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ABSTRACT

A high-resolution (3-km horizontal grid spacing) near-cloud-resolving numerical simulation of the formation
of Hurricane Diana (1984) is used to examine the contribution of deep convective processes to tropical cyclone
formation. This study is focused on the 3-km horizontal grid spacing simulation because this simulation was
previously found to furnish an accurate forecast of the later stages of the observed storm life cycle. The numerical
simulation reveals the presence of vortical hot towers, or cores of deep cumulonimbus convection possessing
strong vertical vorticity, that arise from buoyancy-induced stretching of local absolute vertical vorticity in a
vorticity-rich prehurricane environment.

At near-cloud-resolving scales, these vortical hot towers are the preferred mode of convection. They are
demonstrated to be the most important influence to the formation of the tropical storm via a two-stage evolutionary
process: (i) preconditioning of the local environment via diabatic production of multiple small-scale lower-
tropospheric cyclonic potential vorticity (PV) anomalies, and (ii) multiple mergers and axisymmetrization of
these low-level PV anomalies. The local warm-core formation and tangential momentum spinup are shown to
be dominated by the organizational process of the diabatically generated PV anomalies; the former process being
accomplished by the strong vertical vorticity in the hot tower cores, which effectively traps the latent heat from
moist convection. In addition to the organizational process of the PV anomalies, the cyclogenesis is enhanced
by the aggregate diabatic heating associated with the vortical hot towers, which produces a net influx of low-
level mean angular momentum throughout the genesis.

Simpler models are examined to elucidate the underlying dynamics of tropical cyclogenesis in this case study.
Using the Sawyer–Eliassen balanced vortex model to diagnose the macroscale evolution, the cyclogenesis of
Diana is demonstrated to proceed in approximate gradient and hydrostatic balance at many instances, where
local radial and vertical accelerations are small. Using a shallow water primitive equation model, a characteristic
‘‘moist’’ (diabatic) vortex merger in the cloud-resolving numerical simulation is captured in a large part by the
barotropic model. Since a moist merger results in a stronger vortex and occurs twice as fast as a dry merger,
it is inferred (consistent with related work) that a net low-level convergence can accelerate and intensify the
merger process in the real atmosphere.

Although the findings reported herein are based on a sole case study and thus cannot yet be generalized, it
is believed the results are sufficiently interesting to warrant further idealized simulations of this nature.

1. Introduction

Tropical cyclones form in the presence of mesoscale
convective complexes in tropical disturbances (e.g.,
Gray 1968; Cotton and Anthes 1989). Cumulus con-
vection is therefore believed to be an essential ingredient
in the formation process. The pathway by which cu-
mulus convection ‘‘organizes’’ to form a larger-scale
tropical cyclone vortex is, to us, one of the great un-
solved problems in dynamical and tropical meteorology.

Long ago, the role of cumulus convection was hy-

Corresponding author address: Dr. Michael T. Montgomery, De-
partment of Atmospheric Science, Colorado State University, Fort
Collins, CO 80523-1371.
E-mail: mtm@atmos.colostate.edu

pothesized to cooperate with the larger-scale vortex in
a positive feedback process (Ooyama 1964; Charney
and Eliassen 1964); this idea was later coined the con-
ditional instability of the second kind, or ‘‘CISK.’’ Con-
trary to this view, a wind-induced surface heat exchange
process (WISHE) has been demonstrated to be the pri-
mary mechanism for tropical storm intensification (Ooy-
ama 1969; Rotunno and Emanuel 1987), with cumulus
convection transporting the ocean surface heat to the
upper troposphere. As Montgomery and Farrell (1993)
and others have pointed out, however, neither the CISK
nor WISHE theories are appropriate descriptions of the
tropical cyclogenesis process, since they implicitly as-
sume that a transformation from a tropical disturbance
to a finite amplitude surface concentrated rotary system
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has already taken place. The major unsolved problem
in tropical cyclogenesis thus becomes one of under-
standing how a weak-amplitude tropical disturbance is
transformed into a surface vortex of sufficient strength
that can then amplify via the WISHE process.

Recent studies have suggested that mesoscale con-
vective vortices (MCVs), which form in the stratiform
precipitation region at midlevels of the troposphere in
disturbed weather regions, are a precursor to tropical
cyclogenesis (Bister and Emanuel 1997, hereafter BE97;
Ritchie and Holland 1997, hereafter RH97). Both of
these studies suggest that midlevel MCVs are necessary
for building a surface vortex: BE97 hypothesized that
vertical vorticity was advected downward via mesoscale
subsidence in association with stratiform precipitation,
while RH97 advocated the idea of downward devel-
opment by a succession of midlevel mergers between
MCVs that form in the stratiform precipitation region
following deep convective episodes. Both of these the-
ories are regarded here as ‘‘top down’’ mechanisms for
the development of the necessary seedling vortex at the
ocean surface. Recent work (Montgomery and Enagonio
1998, hereafter ME98) has suggested an altogether dif-
ferent mechanism for the development of the surface
vortex.

In mesoscale convective systems associated with east-
erly waves or extratropical troughs, small-scale cores of
towering cumulonimbus convection, or hot towers, are
frequently observed to exist. While past work has an-
alyzed the role of hot towers in the vertical heat transport
and mass flux of the tropical overturning circulation
(Hadley cell; Riehl and Malkus 1958, hereafter RM58),
little work has been devoted to examining the dynamical
role that these structures may play in incipient hurricane
formation. Simpson et al. (1998) put forth the idea that
the hot towers were a positive influence to genesis via
subsidence warming around them and the attendant sur-
face pressure falls. In a different light, ME98 and Möller
and Montgomery (2000) demonstrated that low-level
vortex merger and axisymmetrization of small-scale dia-
batically generated cyclonic potential vorticity (PV)
anomalies (from hot-tower-like ‘‘convective bursts’’)
could intensify a larger-scale vortex on realistic time
scales.

Observations have generally been inadequate to fully
capture the tropical cyclogenesis process because trop-
ical cyclones typically form in the deep Tropics far away
from landmasses. In fact, only a few observational ex-
periments of genesis have been conducted to date, name-
ly, the Tropical Experiment in Mexico (TEXMEX;
BE97) and the Tropical Cyclone Motion experiments
(TCM-92; RH97). With recent advances in computer
technology, the formation of incipient hurricanes can
now be studied using powerful mesoscale numerical
models that provide the solution to the primitive equa-
tions at very high resolution (less than 10 km in hori-
zontal gridpoint spacing). One such model simulation
captured the formation of Hurricane Diana (1984; Davis

and Bosart 2001, hereafter DB01) with 9-km horizontal
grid spacing. Using this simulation, DB01 studied the
transformation of the initial subtropical disturbance into
a tropical storm with accurate intensification timing in
comparison to the observations.

Hurricane Diana formed in a modest baroclinic en-
vironment just east of Florida in September 1984. It
falls into the class of tropical cyclones that form in
subtropical, baroclinic environments often with forced
ascent from one or more upper-level cyclonic potential
vorticity anomalies. Diana was a useful case to study
since it formed close to land and had a good observa-
tional network. Bosart and Bartlo (1991, hereafter
BB91) provided a comprehensive observational analysis
of the formation process based on available data. They
concluded that the upper-level potential vorticity anom-
aly left after a ‘‘trough fracture’’ was essential to stim-
ulating the genesis of the storm (see Montgomery and
Farrell 1993 and DB01 for more details).

In the present study we undertake an analysis of the
role of hot towers possessing strong vertical vorticity
in their cores, or ‘‘vortical’’ hot towers, in the formation
of Hurricane Diana using a high-resolution (3-km hor-
izontal grid spacing) near-cloud-resolving numerical
simulation with the fifth-generation Pennsylvania State
University–National Center for Atmospheric Research
(PSU–NCAR) Mesoscale Model (MM5). To the au-
thors’ knowledge, this is the first study conducted ex-
amining vortical hot towers and their collective effect
in this framework.

