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ABSTRACT

A 34-member ensemble-mean trajectory through the cyclone phase space (CPS) is calculated using Navy
Operational Global Atmospheric Prediction System (NOGAPS) analyses for North Atlantic tropical cy-
clones (TCs) undergoing extratropical transition (ET). Synoptic composites at four ET milestones are
examined: 24 h prior to the beginning of ET (75 — 24), the beginning of ET (7}), the end of ET (7), and
24 h after the end of ET (7 + 24). While the extratropically transitioning TC structure is tightly con-
strained in its tropical phase, it has a variety of evolutions after Tg. Partitioning the ensemble based upon
post-ET intensity change or structure discriminates among statistically significant ET precursor conditions.
Compositing the various post-ET intensity regimes provides insight into the important environmental
factors governing post-ET development.

A TC that intensifies (weakens) after T begins transition (¢t = T;) with a negatively (positively) tilted
trough 1000 km (1500 km) upstream. The negative tilt permits a contraction and intensification of the eddy
potential vorticity (PV) flux, while the positive trough tilt prevents contraction and intensification of the
forcing. In 6 of the 34 cases, the posttropical cold-core cyclone develops a warm-seclusion structure, rather
than remaining cold core. Anticipation of this warm-seclusion evolution is critical since it represents a
dramatically increased risk of middle- to high-latitude wind and wave damage. The warm-seclusion evolu-
tion is most favored when the scale of the interacting trough closely matches the scale of the transitioned
TC, focusing the eddy PV flux in the outflow layer of the transitioning TC. The sensitivity of structural
evolution prior to and after 7 illustrated here gives insight into the degradation of global model midlati-
tude forecast accuracy during a pending ET event.

Eliassen—Palm flux cross sections suggest that ET is primarily driven by the eddy angular momentum flux
of the trough, rather than the eddy heat flux associated with the trough. The response of the transitioning
TC to the eddy angular momentum forcing is to produce adiabatic ascent and cooling radially inward and
beneath the region of the forcing to restore thermal wind balance. In the case of ET, the forcing is
maximized lower in the atmosphere, and spread over much greater depth, than in the case of trough-
induced TC intensification. Only after 7, is the eddy heat flux forcing as significant as the eddy angular
momentum forcing, further supporting a physical foundation for the CPS description of cyclone evolution.
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1. Introduction

Over the past 5 yr, the extratropical transition (ET)
life cycle has been defined based upon satellite signa-
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tures (Klein et al. 2000) and objective measures of dy-
namic and thermal structure (Evans and Hart 2003).
Following ET, tropical cyclones (TCs) can become ex-
plosive cold-core cyclones, explosive warm-seclusion
cyclones, or simply decay as a cold-core cyclone (Hart
2003; Evans and Hart 2003). Each of these three evo-
lution paths has dramatically different wind and pre-
cipitation fields (Bosart et al. 2001) and ocean wave
(Bowyer 2000; Bowyer and Fogarty 2003) responses
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associated with it. Furthermore, the envelope of real-
ized intensity is fundamentally related to the structure
obtained after ET (Hart 2003), so incorrect forecasts of
storm structure have the effect of also degrading the in-
tensity forecasts. Yet, numerical models currently struggle
in forecasting the basic nature of TC evolution during and
after ET (McTaggart-Cowan et al. 2001; Ma et al. 2003).
Indeed, the predictability of the long-wave pattern of the
Northern Hemisphere often becomes unusually low when
an ET event is upcoming (Jones et al. 2003a,b).

Cyclone evolution following ET may depend on the
interaction of at least three components: the remnant
TC vortex, the upstream conditions, and the down-
stream conditions. The role of the remnant TC circulation
was found to be only a secondary role in the posttran-
sition intensification for Hurricanes Earl (McTaggart-
Cowan et al. 2001) and Irene (Evans and Prater-Mayes
2004; Agusti-Panareda et al. 2004), but it played an
essential role in the posttransition intensification of
Hurricane Danielle (McTaggart-Cowan et al. 2004). In
the cases of both Earl and Irene, the characteristics of
the upstream trough (rather than the TC remnant)
played a critical role in determining the ET outcome. In
such cases, it is possible that cyclone development
would have occurred regardless of the presence of the
remnant TC. In the case of Earl, McTaggart-Cowan et
al. (2003) found that a strong zonal jet immediately
downstream of Earl contributed to a “baroclinic mode”
of development. Conversely, this downstream zonal jet
was upstream of coexisting Hurricane Danielle. This jet
orientation led to a northward intrusion of warm, moist
air to surround Danielle, leading to a “tropical mode”
of development. Similar contrasting cases of develop-
ment and the role of the TC remnant were found in
Hurricanes Felix and Iris (Thorncroft and Jones 2000).
In nearly all of these (and other) ET cases, there re-
mained a maximum of equivalent potential tempera-
ture even after cold-core structure is obtained. The con-
ditionally unstable cyclone core is a common feature of
ET and thus is not alone a useful diagnosis method for
determining the post-ET evolution.

