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ABSTRACT

The threat posed to North America by Atlantic Ocean tropical cyclones (TCs) was highlighted by a series
of intense landfalling storms that occurred during the record-setting 2005 hurricane season. However, the
ability to understand—and therefore the ability to predict—tropical cyclogenesis remains limited, despite
recent field studies and numerical experiments that have led to the development of conceptual models
describing pathways for tropical vortex initiation. This study addresses the issue of TC spinup by developing
a dynamically based classification scheme built on a diagnosis of North Atlantic hurricanes between 1948
and 2004. A pair of metrics is presented that describes TC development from the perspective of external
forcings in the local environment. These discriminants are indicative of quasigeostrophic forcing for ascent
and lower-level baroclinicity and are computed for the 36 h leading up to TC initiation. A latent trajectory
model is used to classify the evolution of the metrics for 496 storms, and a physical synthesis of the results
yields six identifiable categories of tropical cyclogenesis events. The nonbaroclinic category accounts for
40% of Atlantic TCs, while events displaying perturbations from this archetype make up the remaining 60%
of storms. A geographical clustering of the groups suggests that the classification scheme is identifying
fundamentally different categories of tropical cyclogenesis. Moreover, significant differences between the
postinitiation attributes of the classes indicate that the evolution of TCs may be sensitive to the pathway
taken during development.

1. Introduction

The power of tropical cyclones (TCs) and the threat
that they pose to populations and infrastructures in

coastal areas was devastatingly illustrated by the
record-setting 2005 Atlantic Ocean hurricane season.
That season produced not only the most named TCs in
history (27) but also the costliest [e.g., Hurricane Ka-
trina cost an estimated $81 billion (U.S. dollars; Knabb
et al. 2005)], the third-deadliest since the turn of the
twentieth century [e.g., Hurricane Katrina, with an es-
timated 1833 fatalities (Knabb et al. 2005)], and the
deepest [e.g., Hurricane Wilma, with a minimum mean
sea level pressure estimated at 882 hPa (Pasch et al.
2005)] hurricanes recorded by the U.S. National Hur-
ricane Center (NHC).
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Despite seasonal predictions of above-average hurri-
cane activity for the subsequent season, based both on
model diagnostics and on climate statistics (NOAA
2006), 2006 resulted in only 10 named TCs in the North
Atlantic basin. This dramatic interseasonal variability is
noteworthy but not unique in the record, and it serves
to highlight the fact that despite the significant im-
provements that have been made in hurricane track
forecasting (Burpee et al. 1996; Goerss 2007)—and
much more modest improvements that have been
achieved in intensity prediction (DeMaria et al. 2005,
2007)—many questions still surround the development
of TCs (e.g., Elsberry et al. 1992; Marks et al. 1998).
This issue was highlighted by the recommendation of
those attending the Sixth International Workshop on
Tropical Cyclones that research be focused on TC
structural changes during genesis and on finding objec-
tive ways to quantify the influence of trough forcing on
TC outflow (IWTC-VI 2006). This investigation devel-
ops a dynamically based categorization scheme for
tropical cyclogenesis in the North Atlantic basin. The
result provides an objective method for framing studies
and discussions of tropical cyclogenesis in analyses,
forecast models, and climate prediction systems.

Many advanced theories describing the physical and
dynamical processes responsible for the development
of TCs have been proposed in recent literature. These
can be broadly categorized as those that emphasize
“pure” tropical (nonbaroclinic) features and forcings
and those that implicate external influences, typically of
midlatitude origin, in tropical cyclogenesis.

The former group of development models favors
convectively driven development pathways and in-
cludes the thermodynamically focused studies of Ro-
tunno and Emanuel (1987) and Emanuel and Rotunno
(1989), wherein the wind-induced surface heat ex-
change (WISHE) model is developed to demonstrate
the effectiveness of surface fluxes in raising the lower-
level equivalent potential temperature (�e) to a value
capable of sustaining a mesoscale convective vortex
(MCV). Recent studies by Hendricks et al. (2004),
Montgomery et al. (2006), and Sippel et al. (2006) build
on the work of Chen and Frank (1993) to show how
these MCVs can be created and sustained by individual
convective elements called “vortical hot towers” (Simp-
son et al. 1998). High-resolution modeling work by
Davis and Bosart (2001), Hendricks et al. (2004), and
Montgomery et al. (2006) shows how numerous con-
vective cells with lifetimes on the order of 1 h can com-
bine to create a quasi-steady heating rate on the pri-
mary MCV scale. Field observations are used by
Ritchie and Holland (1993, 1997) and Simpson et al.

(1997) to develop models of tropical cyclogenesis that
focus on the stochastic coalescence of convectively gen-
erated vortex features in a favorable synoptic environ-
ment created by the monsoon trough. This combination
of scales—from convective to synoptic—is a key ele-
ment of conceptual models that describe the TC devel-
opment pathways that depart from the pure tropical
form.

The importance of these scale interactions has re-
ceived attention recently in the form of the tropical
transition (TT) development model defined by Davis
and Bosart (2004). Building on studies of a 1975–93
composite of TC developments (Bracken and Bosart
2000) and the initiation of Hurricane Diana (1984)
(Bosart and Bartlo 1991; Davis and Bosart 2001, 2002),
Davis and Bosart (2004, 2006) describe the importance
of upper-level trough forcing and convectively driven
diabatic potential vorticity (PV) and momentum redis-
tribution in enhancing MCV strength and in the reduc-
tion of the near-storm vertical wind shear implied by
the presence of the midlatitude trough, or “PV tail.”
Two categories of TT are described by Davis and
Bosart (2004): weak extratropical cyclone (WEC) and
strong extratropical cyclone (SEC). Storms classified as
SEC cases involve extratropical baroclinic precursors of
sufficient strength (surface winds near 10 m s�1) to trig-
ger the WISHE process. Weak extratropical cyclone
developments form from weaker initial baroclinic vor-
tices and require a sustained convective outbreak—
generally induced by the quasigeostrophic forcing for
ascent downshear of the trough—to generate near-
surface winds strong enough to raise �e values through
surface fluxes.

Another model of tropical cyclogenesis that involves
lower-level baroclinicity has been developed to de-
scribe Cape Verde hurricane initiation (Simpson and
Riehl 1981) west of the African coast. One of the key
ingredients for this development pathway is the pres-
ence of a midlevel easterly jet (MLEJ) that satisfies the
Charney and Stern (1962) condition for combined baro-
tropic–baroclinic instability (a vanishing-time mean
north–south PV gradient). This strong MLEJ is sus-
tained by episodic injections of warm, well-mixed, dust-
laden boundary layer air into the Saharan air layer
(SAL; Carlson and Prospero 1972) over the eastern
equatorial Atlantic. A strong meridional temperature
gradient is established between the SAL and cooler
midlevel air of oceanic origins to the south, giving rise
to an MLEJ in which wind speeds exceed 10 m s�1 at
700 hPa. Karyampudi and Pierce (2002) use a vorticity
budget analysis of recent Cape Verde developments to
show that the combined effects of convection-induced
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vortex stretching and cyclonic vorticity advection on
the equatorward side of the MLEJ are sufficient to pro-
mote cyclogenesis in two of the three cases studied.
Using a compositing approach, Bracken and Bosart
(2000) show that vorticity advection on the southern
flank of the Atlantic subtropical anticyclone can pro-
mote TC development in the MLEJ entrance. A three-
stage life cycle of easterly waves on the cyclonic shear
side of the MLEJ is proposed by Berry and Thorncroft
(2005), following their study of the strong wave that led
to the development of Hurricane Alberto (2000). Be-
cause of the requirement for a strong lower-level tem-
perature gradient in this model, its applicability is gen-
erally confined to the eastern Atlantic basin.