The vortical hot towers are found to be the preferred
mode of convection at near-cloud-resolving scales. We
will demonstrate that they are the most important in-
gredients for forming the incipient tropical storm via a
two-stage process: (i) preconditioning of the local en-
vironment via diabatic production of multiple small-
scale lower-tropospheric cyclonic PV anomalies, and (ii)
multiple mergers and axisymmetrization of these low-
level PV anomalies. The warm-core formation and tan-
gential momentum spin-up will be shown to be ulti-
mately the result of the organizational process of the
diabatically generated PV anomalies; the foregoing pro-
cess being accomplished by the strong vorticity in the
anomaly cores, which tends to trap the latent heat from
moist convection. We will demonstrate that simpler
models broadly capture the key vortical/convective pro-
cesses in the explicit cloud numerical simulation. Using
the Eliassen-balanced vortex model (Eliassen 1951),
many key stages of the organization of Diana will be
shown to proceed in quasi balance. Additionally, the
diabatic heating associated with the vortical hot towers
will be shown to force a mean mesoscale secondary
circulation that produces a net low-level influx of mean
angular momentum and increased low-level ambient
vertical vorticity. Using the shallow water primitive
equation model the role of ‘‘moist’’ processes in vortex
merger is clarified.

The outline of this paper is as follows. In section 2,
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FIG. 1. The configuration of the PSU–NCAR MM5 for the simu-
lations of the genesis of TC Diana (from DB01). All four nested
domains are shown with their relative location to the United States.
The 3-km domain is domain 4 (D4) and it is fixed in the same location
for the genesis phase studied here.

the mesoscale model used for the numerical simulation
is described. The numerically simulated vortical hot
towers are analyzed in section 3. Local tangential mo-
mentum and heat budgets are analyzed for characteristic
events in section 4. In section 5, the quasi-balanced
dynamics of the cyclogenesis process is assessed. A
comparison of the moist and dry dynamics of vortex
merger is discussed in section 6. A summary of the
important findings in this study and recommendation
for future work are presented in section 7.

2. Description of 3-km numerical experiment

The PSU–NCAR MM5 version 2.0 is used for the
numerical simulation (Grell et al. 1995). The model used
here is nonhydrostatic and formulated in terrain-follow-
ing s coordinates. Briefly, the prognostic equations are
for horizontal and vertical momentum, pressure, tem-
perature, water vapor, cloud water, and rainwater. The
following schemes are used to represent subgrid-scale
atmospheric physical processes: the medium-range fore-
cast (MRF) planetary boundary layer (PBL) scheme
(Hong and Pan 1996), the numerical weather prediction
explicit microphysics scheme (NEM; Schultz 1995), and
the Dudhia (1989) radiation scheme. In the 3-km sim-
ulation described in this manuscript, cumulus convec-
tion is calculated explicity at the grid scale. [In the 9-
km simulation in DB01, the Kain–Fritsch cumulus
scheme (Kain and Fritsch 1990) was employed.] More
detail on the MM5 and these schemes can be found in
Dudhia (1993) and Grell et al. (1995). The predictive
equations are integrated with a standard leapfrog time
stepping combined with an Asselin filter.

For this simulation, the model configuration consists
of four nested domains of horizontal grid spacing 81
km (domain 1), 27 km (domain 2), 9 km (domain 3),
and 3 km (domain 4; Davis and Bosart 2002, hereafter
DB02). A diagram of these four domains and their cor-
responding locations can be found in Fig. 1. The model
is initialized on 1200 UTC 7 September 1984, corre-
sponding to t 5 0 h, and the 3-km domain is inserted
at t 5 21 h (DB02). At the initialization time, the actual
tropical cyclone (TC) Diana had not formed and is a
subtropical disturbance. This simulation is therefore
considered very useful for understanding tropical cy-
clogenesis since it captures the transition from a baro-
clinic-type disturbance to a warm-core tropical storm.

The model is initialized using the National Centers
for Environmental Prediction (NCEP)–NCAR reanaly-
sis data and with dynamically balanced initial condi-
tions. There is no bogus vortex used in the model. The
coarser resolution domains of 81 and 27 km capture the
synoptic-scale forcing responsible for stimulating the
cumulus convection on the mesoscale; the highest 3-km
resolution domain captures the small-scale dynamics of
the organizational process of the incipient tropical
storm, which is the main focus of this paper.

A description of the 3-km grid is as follows. The

domain consists of 146 by 146 horizontal grid points,
for a total domain size of 438 km by 438 km. There
are initially 37 vertical terrain-following model levels
between the surface and the 50-hPa pressure level.
These levels are staggered such that better resolution
exists at lower levels. For computational ease and to
minimize data storage, we interpolate the model output
data to a new vertical grid of 19 levels with equidistant
spacing of dz ø 600 m. The 3-km domain is held fixed
in the same global position (just off the east coast of
Florida) during the genesis phase studied here, and the
location is chosen since it captures the entire tropical
storm genesis during the time period.

From the simulation executed in DB01 (which had a
highest resolution of 9-km horizontal grid spacing), the
following is a summary of the simulated phases of gen-
esis. From t 5 0 h to t 5 24 h there exists a disturbance
with no closed surface low pressure. From t 5 24 h to
t 5 36 h a weak surface low develops (i.e., Diana be-
comes a tropical depression) and by t 5 36 h Diana has
attained tropical storm strength. Also, during this time
period there are numerous asymmetries in cumulus con-
vection. These asymmetries, or ‘‘eddies,’’ were shown
by DB01 to be essential to the storm-relative tangential
momentum budget in the 9-km simulation, shown in
Fig. 2. Motivated by the work of DB01 using a 9-km
grid, we look here to gain a more detailed understanding
of the role of these convective asymmetries with the
higher-resolution cloud-resolving simulation of 3-km
gridpoint spacing.

3. Simulated vortical hot towers

Before analyzing the simulated convection in the
cloud-resolving numerical simulation, it proves infor-
mative to illustrate hot towers in an observed developing
tropical storm. In Fig. 3, the Geostationary Operational
Environmental Satellite-8 (GOES-8) visible satellite im-
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FIG. 2. Integrated tangential momentum budget from t 5 23 h to
t 5 34 h in the 9-km horizontal grid spacing experiment executed
by DBO1. The horizontal eddy vorticity flux is shown to be crucial
to spinup between r 5 50 km and r 5 200 km.

agery of Tropical Storm Gustav (2002) is shown at two
different ranges on 1925 UTC 9 September 2002. The
top panel presents a larger-scale perspective and the
bottom panel presents a close-up view. Since Gustav
was heavily sheared from the northeast, the visible sat-
ellite imagery provides us with the unique opportunity
to see the overshooting cirrus canopies of the deep con-
vection as well as the low-level mesovortices. Since
there is no orographic forcing from nearby islands and
since the scale of the low-level mesovortices is ap-
proximately the same as the convective blowups, it
stands to reason that these low-level intense mesovor-
tices must have originated from the deep convection and
accompanying low-level convergence of relative vor-
ticity from the vorticity-rich environment of the larger-
scale vortex circulation. The importance of the meso-
vortices in this tropical storm development is believed
to lie in the axisymmetrization of the low-level anom-
alies into the larger-scale vortex (ME98).

