 UTC 4 November at
the end of the period in which strong PV gradients/
vertical shear influenced the cyclone. Noel’s minimum
value of SLP actually increased on 4 November when
the upper-level PV feature was weakening and the cy-
clone did not start to deepen again until just before
reaching hurricane status. This period of quiescence is
reminiscent of the simulation of Michael reported by
Davis and Bosart (2003).

Around the time of tropical designation, the upper-
level PV field over each cyclone resembled the treble
clef structure with anomalously high (low) PV air to the
south (north) of the SLP minimum (Fig. 8). Also at the
times pictured, each cyclone sat beneath a column cap-
ped with large PV gradients. However, every cyclone
was moving westward (except Olga, which was moving
eastward yet decreasing in forward speed) on trajecto-
ries that were systematically acting to place each cyclone
under an area of weaker upper-level PV gradients and,
hence, smaller vertical shear.

c. Upshear convection

Around the time of intense frontogenesis and the first
appearance of a treble clef in the upper-level PV field,
each cyclone appeared to develop robust convection on
its western/southwestern side as suggested by the IR
satellite imagery displayed in Fig. 9.” The collocation of
the convection and frontogenesis warrants an analysis of
the vertical structure in the vicinity of the front. Figure 10
shows a vertical cross section, characteristic of all six
cases near or just prior to transition, taken perpendicu-
lar to the bent-back front and through the area of
maximum vertical motion associated with Delta. Above
750 hPa, the thermal structure strongly resembled that
of the canonical warm occlusion with an axis of maxi-
mum 6, tilting poleward and westward with height sep-

7 Numerical simulations of a subset of these cases (not shown)
confirm the reasonable suspicion that such IR signatures are nearly
certain proxies for the occurrence of robust convection.
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arating cold and warm frontal zones manifest as
gradients of 6, (Fig. 10a).® The resemblance to an oc-
cluded thermal structure was absent near the surface
because of the presence of a moist, convectively unsta-
ble boundary layer and a slanted column of moist air to
the west (upshear) of the cyclone. The upshear moist
axis tilted over strong low-level winds to the north of the
warm front and extended upward from an area of
boundary layer convergence (not shown).

Figure 10b illustrates the connection between the
frontogenesis and its associated deep vertical circula-
tion. The tilted region of maximum ascent along the
warm edge of the warm frontal zone (from ~850 to
650 hPa) occurs in an environment of nearly constant 6,
shown in Fig. 10a. Additionally, the area of maximum
updraft appeared to connect the most unstable portion
of the boundary layer with the axis of maximum 6, as-
sociated with the warm-occluded structure aloft.

By the end of the period of intense frontogenesis and
upper-level PV deformation and destruction, each cy-
clone sat beneath the center of an upper-level trough or
cutoff (Fig. 11). The baroclinicity that existed at the time
of cyclogenesis had disappeared and been replaced by a
more uniform and, in some cases (Karen; Fig. 11b),
axisymmetric temperature field. With upper-level winds
over each cyclone less than 15 m s~ ! (Table 2), vertical
shear was low enough to allow each cyclone to develop
and maintain tropical characteristics. After this point,
each cyclone evolved uniquely based on differing envi-
ronmental conditions that influenced its strength and
movement. Michael, Karen, and Noel moved northward
and underwent extratropical transition. Olga mean-
dered to the west and persisted for two weeks. Moving
eastward, Delta impacted Africa as an extratropical
cyclone and Epsilon decayed in the eastern Atlantic
after 10 days as a tropical cyclone.

4. Summary and discussion

Tropical transition is the process by which a vertically
sheared, extratropical cyclone powered by baroclinic
conversion is transformed into a warm-core, vertically
stacked tropical cyclone capable of amplifying by air—
sea interaction processes [i.e., wind-induced surface heat
exchange (WISHE) Emanuel (1986)]. Recent work by
Davis and Bosart (2003, 2004) has identified a number of
salient characteristics of such events. In this paper, six
recent cases of SEC tropical transition in the Atlantic
basin have been compared in order to better understand

8 The baroclinicity associated with the cold and warm fronts,
though meager, is illustrated in the cross-section of potential
temperature in Fig. 10b.
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SLP minimum.

3619



3620 MONTHLY WEATHER REVIEW VOLUME 137

FIG. 9. Infrared satellite images from (a) 1115 UTC 15 Oct 2000 (Michael), (b) 2215 UTC 11 Oct 2001
(Karen), (¢) 0915 UTC 3 Nov 2001 (Noel), (d) 0815 UTC 23 Nov 2001 (Olga), (e) 0415 UTC 22 Nov 2005
(Delta), and (f) 1115 UTC 28 Nov 2005 (Epsilon). Thick black arrow in (a)—(f) indicates the direction and
magnitude of the 200-900-hPa vertical shear over the cyclone center determined as in Table 2.
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FIG. 10. Cross section, along A-A’ in Fig. 3e, from the FNL analysis at 1200 UTC 22 Nov 2005. (a) Thick lines are

contours of wind speed normal to the cross section (m s

, values hatched coming out of the page), thin lines are

contours of equivalent potential temperature (6., K), and shaded areas represent relative humidity. (b) Thin gray
lines are isentropes labeled in K and contoured every 2 K. Thick black lines are positive frontotgenesis labeled in
FGU and contoured every 0.2 FGU beginning at 0.2 FGU. Thin dashed lines are w, labeled in dPa s~ ' and contoured
every —2 (2) dPas™ ! beginning at —2 (2) dPas ™' and also including —1 (1) dPas™' contour, with light (dark) shading
indicating region of ascent (descent). The “L” on the cross section represents the position of the SLP minimium.

the manner by which some of the canonical structures
and dynamical processes of extratropical cyclones be-
come involved in preconditioning the precursor cyclone
for transition.