Geographical constraints on tropical cyclogenesis are
employed by Elsner et al. (1996) to develop a climatol-
ogy of tropical cyclogenesis for the Atlantic. Using an
advanced statistical algorithm known as partially adap-
tive classification trees (Shih 1993) and NHC best-track
positional information, Elsner et al. (1996) split 1950–
93 hurricane developments into “tropical only” and
“baroclinically influenced” categories based on the geo-
graphical locations of the first reports of tropical de-
pression and hurricane strengths in the best track. The
Elsner et al. (1996) study is founded on a subjective
classification involving the same two categories over a
similar period performed by Hess et al. (1995). The
latter study focuses on an application of the categorized
dataset to the extended range prediction of tropical cy-
clogenesis from synoptic-scale indicators in seasonal
forecast models.

The current study is similar to that of Elsner et al.
(1996) in objective but differs significantly in method.
Our goal is to design a classification scheme for tropical
cyclogenesis events based on physically meaningful dis-
criminants that represent important underlying pro-
cesses and mechanisms, thereby freeing the analysis of
imposed geographical constraints. We define no limit
on the number of unique tropical cyclogenesis catego-
ries a priori, but like Elsner et al. (1996), we strive to
replicate the classifications that would be identified by
an experienced atmospheric scientist well versed in the
tropical development theories described in this section.
An objective dynamically based climatology of tropical
cyclogenesis will have the potential for a broad range of
applications including investigations of seasonal predic-
tions (as performed by Hess et al. 1995) and climate
simulations. In real time, hurricane genesis classifica-
tion could be applied as a forecasting tool given the
ever-increasing quality of high-resolution gridded
analyses.

This study begins with a description in section 2 of
the datasets and the diagnostic methodology. Section 3

describes the latent trajectory modeling technique em-
ployed to develop the objective categorization scheme.
Selected results from the climatological classification
are presented in section 4. The study concludes in sec-
tion 5 with a summary and discussion of the findings.

2. Data and diagnostics methodology

a. Datasets

All of the diagnostics presented in this study are com-
puted from the National Centers for Environmental
Prediction–National Center for Atmospheric Research
reanalysis dataset (NCEP–NCAR reanalysis) with a
2.5°-latitude–longitude grid spacing (Kalnay et al. 1996;
Kistler et al. 2001). Data from 1948–2004 are used, with
the 2005 season intentionally excluded to allow for the
planned development of a diagnostic categorization
strategy and its independent verification against new
high-resolution analysis data from the NCEP Global
Forecast System. One of the primary benefits of using a
gridded reanalysis dataset for the development of a
classification scheme is that it allows for the definition
of a set of dynamically based categories. However, the
2.5° grid spacing of the NCEP–NCAR reanalysis is
clearly insufficient to resolve the nature of individual
tropical vortices themselves, especially during the early
stages of development. Throughout this study, we
therefore focus on the near-storm synoptic environ-
ment and its influence on the nascent TC. Given the
resolvable scale of these features in the NCEP–NCAR
reanalysis dataset, we have included data collected be-
fore the International Geophysical Year of 1957 (IGY-
1957) and the advent of the satellite era (approximately
1979) in order to allow the statistical analysis (section 3)
to operate on the largest number and broadest range of
cases possible.

In this study, the diagnostics considered as “metrics”
representative of the tropical cyclogenesis pathway fol-
lowed during development are computed using only
high-confidence type-A variables with the exception of
the irrotational component of the full wind field, a
lower-quality type-B variable. Type-A variables are
strongly influenced by observations in NCEP–NCAR
reanalysis data, while type-B variables are more closely
related to the model fields used as the background state
during NCEP–NCAR reanalysis data assimilation (Kal-
nay et al. 1996). Kistler et al. (2001) show that much of
the analysis error—defined by forecast increments and
anomaly correlations of the 500-hPa height field—in
both early (before 1958) and presatellite (before 1979)
grids is concentrated over the Southern Hemisphere
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oceans. The Northern Hemisphere, and particularly the
North Atlantic basin, are relatively well handled
throughout the NCEP–NCAR reanalysis dataset. The
authors use a pair of case studies [the Thanksgiving
storm of 1950 (Smith 1950; Phillips 1958) and the North
Sea Gale of 1953] to show that even pre-IGY-1957
analyses are well represented by the data assimilation
scheme used in the reanalysis system. These findings
increase confidence in diagnostics computed from
NCEP–NCAR reanalysis data, at least over the region
of interest for this study.

The quality of the other primary dataset used here,
the NHC best-track archive, is also variable over the
period of 1948–2004. While the introduction of regular
reconnaissance missions in 1944 greatly enhanced the
accuracy of the best-track record after that time, other
technological advances including satellite track and in-
tensity estimate tools (Dvorak 1975) and dropsondes
[implemented in 1982; impacts evaluated by Burpee et
al. (1996)] have also improved the quality of the ar-
chive. Since the best-track data are used in this study
only to locate the center of the storm, TCs close enough
to the North American continent for aircraft sampling
will be well represented. The positions of those located
farther eastward will contain more uncertainty, espe-
cially in the presatellite era when ship observations
comprose the majority of the tracking input data
(Landsea 2007). Given the low resolution of the
NCEP–NCAR reanalysis dataset, however, small er-
rors in the locations of the TC centers are unlikely to
have a dramatic impact on the results of the diagnostics
computed in this study. To capture the full spectrum of
tropical development events, and consistent with a de-
signed lack of a priori assumptions regarding the num-
ber or nature of tropical cyclogenesis categories, cy-
clones that remain unnamed and those designated sub-
tropical are considered in this study. However, to
eliminate cases in which the cyclogenesis stage of the
TC life cycle is missing from the archive—and in keep-
ing with Elsner et al. (1996)—only storms with esti-
mated winds in the first best-track report less than
tropical storm strength (17 m s�1) are retained (95 of
the 591 storms in the 1948–2004 best-track record are
rejected by this condition, leaving 496 TCs in this
study).

b. Diagnostic analysis

To develop a dynamically based categorization
scheme for tropical cyclogenesis, a set of representative
diagnostic fields must be computed for each TC. Be-
cause the genesis process occurs on a time scale of days,
an instantaneous snapshot of the near-storm environ-
ment is insufficient to capture the full range of cyclo-

genesis events. The limitations of a single time analysis
are addressed by Elsner et al. (1996) through the use of
the central location of the TC at the onset of both the
tropical storm and the hurricane (33 m s�1) phases of
the storm’s life cycle. In this study, we consider the
evolution of the near-vortex environment over the 36-h
period leading up to the time of the initial storm report
in the best-track record (hereinafter referred to as To).

