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Abstract:
We present numerical model experiments to investigate the dynamics of tropical-cyclone amplification and its predictability in
three dimensions. For the prototype amplification problem beginning with a weak tropical storm strength vortex, the emergent flow
becomes highly asymmetric and dominated by deep convectivevortex structures, even though the problem as posed is essentially
axisymmetric. The asymmetries that develop are highly sensitive to the boundary-layer moisture distribution. When a small random
moisture perturbation is added in the boundary layer at the initial time, the pattern of evolution of the flow asymmetriesis
dramatically changed and a non-negligible spread in the local and azimuthally-averaged intensity results. We conclude that: 1)
the flow on the convective scales exhibits a degree of randomness and only those asymmetric features that survive in an ensemble
average of many realizations can be regarded as robust; 2) there is an intrinsic uncertainty in the prediction of maximumintensity
using either maximum wind or minimum surface pressure metrics. There are clear implications for the possibility of deterministic
forecasts of the mesoscale structure of tropical cyclones,which may have a large impact on the intensity and on rapid intensity
changes.
Some other aspects of vortex structure are addressed also: vortex size parameters; sensitivity to the inclusion of different physical
processes; and higher spatial resolution. We investigate also the analogous problem on aβ-plane, a prototype problem for tropical-
cyclone motion. A new perspective on the putative role of thewind-evaporation feedback process for tropical cyclone intensification
is offered also here.
The results provide new insight into the fluid dynamics of theintensification process in three dimensions and at the same time
suggest limitations of deterministic prediction for the mesoscale structure. Larger-scale characteristics such as the radius of gale
force winds,β-gyres, etc. are found to be less variable than their mesoscale counterparts.
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1 Introduction

There is a growing research literature on the role of
asymmetric convection in all phases of tropical-cyclone
life cycles with special interest on convectively-induced
asymmetries of rainfall and on the effects of various types
of asymmetric vortex waves within the hurricane circu-
lation. This research has led to an emerging perspective
that many processes occurring within the tropical-cyclone
core are manifestations of coherent structures that undergo
their own life cycle and may ultimately decay in favor of
the symmetric circulation. Studies suggest that asymme-
tries arise in various ways; many have focussed on the
effects of non-trivial vertical wind shear across a devel-
oping or mature vortex (e.g., Frank and Ritchie 1999;
Reasoret al. 2000; Frank and Ritchie 2001; Blacket
al. 2002; Schecter and Montgomery 2003; Reasoret al.
2004); and others have examined the structure of vortex-
wave asymmetries supported by the vortex itself (Chen
and Yau 2001; Chenet al. 2003, Wang 2002a, 2002b).
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The asymmetries can evolve into coherent sub-system-
scale vortices that can persist for one or more revolutions
about the parent vortex and induce significant intensity
changes (e.g., Montgomeryet al.2002; Braunet al.2006).
Part of the intensity change observed in storms such as
Danny (1997) (Blackwell 2000), for example, may be due
to the superposition of strong asymmetries, manifest as
intense mesovortices, on the symmetric circulation. Sup-
porting evidence comes from the Doppler radar synthesis
from Danny as well as earlier studies by, for instance,
Marks and Houze (1984). Near cloud-resolving numeri-
cal simulations of tropical storm Diana (1984) (Davis and
Bosart 2002; Hendrickset al. 2004) reveal convectively
induced mesovortices. The coherence of these structures is
broadly consistent with the idea of “hot towers”, proposed
almost five decades ago by Riehl and Malkus (1958) to
explain the tropical overturning (Hadley) circulation and
revived recently to explain hurricane formation, intensifi-
cation, and evolution as observed in visible and infrared
satellite data, lightning data, lidar data and high resolution
numerical models (Simpsonet al.1998; Montgomery and
Enagonio 1998; Möller and Montgomery 2000; Enago-
nio and Montgomery 2001; Heymsfieldet al.2001; Braun
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2002; Hendrickset al. 2004; Montgomeryet al. 2006a,
hereafter M06). Collectively, the emerging concept is one
of intensity and structural change (including warming in
the eye) occurring through bursts, fundamentally stochas-
tic in nature, associated with life cycles of asymmetries,
rather than though a continuous “slow” evolution con-
nected with the axisymmetric secondary circulation.