In the numerical simulation studied here, the hot tow-
ers will be shown to be robust and persistent structures.
Convection formed in the pre-Diana disturbance due to
favorable environmental conditions (BB91 and DB01),
including significant convective available potential en-
ergy (CAPE). CAPE is calculated using the model out-
put data based on pseudoadiabatic ascent. As an ex-
ample of this, the model-calculated surface-based CAPE
at t 5 26.2 h is shown in Fig. 4. In the region of the
convection, CAPE values are approximately 1500 to
2500 J kg21. It is reasonable to assume that these hot
towers formed in the most unstable areas of the envi-
ronment. We now examine the simulated hot towers in
detail.

a. Scale, intensity, and vertical structure

The simulated deep convection is identified in the
model output by variables that would be typically ex-
pected in deep cumulus convection: positive vertical
velocity (w), positive diabatic heating rate ( ), and theu̇

existence of hydrometeors (diagnosed here simply by
the model variable of liquid water content, or wl). The
diabatic heating rate is calculated by residual of theu̇
u field in space and time; that is 5 ]u/]t 1 v · =u,u̇
where v is the three-dimensional velocity vector. The
characteristic structure of the deep convection is shown
in Fig. 5. Here, plan views of vertical velocity and dia-
batic heating rates are shown with the associated vertical
profile of the field in the core. The horizontal scale of
the hot tower here is approximately 10 km; measured
by the diameter of the w 5 3.0 m s21 contour at mid-
levels. In this characteristic hot tower, the peak core
vertical velocity is 15 m s21 and the peak diabatic heat-
ing rate is 150 K h21 at midlevels (z ø 5 km) of the
troposphere. The vertical structure of the vertical ve-
locity and diabatic heating rate indicates that towering
cumulonimbus convection is being simulated.

All the hot towers at t 5 26.2 h and at other times
have been examined in a similar manner. A represen-
tative statistical summary of these hot towers at t 5
26.2 h can be found in Table 1. This time is chosen
since numerous hot towers are appearing and Diana is
still just a disturbance. The hot towers are generally
confined to a horizontal scale of approximately 10 km
(by the same criterion used in defining the example hot
tower) and are characterized by, on average, peak core
vertical velocities of 9 m s21 and peak core diabatic
heating rates of 150 K h21 at midlevels of the tropo-
sphere. At a later time, t 5 30 h, when Diana is a tropical
depression, the hot towers are examined and similar
results are found. At this time the average peak core
vertical velocity is 8.8 m s21 and the average peak dia-
batic heating rate is also 150 K h21.

A higher-resolution simulation of the genesis of Hur-
ricane Diana has been performed by the third author [in
collaboration with Jordan Powers of the NCAR Me-
soscale and Microscale Meteorology (MMM) group]
with 1.2-km horizontal grid spacing (Powers and Davis
2002). Preliminary examination of these data indicates
that the 1.2-km convection is quite similar to the 3-km
convection in intensity, that is, the maximum updrafts
are approximately 10 m s21 in the cores of the hot towers
at midlevels. The scale of the 1.2-km hot towers is some-
what smaller. Typical hot towers are approximately 5–
7 km in diameter in this experiment, in comparison to
the 10-km diameter hot towers in the 3-km experiment.
Although an analysis of the 1.2-km simulation results
will be presented in a forthcoming publication, the fact
that similar convective structures are observed in each
simulation (1.2 and 3 km) leads us to believe that the
3-km simulation is at a resolution where these plumelike
structures are becoming adequately simulated by the
model. Additionally, Powers and Davis (2002) find that
the mesoscale essentials of the storm’s development are
captured at the 3-km resolution. As we will soon see,
the phenomenology of these vortical plumes appears
similar in some respects to recent findings in studies of
rapidly rotating Rayleigh–Benard convection (Julien et
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FIG. 3. GOES-8 visible satellite images of Tropical Storm Gustav (2002) at 1925 UTC 9 Sep
2002. (top) A larger-scale perspective; (bottom) a close-up view, where the region of deep con-
vection is marked by the black line, and some individual hot towers are marked by black dots.
Low-level exposed mesovortices are identified by the white arrows. Images are courtesy of Mark
DeMaria and Raymond Zehr of NOAA/NESDIS/CIRA Fort Collins, CO.
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FIG. 4. MM5-calculated surface-based CAPE at t 5 26.2 h for the
entire 3-km domain. Contour intervals are as follows: 0–300 J kg21

(black), 300–600 J kg21 (purple), 600–900 J kg21 (dark blue), 900–
1200 J kg21 (light blue), 1200–1500 J kg21 (green), 1500–1800 J
kg21 (yellow), 1800–2100 J kg21 (orange), 2100–2400 J kg21 (dark
orange), and 2400 J kg21 and above (red).

al. 1996; Legg et al. 2001; Julien et al. 1999). On the
basis of these considerations, the 3-km simulation is
believed to be an adequate estimate of the moist con-
vective/vortex dynamics and we will use these data to
develop the basic conceptual model of tropical cyclone
Diana’s organizational process.

b. Lower-tropospheric cyclonic PV towers

As stated earlier, these hot towers are unlike typical
tropical hot towers (e.g., those described in RM58).
These hot towers possess intense vorticity in their cores.
This vorticity is expected to inhibit lateral entrainment
(Julien et al. 1996; Helfrich 1994; Ayotte and Fernando
1994) thereby making the convection more efficient. As
an example of the vortical and rotational aspects of the
hot towers simulated here, the low-level horizontal wind
vectors associated with a hot tower at t 5 23.5 h are
shown in Fig. 6. We see that there is a closed circulation
around the hot tower of an approximate scale of 10 to
20 km, and strong tangential winds around the tower
exists; on the north side of the vortex, winds are ap-
proximately 15–20 m s21 and on the south side winds
are approximately 5–10 m s21.

In this section, we examine how the hot towers mod-
ify the existing potential vorticity field. This is important
since hurricanes ultimately are characterized by strong
PV in their cores, and for genesis it is central to un-
derstand how this PV (and vorticity) is created and as-
sembled. We first recall the prognostic PV equation in
material form (e.g., Holton 1992):

D(PV) z 1a5 · =u̇ 1 (= 3 F) · =u. (1)
Dt r r

Here, za is the absolute vorticity vector and F is the
friction vector, which includes all turbulent processes
that cannot be resolved by the prognostic state variables
for the given grid scale. As shown by Eq. (1), the non-
conservation of PV is dictated by local sources or sinks
of diabatic heating and friction. In hot towers, where
diabatic heating rates are very strong, internal friction
can be neglected in comparison. The PV equation can
be further reduced since above the boundary layer hor-
izontal vorticity is found to be at least an order of mag-
nitude less than the vertical vorticity in the hot tower
cores. The simplified PV equation is then,

D(PV) f 1 z ]u̇
ø . (2)

Dt r ]z

This approximate PV equation is useful since it in-
dicates that the nonconservation of PV is controlled
principally by the vertical gradient of diabatic heating
in the hot towers (ME98). For the representative hot
towers shown in Fig. 5, the vertical gradient of the dia-
batic heating rate is generally positive from the surface
to z ø 5 km and negative above z ø 5 km. Moreover,
the gradient (] /]z) is nearly constant and large in ab-u̇
solute value in both of these regions. For example, in
the region between z 5 0 to z 5 5 km, | ] /]z | ø 45u̇
K h21 km21. Substituting this value into the PV equation
in conjunction with lower-tropospheric layer-averaged
values of density and vorticity in the hot towers, a rough
estimate of the lower-tropospheric production rate inside
the hot tower cores can be determined:

23 21D(PV) 10 s
25 21 21ø (1.25 3 10 K s m )

23Dt 0.7 kg m
21ø 64 PVU h , (3)

where 1 PVU 5 1 3 1026 m2 s21 K kg21 (Hoskins et
al. 1985).