To obtain a set of storm-following diagnostics, a se-
ries of vortex-center coordinates is required over the
period To � 36 h to To. (Here To � 36 h represents the
analysis time 36 h before To; other pre- and post-To

times are indicated similarly.) These are obtained using
the geostrophic steering flow between 1000 and 400 hPa
[found by Dong and Neumann (1986) to be the optimal
steering layer in the North Atlantic for systems of tropi-
cal storm strength] computed at 6-hourly intervals from
the NCEP–NCAR reanalysis for a torroidal region with
an inner radius of 2° and an outer radius of 8°, centered
on the storm location. Dong and Neumann (1986) show
that this computation of the steering flow for a vortex
of tropical storm strength yields errors of approxi-
mately 300 km—just over one grid length in the NCEP–
NCAR reanalysis—in a 36-h period. This method has
been chosen over a feature-tracking approach because
the weak intensity and mesoscale extent of the TCs at
To imply that they are poorly represented in the coarse-
resolution NCEP–NCAR reanalysis. When higher-
resolution analysis or reanalysis data capable of consis-
tently identifying tropical vortices before To become
available, a feature-tracking algorithm may become the
method of choice for the storm back-trajectory calcu-
lation.

For each analysis time, between To � 36 h and To, a
set of global diagnostics (Table 1) is generated using
high-order accuracy spherical harmonic computations
(Adams and Swarztrauber 1997). The results of these
diagnostics are interpolated onto a storm-centered grid
in cylindrical coordinates (north up) with azimuthal and
radial grid spacings of 5° and 1°, respectively. The maxi-
mum radius of each resulting storm-centered “dial” is
10°. The dials are plotted in arbitrary groupings of “ba-
sic” and “advanced” diagnostics (Table 1, where the
classifications are loosely based on the regularity with
which the individually derived diagnostics appear in the
recent literature and synoptic discussions) and are
stored in a database that contains almost 20 000 images
for the 1948–2004 period. Figures 1 and 2 show ex-
amples of the dial plots for Hurricane Michael at To �
24 h, valid at 1200 UTC 14 October 2000. A Web in-
terface has been developed for investigators and the
general audience (accessible online at http://www.
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atmos.albany.edu/facstaff/rmctc/ttclim/indexd.php).
Each TC can be selected based on year and name (or
storm number if the TC is not named or classified as
subtropical by the NHC), and the diagnostic fields are
used to create an animation sequence.

Extensive review of the plots in the database is re-
quired to select the most appropriate metrics (discrimi-
nants) for the classification scheme. The criteria for the
metrics are that they must be

• representative of the synoptic-scale near-storm envi-
ronment;

• dynamically significant with respect to the theories of
tropical cyclogenesis reviewed in section 1; and

• different in structure, evolution, or intensity for the
different “flavors” of tropical cyclogenesis identified

by theoretical models and inspection of the 1948–
2004 data.

The extent to which each of the diagnostic fields de-
scribed in Table 1 meets each above-listed criterion is
evaluated for a broad range of TCs using extensive
analysis of the dial plots for 70 storms spanning the full
period of the investigation (14% of the full dataset).1

This is the sole subjective component of this study, and
it will have an impact on the final TC classifications;
however, this subjectivity is consistent with the stated
objective of replicating the diagnosis of an experienced
analyst. Two metrics are chosen because of their clear
conformity to the full set of criteria: mean upper-level
quasi-nondivergent Q-vector convergence and lower-
level thickness asymmetry. The choice of these metrics
is not unique, nor is the selection of two diagnostic
fields; however, the final interpretation of the TC
classes becomes increasingly difficult for larger num-
bers of discriminant fields (section 3). The lower-level
relative vorticity, a clear measure of the strength of the
precursor MCV, was considered as a metric but re-
jected because of the inconsistent representation of
tropical vortices in the NCEP–NCAR reanalysis and
the fact that it fails to conform to the third criterion
above, since the weak vortices are often too poorly
resolved to contain robust information about asymmet-
ric structures.

The mean upper-level Q-vector convergence (Q) is
defined as the average convergence of the 400–200-hPa
Q-vector field within a 6° radius2 of the storm center
(Fig. 1d). Unlike the standard quasigeostrophic Q vec-
tor, however, the quasi-nondivergent Q vector (Q) is
computed using the nondivergent wind field

Q � �
R

�p �
�vnd

�x
· �pT

�vnd

�y
· �pT�, �1�

where vnd is the vector nondivergent wind, the �p op-
erator computes gradients on a pressure surface, T and
p are air temperature and pressure, respectively, R is
the gas constant for dry air, and � is the static stability.
The complete development of this quantity is the sub-

1 The 70-storm diagnostic set was chosen based on the authors’
familiarity with selected events, augmented by random sampling
from the online database.

2 The 6° radius is chosen as a region large enough to encompass
most of the vortex-steering flow (Miller 1958; Dong and Neumann
1986) while excluding forcings that occur on the extreme periph-
ery of the developing circulation based on the diagnostic evalua-
tion described above.

TABLE 1. Diagnostic fields computed from the NCEP–NCAR
reanalysis for all 496 storms in this study. Plots of these quantities
are available via the Web interface (http://www.atmos.albany.edu/
facstaff/rmctc/ttclim/indexd.php).

Diagnostic Chart type Figures
Text

symbol

DTa potential temperature Basic 1a
DT pressure Advanced 2a
DT winds Basic 1a, 2a
Eady model DT potential

temperature anomalyb
Advanced 2d

Lower-level nondivergent
wind (850–700 hPa)

Basic 1c

Lower-level relative vorticity
(850–700 hPa)

Basic 1c

Lower-level thickness
(1000–700 hPa)

Basic 1b Th

Lower-level winds
(1000–700 hPa)

Basic 1b

Midlevel relative humidity
(850–400 hPa)

Basic 1d

Potential intensity (Bister
and Emanuel 2002)

Advanced 2b

Upper-level irrotational
winds (400–200 hPa)

Advanced 2c

Upper-level Q vector
convergence (400–200 hPa)

Basic 1d Q

Upper-level Q vectors
(400–200 hPa)

Basic 1d

Upper-level Rd
c (400–200 hPa) Advanced 2c

Wind shear (DT-850 hPa) Advanced 2b

a DT is defined as the 1.5-PVU surface, where 1 PVU � 10�6 m2

kg�1 s�1.
b The Eady-model anomaly is defined as DT potential tempera-

ture departure from an atmosphere that conforms to the Eady
(1949) basic state. A detailed description of this diagnostic is
contained in McTaggart-Cowan et al. (2006).

c The Rossby penetration depth Rd is defined as Rd � L( f 2
o /N2)1/2,

where fo is a reference Coriolis parameter (20°N), L is a hori-
zontal length scale (1000 km), and N 2 is the square of the Brunt–
Väisälä frequency.
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ject of a study in preparation. Conceptually, this casting
of the Q-vector equation behaves similarly to the con-
ventional form with slaved height replaced by slaved
vorticity (Warn et al. 1995; Nielsen-Gammon and Gold

2008); however, this diagnostic has distinct advantages
over the former in terms of both global applicability
and smoothness. The Q vector defined by (1) does not
become invalid as the Rossby number (Ro) approaches