The relationship between convectively-induced
asymmetries and vertical wind shear has been usefully
quantified through the concept of balanced lifting result-
ing from the presence of a lower-tropospheric vortex in
shear. Building on the balanced dynamical interpretations
developed by Raymond and Jiang (1990) and Jones
(1995), Frank and Ritchie (1999) showed that mesoscale
ascent achieved saturation in the lower troposphere and
caused a shift of the rainfall from the downshear-right
quadrant of the storm to the downshear-left quadrant.
Trier et al. (2000) and Musgraveet al.(2006) have shown
that balanced motion within a weak, elevated baroclinic
vortex functions in a similar way to focus rainfall and
to generate potential vorticity (PV) anomalies. Such
anomalies can merge to form a new centre, or a single,
dominant anomaly can form a distinct centre and subsume
the surrounding vortices. The mesovortices occur over a
range of scales from 10 to perhaps 100 km. The smaller
ones resemble more the classic hot towers; the larger
ones are mesoscale convective vortices, analogous to
the cousins from continental convection (Rogers and
Fritsch 2001). Larger ones appear capable of forming
a new centre; smaller vortices distort and can amplify
an existing centre. Importantly, all such vortices share a
common property of large cyclonic vorticity in the lower
troposphere because of the vigorous organized convection
that produced them in an already cyclonic vorticity rich
environment. Thus, by vertical vortex-tube stretching near
the ocean surface they contribute vorticity to low levels of
an existing vortex or can form a low-level circulation by
themselves. Either way, the emergent circulation becomes
increasingly able to tap the latent reservoir of energy
contained in the upper ocean by fluxes of enthalpy across
the sea-air interface.

As a first step toward understanding the fluid dynam-
ics of convective bursts and mesoscale vortices in incip-
ient and mature cyclonic storms a mechanism of vortex
intensification by vortex Rossby waves (Montgomery and
Kallenbach 1997) was proposed and investigated with a
range of idealized numerical “thought” experiments that
have provided important insights into the influence of
convectively-induced potential vorticity (PV) asymme-
tries on the intensification of tropical storms. Montgomery
and Enagonio (1998) and Möller and Montgomery
(1999) carried out three-dimensional quasigeostrophic
and shallow-water balance-model experiments, respec-
tively, with relatively high wave amplitudes and identified
a wave-induced eigenmode that interacts with the tropical-
cyclone-like vortex. They hypothesized that the vortex
can sustain the eigenmode, which itself can interact with
convection and then feed back to the vortex. Subsequent
studies by Möller and Montgomery (2000) and Enagonio

and Montgomery (2001) confirmed the important role of
convectively induced asymmetric flow features in deter-
mining the structure and intensity of tropical cyclones.
Simple “axisymmetrization” experiments in three dimen-
sions with mono-chromatic azimuthal-wavenumber dis-
turbances and single- and double-cluster PV anomalies
show that vortex Rossby waves propagate both radially
and vertically. When persistent convection is simulated by
adding double-cluster PV anomalies to the PV fields, one
after another (so-called “pulsing”), a tropical storm inten-
sifies to hurricane strength with the final intensity depen-
dent on the location and extent of the anomaly. The results
support the existence of an alternate means of tropical-
cyclone intensification to the axisymmetric mode.

There have been numerous numerical studies of vor-
tex amplification in the prototype problem for tropical-
cyclone intensification, which considers the evolution of a
prescribed, initially cloud-free, axisymmetric, baroclinic
vortex on anf -plane. These studies can be subdivided
into those using hydrostatic axisymmetric models with
cumulus parameterization (e.g., Ooyama 1969; Emanuel
1989, 1995; Nguyenet al. 2002), those using hydrostatic
three-dimensional models with cumulus parameterization
(e.g., Zhuet al. 2001; Zhu and Smith 2002, 2003), and
those using hydrostatic three-dimensional models with
explicit microphysics (e.g., Wang 2001, 2002a, 2002b),
those using non-hydrostatic axisymmetric cloud models
(e.g., Willoughbyet al.1984; Rotunno and Emanuel 1987;
Persing and Montgomery 2003; Hausmanet al. 2006).
There have been many studies also of the analogous flow
on aβ-plane which is a prototype problem for tropical-
cyclone motion (e.g., Kurihara and Tuleya 1990; Flatau
et al.1994; Dengler and Reeder 1997; Wang and Holland
1996a, 1996b)†. It is significant that non trivial flow asym-
metries emerge in all the three-dimensional experiments,
even those on thef -plane, and it is our opinion that a fun-
damental understanding of the intensification process in
three-dimensions is still incomplete.

