
A Vortical Hot Tower Route to Tropical Cyclogenesis

M. T. MONTGOMERY, M. E. NICHOLLS, T. A. CRAM, AND A. B. SAUNDERS

Department of Atmospheric Science, Colorado State University, Fort Collins, Colorado

(Manuscript received 5 December 2003, in final form 22 February 2005)

ABSTRACT

A nonhydrostatic cloud model is used to examine the thermomechanics of tropical cyclogenesis under
realistic meteorological conditions. Observations motivate the focus on the problem of how a midtropo-
spheric cyclonic vortex, a frequent by-product of mesoscale convective systems during summertime condi-
tions over tropical oceans, may be transformed into a surface-concentrated (warm core) tropical depression.
As a first step, the vortex transformation is studied in the absence of vertical wind shear or zonal flow.

Within the cyclonic vorticity-rich environment of the mesoscale convective vortex (MCV) embryo, the
simulations demonstrate that small-scale cumulonimbus towers possessing intense cyclonic vorticity in their
cores [vortical hot towers (VHTs)] emerge as the preferred coherent structures. The VHTs acquire their
vertical vorticity through a combination of tilting of MCV horizontal vorticity and stretching of MCV and
VHT-generated vertical vorticity. Horizontally localized and exhibiting convective lifetimes on the order of
1 h, VHTs overcome the generally adverse effects of downdrafts by consuming convective available po-
tential energy in their local environment, humidifying the middle and upper troposphere, and undergoing
diabatic vortex merger with neighboring towers.

During metamorphosis, the VHTs vortically prime the mesoscale environment and collectively mimic a
quasi-steady diabatic heating rate within the MCV embryo. A quasi-balanced toroidal (transverse) circu-
lation develops on the system scale that converges cyclonic vorticity of the initial MCV and small-scale
vorticity anomalies generated by subsequent tower activity. The VHTs are found to accelerate the spinup
of near-surface mean tangential winds relative to an approximate axisymmetric model that excises the
VHTs. This upscale growth mechanism appears capable of generating a tropical depression vortex on time
scales on the order of 1–2 days, for reasonable parameter choices.

Further tests of the VHT paradigm are advocated through diagnoses of operational weather prediction
models, higher resolution simulations of the current configuration, examination of disruption scenarios for
incipient vortices, and a meteorological field experiment.

1. Introduction

a. Motivation

Tropical cyclones (TCs) form typically in association
with mesoscale convective systems near the trough (low
pressure) region of synoptic-scale tropical weather dis-
turbances, such as easterly waves (Gray 1968, 1998;
Cotton and Anthes 1989; Raymond et al. 1998, and
references included within). Early work hypothesized
that cumulonimbus convection cooperated with the
larger scales in a (axisymmetric) positive feedback pro-
cess (Ooyama 1964; Charney and Eliassen 1964). While

purporting to predict the growth rate of small-
amplitude mesoscale vortices, these approaches tended
to be disguised descriptions of cumulus convection,
with the largest growth rates occurring at the smallest
horizontal scales (Ooyama 1982, section 5, p. 378; cf.
Lilly 1960). This “ultraviolet catastrophe” was partially
side stepped when a (axisymmetric) wind-induced sur-
face heat exchange (WISHE) process was demon-
strated to be the primary mechanism for amplification
of a finite amplitude surface-concentrated (tropical de-
pression) vortex (Ooyama 1969; Rotunno and Emanuel
1987), with cumulus convection transporting the heat
extracted at the ocean surface to the upper tropo-
sphere.1 The problem of how a synoptic-scale tropical
disturbance may be transformed into a surface-concen-
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trated (warm core) mesoscale tropical depression vor-
tex has been an enigma of tropical and dynamical me-
teorology. This transformation will be hereafter re-
ferred to as tropical cyclogenesis.