FIG. 1. Basic diagnostic dial plots for Hurricane Michael at To � 24 h, valid at 1200 UTC 15 Oct 2000. (a) Dynamic tropopause (DT;
see Table 1) potential temperature (5-K contour intervals as shown on the color bar) and winds [arrows (m s�1), with the reference
vector at the top-left-hand corner of the panel]. (b) A 1000–700-hPa thickness (1-dam contour intervals as shown on the color bar) and
mean 1000–700-hPa winds [arrows (m s�1), with the reference vector at the top-right-hand corner of the panel]. (c) Mean 850–700-hPa
relative vorticity (�10�5 s�1 at intervals of 2.5 � 10�5 s�1 below 0 s�1 and 1 � 10�5 s�1 above, as indicated on the color bar) and mean
850–700-hPa nondivergent winds [arrows (m s�1), with the reference vector at the top-left-hand corner of the plot]. (d) Mean 400–
200-hPa Q-vector divergence with Q vectors computed as described by (1) (�10�12 m kg�1 s�1 at 0.4 � 10�12 m kg�1 s�1 intervals as
shown on the color bar), mean 840–400-hPa relative humidity (dashed magenta contours at 10% intervals at and above 50% humidity,
with longer dashes for larger values), and mean 400–200-hPa nondivergent wind Q vectors [arrows (kg�1 s�1), with the reference vectors
at the top-right-hand corner of the plot].
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unity in convective outflow and near the equator.3 This
attribute makes (1) preferable for use in studies of

tropical cyclogenesis. Notwithstanding the nondiver-
gent formulation used here, typical velocity (10 m s�1)
and length (1000 km) scales yield Ro values of 0.26 and
0.40 at 15° and 10°N, respectively, implying that even
the standard quasigeostrophic equations are valid

3 The Ro � (U/fL), where f is the local Coriolis parameter and
U and L are characteristic velocity and length scales, respectively.

FIG. 2. Advanced diagnostic dial plots for Hurricane Michael at To � 24 h, valid at 1200 UTC 15 Oct 2000. (a) The DT pressure
(25-hPa contour intervals as shown on the color bar) and winds [arrows (m s�1), with the reference vector at the top-left-hand corner
of the panel]. (b) Potential intensity computed using the method of Bister and Emanuel (2002) (5 m s�1 contour intervals as shown on
the color bar) and vertical wind shear between the DT and 850 hPa [arrows (m s�1), with the reference vector at the top-right-hand
corner of the panel]. (c) Mean 400–200-hPa Rossby penetration depth (Rd) as described in Table 1 (20-dam intervals as indicated on
the color bar) and 400–200-hPa irrotational winds [arrows (m s�1), with the reference vector at the top-left-hand corner of the panel].
(d) The DT potential temperature anomaly as defined by the departure from an Eady (1949) basic-state atmosphere as described in
Table 1 (3-K contour intervals as shown on the color bar) and mean sea level pressure (black contours at 2-hPa intervals).
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throughout the main development region (MDR).4 The
use of vnd in (1) also reduces noise in the computation
of the Q vectors, since small-scale features project more
heavily onto the geostrophic wind and pressure fields
than they do onto the smoother nondivergent wind and
vorticity fields. Given the low value of the Coriolis pa-
rameter in the tropics, any noise can create unrealistic
geostrophic wind speeds even at latitudes where quasi-
geostrophic theory is strictly valid; this problem is over-
come using the nondivergent Q-vector casting in (1).

To first order, the Q-vector metric discriminates be-
tween systems that develop in a purely tropical atmo-
sphere (low values of Q) and those that experience
upper-level forcing from a trough. Early studies on such
features, then known as tropical upper-tropospheric
troughs (TUTTs), were performed by Sadler (1976,
1978). More recently, tropical cyclogenesis events that
rely on strong upper-level dynamic forcing fall under
the TT paradigm of Davis and Bosart (2004). In addi-
tion to the cyclogenetic properties of ascent through
lower-level convergence and stretching, sustained uplift
increases the midlevel relative humidity by adjusting
the temperature profile toward dry adiabatic. This
midlevel moistening limits the effectiveness of mixing-
induced downdrafts in establishing a near-surface cold
pool that reduces the efficiency of the convective ele-
ment (Maddox 1983). The Q metric therefore serves
both to represent well-resolved dynamic processes and
to act as a proxy for the poorly analyzed midlevel mois-
ture field (a type-B variable in the NCEP–NCAR re-
analysis; Kistler et al. 2001).

The lower-level thickness asymmetry (Th) is defined
as the maximum difference in the mean hemispheric
(semicircle) 1000–700-hPa thickness values within 10°
of the storm center on the dial plots (Fig. 1b), normal-
ized by the mean thickness in the same area.5 Unlike
the B parameter of the cyclone phase space developed
by Hart (2003), the axis of division between the hemi-
spheres is not fixed, but turns so that the axis runs
perpendicular to the mean thickness gradient. Storms
with moderate-to-strong lower-level baroclinicity may
be undergoing development along a TT pathway (Davis
and Bosart 2004) or may be associated with a MLEJ

(Karyampudi and Pierce 2002). Like Q, the Th metric
will not allow for a detailed evaluation of the inner-core
structure of the developing TC because of the resolu-
tion limitations of the NCEP–NCAR reanalysis; how-
ever, it will identify cases in which lower-level isen-
tropic ascent works to trigger and sustain convection
(Raymond and Jiang 1990). Furthermore, the lower-
level vertical wind shear implied by an elevated value of
the Th metric can act to organize and ventilate the
convective elements (Newton 1966; Weisman and
Klemp 1982). Combined, the Q and Th metrics provide
a comprehensive picture of the evolution of the near-
storm environment leading up to To.

3. Development of the classification scheme

With a pair of metrics (Q, Th) that satisfies the three
criteria outlined in section 2b now identified, values of
these quantities can be computed for each time incre-
ment (from To � 36 h to To) for all 496 storms in the
database. The time series of the metrics can then be
used to develop a classification scheme that discrimi-
nates between both the magnitude and the evolution of
these forcings over the development phase of the TC’s
life cycle.

A further complication arises for the lower-level
thickness field, in which discontinuity is occasionally
observed among analysis times (Fig. 3). Since temporal
continuity is usually one of the advantages of using a
reanalysis dataset, these jumps between analysis times
are disconcerting. The explanation for these oscillations
appears to be related to the magnitude of the semidi-
urnal tide relative to the sensitivity of the thickness
dials (contour intervals are 0.5 dam in Fig. 3). The
6-hourly temporal resolution of the NCEP–NCAR re-
analysis corresponds to the Nyquist frequency of the
semidiurnal tide, an atmospheric tide that results from
a combination of the absorption of solar radiation in
the upper atmosphere and fluxes of sensible and latent
heat at the surface (Dai and Wang 1999).6 The vertical
structure of the semidiurnal tide is complicated, though
its magnitude generally increases with height in the tro-
posphere (Wallace and Tadd 1974); theoretical models
suggest that temporal phasing may change with altitude
(Lindzen and Hong 1974). The tide’s effect on a highly

4 The MDR is the rectangular area approximately 10°–20°N
and 30°–85°W, where the majority of Atlantic TCs form (Gold-
enberg and Shapiro 1996).

5 The 10° radius is chosen based on the diagnostic evaluation to
focus on the magnitude of the environmental baroclinicity by cre-
ating a region large enough to ensure that the background gradi-
ent overwhelms small positional errors, while remaining small
enough to represent the local environment of the developing vor-
tex.

6 The authors also discuss a diurnal tide (Chapman and Lindzen
1970) that reaches maximum amplitude up to 6 h before local
noon, the effects of which are superposed on the pressure fluc-
tuations induced by the semidiurnal tide. However, they show that
the diurnal tide has a negligible influence over the tropical oceans,
and the longer tidal period suggests that aliasing is not a problem
for the current study.
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sensitive lower-level thickness field is therefore inde-
terminate but potentially large. At the surface, it mani-
fests itself as divergence-induced 1–1.5-hPa fluctuations
in the tropical mean sea level pressure field that de-
crease poleward and peak 2–3 h before local noon and
local midnight. These times correspond to approxi-
mately 1200 and 0000 UTC in the Atlantic basin, lead-
ing to maximum amplitude in the 6-hourly jumps of the
thickness analyses in this region. To avoid this aliased
signal that has no theoretical correspondence to any of
the physical development mechanisms described in sec-

tion 1, the Th data for each TC are run through a low-
pass digital filter with a cutoff period of 24 h.