One of the primary goals of the present work is to
seek a more complete understanding of the nature of the
inner-core asymmetries and their role in tropical-cyclone
intensification and motion. To achieve this objective we
employ high-resolution numerical experiments using the
MM5 model to revisit the prototype intensification prob-
lem. In the main suite of numerical experiments we choose
the simplest explicit representation of moist processes that
mimicks pseudo-adiabatic moist thermodynamics. Using
these benchmark experiments we investigate the structure
and evolution of the flow asymmetries and their impact
on the vortex intensification and motion. A further goal is
to investigate the predictability of the vortex intensity and
asymmetric flow structure (Lorenz 1969). In contrast with
Lorenz (1969), the word “predictability” is used here in
qualitative sense to describe the degree of randomness of
the ensuing vortex evolution. It is reasonable to expect that

†There have been many more studies of this problem in a barotropic
context, but our interest here is focussed on baroclinic models with at
least three vertical levels to represent the effects of deepconvection.
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TROPICAL CYCLONE INTENSIFICATION 3

the asymmetric flow structures are strongly influenced by
deep convection, at least in the inner core region, broadly
defined as the region with radii less than twice the radius
of maximum tangential wind speed at 900 hPa, just above
the boundary layer. Since the pattern of deep convection is
strongly influenced by the low-level moisture field, which
is known to have significant variability on small space
scales (e.g. Weckwerth 2000), it is of interest to examine
the variability of the inner-core asymmetries as a result
of random variations in the boundary-layer moisture dis-
tribution. An investigation of this type is the subject of
sections 3 and 4.

2 The model configuration

The experiments described below are carried out
using a modified version of the Pennsylvania State
University-National Center for Atmospheric Research
fifth-generation Mesoscale Model (MM5; version 3.6)
(Dudhia 1993; Grellet al.1995), which is suitable for the
study of idealized problems. The model is configured with
three domains: a coarse mesh of 45-km resolution and
two, two-way nested domains of 15 and 5 km resolution,
respectively. The domains are square and are 5400 km,
1800 km, 600 km on each side. For the experiments on
β-plane, the inner-most domain moves to keep the vortex
near the centre of the domain. There are 24σ-levels in the
vertical, 7 of which are below 850 hPa. One experiment
employing a fourth domain (300x300 km) has been con-
ducted also to permit increased spatial accuracy down to
1.67 km horizontal grid spacing on the inner-most domain.

In order to keep the experiments as simple as pos-
sible, the main physics options chosen are the bulk-
aerodynamic boundary-layer scheme and the simplest
explicit moisture scheme. These schemes are applied in all
domains. The sea surface temperature is set to a constant
27oC. The initial vortex is axisymmetric with a maximum
tangential wind speed of 15 m s−1 at the surface at a radius
of 135 km. The strength of the swirling wind decreases
sinusoidally with height, vanishing at the top model level
(50 hPa). The temperature field is initialized to be in gra-
dient wind balance with the wind field using the method
described by Smith (2006). The far-field temperature and
humidity are based on Jordan’s Caribbean sounding dur-
ing summertime conditions and are shown in a skew-T
log-p diagram in Fig.1.

Three main sets of experiments are carried out as
detailed in TableI and TableII in section5. The first set,
the control set, is performed on anf -plane centred at 200N
and consists of a control experiment and ten additional
ones in which the moisture fields throughout the inner-
most domain are randomly perturbed at low levels. In the
latter, the magnitude of the mixing ratio perturbation lies
in the range of (−0.5 g kg−1, 0.5 g kg−1) at levels below
950 hPa. These experiments are carried out using a hori-
zontal grid spacing of 5 km. The second set of experiments
differ from the first set only in that they are performed on
aβ-plane. A third set is conducted on thef -plane in order
to: a) assess the impact of evaporative cooling and related

Figure 1. Skew-T log-p diagram showing the temperature (solid
line) and dewpoint (dashed line) of the initial sounding at aradius

of 2250 km from the domain centre.