A typical hot tower in this simulation will be pro-
ducing lower-tropospheric PV at a peak material rate of
164 PVU h21 in its core from z 5 0 to z 5 5 km, and
diminishing PV above that by approximately the same
rate. In summary, the net effect of the hot towers is to
produce strong small-scale (10 km in diameter on av-
erage) lower-tropospheric (below z ø 5 km) cyclonic
PV towers. From a vorticity dynamics perspective, the
strong updrafts in the hot towers converge and stretch
existing low-level vertical vorticity into intense small-
scale vortex tubes (e.g., Fig. 3).

4. Local tangential momentum and heat budgets

The 3-km cloud-resolving numerical simulation re-
veals a two-phase evolution characterized by the or-
ganizational process of the hot towers. The first phase
is a preconditioning phase in which the hot towers are
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FIG. 5. Characteristic vertical structure of simulated hot towers. (left) Plan views of the hot tower
(top) vertical velocity and (bottom) diabatic heating rate at midlevels. (right) Vertical profiles of the
hot tower (top) vertical velocity and (bottom) diabatic heating rate at the point marked by the cross
in the left panels.

pulsing and locally enhancing lower-tropospheric PV
and vorticity, thereby increasing the likelihood of trop-
ical cyclogenesis (cf. Ooyama 1982). The second phase
is characterized by multiple mergers/axisymmetrization
of these PV or vorticity anomalies. For the simulation
studied here, the preconditioning phase lasts from t 5
21 h to t ø 27 h and the multiple vortex merger phase
lasts from t ø 27 h to t 5 36 h.

We now examine tangential momentum and heat bud-
gets in characteristic ‘‘events’’ during each phase in
order to obtain a more quantitative understanding of the
dynamics of tangential momentum spinup or spindown
and warm- or cold-core tendencies.

Since there is no well-defined center during the gen-
esis period being studied here, budgets are examined
during specific events that appear important to the gen-
esis of the storm. These events are interactions of PV
anomalies generated by the hot towers, or events where
amalgamations or potential mergers occur. Since the
horizontal scale of a tropical cyclone is typically much
larger than the hot tower scale, these interactions are
believed central to our hypothesis that TC Diana (as

simulated here) is in essence ‘‘built’’ by the vortical hot
towers. When an event is identified to be of interest, a
fixed center is chosen at the center of the resultant anom-
aly created by the amalgamation process; this center is
also the approximate PV centroid of the event in ques-
tion. All variables are then remapped into a cylindrical
coordinate system about this local center, and then de-
composed into a basic state (azimuthal mean) value plus
a perturbation (eddy) value. To wit: given a variable A,
we write

total azimuthal mean perturbation
| | |

| | | | | |

A(r, l, z, t) 5 A(r, z, t) 1 A9(r, l, z, t) , (4)

where
2p1

A(r, z, t) 5 A(r, l, z, t) dl. (5)E2p 0

The above integral is discretized into 50 azimuthal
points at each radius (chosen to retain good horizontal
resolution near the event center), and is computed in
the following manner:
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TABLE 1. Statistical summary of hot tower intensity at t 5 26.2 h.

Hot tower
no.

Peak updraft
(m s21)

Vertical level
(km)

Peak heating
(K h21)

Vertical level
(km)

1
2
3
4
5

13.0
9.5
6.7
9.2
5.7

5.71
8.86
6.97
6.34
4.45

195
112
153

92
85

5.08
8.23
6.34
6.34
3.19

6
7
8
9

10

16.3
15.0
10.2

9.2
9.2

8.23
6.97
4.45
4.45
6.34

250
205
201
185
128

6.97
5.71
4.45
4.45
5.08

11
12
13
14
15

4.2
9.0
8.6

10.5
9.5

7.60
6.97
6.97
6.34
5.71

175
163
192

98
182

6.97
5.08
5.08
7.60
5.71

16
17
18
19
20

7.6
9.6

13.0
6.5
4.7

8.23
7.60
6.34
5.71
8.86

263
101

72
68

101

5.71
6.34
8.23
6.34
6.34

21
22
23
Mean
Std dev

7.0
7.3

12.2
9.3
3.1

6.34
6.34
7.60
6.67
1.27

171
143
101
149

56

6.34
6.34
6.34
6.01
1.20

491
A(r, z, t) 5 A(r, l , z, t). (6)O j50 j50

Here, r is the radius from an arbitrary event center, z
is the height, and l is the azimuthal angle in radians. In
this local cylindrical coordinate system, the budgets are
analyzed by the decomposed formulation of the tangential
momentum equation and thermodynamic equation. The
equations are shown below in integral form, integrated
from arbitrary times ta to tb, which encompass the event
being examined. The mean integral tangential momentum
balance (cf. Raymond et al. 1998) is then

y (t ) 2 y (t )b a

t t tb b b]y
5 2 (u h) dt 2 w dt 2 (u9z9) dtE E E1 2]zt t ta a a

t tb b]y9
2 w9 dt 1 (PBL 1 DIFF) dt, (7)E E1 2]zt ta a

and the mean integral heat budget equation is, simi-
larly,

u(t ) 2 u(t )b a

t t tb b b]u ]u ]u9
5 2 u dt 2 w dt 2 u9 dtE E E1 2 1 2 1 2]r ]z ]rt t ta a a

t tb b]u9
2 w9 dt 1 (u̇) dt. (8)E E1 2]zt ta a

The variables in the above equations are as follows:
z is the relative vertical vorticity, h is the absolute ver-

tical vorticity ( f 1 z), w is the vertical velocity, y is
the tangential velocity, u is the radial velocity, u is the
potential temperature, PBL is the model planetary
boundary layer subgrid-scale scheme, and DIFF is the
model horizontal diffusion. The mean variables in each
equation above are functions of r and z, as well as time.

The actual spinup (spindown) or warming (cooling)
is recorded by the difference on the left-hand side of
each equation, respectively, and the dynamics of that
tendency is diagnosed by examining each term on the
right-hand side. The estimated, or predicted, change is
the summation of all the terms of the right-hand side.
This estimated change must be well-correlated to the
left-hand side in order to validate the diagnosed dynam-
ics. Two representative budgets are now examined and
they are described below.

a. Budget A: Example of ‘‘preconditioning’’

A local budget representative of the preconditioning
phase is presented here. The event chosen occurs where
some vorticity anomalies appear to merge together into
a larger-scale anomaly. A center is fixed at the location
of the resultant low-level vorticity anomaly, and budgets
are performed for the 3-h period prior to the formation
of the resultant anomaly. Plan views of absolute vertical
vorticity during this event are shown in Fig. 7, at t 5
23 h, t 5 24 h, and t 5 25 h, at two model levels (z
5 0.67 km and z 5 5.08 km). There are some note-
worthy features worth mentioning in this figure. The
surface frontal boundary vorticity is denoted by the
green strip in the southeastern portion of the domain.
The strong vorticity anomalies associated with the hot
towers are north of the surface front (shown by the red
color), and they are advected to the southwest by the
local flow. This phase is a preconditioning phase since
the hot towers are creating strong vorticity anomalies
in the lower troposphere, and creating a more favorable
environment for hurricane formation. By t 5 25 h, the
initial frontal boundary vorticity is being swept into a
strong hot tower, and the figure suggests strongly that
the hot towers are controlling the evolution at this stage.
Strong vorticity anomalies at mid- and low levels can
be seen at each time in the figure. At t 5 24 h, two
strong vorticity anomalies can be seen, with h ø 30 3
1024 s21. By t 5 25 h, there appears to be a merger of
these anomalies at low levels.