The To � 36 h to To time window is chosen to rep-
resent the development period of the TC without ex-
tending the system back-trajectory beyond its range of
applicability as noted in section 2b. Figure 4 shows the
Q and Th time series plots for Hurricane Michael
(2000) [Fig. 4 plots for Hurricane Claudette (2003) will
be discussed later], representing a cyclogenesis event
with strong baroclinic influence, using the terminology
of Hess et al. (1995). The logarithmic normalization (n)

FIG. 3. Lower-level thickness (1000–700 hPa, contoured at 0.5-dam intervals as indicated on the color bar) and mean lower-level winds
[1000–700 hPa; arrows (m s�1), with the reference vector at the top of each panel] for Tropical Storm Franklin from To � 36 h to
To � 18 h at 6-h intervals. Validity time is indicated at the top of each panel.
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undertaken in Fig. 4b accounts for the skewed nature of
both the Q and the Th distributions (Figs. 5a,b), using

Q̃ � n�Q� �
ln��Q�

10
and �2�

T̃h � n�Th� � ln�Th � 103�, �3�

respectively. These same transformations are made to
the raw data prior to the application of the statistical
model, making Fig. 4b useful for reference with the
results of the classification scheme. The results of the
normalization are shown in Figs. 5c,d. Note that the Q
metric in Fig. 4 not only represents a strong forcing but
also exhibits a large change in magnitude as the trough
approaches and is weakened by the diabatic outflow
from the developing TC. This serves as an example of
why it is important to retain information about the evo-
lution of the metrics during the classification process,
rather than simply to study their maximum or mean
values over the period. Similar sequences for Hurricane
Claudette (2003), also shown in Fig. 4, document a de-
velopment that follows a traditional tropical-only path-
way (Hess et al. 1995) with low and nearly constant

values for both metrics. Although unresolved structures
fueling Claudette’s cyclogenesis cannot be evaluated
with the NCEP–NCAR reanalysis to allow for discrimi-
nation between the mesoscale flavors of the nonbaro-

FIG. 5. Histograms of the computed (a) Q and (b) Th metrics for
all events and all times from To � 36 h to To. The corresponding
histograms of the metric values following the logarithmic normal-
izations defined in (2) and (3): (c) normalized Q vector and (d)
normalized thickness.

FIG. 4. Sample metric time series plots for Hurricanes Michael (2000) and Claudette
(2003), as indicated in the legends on the graphs. (a) Raw metric values and (b) normalized
metrics used for statistical processing for direct comparison with Figs. 7, 8. The notation
n( ) is used in the legend of (b) to represent normalization as defined in (2) and (3). Note
that the sign reversal for Q normalization in (2) means that stronger Q forcing results in
mathematically larger n(Q) values; however, n(Q) remains below zero for all observed
values of the metric.
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clinic development pathways (section 1), these series
highlight the dramatically different behaviors of the dis-
criminants for these two fundamentally different devel-
opment events.

If maximum or mean values of the metrics were suf-
ficient to represent the physical processes important in
distinguishing between the modes of tropical cyclogen-
esis, then a cluster analysis technique could be applied
to identify favored regions on a two-dimensional (Q,
Th) phase space that would represent the cyclogenesis
categories. However, the handling of time-varying met-
rics complicates the problem by requiring a statistical
method that groups similar trajectories through a set of
phase spaces, one for each analysis time between To �
36 h and To.7 For the time series plots (Fig. 4), this
means that groups must be self-consistent in terms of
not only the magnitude of the metrics but also the struc-
ture of their evolution over time (i.e., they have highly
correlated time series).

The statistical technique employed to address this
problem, and ultimately to generate the tropical cyclo-
genesis classification scheme, is called latent trajectory
modeling (LTM; Lazarfeld and Henry 1968). This ap-
proach has received significant attention over the last
decade as a model-based variant of nonhierarchical
(single level) cluster-analysis methods. In this study, the
trajectory (TRAJ) extension package for the statistical
analysis system (SAS) is used for all LTM computations
(Nagin 1999; Jones et al. 2001).

The key to any class-based analysis technique is the
recognition that the observations (in this case, the time
series of the metrics Q and Th) are drawn from an
inhomogeneous population consisting of some finite
number of latent classes. These classes are “latent” be-
cause they are not directly observed but are instead
inferred from the set of chosen metrics (often called
manifest variables in statistical studies). One of the at-
tributes of LTM that makes it particularly applicable to
this study is that the values of the metrics themselves
are used to identify both the optimal number of indi-
vidual groups (CQ, CTh, and C � CQ � CTh for Q-
based, Th-based, and total group numbers, respec-
tively) and the characteristic trajectory (time series) for
each of them. This allows us to remain consistent in our
data-driven approach to the development of the classi-
fication scheme as displayed diagrammatically in Fig. 6.
The diagnosed time series values of the metrics lead
directly to an evaluation of the number and type of

groups, along with an estimate of the proportion of
cases that fall into the different categories. The derived
parameters for each class are then used to compute the
group membership of each storm. The relationships be-
tween each of the boxes in Fig. 6 will be described in the
remainder of this section.

A normal distribution model is used to establish a
connection between the predevelopment time 	 �
{To � 36 h, To � 30 h, . . . , To} (a series of length T) and
the expected value of the metric. We will focus here on
the Q metric for clarity; the application of the LTM
approach for Th is similar. This model implies that each
individual category (x) has an associated set of nth-
order polynomial coefficients (
x) that combine to yield
qit, the model estimate of the ith storm’s value of Q at
time t (where t is between To � 36 h and To),

qit
x � �0

x � �it�1
x � �it

2 �2
x � � � � � �it

n�n, �4�

where 	it is the predevelopment time for TC i at time t.
In this study, only first-order (linear) polynomial mod-
els are required to adequately fit the metric time series,
so (4) reduces to

qit
x � �0

x � �it�1
x. �5�

The fact that the model coefficients are allowed to vary
with x (by group) is critical because this allows the
model to detect heterogeneity (clustering) in the shapes
of the metric time series.

7 In statistical nomenclature, a “trajectory” corresponds to a
meteorological time series. For example, the To � 36 h to To time
series of Q is the trajectory for Q over the period.

FIG. 6. Flow diagram for the LTM as applied in this study. The
databases used for input and output are represented by cylinders,
the LTM is shown with an encompassing cube, and data flow
within the LTM is shown with dashed lines.
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The time series of the diagnosed metric Q for storm
i is denoted as

Qi � {QTo � 36 h, QTo � 30 h, . . . , QTo
}. �6�

The probability of computing the value of Qi as de-
scribed in section 2b, given storm i membership in
group x, can be expressed as Prx(Qi). This probability is
constructed for the normal distribution as

Prx�Qi� � �
t�1

T 1
s

��Qit � qit
x

s �, �7�

where � is the product operator,  is the probability
density function of a normal random variable with a
mean defined by (5) and a standard deviation of s, and
T is the number of points in the trajectory (here, the
number of 6-h time periods between To � 36 h and To).
The overall probability of membership in group x (al-
ternatively the fraction of TC genesis events that fall
into that category) is given by �x and will be one of the
quantities computed by the LTM.