As will be discussed in this paper, both Earl and
Danielle acquired a warm-seclusion structure after
brief periods of cold-core structure and so are atypical
examples of ET; the conventional ET case (15/21 here)
results in either cold-core decay or intensification. Earl
strengthened during ET leading to warm seclusion and
then weakened afterward, while Danielle strengthened
explosively during and after the warm seclusion. This
argues that the warm seclusion was a result of the in-
tensification in the case of Earl, and contributed to the
explosive intensification of Danielle. An understanding
of the differing precursor conditions that lead to a
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weakening warm seclusion in one case and an explo-
sively intensifying warm seclusion in the other is critical
to an effective ET forecast, as the sensible weather and
forecast uncertainty of the explosively intensifying case
(Danielle) is much larger than the former situation
(Earl). While both types of post-ET warm-seclusion
evolution were revealed in Hart (2003), the precursor
conditions distinguishing the two remain a mystery.

Sea surface temperature (SST) has also been identi-
fied as playing a crucial role during the ET process in
some cases (Evans and Prater-Mayes 2004), but the
fundamental impact of SST in determining post-ET
evolution remains undetermined; this environmental
impact will be examined here as well. The role of
trough interaction has long been identified as a critical
feature driving ET (Brand and Guard 1978; Elsberry
1995; Harr and Elsberry 2000; Hanley et al. 2001; Hart
and Evans 2001; Klein et al. 2002; Ritchie and Elsberry
2001, 2003). However, there remain unanswered ques-
tions concerning what distinguishes an environment
where the trough favorably interacts with the TC versus
one where the trough shears and destroys the TC be-
fore transition to a tilted, baroclinic system is com-
pleted. In their climatology of Atlantic ET events, Hart
and Evans (2001) suggest that storms that move directly
from an environment supportive of tropical develop-
ment into an environment supportive of baroclinic de-
velopment are more likely to survive ET and reinten-
sify than systems that languish in an environment that is
not conducive to intensification in either regime. They
supported this assertion with climatological fields, but
composites and individual case studies are needed to
truly validate it.

Fortuitously, 1998-2003 represented a period of in-
creased frequency of North Atlantic ET (42 cases),
compared to the 6 yr prior (29 cases). Operational
analysis advanced dramatically in quality and in the
initialization of the TC structure (Goerss and Jeffries
1994) in the mid-late 1990s due largely to the assimila-
tion of satellite-derived datasets (Caplan et al. 1997,
Velden et al. 1998). As a result, we are now in a far
improved position to examine in more detail the syn-
optic, thermal, and dynamic aspects of ET that deter-
mine the posttransition evolution. During this 6-yr pe-
riod, 34 of the 42 cases of Atlantic ET were collected
for this study. With this large set of ET cases now avail-
able, it is possible to map out the basic progression of
ET and post-ET evolutions as a function of the char-
acteristics of the TC and the environmental flow, thus
generalizing the revealing case studies of Harr et al.
(2000) and McTaggart-Cowan et al. (2001, 2003, 2004).

The goal of the research presented here is to define
and distinguish the precursor environments that lead to
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cases of post-ET weakening, strengthening, and/or
cold-core evolution or warm seclusion. The approach is
to normalize the TC life cycles of each of these 34 cases
using the cyclone phase space (CPS; Hart 2003) char-
acterization of cyclone structure. This framework not
only permits objective diagnosis of the posttransition
structure (cold core or warm seclusion), but also en-
ables compositing of precursor and subsequent storm
environments for similar phase evolutions. This facili-
tates a detailed examination of the differing nature of
underlying interaction between the TC and trough.
Further, composites of the precursor environments will
provide forecasters with schematics for future cyclone
evolution, even in situations of low predictability using
the numerical model guidance alone.