The results of the azimuthal mean tangential mo-
mentum and heat budgets are shown in Figs. 8 and 9,
respectively. In Fig. 8, only the dominant terms in the
mean tangential momentum budget are displayed; these
are the symmetric radial vorticity flux 2 and the eddyuh
radial vorticity flux 2 . In Fig. 8a it can be seenu9z9
that there is a strong symmetric spinup tendency in this
3-h period, over 45 m s21 in the core at low to middle
levels. However, the eddies are causing a strong spin-
down at low levels, over 230 m s21 in the same region.
During this 3-h period, a net spinup of 5–10 m s21 occurs
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FIG. 6. The low-level wind vectors associated with a typical vortical
hot tower at t 5 23.5 h and z 5 0.67 km. Axis values are grid points
in the south–north (vertical) and west–east (horizontal) directions,
with each grid point corresponding to a distance of 3 km. The small-
scale vortex associated with the hot tower is evident in the wind
vector field. The maximum winds on the north side of the hot tower
are approximately 18 m s21 and the maximum winds on the south
side are approximately 8 m s21.

at low levels, mainly in response to the symmetric con-
vergence of relative angular momentum. The sensitivity
of the results to slightly moving the event center has
been examined and it is found that the results do not
change significantly; that is, the eddy term generally
opposes the mean (spinup) term during this phase.

To fix ideas, in the bottom left of Fig. 7 there appears
to be a vortex merger at low levels, as a vorticity anom-
aly appears to be axisymmetrized into the parent anom-
aly, marked by the white cross. Whether a vortex merger
actually occurs, however, can be quantified clearly. Re-
calling simple vortex merger theory (Melander et al.
1988), a vortex merger is marked by a positive contri-
bution from the radial eddy vorticity flux terms (i.e.,
2 $ 0). Examining the azimuthal mean eddy fluxu9z9
contribution (Fig. 8b), we see that there are multiple
tropospheric regions where merger and nonmerger oc-
cur. The symmetric and eddy fluxes of vorticity tend to
be nearly equal and opposite in these regions as well.

These results indicate that in this phase the vortex tubes
generated by the hot towers are not cooperating in strong
vortex mergers, but rather competing with one another
to sustain themselves. Although these hot towers and
associated vortex tubes are competing with one another,
they act to increase the ambient lower-tropospheric rel-
ative vorticity in the region, and therefore serve to ‘‘pre-
condition’’ the atmosphere for storm formation at a later
time (cf. Ooyama 1982).

Examining the heat budget for this event (Fig. 9b),
we see that local warming occurs in the vicinity of the
hot towers, approximately 2–3 K at low to middle levels.
However, this warming is confined to a local area r #
10 km from the event center. The estimated and actual
change agree well qualitatively and quantitatively,
shown in Figs. 9a and 9b. The two dominant terms in
the heat budget are the mean diabatic heating rate ten-
dency ( ) and the mean vertical heat advectionu̇
2( ] /]z), as shown in Figs. 9c and 9d, respectively.w u
Examining Fig. 9d, we see that subsidence warming is
not responsible for the core warming that occurs in this
event; that is, 2 ]u/]z is generally negative in the entirew
troposphere. Rather, in the convecting region there is
rising motion and adiabatic cooling of air parcels, and
the warming that occurs is due mainly to the residual
in the diabatic heating and adiabatic cooling in the con-
vection that tends to become trapped there due to high
vorticity in the central regions (e.g., Hack and Schubert
1986). The results in Fig. 9 suggest that the heat is being
trapped in the vicinity of the vortical hot towers.

b. Budget B: Example of ‘‘diabatic vortex merger’’

The second phase of genesis is characterized by mul-
tiple mergers of convectively generated PV or vorticity
anomalies from the hot towers. Three examples of these
mergers are shown in Fig. 10 (and an animation of this
phase can be found online at http://eliassen.atmos.
colostate.edu/eric.html). A noteworthy merger event oc-
curs near t 5 34 h, where two intense vorticity anom-
alies merge together. As a result of this event, the seed-
ling tropical storm vortex is born. This event is depicted
in three stages in Fig. 11. Here the axisymmetrization
(i.e., the decay of the asymmetries in favor of creating
a master vortex) of these two lower-tropospheric vortex
tubes is clearly evident. The merger here occurs more
strongly at low levels. The dominant contributions to
the tangential momentum and heat budgets are exam-
ined during this event; these are shown in Figs. 12 and
13, respectively.

As shown by Fig. 12d, a broad area of low-level
spinup occurs during this event, peaking at 115 m s21

at r 5 10 km. Most of this spinup is due to the eddy
vorticity flux. The fact that the summation of the hor-
izontal terms in the momentum budget agrees very well
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FIG. 7. Plan views of absolute vertical vorticity at low and middle levels of the troposphere during
budget A. Fixed center is denoted by the cross, and the budget domain is inside the white circle.

with the actual spinup, suggests that this event is strong-
ly analogous to barotropic dynamics, but with the ad-
ditional feature of a mean radial inflow generated by
diabatic processes. This event is also a strong vortex
merger, particularly below z 5 3 km.

The heat budget of this event (Fig. 13) shows that

significant warming occurs. Peak warming of 5 K occurs
at midlevels in the core region, and there is a broad area
of warming within r # 20 km from the event center
(Fig. 13b). In this event, there exists a very localized
pocket of subsidence warming (shown by the strong
contour gradient near r 5 0 km, z 5 3 km in Fig. 13d).
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FIG. 8. Integrated local tangential momentum budget for event A in the radius–height domain. Accel-
eration tendencies are integrated at 10-min increments from t 5 22 to t 5 25 h: (a) 2 dt is mean25# u h22

horizontal vorticity flux ; (b) 2 dt is eddy horizontal vorticity flux; (c) 2 dt 2 dt is25 25 25# u9z9 # u h # u9z922 22 22

total horizontal vorticity flux; (d) actual D observed in MM5 model. Contour interval is 5 m s21. Negativey
values are denoted by dashed contours and the zero contour is omitted.

However, the broad regional warming encompassed by
the 1-K contour in Fig. 13b is primarily due to the
imbalance of the diabatic heating and adiabatic cooling
in the convective region.

c. Discussion

Based on the foregoing results, two phase of genesis
are elucidated in the 3-km numerical simulation. In the
first phase, the lower troposphere is ‘‘vortically precon-
ditioned’’ as the hot towers converge and stretch am-
bient low-level vorticity into small-scale anomalies (cf.
Ooyama 1982). In the second phase, multiple mergers
of these lower-tropospheric cyclonic PV anomalies oc-
cur. Multiple hot towers are found to pulse in the first
phase, with convective lifetimes on the order of an hour
or less, competing with one another for available CAPE
and angular momentum in order to sustain themselves.
The strong updrafts in these towers initially create
strong cyclonic vorticity anomalies, and then this vor-
ticity diffuses and weakens as the hot tower dies. There
is also a larger-scale low-level net convergence of am-

bient relative angular momentum that causes a net in-
crease in the relative vorticity in the vicinity of the hot
towers (see, e.g., Fig. 7, green-colored values). This
low-level net convergence is important and evident in
the storm-relative tangential momentum budget (Figs.
8a,b); a strong mean spinup is competing with a strong
eddy spindown (due to the competing hot towers) near
the event center. In the second phase (Fig. 11), the en-
hanced cyclonic circulation increases the likelihood of
tropical storm formation. Via these two evolutionary
phases, the small-scale hot towers, in conjunction with
the low-level net convergence of relative angular mo-
mentum, serve to ‘‘cascade’’ the vertical vorticity from
the hot tower scale to the tropical cyclone scale. This
upscale growth is depicted in Fig. 14. Here, the azi-
muthal mean vertical vorticity associated with a typical
vortical hot tower at t 5 23 h (left) is shown in com-
parison to the emergent tropical storm vortex at
t 5 36 h (right). In going from the hot tower to the
tropical storm vortex, the horizontal scale of the relative
vorticity quadrupled. The core magnitude decreased
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FIG. 9. Integrated local heat budget for event A in the radius–height domain. Heating tendencies are
integrated at 10-min increments from t 5 22 to t 5 25 h: (a) estimated D [summation of terms on right-u
hand side of (8)]; (b) actual D observed in MM5 model; (c) dt; (d) 2 ] /]z dt. Contour intervals25 25u # u̇ # w u22 22

for (a) and (b) are 1 K, and contour intervals for (c) and (d) are 20 K. Negative values are denoted by
dashed contours.