The likelihood (joint density) is the sum of the con-
ditional likelihoods,

Pr�Qi� � �
x�1

CQ

�x Prx�Qi�, �8�

and represents the unconditional probability of observ-
ing the ith TC’s metric time series (Qi). The parameters
of interest in the model (
x

0, 
x
1, �x and s) can be esti-

mated by the maximization of the logarithm of Prx(Qi)
(Nagin 1999; Jones et al. 2001). This maximization is

performed using a general quasi-Newton procedure as
described by Dennis et al. (1981). The optimal number
of categories (CQ) is determined using the Bayesian
information criterion (D’Unger et al. 1998). Following
the maximization of ln[Prx(Qi)], each category defined
by the Q metric has its own set of parameters. Using
these groups to condition the TC events, a similar
analysis is performed for the Th metric. The result of
the LTM is a set of C groups, each possessing unique
values of the shapes and magnitudes of their character-
istic time series.

Figure 7 shows the mean trajectories of the seven
independent groups defined by the LTM for the Q met-
ric (dashed lines). Because of the (2) and (3) transfor-
mations, smaller values of the ordinate indicate weaker
near-storm synoptic ascent forcing. Also shown in Fig.
7 are the models used to represent the characteristic
trajectories of the categories, dependent on the 
x

0 and

x

1 parameters in (5) (solid lines). The fraction of total
tropical cyclogenesis events that falls into each group
(�x) is shown in Table 2. The three most weakly forced
classes (groups 1, 2, and 5) describe over 53% of cases,
while the three most strongly forced groups (4, 6, and 7)
represent approximately 32% of storms. This indicates
that while the majority of tropical cyclogenesis events
evolve along a pathway with weak Q-vector forcing for
ascent, a nonnegligible fraction—approximately one-
third of all storms—develop in a near-storm environ-
ment that is influenced by sustained elevated values of
the Q metric.

A similar set of trajectories for the Th metric is
shown in Fig. 8. A pair of optimal classification schemes
is found for the Th metric, one yielding three groups
and the other producing seven. A manual inspection of
the data cannot distinguish between the categories pro-

FIG. 7. Categories for the Q metric generated by the LTM. The
mean trajectory for each group is plotted with a dashed line, and
the model trajectory for the group is plotted with a corresponding
labeled solid line. Membership percentages for each group are
shown in the legend at the top of the plot, as in Table 2.

FIG. 8. Same as Fig. 7, but for the Th metric.
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posed by the latter grouping strategy, so the optimal
number of thickness asymmetry discriminated catego-
ries is taken to be three, representing low, moderate,
and strong lower-level near-storm baroclinicity (a simi-
lar analysis using the full set of 591 Atlantic TCs from
1948 to 2005 also yielded a clear preference for three
Th classes). Each of these groups shows very little
change over the 36-h period leading up to To. The weak
Th category represents 25.3% of tropical cyclogenesis
events, while the moderate and strong Th classes com-
prose 44.3% and 30.4% of storms, respectively (Table 2).

4. Climatology results

The seven Q metric and three Th groups imply that
each storm is a preferred member of 1 of 21 individual
categories. A physically based synthesis of these groups
is clearly necessary to reduce the number of classes to a
reasonable value—one that allows for a manual dis-
crimination of groups as described in section 1. The
LTM framework allows for such a synthesis, provided
that there is a clear physical basis for it. Table 3 docu-
ments the synthesis process used in this study, as the
total number of TC genesis classes are reduced from 21
to 6. These six categories are nonbaroclinic, low-level
baroclinic, transient–trough interaction, trough in-
duced, weak TT, and strong TT. The fractional mem-
bership in each of these groups for the 496 storms in the
study is shown in Table 3, and a categorized list of a
sample of well-studied TCs is provided for reference in
Table 4. A simplified schematic of the properties of the
categories is shown in Fig. 9. This two-dimensional
phase space—one dimension for each metric—is inca-
pable of accurately depicting the evolutionary compo-

nent of the analysis, but it is useful as a conceptual
guide to the synthesized categories.

The largest proportion of events (40%) falls into the
nonbaroclinic group (traditional “tropical develop-
ments” without the geographical constraints implied by
the use of this term), indicating that nearly one-half of
Atlantic TCs form in local environments with weak syn-
optic forcing and minimal lower-level baroclinicity. As
shown in Figs. 10a, 11a, and Table 5, these systems tend
to develop in the deep tropics west of 30°W during the
peak of the Atlantic hurricane season. This region rep-
resents the central and western sections of the MDR, a
region characterized by warm sea surface temperatures
(SSTs) at the west end of the subtropical high. Storms
in the nonbaroclinic group develop along one of the
tropical pathways involving MCV development, hot
tower spinup, vortex merger, stability profile modifica-
tion, or surface flux enhancement, and likely a combi-
nation of several or all of these models (see section 1
for a review). As noted in section 2b, the resolution of
the NCEP–NCAR reanalysis does not allow for dis-
crimination between these mesoscale processes; how-
ever, the framework established here could readily be
applied to further decompose the nonbaroclinic cat-
egory in the future, given a reliable set of long-term
mesoscale analyses and an appropriate additional met-
ric.

The 13% of cases that are assigned to the low-level
baroclinic category develop in areas with weak synoptic

TABLE 2. Tropical cyclone membership percentage in each of
the seven Q groups and the three Th groups, determined by the
LTM analysis (Figs. 7, 8).

Metric
Group

identifier
Membership

percentage (�x)
Summary

description

Q 1 13.8 Constant low
2 28.9 Constant low
3 14.8 Medium, increasing

toward To

4 19.4 Constant medium
5 10.9 Medium, decreasing

toward To

6 9.4 Constant high
7 2.8 High, increasing

toward To

Th 1 25.3 Constant low
2 44.3 Constant medium
3 30.4 Constant high

TABLE 3. Synthesis chart for recombination of LTM-derived
categories to final tropical cyclogenesis categories.

Category
Membership
percentage

Q
group

Th
group

Nonbaroclinic 40 1 1
2 1
5 1
1 2
2 2
5 2

Low-level baroclinic 13 1 3
2 3
5 3

Transient–trough interaction 16 3 1
3 2
3 3

Trough induced 3 4 1
6 1
7 1

Weak TT 13 4 2
6 2
7 2

Strong TT 15 4 3
6 3
7 3
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forcing but strong lower-level baroclinicity. The bulk of
events appear to follow the SAL/MLEJ pathway de-
scribed in section 1. Figures 10b, 11b, and Table 5 dem-
onstrate that these events cluster strongly in the Cape
Verde region during August and September, with some
additional developments occurring in the western Ca-
ribbean as a result of land–sea temperature differences
in the area. The spatial locality suggests that the clas-
sification scheme is effective, since no geographical in-
formation was included in the development of the cat-
egories. It therefore appears that fundamentally differ-
ent development mechanisms are at work in various
parts of the basin (Gray 1968; Elsner et al. 1996) and
that the proposed scheme is able to discriminate effec-
tively between them.

The transient trough interaction category (16%) rep-
resents storms that undergo their early development
from To � 36 h to about To � 12 h in a local environ-
ment devoid of strong synoptic forcing. Close to To,
however, a strong Q-vector forcing pattern interacts
with the incipient vortex. This may occur if a trough
strikes the developing TC late in its development
phase. These events tend to occur throughout the west-
ern MDR and in the Gulf of Mexico (Fig. 10c), particu-

larly during the early portion of the season (Fig. 11c;
Table 5) when troughs dip deeper into the tropics over
relatively cool SSTs.