The structure of the paper is as follows: datasets and
methodology underlying the compositing are discussed
in section 2. The composite mean CPS evolution is ex-
amined in section 3. In section 4 the subcomposites for
the distinct groups apparent within the variability about
the CPS mean evolution are examined. A concluding
summary is presented in section 5 and suggestions for
future research are offered in section 6.

2. Data and methodology

a. Datasets

As demonstrated in Hart (2003), it is preferable to
have a dataset resolution of at least 1° for reliable di-
agnosis of cyclone phase structure—in particular the
warm-core subset, which is intrinsically a smaller scale.
Thus, while the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalyses (Kalnay et al. 1996) pro-
vide for an extended length of cases for examination of
ET, the 2.5° resolution limits meaningful composites of
cyclone phase structure. To remedy the resolution is-
sue, analyses from the operational global models are
used here. While the Navy Operational Global Atmo-
spheric Prediction System (NOGAPS) (Hogan and
Rosmond 1991) was relatively stable over this period,
the NCEP Aviation Model [AVN; now Global Forecast
System (GFS; Kanamitsu 1989)] had a significant
change in the initialization of the TC vortex in 2000
(Liu et al. 2000). Thus, the storm composites performed
here were based upon 1° X 1° resolution NOGAPS
operational analyses for the period 1998-2003. During
these 6 yr, 34 Atlantic TCs underwent resolvable ET
(Table 1) as diagnosed within the cyclone phase space
(http://moe.met.fsu.edu/cyclonephase). A few TCs that
occurred during this period of time could not be in-
cluded in the composite either because of data gaps or
very poor storm representation.
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b. Methodology

1) OVERVIEW OF CYCLONE PHASE SPACE

The cyclone phase space (Hart 2003) is a continuum
describing the broad evolution of all synoptic-scale cy-
clones: tropical, extratropical, subtropical, hybrid, and
the transitions among each. This continuum is defined
by three parameters: 900-600-hPa thermal wind (— V%),
600-300-hPa thermal wind (—V¥), and 900-600-hPa
storm-motion-relative thickness asymmetry (B), all
measured within 500-km radius. Positive (negative) val-
ues of —V%or —V¥ indicate a warm- (cold-) core struc-
ture in that layer [geostrophic wind and, therefore, iso-
baric height perturbation (decreasing) increasing with
height]. Large positive values of B indicate a highly
asymmetric (frontal) cyclone with direct circulation,
near-zero values of B indicate symmetry, and large
negative values of B indicate occlusion and indirect cir-
culation. By tracing the evolution of a given cyclone
within this three-dimensional space, the structural
changes of the cyclone can be depicted, including ET
(Evans and Hart 2003). The three parameters lead to
the formation of a continuum of cyclone structure,
which can be grossly described by eight quadrants (Fig.
2). The objective definition of the cyclone evolution
provided by the CPS permits the normalization of vari-
ous cyclone life cycles into a dimensionless time frame,
and compositing. The reader is referred to Hart (2003)
for a more detailed description of the cyclone phase
space.

2) NORMALIZING THE ET TIME LINE

The ET life cycle defined in Evans and Hart (2003) is
used here, with the beginning of ET (labeled as T) as
the time when the storm becomes significantly asym-
metric (B > 10) and end of ET (labeled as T) the time
when the lower-tropospheric thermal wind indicates a
cold core (i.e., —V% < 0). These thresholds for begin-
ning and end of transition were confirmed by the ob-
jective clustering of transitioning storms in the CPS by
Arnott et al. (2004). Since the CPS path is derived from
model analyses, Tz and T, will correspond to the clos-
est analysis time on or after these milestones are
reached.

To examine the precursor and subsequent synoptic
evolution of the cyclones, seven additional times were
defined with respect to these two points: T — 72 h, T
—48h, Ty — 24 h, Tyup [= V2 (Ty + Tg)], T + 24 h,
Tg + 48 h, and T + 72 h. This normalizing of the ET
time line of each TC enables direct comparison of the
evolution of one system to another. While all nine mile-
stones are used to produce a composite mean cyclone
phase life cycle, for purposes of brevity only four of the
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TABLE 1. North Atlantic transitioning tropical cyclones used in this study. The time taken for each storm to transition (7, — T in
hours) is listed in column 2; NHC best-track intensity (MSLP) at 7 in column 3; post-ET intensity change (MSLP from 7, — T +
24 h) in column 4; the average radius (km) of gale-force (>34 kt) wind from the NHC advisory around 7 in column 5; and post-ET

structure, as determined from the CPS, is identified in column 6.