slightly in this transition, from max ø 40 3 1024 s21z
to max ø 30 3 1024 s21.z

5. Quasi-balanced evolution?

The hot towers and the environment in which they
form have been shown to be highly vortical. Because
of this, we anticipate that less heat energy will be dis-
persed to the environment via gravity waves than in a
nonrotating hot tower. In effect, the heat becomes locally
trapped in the vicinity of the rotating convective cores.
This is similar to the ‘‘heat trapping’’ concept elucidated
by Schubert and Hack (1982) and Hack and Schubert
(1986), who demonstrated that the conversion of heat
energy to kinetic energy becomes more efficient with
an increase in the inertial stability of the tropical cyclone
vortex as a whole. The difference here, however, is that
the heat trapping is being invoked on the hot tower scale.
Because of the strong vorticity in the hot towers and
their environment, we surmise that the balance approx-
imation may be valid locally at many stages of the or-
ganizational process and valid more generally on the

macroscale comprising a complex of towers. We now
look to explore this with a simple balance model.

a. Eliassen’s balanced vortex model

Balance models have proven useful for gaining basic
dynamical insight into the behavior of atmospheric mo-
tions on many different scales. For example, the sim-
plification of the full primitive equations to quasigeo-
strophic theory has proved to be invaluable for under-
standing synoptic-scale motions (e.g., Holton 1992). For
geophysical vortices, Eliassen’s balanced vortex model
(Eliassen 1951) is a useful starting point for understand-
ing the axisymmetric behavior of a balanced vortex in
the presence of local heat and momentum sources. We
wish to understand the degree in which the genesis of
the tropical cyclone proceeds in quasi balance. For sim-
plicity, we adopt a version of Eliassen’s balanced vortex
model in pseudoheight coordinates (Hoskins and Breth-
erton 1972) in the limiting case of the Bousinessq ap-
proximation (e.g., Shapiro and Willoughby 1982):
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FIG. 10. Three examples of diabatic vortex mergers that occur in the second developmental phase in the
genesis of Diana are depicted with each row representing the (left) ‘‘before’’ and (right) ‘‘after’’ stage of
the diabatic vortex merger. In each, absolute vertical vorticity is plotted at z 5 0.67 km in the entire
3-km domain (similar to Figs. 7 and 11) and each ‘‘before–after’’ sequence is approximately t 5 0.5 h apart.
The diabatic vortex mergers are highlighted by white circles. Times are (first row) t 5 26 h, (second row)
t 5 27 h, and (third row) t 5 33 h.

2] N ]c j ]y ]c ] j h ]c j ]y ]c
2 1 21 2 1 2]r r ]r r ]z ]z ]z r ]z r ]z ]r

]Q ]
5 2 (j F ). (9)

]r ]z

Here, is the mean transverse streamfunction fromc
which the mean radial velocity ( ) and vertical velocityu
( ) are determined, 5 (21/r)] /]z and 5w u c w

(1/r)] /]r; 2 5 ]2 /]2z is the static stability param-c N F
eter; 5 f 1 2 /r is twice the local absolute rotationj y
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FIG. 11. Plan views of absolute vertical vorticity at low and midlevels of the troposphere during
budget B. Fixed center is denoted by the cross, and the budget domain is inside the white circle.

rate of a fluid element at radius r (hereafter the vortex
inertia parameter); is the azimuthal mean tangentialy
velocity; is the azimuthal mean absolute vertical vor-h
ticity at radius r; and and are the azimuthal meanQ F
thermodynamic and momentum forcings introduced into
the balance model. The forcings and are definedF Q
as follows:

]y9
F 5 2u9z9 2 w9 1 PBL 1 DIFF, (10)

]z

g ]u9 ]u9
Q 5 2u9 2 w9 1 u̇ . (11)1 2u ]r ]z0

Recall that PBL represents the model planetary
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FIG. 12. Integrated local tangential momentum budget for event B in the radius–height domain. Accel-
eration tendencies are integrated at 10-min increments from t 5 33.0 to t 5 35.8 h: (a) 2 dt is mean35.8# u h33.0

horizontal vorticity flux; (b) 2 dt is eddy horizontal vorticity flux; (c) 2 dt 2 dt35.8 35.8 35.8# u9h9 # u h # u9z933.0 33.0 33.0

is total horizontal vorticity flux; (d) actual D observed in MM5 model. Contour interval is 3 m s21.y
Negative values are denoted by dashed contours and the zero contour is omitted.

boundary layer subgrid-scale scheme and DIFF repre-
sents the model horizontal diffusion (see sections 2 and
4a for details).

The Sawyer–Eliassen equation is a second-order par-
tial differential equation for the transverse streamfunc-
tion forced by local azimuthal mean diabatic heating
and friction terms, as well as by eddy fluxes of heat and
momentum. The Sawyer–Eliassen equation is an elliptic
partial differential equation, and the vortex is gravita-
tionally and symmetrically stable as long as the dis-
criminant is positive. For a Boussinesq fluid in pseu-
doheight coordinates, the discriminant is defined below
(Shapiro and Montgomery 1993):

2
]y

2N h j 2 j . 0. (12)1 2]z
| |

|
discriminant

The discriminant is calculated with the MM5 data
and during the genesis phase is generally found to be
positive in the middle and lower troposphere. As an
example of this, the discriminant, along with the three

stability parameters of 2, , and , are shown in Fig.N h j
15 in the local radius–height domain at t 5 34.5 h about
the center marked by the white cross in Fig. 11. In the
top left of Fig. 15, it is clear that the discriminant is
positive throughout the middle and lower troposphere
of the radius–height domain. The absolute vertical vor-
ticity and inertia parameter (top right and bottom right)
are generally positive at low and middle levels and neg-
ative at upper levels. Here, the static stability ( 2) isN
also positive in the entire domain, indicating that the
evolution is constrained to proceed under gravitational
stability.

At times (such as in Fig. 15), there are found to be
very localized pockets (typically at upper levels) where
small negative discriminant values exist. When the dis-
criminant has negative values in portions of the radius–
height domain, we solve the Sawyer–Eliassen model in
two manners via successive overrelaxation (SOR; e.g.,
Press et al. 1992): (i) not adjusting the negative dis-
criminant values, and (ii) relaxing the negative values
to positive values (following the regularization proce-
dure described in Möller and Shapiro 2002). Solutions
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FIG. 13. Integrated local heat budget for event B in the radius–height domain. Heating tendencies are
integrated at 10-min increments from t 5 33.0 to t 5 35.8 h: (a) estimated D [summation of terms onu

right-hand side of (8)]; (b) actual D observed in MM5; (c) dt; (d) 2 ]u/]z dt. Contour intervals35.8 35.8u # u̇ # w33.0 33.0

for (a) and (b) are 1 K, and contour intervals for (c) and (d) are 2 K. Negative values are denoted by
dashed contours.

for both methods are found to be very similar, indicating
that these weak localized pockets of negative discrimant
values do not adversely affect the global solution. The
use of an overrelaxation technique, rather than a direct
solver, allows the larger-scale solution to remain intact
in the presence of locally negative discriminant values.
In the results presented here the discriminant is not ad-
justed. This is in fact more realistic since we are not
artificially modifying the MM5 model data. The two
events documented in section 4 are now examined with
this model with the centers shown in Figs. 7 and 11,
respectively.

b. MM5 versus Sawyer–Eliassen comparison

The solution of the Sawyer–Eliassen equation is de-
picted in the local radius–height domain in Figs. 16 and
17. In Fig. 16, the solution is shown at a characteristic
time during event A (t 5 24 h), and in Fig. 17 the
solution is shown at a characteristic time during event
B (t 5 35.5 h). In each figure the azimuthal mean sec-
ondary circulation of the MM5 simulation is compared

to the mean secondary circulation of the Sawyer–Elias-
sen model. These are instantaneous comparisons and
there is no time averaging of the data. At t 5 24 h, the
solution is depicted through a smaller-scale convective
complex of hot towers, and at t 5 35.5 h the solution
is depicted through the nascent tropical cyclone vortex
(see Fig. 11). The solution to the Sawyer–Eliassen mod-
el is output on the same grid as the analyzed MM5 data
(Dr 5 3 km, Dz ø 600 m).