The trough-induced group, representing only 3% of
all TC developments, is characterized by strong upper-

FIG. 9. Simplified description of LTM-derived tropical cyclo-
genesis categories in a two-dimensional phase space based on the
Q and Th metrics. The significant temporal evolution of the Q
metric over the To � 36 h to To period is depicted with a green
arrow extending from the category base.

TABLE 4. Categorized list of well-studied TCs, compared with subjective evaluations of cyclogenesis derived from the literature.
Storms whose objective classification matches with the subjective grouping are highlighted in bold in the first column. For the purposes
of this comparison, the transient–trough interaction and weak TT categories are considered subjectively equivalent since the distinction
between them has not been previously recognized. Results of the objective classification for all storms in the 1948–2004 dataset can be
found online (http://www.atmos.albany.edu/facstaff/rmctc/ttclim/indexd.php).

Storm name Year LTM classification
Subjective description

(based on review of literature) References

Hurricane Alberto 2000 Low-level baroclinic Near-African wave development Berry and Thorncroft (2005)
Tropical Storm Allison 2001 Weak TT* Identified recent weak TT Davis and Bosart (2004)
Hurricane Andrew 1992 Nonbaroclinic Deep easterly wave development Karyampudi and Pierce (2002)
Hurricane Arlene 1967 Nonbaroclinic Long-lived easterly wave development Carlson (1969)
Hurricane Beulah 1967 Nonbaroclinic Long-lived easterly wave development Carlson (1969)
Tropical Storm Chloe 1967 Low-level baroclinic Near-African easterly wave development Carlson (1969)
Hurricane Diana 1984 Strong TT* The first well-documented strong TT Davis and Bosart (2001, 2002)
Hurricane Dolly 1996 Nonbaroclinic Multivortex tropical development Reasor et al. (2005)
Hurricane Danny 1997 Nonbaroclinic WISHE-based multivortex development Molinari et al. (2004)
Tropical Storm Ernesto 1994 Nonbaroclinic MLEJ-induced vortex superposition Karyampudi and Pierce (2002)
Hurricane Florence 2000 Strong TT Identified recent strong TT Davis and Bosart (2004)
Hurricane Gabrielle 2001 Transient–trough

interaction
Identified recent weak TT Davis and Bosart (2004)

Hurricane Gustav 2002 Strong TT Identified recent strong TT Davis and Bosart (2004)
Hurricane Humberto 2001 Weak TT Identified recent weak TT Davis and Bosart (2004)
Hurricane Karen 2001 Strong TT Identified recent strong TT Davis and Bosart (2004)
Tropical Storm Leslie 2000 Strong TT Identified recent weak TT Davis and Bosart (2004)
Hurricane Luis 1995 Low-level baroclinic MLEJ-induced vortex superposition Karyampudi and Pierce (2002)
Hurricane Michael 2000 Strong TT Identified recent strong TT Davis and Bosart (2004)
Tropical Storm Nadine 2000 Transient–trough

interaction
Identified recent weak TT Davis and Bosart (2004)

Hurricane Olga 2001 Strong TT Identified recent strong TT Davis and Bosart (2004)

* Storm was excluded from the final dataset because of an initial strength above tropical storm (section 2), but it was classified based
on an LTM analysis of the complete 591-storm 1948–2004 dataset.
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level forcing and very weak lower-level baroclinicity.
These storms tend to occur in the Gulf of Mexico in
August (Figs. 10d, 11d; Table 5), where the heat fluxes
from uniformly warm SSTs modify the overlying lower
atmosphere to eliminate baroclinicity, and strong

trough penetrations from the North American conti-
nent are common late in the hurricane season. Sus-
tained trough forcing acts through a deep layer in this
destabilizing atmosphere, producing vertical motions
that generate vorticity through lower-level conver-

FIG. 11. Histograms of the relative monthly frequency of cyclogenesis events in each category (gray bars) as indicated by the title on the
individual panels. The climatological cyclogenesis–frequency distribution for all 496 TCs is shown with a solid black line in each plot.

FIG. 10. Spatial distribution of tropical cyclogenesis (To) locations for all members of each category, as indicated by the title on the
individual panels.
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gence. Mesoscale elements of the tropical development
mechanisms described in section 1 are undoubtedly re-
quired to focus the broad ascent onto the vortex scale
for development, but they are unresolved by the
NCEP–NCAR reanalysis.

The weak TT (13%) and strong TT (15%) develop-
ment categories represent TCs that are initiated under
conditions of strong synoptic forcing (as for the trough-
induced group) but with medium-to-high values of
lower-level baroclinicity, respectively. These storms fol-
low the TT development pathways described in section
1 and benefit from the presence of both upper- and
lower-level cyclogenetic forcings. Weak TT events oc-
cur preferentially in the northern Gulf of Mexico and

along the western subtropical Atlantic throughout the
season (Figs. 10e, 11e; Table 5). Strong TTs form far-
ther into the western and central Atlantic at higher
latitudes (Fig. 10f), with above-climatological fre-
quency in both the spring and the fall (Fig. 11e; Table
5). The timing and northerly position of these tropical
cyclogenesis events suggest that they are less sensitive
to suboptimal SST conditions because of the presence
of the strong-trough anomaly aloft (Emanuel 2005) and
ample opportunity for isentropic lift at lower and
midlevels.

The track densities and individual tracks of the TCs
in each category are shown in Figs. 12, 13. While storms
in the nonbaroclinic group tend to have above-average

FIG. 12. As in Fig. 10, but for track densities computed on a 2.5° grid (same grid spacing as the original NCEP–NCAR reanalysis
dataset).

TABLE 5. Intraannual distribution of the number of tropical cyclogenesis events in each LTM-identified category.

Category April May June July August September October November December

Nonbaroclinic 0 2 8 20 52 86 26 5 1
Low-level baroclinic* 0 0 0 3 26 26 6 1 0
Transient–trough interaction 0 2 7 12 21 20 15 2 0
Trough induced 0 0 1 1 7 3 1 1 0
Weak TT 0 0 11 7 15 22 9 2 0
Strong TT** 2 3 2 3 11 20 22 8 2
Total 2 7 29 46 132 177 79 19 3

* One low-level baroclinic event (unnamed storm) was recorded in February 1952.
** One strong TT event (Subtropical Storm 1) was recorded in January 1978.
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length tracks (median track 4800 km), members of the
low-level baroclinic class cover significantly longer dis-
tances (median track 6200 km). The other groups show
consistently shorter track lengths (Table 6), and many
of the storms in the TT categories begin near the point
of recurvature (Figs. 13e,f). As noted with respect to
geographical cyclogenesis clustering, the dramatic dif-
ferences in the track density and TC path charts, com-
bined with the statistical significance of the track length
variations shown in Table 6, suggest that the proposed
tropical cyclogenesis classification scheme is success-
fully identifying fundamentally different events.