Observations suggest that cyclonic mesoscale convec-
tive vortices (MCVs) forming in the stratiform precipi-
tation region near midlevels of the troposphere in the
trough region of tropical disturbances, are generic pre-
cursors to TC genesis in the deep Tropics (e.g., Zehr
1992; Mapes and Houze 1995; Harr and Elsberry 1996;
Harr et al. 1996; Bister and Emanuel 1997, hereafter
BE97; Ritchie and Holland 1997, hereafter RH97; Ray-
mond et al. 1998; Reasor et al. 2005). Interpretations
differ, however, as to how MCVs contribute to the for-
mation of a surface-concentrated tropical depression
vortex (BE97; Montgomery and Enagonio 1998, here-
after ME98; Raymond et al. 1998; Ritchie 2003; Moli-
nari et al. 2004; Reasor et al. 2005).

b. Hot towers revisited

In their pioneering study, Riehl and Malkus (1958)
implicated the role of hot towers (horizontally small but
intense cumulonimbus convection cores that reach the
tropopause via nearly undilute ascent) in the vertical
heat transport and mass flux of the tropical overturning
circulation (Hadley cell). There is now little doubt that
deep cumulonimbus convection is the dominant mode
of vertical mass and energy transport in the tropical
troposphere, but comparatively little quantitative data
are available for the hot tower–like structures that are
observed to exist in pre-TC environments.

Simpson et al. (1998) and Ritchie et al. (2002) sug-
gested that hot towers contribute to TC genesis and
intensification via subsidence warming around them
and the attending hydrostatic surface pressure fall. A
different hypothesis was proposed by ME98, Möller
and Montgomery (2000, hereafter MM00), and Enago-
nio and Montgomery (2001, hereafter EM01). Using
idealized quasigeostrophic, asymmetric balance, and
shallow water primitive equation models, these studies
suggested that vortex merger and vortex axisymmetri-
zation processes accompanying the diabatic generation
of near-surface (0 � z � 2 km) cyclonic potential vor-
ticity (PV) anomalies could intensify a seedling vortex
to tropical storm–strength vortex on realistic time
scales.

c. Cloud-resolving simulations furnish new insight

To understand further the vorticity dynamics of the
incipient organization phase Hendricks et al. (2004,
hereafter H04) extended the genesis study of Davis and

Bosart (2001) by analyzing a high-resolution near-
cloud-resolving numerical simulation of Hurricane Di-
ana (1984) using a 3-km horizontal grid spacing. The
H04 study suggested that convective plumes with in-
tense vertical vorticity in their cores are the preferred
convective structures. The simulated plumes forming in
a cyclonic vorticity rich environment acted to generate
multiple small-scale [O(10–30 km)] intense cyclonic
vortex tubes. These intense cyclonic vorticity cores pos-
sess an intrinsic centrifugal and vortex-Rossby elasticity
that tends to protect them from detrimental effects of
lateral entrainment (McWilliams 1984; McIntyre 1993;
Montgomery and Kallenbach 1997; Julien et al. 1999;
Reasor et al. 2004). H04 coined the term vortical hot
towers (VHTs) to describe these coherent structures
(cf. Anthes 2003). In the favorable pre-Diana environ-
ment, the generation of VHTs led to multiple mergers/
axisymmetrization of the VHTs and a corresponding
upscale vorticity cascade to the tropical storm scale.
While broadly verifying the thought experiments of
ME98, MM00, and EM01, the H04 analysis provided
new insight into the convective/vorticity dynamics that
were not previously anticipated.

The H04 study suggested a two-stage process for cre-
ating the near-surface tropical storm vortex that even-
tually became Hurricane Diana. The first phase was a
vortical preconditioning of the lower troposphere by
the generation of multiple VHTs and their competition
with each other for ambient convective available po-
tential energy (CAPE) and angular momentum (cf.
Ooyama 1982). The VHTs were found to have rela-
tively short convective lifetimes (order 1 h) and to pos-
sess maximum tangential velocities near the ocean sur-
face at the time of their maximum intensity. The second
phase consisted of multiple vortex mergers and axisym-
metrization of the VHTs, broadly resembling quasi-
two-dimensional turbulence and vortex dynamics phe-
nomenology (e.g., McWilliams 1984; Melander et al.
1988; Guinn and Schubert 1993; ME98; MM00; EM01).
Unlike inviscid and adiabatic vortex merger dynamics,
however, the diabatically and frictionally forced toroi-
dal (secondary) circulation operating in the vicinity of
the VHTs enhances the near-surface (0 � z � 2 km)
inflow, and the VHTs typically merge near the surface
first.2 The diabatic concentration of PV substance
(Haynes and McIntyre 1987) at these levels produces
an intensification of near-surface PV. H04 coined this