downdraft phenomenology on the intensification process
simulated in the control set of experiments; b) assess the
extent to which a capped wind speed in the sea-to-air
enthalpy interaction captures the intensification process
in three dimensions; c) assess the robustness of the sim-
ulated intensification process to an increased horizontal
grid spacing of 1.67 km. The second of these, (b), is infor-
mative because it helps discriminate the contribution from
the wind-evaporation feedback mechanism of WISHE (an
essentially axisymmetric amplification process; Rotunno
and Emanuel 1987; Emanuel 1989) and the horizontally
localized deep-convection organizational pathway which
hasno axisymmetric counterpart (M06). The integration
time for all experiments is 96 h. The results of the three
sets of experiments are discussed in section 3, 4, and 5,
respectively. In all analyses, the vortex centre is deter-
mined by the following procedure. To begin with, a “first-
guess” centre is determined by the minimum of the total
wind speed at 900 hPa. Then the centre is defined as the
centroid of relative vorticity at 900 hPa over a circular
region of 200 km radius from the first-guess centre. This
method of determining vortex centre shows the least sen-
sitivity to asymmetric features than others (e.g., centre
determined by minimum surface pressure), especially dur-
ing rapid intensification phase when the system is highly
asymmetric.

3 Experiments on anf -plane

3.1 Controlf -plane experiment

(i) Overview of vortex development

We describe first the development of the initial axisym-
metric vortex in the controlf -plane experiment (exper-
iment C0 in TableI). Figure 2a shows time-series of
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Table I. Basic-physics experiments.

No. Name Description
C0 Control Control experiment on anf -plane.

C1-C10 f -plane ensemble Ten ensemble members. Same as the control experiment, except mois-
ture fields below 950 hPa in domain 3 (5 km) are disturbed by a value in
(-0.5 g kg−1, 0.5 g kg−1)

B0-B10 β-plane ensemble Same as C0-C10, except on aβ-plane

the minimum surface pressure and maximum total wind
speed,V Tmax at 900 hPa (approximately 1 km high)
during a 96 h integration. It shows also the maximum
azimuthally-averaged tangential wind speed at 900 hPa,
Vmax, the average being about a centre defined in sec-
tion 2. As in many previous experiments, the evolution
begins with a gestation period during which the vortex
slowly decays due to surface friction, but moistens in
the boundary layer due to evaporation from the underly-
ing sea surface. This period lasts 9 h during which time
the minimum surface pressure rises from its initial value
of 1004 hPa to 1008 hPa, but the maximum tangential
wind speed decreases only slightly (less than 0.5 m s−1).
The imposition of friction from the initial instant leads to
inflow in the boundary layer and outflow above it, the out-
flow accounting for the decrease in tangential wind speed
through the conservation of absolute angular momentum.
The inflow is moist and as it rises out of the boundary layer
and cools, condensation progressively occurs in some grid
columns interior to the corresponding radius of maximum
tangential wind speed (Smith 1968, Eliassen and Lystad
1977). Existing relative vorticity is stretched and ampli-
fied in these columns leading to the formation of localized
rotating updrafts. Hendrickset al.(2004) and M06 coined
the term “vortical hot towers” for these updrafts. As the
updrafts develop, there ensues a period lasting about 45
h during which the vortex rapidly intensifies. During this
time, Vmax increases from approximately 14.5 m s−1 to
approximately 63 m s−1 while the minimum surface pres-
sure decreases to 955 hPa. The average intensification rate
is approximately 1 m s−1 h−1. After 54 h, the vortex
attains a quasi-steady state. The minimum surface pres-
sure continues to decline, reaching approximately 945 hPa
at 74 h, after which it asymptotes to a slightly smaller
value at 96 h. In contrast,Vmax increases only slightly
to approximately 67 m s−1 at 96 h, and the swirling wind
field in the inner-core region may be regarded as quasi-
steady for practical purposes after 54 h. Note that there
are large fluctuations inV Tmax, up to 15 m s−1, during
the period of rapid intensification.

In order to determine the cause of the continued
decline in the minimum surface pressure during this quasi-
steady period, we analyzed the axisymmetric mean geopo-
tential height on the 850 hPa surface (not shown). Since
gradient wind balance is an accurate first approximation
for the primary circulation above the boundary layer in a
mature hurricane, we can use this relationship to deter-
mine the relative contribution from the outer core and

Figure 2. Vortex development inf -plane control experiment (C0).
Time-series of: a) Minimum surface pressure (Pmin), maximum
azimuthal-mean (Vmax) and maximum total wind speed (V Tmax)
at 900 hPa; b) average of relative humidity over a circular region
of 100 km radius from vortex centre between 1000 hPa and 900 hPa
(upper curve) as well as between 700 hPa and 400 hPa (lower curve).

inner core winds to the minimum geopotential height. It is
found that approximately 60% of the drop in geopotential
height stems from the wind outside the radius of maxi-
mum tangential wind speed (RMW), while the remaining
40% comes from that inside the RMW. It follows then
that slightly more than half of the simulated decline in
minimum surface pressure after 54 h associated with a
strengthening of the outer wind field and the accompany-
ing growth in vortex size.