The Sawyer–Eliassen mean secondary circulation
compares well with the MM5 mean secondary circu-
lation in each of these events, as shown by the figures.
In Fig. 16, at t 5 24 h, the MM5 mean secondary
circulation through a convective complex (associated
with a PV anomaly cluster) is depicted. There is gen-
erally strong inflow at low levels (below z 5 4 km) and
outflow at mid- to upper levels (above z 5 5 km), and
rising motion through the convective region. The bal-
anced secondary circulation diagnosed from the Saw-
yer–Eliassen model broadly compares well to the MM5
mean secondary circulation, qualitatively and quanti-
tatively. The same comparison is depicted at a later time
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FIG. 14. Azimuthal mean relative vorticity for (left) a single vortical hot tower at t 5 23 h and
(right) for the tropical storm vortex at t 5 36 h in the local radius–height domain. The contours
depicted are (3, 6, 10, 20, 30, 40) 3 1024 s21.

during event B (Fig. 17) when Diana has a well-defined
closed circulation and is near tropical storm strength.
In each case, the Eliassen model broadly captures the
local mean secondary circulation of the MM5 model. It
is noteworthy to see that the Eliassen model captures
the subsidence in the vortex core (bottom two panels of
Fig. 17, cf. Fig. 13). Numerous other events were ex-
amined at many other different times and a similar good
comparison was observed.

Since the Sawyer–Eliassen/MM5 comparison is good,
it stands to reason that the simulated genesis around
event centers is proceeding via approximate gradient
and hydrostatic balance in the coarse-grained sense of
the azimuthal mean. An examination of the stability
parameters required in the Eliassen model shows that
static stability and the discriminant are generally posi-
tive almost everywhere in the domain (Fig. 15). These
are necessary conditions for quasi balance. A further
condition is that the flow be rotationally dominant in
the sense that the relative verticity vorticity (z) is large
compared to the horizontal divergence (d) (McWilliams
1985; Davis and Emanuel 1991). That is, in Cartesian
coordinates,

]y ]u ]u ]y
|z | 5 2 k 1 5 |d |.) ) ) )]x ]y ]x ]y

As an illustration, the absolute vertical vorticity and
horizontal divergence in the lower troposphere are com-
pared during typical times in the evolution, and the re-
sults are displayed at t 5 34.0 h in Fig. 18. The max-
imum low-level vorticity exceeds 60 3 1024 s21 while
the maximum convergence is approximately 15 3 1024

s21.

6. A simple comparison of moist and dry vortex
merger

In previous sections we have demonstrated that, in
the cloud-resolving numerical simulation, Hurricane Di-
ana was built by the vortical hot towers in two phases:
(i) preconditioning and (ii) multiple vortex mergers and
axisymmetrization of small-scale cyclonic PV anoma-
lies. In specific events in each of these phases, we have
shown that the spinup of tangential momentum is due
primarily to the horizontal vorticity flux, that is, 1uh

(Figs. 8 and 12). The vertical momentum transportu9z9
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FIG. 15. Azimuthal mean depiction of Eliassen stability parameters in the radius–height domain
at t 5 34.5 h about the center marked by the white cross in Fig. 11. (top left) Discriminant, (top
right) static stability, (bottom left) absolute vertical vorticity, and the (bottom right) vortex inertia
parameter. Zero and negative values are denoted by dashed contours.

terms are generally found to be quite small in compar-
ison. These results suggest that potentially a large por-
tion of the dynamics occurring here may be explained
by quasibarotropic dynamics.

a. Shallow water primitive equation model

To test this hypothesis, a characteristic merger event
is examined in a barotropic model, specifically the shal-
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FIG. 16. MM5 simulation mean secondary circulation vs Sawyer–Eliassen balanced mean sec-
ondary circulation at t 5 24 h. The mean radial velocity is shown in the top, and the mean vertical
velocity in shown in the bottom. Contour intervals for the mean radial velocity are 27, 25, 23,
21, 0, 1, 3, 5, 7 m s21, and contour intervals for the mean vertical velocity are 2280, 2210,
2140, 270, 0, 70, 140, 210, 280 cm s21. Negative contours are dashed.

low water primitive equation (SWPE) model. The model
prognostic equations used here are defined on an f
plane:

]u ]H
42 hV 1 1 n ¹ u 1 b(u 2 u ) 5 0, (13)4 0]t ]x

]y ]H
41 hU 1 1 n ¹ y 1 b(y 2 y ) 5 0, (14)4 0]t ]y

]P ]U ]V
41 1 n ¹ P 1 b(P 2 P ) 5 0. (15)4 0]t ]x ]y

Here, u is the zonal velocity, y is the meridional
velocity, P 5 gh is the geopotential, g is the accel-
eration due to gravity, h is the fluid depth, U 5 Pu
and V 5 Py are the depth-integrated horizontal mo-
menta, H 5 P 1 1/2(u 2 1 y 2) is the Bernoulli function,
and h 5 (]y/]x 2 ]u/]y 1 f )/P is here the potential
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FIG. 17. MM5 simulation mean secondary circulation vs Sawyer–Eliassen balanced mean sec-
ondary circulation at t 5 35.5 h. The mean radial velocity is shown in the top, and the mean
vertical velocity in shown in the bottom. Contour intervals for the mean radial velocity are 22,
21.5, 21, 20.5, 0.5, 1, 1.5, 2 m s21, and contour intervals for the mean vertical velocity are
220, 215, 210, 25, 5, 10, 15, 20 cm s21. Negative contours are dashed.

vorticity. The b terms are Rayleigh friction terms lo-
calized in a sponge layer at large radius to prevent the
reflection of gravity waves excited in the vortical re-
gion either by initial imbalances or spontaneous ra-
diation in the ensuing vortex dynamics. The initial-
state values are denoted by u 0 , y 0 , and P 0 . A fourth-
order Runge–Kutta scheme is used for the integration
of the SWPE model. The model includes a fourth-order
hyperdiffusion of u, y, and P to remove small-scale
effects associated with the enstrophy cascade. Potential

vorticity and enstrophy are conserved to a high degree
in this model. More detail on the specifics of this shal-
low water model can be found in Sadourney (1975)
and Enagonio and Montgomery (2001).

b. Vortex merger comparison

As discussed in section 4, a major merger of two
intense vortex tubes occurs around t 5 34.0 h in the
MM5 simulation. This merger is characterized by a
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FIG. 18. Absolute vertical vorticity and horizontal divergence at t 5 34.2 h, z 5 0.67 km. Contour
interval is 5 3 1024 s21.

strong spinup in tangential momentum and warming at
low levels. The spinup of tangential momentum was
shown to be dominated by the horizontal momentum
fluxes. The SWPE model is used to analyze the baro-
tropic aspects of this event. The model is initialized with
the MM5 horizontal wind data at z 5 0.67 km, t 5 33.8
h and the initial fluid (layer) depth is set at h0 5 1 km.
The model is configured with a domain of 146 3 146
grid points spaced 3 km apart in the x and y directions
for a total domain size of 438 km 3 438 km, exactly
the same configuration as domain 4 in the MM5 sim-
ulation. The SWPE model is initialized with two co-
herent low-level vortices, which are loosely connected
(note, t 5 0 corresponds to the initialization state for
the beginning of the vortex merger event, or at approx-
imately t 5 33.8 h in the MM5 simulation).