2 The surface bias in the merger of VHTs is similar to numerical
experiments by Wang and Holland (1995) examining the merger
of full-fledged hurricanes.
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diabatically modified merger process as a diabatic vor-
tex merger.

d. Working hypotheses

The H04 study suggests a new paradigm of TC gen-
esis within a vorticity-rich environment via VHTs and
their aggregate effects. Underlying the paradigm are
two main hypotheses:

(a) There exists sufficient CAPE and low-level cy-
clonic relative vorticity in pre-TC environments to
initiate the formation of the VHTs by deep convec-
tive processes.

(b) VHTs are the preferred convective structures dur-
ing the incipient formation phase and serve as the
primary building blocks of the mesoscale cyclonic
vortex.

e. Current approach

Motivated by the observations cited above, we exam-
ine here the role of VHTs in the metamorphosis from a
midlevel cyclonic MCV to a tropical depression. For
simplicity, the initial MCVs used are axisymmetric; they
possess their maximum vertical vorticity near the z �
4–5-km level; and they have a relative surface vorticity
of O(1 � 2 � 10�4 s�1). The numerical simulations
commence with a favorable kinematic environment
(i.e., zero ambient mean flow) and a favorable thermo-
dynamic environment [i.e., a conditionally unstable tro-
posphere overlying a warm ocean with sea surface tem-
perature (SST) �26°C].

Using a 2- or 3-km horizontal grid spacing on the fine
mesh of the model, it will be shown that in a condition-
ally unstable environment, a single midlevel cyclonic
MCV can undergo a metamorphosis to a tropical de-
pression vortex on meteorologically realistic (order 1–2
days) time scales. The metamorphosis is demonstrated
to occur here in association with the generation of in-
tense VHTs within the cyclonic vorticity-rich environ-
ment of the initial MCV, mid-to-upper-level moistening
by the VHTs, diabatic mergers between VHTs, and the
near-surface and mid- to upper-level inflow on the sys-
tem scale that is induced by the ensemble of VHTs.

The paper is organized as follows: section 2 summa-
rizes the nonhydrostatic cloud model setup and defines
the initial MCV, temperature, and moisture profiles
used for the array of idealized numerical experiments
presented. Section 3 highlights the control and sensitiv-
ity experiments. Section 4 examines some thermody-
namical aspects of the metamorphosis process. The
early-time dynamics of VHTs is examined in section 5.
Diabatic vortex merger phenomenology associated with
the VHTs is summarized in section 6. The influence of

the VHTs on the system-scale flow is considered in
section 7. Section 8 summarizes the main findings.

2. Model and initial conditions

a. Cloud model summary

For the numerical simulations we employ the Re-
gional Atmospheric Modeling System (RAMS), devel-
oped at Colorado State University (Pielke et al. 1992;
Cotton et al. 2003). The RAMS is a three-dimensional
nonhydrostatic numerical modeling system comprising
time-dependent equations for velocity, nondimensional
pressure perturbation, ice–liquid water potential tem-
perature (Tripoli and Cotton 1981), total water mixing
ratio, and cloud microphysics. Vapor mixing ratio and
potential temperature are diagnostic [see Tripoli and
Cotton (1982) for details]. The microphysics scheme
developed by Walko et al. (1995) has categories for
cloud droplets, rain, pristine ice, snow, aggregates,
graupel, and hail. The surface parameterization of heat,
vapor, and momentum fluxes is based on the Louis
(1979) scheme. The roughness length over water is de-
pendent on the surface wind speed according to the
relation derived by Charnock (1955). The longwave
and shortwave radiation scheme developed by Har-
rington (1997) is employed, which includes interactions
with cloud hydrometeors. A standard first-order sub-
grid-scale turbulence scheme developed by Smagorin-
sky (1963) is used, with modifications by Lilly (1962)
and Hill (1974). These modifications enhance diffusion
in unstable conditions and reduce diffusion in stable
conditions.