In each case examined here, as in the transition events
described in Davis and Bosart (2003), the precursor

extratropical cyclone developed in an environment
characterized by vertical shear large enough to effec-
tively prohibit tropical cyclone formation from tropical
waves. Initial development of the precursor ensued as an
upper-tropospheric shortwave trough encroached upon
a low-level baroclinic zone (Petterssen and Smebye
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FIG. 11. Asin Fig. 2, but for (a) 0000 UTC 16 Oct 2000 (Michael), (b) 1800 UTC 12 Oct 2001 (Karen), (c) 0600 UTC
4 Nov 2001 (Noel), (d) 1200 UTC 25 Nov 2001 (Olga), (¢) 1800 UTC 22 Nov 2005 (Delta), and (f) 0000 UTC 29 Nov
2005 (Epsilon).

1971). This circumstance promotes upward vertical
motion via cyclonic vorticity advection by the thermal
wind (Sutcliffe 1947; Trenberth 1978) and distorts the
linear baroclinic zone into a frontal wave (Martin 2006).
Eventually, a closed circulation and sea level pressure
minimum form at the surface. Along the nascent cy-
clone’s frontal zones, precipitation develops in linear
bands in response to frontogenesis that tends to be more
intense along the warm front which, in subtropical cy-

Epsilon
00 UTC 29 Nov 2005

clones, is usually more baroclinic. As it continues to
mature, the SEC precursor eventually exhibits a bent-
back warm/occluded front extending into the cool air
west and northwest of the surface cyclone center similar
to phase 3 of the Shapiro and Keyser (1990) conceptual
model of marine extratropical cyclones. In all six cases,
an area of frontogenesis characterizes this front, first
intensifying and then weakening as the cyclone ap-
proaches transition. Within the resultant circulation,
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in K km ! and contoured every —0.5 K km ! beginning at —0.5 K km ', The “L” in (a)—(f) represents the position

on the SLP minimum.

precipitation develops and, via diabatic redistribution of
PV, promotes the growth of a low-level PV strip along
the warm front.

As this lower-tropospheric PV anomaly grows via
persistent latent heat release, and accumulates at the
end of the front, the low-level circulation around the

cyclone center also intensifies. Since the low-level flow
on the cold side of the bent-back front is northerly or
northeasterly and the upper-level flow is southwesterly
downstream of the upper trough axis, the northwest
quadrant of the storm is characterized by large south-
westerly vertical shear. This circumstance results in two
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important, interrelated structural features of the oc-
cluding cyclone. First, the large vertical shear in the
northwest quadrant coupled with the nearly moist neu-
tral occluded thermal structure above the boundary
layer, renders the effective static stability very low in the
occluded quadrant. Second, the superposition of strong
lower-tropospheric frontogenesis with minimal resis-
tance to vertical displacement in the northwest quadrant
of the storm (Fig. 12) promotes the convective burst that
characterizes each transition event. The resulting con-
vective heating reduces the upper-tropospheric PV
north and northwest of the surface cyclone while in-
creasing it in the boundary layer near the surface cy-
clone. Such a diabatic rearrangement simultaneously
strengthens the surface circulation while eroding upper-
tropospheric PV and PV gradients just west of the sur-
face cyclone center.

The prevelance of upshear convection at the time of
occlusion was noted by Davis and Bosart (2004) as a
characteristic of transition events. They point to the
speed of occlusion as a key factor in whether or not
a storm will undergo transition and argue that the nec-
essary alacrity is provided by diabatic heating and its
associated secondary circulation suggesting that extra-
tropical occlusion accelerated by diabatic heating can
lead to tropical transition. Posselt and Martin (2004)
showed that diabatic heating is also of fundamental
importance to the midlatitude occlusion process. They
examined the effect of latent heat release on the de-
velopment of an occluded thermal structure in a robust
winter storm by comparing companion full physics and
no-latent-heat-release simulations of the event per-
formed using the MMS. They identified an adiabatic,
synoptic-scale tendency for occlusion that operates too
slowly to reproduce the structures observed in nature.
Thus, the results offered here suggest that the “rapid
occlusion” reported by Davis and Bosart (2003) as
critical for tropical transition events is a manifestation of
the inherently diabatic process of occlusion occurring at
subtropical latitudes.

The survey presented here has pointed to the impor-
tance of frontal structure, frontal dynamics, and an
updated view of the occlusion process in tropical tran-
sition events. Several similarities in the six cases appear
to be the result of convection and its organization by,
and interaction with, synoptic-scale features. The rela-
tively coarse nature of the FNL dataset does not allow
for explicit analysis of the convection and its feedback
onto larger-scale flows during tropical transition. To
elucidate the details of the interactions between con-
vection and synoptic-scale processes suggested in this
study, a companion paper will focus on a finescale sim-
ulation of a particular case of tropical transition. The
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analysis of that simulation will provide the foundation
for an improved conceptual model of tropical transition.
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