Evidence of postgenesis life cycle differences be-
tween the categories is shown in Fig. 14 and Table 6 in
the form of maximum TC intensity. The median peak
intensity in the nonbaroclinic group is 39 m s�1, signifi-
cantly different from the climatological median of 36
m s�1 because of the large number of members in the
group (Table 6). A bimodal behavior in the low-level
baroclinic category (Fig. 14b) suggests that while some
of this group’s members fail to reach appreciable inten-
sity, those that do are capable of generating very strong
winds—the median peak intensity for this category is 46
m s�1. This is consistent with the interpretation that the

TABLE 6. Tropical cyclone genesis month (Fig. 11), track length (Fig. 13), and peak wind speed (Fig. 14) summary statistics for the
six tropical cyclogenesis categories and for the full 496-member set. The statistical significance of departures from the climatological
distribution is computed using a Mann–Whitney (ranked sum) test and a 95% confidence threshold. The application of this nonpara-
metric test is necessary because of the skewed nature of the compared distributions. The results shown in the genesis month columns
are derived from a Mann–Whitney test performed on the genesis yeardate of each TC (with a base date of 1 January of the year in
question) to avoid discrete monthly blocks that would result in an excessive number of ties during the ranking procedure.

Category Members

Genesis month
Track length Peak wind speed

Median
(km) Significance

Median
(m s�1) SignificanceMedian Significance

All 496 tropical cyclones 496 September — 3700 — 36 —
Nonbaroclinic 200 September No 4800 Yes 39 Yes
Low-level baroclinic 63 September No 6200 Yes 46 Yes
Transient–trough interaction 79 August No 2900 Yes 34 No
Trough induced 14 August No 3000 No 32 No
Weak TT 66 August/September No 2100 Yes 30 Yes
Strong TT 74 September Yes 3100 Yes 34 Yes

FIG. 13. As in Fig. 10, but for all TC tracks in each category.
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low-level baroclinic group represents Cape Verde sys-
tems; however, the nonnormality of the distribution
shown in Fig. 14b may be affected by the small 63-
member sample size. The remaining classes show
weaker peak intensities relative to the climatology, with
the most notable examples of this behavior evident in
the TT categories (Figs. 14e,f). The differences in the
evolutions of the TCs in the individual groups suggest
that storms that form following different pathways ex-
hibit different behaviors throughout their life cycles.
The extent to which this is a function of the TC forma-
tion location as opposed to structure will be investi-
gated in a subsequent compositing study based on the
categorized dataset.

Further indications of the success of the objective
classification scheme include the evaluation presented
in Table 4, in which 18 of the 20 selected storms match
the subjective development pathways described in the
literature, and a direct comparison with the results of
Hess et al. (1995). In that study, the authors find that
49% of North Atlantic TCs form as tropical-only
storms while 51% undergo baroclinically influenced de-
velopments over the 1950–93 period. Combining the
nonbaroclinic and low-level baroclinic groups into a
tropical-only proxy and assigning the remaining LTM-
identified classes to the Hess et al. (1995) category, a
1950–93 subset of this study identifies 52% tropical-
only and 48% baroclinically influenced development
events. The close agreement between the two studies,
whose methodologies differ dramatically, lends addi-

tional credibility to the objective scheme described
here, inasmuch as it appears, on average, to be capable
of reproducing independent subjective analyses of the
TC-development mode.

5. Summary and discussion

Landfalling hurricanes are among the deadliest and
costliest frequently occurring natural disasters in the
world. Although significant advances have been made
recently in the forecasting of TC tracks, both academic
and operational groups continue to address the chal-
lenges of tropical development and intensity prediction.
The former issue is addressed here through the estab-
lishment of an objective tropical cyclogenesis classifica-
tion scheme.

Field campaigns and high-resolution modeling inves-
tigations have led to the development of many theories
concerning the nature of tropical cyclogenesis over the
last decade. This study uses the NCEP–NCAR reanaly-
sis to develop a dynamically based climatology of tropi-
cal cyclogenesis in the North Atlantic. The coarse reso-
lution of the gridded dataset—combined with its ques-
tionable reliability in tropical oceanic regions during
periods of rapid evolution associated with the initiation
phase of a poorly sampled tropical vortex—does not
permit distinction between the purely tropical modes of
cyclogenesis, most of which differ from each other in
mesoscale structure and through processes that occur
on the scale of the incipient MCV itself. However, an

FIG. 14. As in Fig. 11, but for peak TC intensity.
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appropriate choice of discriminant variables allows the
NCEP–NCAR reanalysis to distinguish between iden-
tifiable pathways of TC genesis when forcings from the
near-storm environment exert a notable influence on
the nature of the development.

Measures of the local quasi-nondivergent Q-vector
forcing for ascent (Q) and the lower-level baroclinicity
(Th) are found to be optimal choices for metrics based
on an extensive analysis of cases from the 1948–2004
period of the climatology. The Q metric increases in
value with additional ascent forcing, generally driven
by the presence of an upper-level trough of midlatitude
origin. This discriminant also doubles as a proxy for the
poorly represented midlevel moisture field, since re-
gions of sustained synoptic-scale ascent exhibit in-
creased values of relative humidity compared to their
local environments because of the adjustment of the
thermal profile. The Th metric increases in value with
increased near-storm baroclinicity, thereby permitting
the identification of tropical cyclogenesis events where
lower-level isentropic ascent plays a role in enhancing
development. This discriminant is maximized in cases
involving remnant midlatitude circulations and the
MLEJ west of Africa.

Time series for each storm-centered metric for all 496
storms from the NHC best- track archive are generated
for the period from To � 36 h to To. This allows for the
retention of information not only about the magnitude
of the metrics for each TC but also about their evolu-
tion over the period of tropical development. The LTM
statistical technique is used to analyze these time series
results by grouping them into a number of categories
determined by the data themselves. Each resulting class
of storms contains events with similar values and struc-
tures of the metric time series and therefore is dynami-
cally self-consistent with respect to the chosen discrimi-
nants.

A physically based synthesis of the 21 categories
found by the LTM allows the groups to be combined
into six readily identifiable classes of tropical cyclogen-
esis: nonbaroclinic, low-level baroclinic, transient–
trough interaction, trough induced, weak TT, and
strong TT. Although the largest proportion of events
falls into the nonbaroclinic category, a nonnegligible
number of events is also identified for each of the other
classes of development. Analysis of the formation lo-
cations of the six groups shows that there is a remark-
able degree of geographic separation, given that no po-
sitional data are available to the LTM during its devel-
opment of the classification scheme. The track
behaviors of the grouped TCs also appear to be signifi-
cantly different from each other in some cases. These
preliminary results suggest that this scheme succeeds in

grouping TC developments in a dynamically consistent
manner and that the flavor of tropical cyclogenesis can
have a significant impact on the subsequent evolution
of the system.

This climatology extends the study of Elsner et al.
(1996) by utilizing the dynamic and thermodynamic in-
formation contained in the NCEP–NCAR reanalysis.
There are many potential applications for the classifi-
cation scheme described here. An investigation of the
life cycles of systems in the individual TC categories
will be the focus of a future study and may yield useful
diagnostic and predictive results. The transformation of
this scheme into a real-time product may provide fore-
casters with additional stratified climatology informa-
tion of potential use for evaluating model performance
based on historical experience. The ability of global and
regional climate models to simulate realistic hurricanes
could be evaluated by classifying storms using this
scheme, for comparison with the climatology results. As
higher-resolution analysis and reanalysis datasets be-
come available, this flexible methodology can be ex-
tended to identify mesoscale features and forcings that
distinguish between events in the tropical development
class consistent with the conceptual models reviewed in
section 1, thereby allowing for the continued study of
tropical cyclogenesis from an increasingly detailed cli-
matological perspective.
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