RAMS utilizes the two-way interactive multiple
nested grid scheme developed by Clark and Farley
(1984). This allows explicit representation of cloud-
scale features within the finest grid while enabling a
large domain size to be used, thereby minimizing the
impact of lateral boundary conditions. A standard ra-
diation boundary condition discussed by Klemp and
Wilhelmson (1978) is used at the lateral boundaries,
which assumes that disturbances reaching the bound-
aries move as linearly propagating gravity waves. A
standard Rayleigh friction layer is included at upper
levels in order to minimize reflection of gravity waves
from the top of the model. Unless otherwise stated, all
microphysical, radiative, and diffusive parameters em-
ployed in our RAMS simulations are the standard ones
employed in version 4.29 for tropical summer condi-
tions. To facilitate reproducibility and/or side-by-side
comparisons with other cloud modeling systems, ap-
pendix A provides further details of the model configu-
ration and numerical parameters.

For all numerical experiments three grids are used.
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For the control experiment (expt A1, see Table 1) the
horizontal grid increments are 24, 6, and 2 km, with (x,
y, z) dimensions of 64 � 64 � 26, 90 � 90 � 26, and 137
� 137 � 26, respectively. Each nested grid is centered

within the next coarsest grid. The vertical grid incre-
ment is 400 m at the surface and gradually stretched
with height to the top of the domain at 22 km. The
depth of the Rayleigh friction layer is 5 km.

TABLE 1. RAMS genesis experiments—initial conditions.

No. Name
RMW
(km)

Max �
(m s�1) Notes

A1 Control 75 6.6 @ 4 km �x � �y � 2 km, SST � 29°C. Metamorphosis to surface vortex successful. Becomes
miniature tropical cyclone by approximately 60 h. Mean near-surface tangential wind
�12 m s�1 at 24 h, and 46 m s�1 at 72 h.

A2 3 km 75 6.6 @ 4 km Same as control, except �x � �y � 3 km. Metamorphosis to surface vortex successful.
Mean near-surface tangential wind �13 m s�1 at 24 h, and 46 m s�1 at 72 h.

B1 No bubble 75 6.6 @ 4 km Same as control, except �x � �y � 3 km and no initial convective anomaly used.
Metamorphosis as in expt A1 once deep convection ensues at t � 14 h.

B2 cape-less
(2 km)

75 6.6 @ 4 km Same as control, except �x � �y � 2 km. Low-level moisture decreased by 2 g kg�1.
Metamorphosis successful, but slower rate of development. Mean near-surface
tangential wind �10 m s�1 at 48 h.

B3 cape- less
(3 km)

75 6.6 @ 4 km Same as control, except �x � �y � 3 km. Low-level moisture decreased by 2 g kg�1.
Metamorphosis successful, but slower rate of development. Mean near-surface
tangential wind �9 m s�1 at 48 h.

B4 cape more
stable

75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and surface-based CAPE reduced by
increasing temperature aloft by approx 2 K. Metamorphosis successful, but slower
development. Mean near-surface tangential wind �15 m s�1 at 48 h.

B5 sst 26 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and SST � 26°C. Metamorphosis successful.
Mean near-surface tangential wind �10 m s�1 at 48 h, tropical storm strength at
72 h.

B6 sst 28 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and SST � 28°C. Metamorphosis successful.
Formation of miniature TC with mean near-surface tangential winds �40 m s�1 at
72 h.

B7 center
bubble

75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and initial warm convective anomaly located
under center of midlevel MCV. Metamorphosis successful.

B8 broad
moist

75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and low-level moisture anomaly increased
from 100- to 200-km radius. Metamorphosis successful. Mean near-surface tangential
wind �23 m s�1 at 48 h, hurricane at 72 h.

B9 radiation 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and model initialized 12 h later to investigate
diurnal effect of radiation. Metamorphosis successful, as in expt A1. Intensification to
hurricane strength vortex by 72 h.

C1 no vortex — — No initial vortex. No surface development whatsoever.
C2 big rmw 100 6.6 @ 4 km Same as control, except �x � �y � 3 km, and radius of initial vortex increased to

100 km. Metamorphosis successful. Mean near-surface tangential wind �22 m s�1 at
48 h. RMW � 20 km at 48 h.