A side-by-side summary of the results of SWPE/
MM5 comparison is displayed in Fig. 19. Merger does
occur in the SWPE model; however, it takes approxi-
mately twice as long as in the MM5 model. Although
the resultant vorticity anomaly from the SWPE model
is weaker and in a different location than the MM5
simulation, we believe the results are nevertheless phys-
ically meaningful. First, since merger occurs in both
model simulations, this event has strong analogs to bar-
otropic dynamics (McWilliams 1984), as hypothesized.
Second, the fact that the SWPE model yields a merger
that takes approximately twice as long as in the MM5
model suggests that a net convergence can accelerate
the merger process in the real atmosphere. The latter
conclusion is broadly consistent with numerical simu-
lations of the binary interaction of full-fledged hurricane
vortices (Wang and Holland 1995). The emphasis here,
however, is on the merger/axisymmetrization dynamics
of the much smaller horizontal-scale hot tower vortices.
Based on these results, further work examining the phys-
ics of three-dimensional vortex tube mergers in the
moist atmosphere appears warranted.

7. Conclusions

The role of vortical hot towers in tropical cyclogen-
esis is to our knowledge examined for the first time in
the framework of a three-dimensional full-physics near-
cloud-resolving mesoscale model numerical simulation.
Our principal finding is that the most important influ-
ence to the cyclogenesis of Hurricane Diana are small-
scale cores of deep cumulonimbus convection that form
in a vorticity-rich environment. A two-phase evolution
driven by the vortical hot towers is suggested in the
numerical simulation: (i) ‘‘vorticity’’ preconditioning of
the lower troposphere via the generation of multiple
small-scale intense cyclonic vortex tubes (cf. Ooyama
1982), and (ii) multiple mergers/axisymmetrization of
these tubes in the lower troposphere (e.g., McWilliams
1984; Melander et al. 1988; ME98; Möller and Mont-
gomery 2000; Enagonio and Montgomery 2001).

Although the ‘‘diabatic’’ mergers/axisymmetrization
of the tubes is the primary mechanism by which the
local-scale tangential momentum spinup and warm-core
formation occurs, here, the low-level influx of mean
angular momentum (driven by the diabatic heating of
the ensemble of hot towers) is equally important for
increasing the macroscale low-level vertical vorticity
and tangential winds throughout the genesis (see also
Montgomery et al. 2004, manuscript submitted to J.
Atmos. Sci.). As a noteworthy example of vortex merger,
a peak low-level tangential wind spinup of 15 m s21

and peak warming of 5 K is achieved over a 3-h time
frame in a characteristic event examined. Compressional
warming by subsidence is not found here to be a primary
mechanism for warm-core development. Rather, latent
heat released by the deep cumulonimbus convection
tends to be trapped by the strong vorticity in the hot
towers, and the warm core there is built in the same
manner as the local tangential momentum spinup; via
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FIG. 19. Side-by-side comparison of the absolute vertical vorticity evolution at z 5 0.67 km in
the MM5 and shallow water primitive equation (SWPE) models. The initialization time (t 5 0)
corresponds to t 5 33.8 h in the MM5 simulation, or near the beginning of the vortex merger
event B summarized in Fig. 10. Contour intervals are 0.001, 0.0015, 0.002, 0.003, 0.0035, 0.004,
0.0045, 0.005 s21.

diabatic mergers/axisymmetrization of small-scale low-
er-tropospheric cyclonic vorticity tubes.

Simpler models are examined to elucidate the un-
derlying dynamics of tropical cyclogenesis as simulated
here. Using the Sawyer–Eliassen balanced vortex mod-

el, the cyclogenesis of Diana is demonstrated to proceed
in approximate gradient and hydrostatic balance in the
vicinity of vortex structures, or a quasi-balanced evo-
lution where radial and vertical accelerations are small.
The strong vorticity and gravitational stability of the
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local environment and the convection is the primary
reason for the quasi-balanced evolution. Since vortex
merger appears to be a crucial mechanism for genesis
in this case, the dynamics of vortex merger in the sim-
ulated moist atmosphere are examined more closely.
The diabatic vortex mergers seen in the MM5 simulation
are roughly captured by a dry barotropic shallow water
model. Since low-level merger occurs approximately
one-half as fast in the dry barotropic model in a char-
acteristic event, we infer, consistent with Wang and Hol-
land (1995), that moist convective effects and attending
secondary circulations accelerate the low-level merger
process in the real atmosphere and tend to produce a
merged vortex that is significantly stronger than its dry-
merged counterpart. Further work examining the dy-
namics of three-dimensional diabatic vortex mergers ap-
pears warranted.

In summary, we have demonstrated an upscale growth
mechanism for tropical cyclogenesis where small-scale
vortical hot towers are the building blocks. As is well
known, a necessary condition for cyclone formation is
for the spinup tendency by a net convergence of absolute
angular momentum to exceed the spindown effect as-
sociated with surface friction (e.g., Raymond et al.
1998). This simulation demonstrates that this net con-
vergence may be produced by numerous small-scale ar-
eas of deep convection rather than a broad larger-scale
area of net convergence. We believe the high-resolution
simulation employed here provides new and useful in-
sights into the internal mechanisms leading to tropical
cyclogenesis given favorable environmental conditions
already exist. The Diana case confirms the importance
of low-level diabatic vortex merger and vortex axisym-
metrization processes associated with deep convective
episodes (ME98; Möller and Montgomery 2000; Ena-
gonio and Montgomery 2001). Whether the formation
process in the deep Tropics proceeds along similar lines
with the vortical hot towers playing an essential role in
the organizational process is an open question. Further
three-dimensional modeling studies using idealized flow
configurations are currently underway and are advo-
cated to obtain a more complete understanding of the
upscale growth process suggested here.

Based on the foregoing results, we recommend the
following.

• Increase emphasis on documenting the life cycle of
vortical hot towers, including their attendant vorticity
and PV signatures, during the formation of tropical
cyclones. Cloud-resolving numerical models in ide-
alized configurations should be used for this purpose
so as to isolate the basic dynamics of and interactions
between these important structures in prehurricane en-
vironments.

• Increase emphasis on quantifying how fragile the for-
mation process is to adverse affects, such as enhanced
vertical shear or depleted moisture. We also advocate
the comparison of both cloud-resolving and opera-

tional models in realistic adverse environments so as
to identify the reasons for ‘‘false alarms,’’ a known
weakness of many operational models.

• Emphasize obtaining in situ data of sufficient spatial
and temporal resolution during the tropical cyclone
formation period, including both flight-level data and
airborne Doppler radar data. Given the fact that vor-
tical hot tower lifetimes in this numerical simulation
are on the order of 1 h, we advocate data sampling at
a minimum temporal resolution of 30 min and spatial
resolution of 3 km. These data are essential to assess
the realism of high-resolution near-cloud-resolving
simulations, such as the Diana case decribed in this
manuscript.

• Emphasize obtaining a comprehensive understanding
of vortical hot towers. Specifically, what controls the
development and areal density of rotating hot towers?
How does rotation affect the dynamics of the hot tow-
ers? How does rotation affect the production of down-
drafts?
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