Length (h) of NHC best-track

Best-track MSLP
intensity change

NHC mean radius

of gale force winds CPS-determined

Storm name (year) transition period intensity at 7 (hPa) Tp— Tp+24h at T (km) post-ET structure
Bonnie (1998) 48 (slow) 993 Weakened 245 Cold core
Danielle (1998) 48 (slow) 975 Strengthened 324 Warm seclusion
Earl (1998) 36 994 Weakened 155 Warm seclusion
Ivan (1998) 36 980 Weakened 162 Cold core
Jeanne (1998) 24 1006 Neutral 0 Cold core
Karl (1998) 24 970 Weakened 162 Cold core
Mitch (1998) 36 998 Neutral 220 Warm seclusion
Nicole (1998) 48 (slow) 987 N/A 201 N/A
Cindy (1999) N/A 984 N/A 231 N/A
Dennis (1999) N/A 965 N/A 303 N/A
Floyd (1999) 48 (slow) 950 N/A 328 N/A
Gert (1999) 36 964 N/A 378 N/A
Harvey (1999) N/A 996 N/A 64 N/A
Irene (1999) 12 (fast) 976 Weakened 305 Warm seclusion
Jose (1999) 12 (fast) 987 Weakened 156 Cold core
Alberto (2000) 36 983 Weakened 206 Cold core
Florence (2000) 24 987 N/A 197 N/A
Gordon (2000) 12 (fast) 992 N/A 153 N/A
Isaac (2000) 60 (slow) 979 Weakened 324 Cold core
Michael (2000) 12 (fast) 983 Strengthened 266 Cold core
Nadine (2000) 36 999 Neutral 191 Cold core
Allison (2001) 12 (fast) 1006 Weakened 0 Cold core
Erin (2001) 72 (slow) 979 Strengthened 237 Cold core
Gabrielle (2001) 168 (slow) 983 Neutral 162 Cold core
Humberto (2001) 12 (fast) 970 Weakened 155 Cold core
Karen (2001) 0 (fast) 998 N/A 149 N/A
Michelle (2001) 60 (slow) 947 N/A 245 N/A
Cristobal (2002) 24 1003 N/A 136 N/A
Gustav (2002) 24 971 Weakened 266 Cold core
Isidore (2002) 24 985 N/A 321 N/A
Josephine (2002) 0 (fast) 1009 Strengthened 35 Cold core
Fabian (2003) 96 (slow) 962 Strengthened 301 Warm seclusion
Isabel (2003) 12 (fast) 969 N/A 370 N/A
Kate (2003) 12 (fast) 987 Strengthened 254 Warm seclusion

nine milestones are examined here and illustrated with
the synoptic composites: T — 24 h, Ty, Ty, and Ty +
24 h.

3) COMPOSITING

For each cyclone, a storm-relative 1° X 1° resolution
grid, spanning 91° of longitude and 91° of latitude, was
centered over the cyclone center; only a subset of this
grid will be shown here to focus on the region of inter-
est. In regions where this grid reached over the North
Pole or below the equator, that region of the grid was
set to missing values to avoid contaminating the even-
tual composite. The NOGAPS-based storm-relative
grid was then produced for each of the four ET mile-
stones defined above. After this process was repeated

for each of the 34 cyclones, the composite mean storm-
relative grid was produced. No attempt was made to
rotate the storm-relative grid based upon storm motion.
Thus, direction of storm-motion sensitivity in ET evo-
lution will not be resolved in this analysis.

4) ELIASSEN—PALM FLUX CALCULATIONS

The Eliassen—Palm (EP) flux is calculated for the
mean environment for each of the five partitions for
which synoptic composites were developed: full com-
posite, cold core, warm seclusion, strengthening, and
weakening subcomposites. Data for each member of
each composite are obtained from NOGAPS analyses
over a 51° latitude by 51° longitude grid centered over
the surface center of each storm [defined by minimum





































