During the mature stage, the vortex exhibits many
realistic features of a mature tropical cyclone, with spiral
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TROPICAL CYCLONE INTENSIFICATION 5

bands of convection surrounding an approximately sym-
metric eyewall and a central convection-free eye (details
not shown).

(ii) Relative humidity

Following Bergeron (1950), recent work has hypothe-
sized that a tropical depression vortex will begin to inten-
sify only after the column-integrated relative humidity
becomes nearly saturated on thevortex scale(Rotunno
and Emanuel 1987; Emanuel 1989; Bister and Emanuel
1997; Raymondet al.1998). The basis for this idea origi-
nates in observations showing that deep cumulus convec-
tion regions have adjacent downdrafts that advect middle
tropospheric air possessing a minimum of moist entropy
into the boundary layer (e.g., Zipser and Gautier 1978).
Downdrafts originating near middle levels that manage to
penetrate the boundary layer will dilute the high entropy
content of the boundary layer, thereby rendering the lower
troposphere less susceptible to deep convective activity
and therefore to the buoyancy-induced convergence of
angular momentum at low levels (M06).

To investigate the potential relationship between the
intensification simulated in the control experiment and
the middle tropospheric relative humidity (MRH) we have
computed the average MRH from 700 hPa to 400 hPa over
a circular region of 100 km in radius around the vortex
centre. The time-series of this average MRH is shown
in Fig. 2b. The average MRH increases from its initial
value of 40% to 50% in the first hour and remains at this
value for next 8 h. When rapid intensification begins at
approximately 9 h, the average MRH increases from 50%
to about 65% in about 7 h. This is because when a grid box
in the lower troposphere is saturated, latent heat is released
triggering deep convection. After 16 h, there is only a
slight increasing trend from 65% to 75% at the end of the
simulation. Therefore the moistening of the middle layer
in the control experiment accompanies the rapid increase
of the tangential wind field; it does not precede it.

As described in the previous section, the control
experiment adopts the simplest explicit scheme available
in MM5, i.e. as condensation occurs, the condensed water
is immediately converted to precipitation and a commen-
surate amount of latent heat is released to the air; Evap-
orative cooling and related downdraft phenomenology
is neglected (i.e., pseudo-adiabatic dynamics). A more
sophisticated experiment that incorporates the warm rain
process is discussed in section 5. Although downdrafts
are found to temper the intensification rate and somewhat
reduce the simulated maximum sustained winds, the basic
picture presented using the simple scheme does not appear
to be fundamentally different (not shown). The outcome of
this experiment suggests that the control experiment cap-
tures the essence of the vortex intensification process.

(iii) Accumulated precipitation

It is of interest to determine the favoured regions of pre-
cipitation during the evolution. A high precipitation region

is a good indication of active updrafts on the system scale.
Twelve-hour accumulated precipitation at 12, 24, 48, and
96 h is shown in Fig.3. Although one finds accumu-
lated rainfall over the entire region shown, the regions
of high accumulated rainfall are concentrated around the
core of the developing vortex. With the exception of the
first 12 h, the maximum twelve-hour accumulated rainfall
reaches 400 mm at all times shown. In the outer region
and within the eye, the accumulated rainfall is less than
80 mm. The qualitative characteristics of the highly pre-
cipitating regions are described below.

For the first 12 h, the accumulated precipitation is
almost symmetric and distributed in two separate rings at
approximately 70 and 100 km radius from the initial circu-
lation centre. Early into the rapid intensification period (24
h) the accumulated precipitation exhibits some asymmetry
manifest by localized anomalies within the precipitation
annulus between 50 km and 70 km radius. Further into this
period, at 48 h, the accumulated precipitation exhibits a
pronounced asymmetry with the high rainfall found in the
southeast sector of the vortex core. Between 84h and 96h,
the precipitation field contracts and attains a distinct ring-
like structure. The precipitation annulus now occupies the
region between 30 km and 60 km. A careful examination
of the pattern of the accumulated precipitation of ensem-
ble members and their mean at 48 h shows that although
there is a large difference between precipitation patterns
among the ensemble members, the mean accumulated pre-
cipitation field is largely symmetric (not shown).