C3 weak vortex 75 5.0 @ 4 km Same as control, except �x � �y � 3 km, and maximum tangential velocity of initial
vortex decreased to 5.0 m s�1. Metamorphosis successful, but slower rate of
development. Mean near-surface tangential wind �9 m s�1 at 72 h. Circulation very
asymmetric even at 72 h.

C4 weak small
vortex

50 5.0 @ 4 km Same as experiment C3 except RMW � 50 km. Metamorphosis successful, but as in
expt C3 slow rate of development. Mean near-surface tangential wind �8 m s�1 at
48 h. Very asymmetric circulation at 72 h.

C5 raised vortex 75 6.6 @ 5 km �x � �y � 2 km. Metamorphosis successful, but slow rate of development. Mean
near-surface tangential wind �12 m s�1 at 48 h. Asymmetric circulation at 72 h.

D1 no tfz qfz 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and surface sensible and latent heat fluxes
turned off. Metamorphosis successful. Mean near-surface tangential wind �12 m s�1

at 24 h. No subsequent intensification.
D2 no mtm flux 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and surface momentum fluxes turned off.

Metamorphosis successful, but surface development slower than expt A1. Continued
intensification to minimal tropical storm strength vortex at 72 h with an RMW �
70 km.

E1 zero Coriolis 75 6.6 @ 4 km Same as control, except �x � �y � 3 km, and Coriolis parameter set to zero ( f � 0).
Metamorphosis successful. Develop surface-concentrated vortex as in control, but no
subsequent intensification observed through 72 h.
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b. Initial temperature and moisture profiles

The initial temperature structure is the mean Atlan-
tic hurricane season sounding (Jordan 1958). This
sounding is representative of non-Saharan-air-layer air
(Dunion and Velden 2004). With an SST of 29°C (expt
A1: control experiment) the sounding contains approxi-
mately 997 J kg�1 of 1-km mixed-layer CAPE based on
pseudoadiabatic ascent (Fig. 1: RAMS control–ambient
sounding). Sensitivity experiments using lower SSTs
(e.g., 26°C, expt B5; 28°C, expt B6) furnish lower values
of mixed-layer CAPE, yet exhibit similar qualitative
behavior to the control (Table 1).

For the control experiment, and the majority of the
sensitivity experiments (Table 1), the low- to midtro-
posphere (z � 6 km) is moistened near the center of the
initial MCV. The moisture enhancement is assumed to
be the result of enhanced sea-to-air moisture fluxes in
association with the weak MCV surface circulation.
The moisture anomaly has a mixing ratio q� surplus of
approximately 1.3 g kg�1 on z � 0 near the MCV center
(see Fig. 2d). For the control experiment, the low-level
moisture enhancement increases the 1-km mixed-layer
CAPE to 1526 J kg�1 at the domain center (Fig. 1,
RAMS control-center sounding).

c. Why initialize with a single MCV?

The present approach is considered complementary
to prior work studying the transformation of an easterly
wave into a TC using a hydrostatic primitive equation
model with cumulus parameterization (Kurihara and
Tuleya 1981). A typical easterly wave in the African jet
has a horizontal wavelength of approximately 2500 km
(e.g., Reed et al. 1977) and spawns mesoscale convec-
tive systems (MCSs) near the trough region of the
wave. Tropical cyclone formation is generally believed
to occur in association with one or more MCVs that are
a by-product of the MCSs (e.g., BE97; Raymond et al.
1998; Gray 1998). Rather than simulate this complex
multiscale environment, for simplicity, the experiments
here commence with a single MCV that is initially in
hydrostatic and gradient wind balance. This shortcut
assumes that an MCS has already created an MCV and
enables one to investigate in detail the convective/
vorticity dynamics that ensue within this local environ-
ment using a near cloud-resolving model.

d. The initial MCV

The initialization of pressure, temperature, and
winds follows the procedure presented by Nicholls et al.

FIG. 1. Skew T-log p atmospheric sounding plots at the domain center and ambient envi-
ronment for the control experiment (expt A1). The temperature sounding is the thick solid
line, dewpoint temperature is the thin solid line, and lifted parcel ascent path is the dashed
line. Mixed-layer CAPE values for the lowest 1 km are indicated.
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