In order to obtain a deeper understanding of the
physics of the intensification process in three dimensions,
we turn now to examine the evolution of the vertical
velocity and relative vorticity fields.

(iv) Vertical velocity structure

During the gestation period (0 − 9 h), there is only weak
ascent at 850 hPa (above the boundary layer) in the
vortex core region, within a radius of 150 km, and almost
negligible ascent at 400 hPa (not shown). At 9 h, a narrow
annulus of ascent is evident at 850 hPa, centred at 80 km
radius, with a maximum value of approximately 0.7 m s−1

(not shown).
At the beginning of rapid intensification (9 h), latent

heat release by saturation in some grid boxes initiates
deep convective cells. From 9 h to 9.75 h, the annulus of
ascent evolves into distinct localized updrafts with ver-
tical velocity maxima between 2 and 5 m s−1. These
updrafts extend to much higher levels as shown in Fig.
4b, which illustrates their structure at 400 hPa. The dis-
tribution of the updrafts at 850 hPa shows a dominant
azimuthal wavenumber-12 pattern around the circulation
centre. During the same period (9 - 9.75 h), a second
annulus of upward motion, centred at a radius of 110 km,
forms outside the first annulus and vertical velocity max-
ima within it vary between 0.4 to 1 m s−1. In the next
1.5 h (9.75 - 11.25 h), this outer ring of updrafts becomes
dominant and the two updraft rings interact and transi-
tion into irregular cells (not shown). These cells rotate
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6 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 3. Surface pressure (contours, interval 5 hPa) and regions of 12 h accumulated precipitation exceeding 80 mm (40 mm in panel (a))
at (a) 12 h, (b) 24h, (c) 48h, (d) 96h for the control experiment C0. Maximum precipitation amounts are about 180 mm in (a), 400 mm in

(b) and (c), and 450 mm in (d).

cyclonically around the vorticity centroid and are highly
transient with a convective lifetime on the order of one
hour. The updrafts at 400 hPa are nearly above the updraft
cores at 850 hPa throughout the intensification process.
The extrema of upward velocity in the updraft cores at
400 hPa are typically 2 to 3 times greater than at the cor-
responding 850 hPa level.

From 11.25 h to the end of the rapid intensification
period (54 h), the updrafts increase in strength with local
peak values attaining approximately 22 m s−1 at 400 hPa
between 16 and 19 h (not shown). A snapshot of vertical
motion at 24 h is shown in Fig. 4b. The structure of these
updrafts are still spatially irregular. During some periods
the upward motion occupies a contiguous region around
the vortex centre (not shown). During rapid intensification
the number of intense updrafts decreases from twelve at
9 h to no more than three by the end of the period of
rapid intensification. The intense cells contract inward
over time to a radius of approximately 35 km at 54 h.
Evidence of spiral waves (gravity waves at the speed
of approximately 40 m s−1) propagating outwards is
found throughout the vortex evolution (see, e.g. Fig.

4). From approximately 54 h onward, the structure of
concentrated upward motion shows different patterns over
time, but is mainly monopole, dipole, or tripole and
always asymmetric.

(v) Relative vorticity structure

Snapshots of relative vorticity fields are shown in Figs.
5 and 6. The relative vorticity structure changes only
slightly during the first 9 h, retaining its initial monopole
structure. During this period the value of relative vor-
ticity is approximately4 × 10−4 s−1 at the centre of
circulation. The updrafts that form at the beginning of
the rapid intensification period (9 h) tilt and stretch the
local vorticity field. An approximate ring-like structure
of intense small-scale vorticity dipoles quickly emerges
(Figs. 5b-d). This local dipolar structure in the rela-
tive vorticity occurs throughout the rapid intensification
period. The vorticity dipoles are highly asymmetric with
strong cyclonic vorticity anomalies and much weaker anti-
cyclonic vorticity anomalies. Early in the intensification
phase, the strong updrafts lie approximately in between
the vorticity dipoles. Later in the intensification phase,
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TROPICAL CYCLONE INTENSIFICATION 7

Figure 4. Vertical velocity fields at 850 hPa (left panels) and 400 hPa (right panels) at 9.75 h (panels a and b), 24 h (panelsc and d) of the
control experiment C0. Contour interval is0.25 m s−1. Negative values are in blue and dashed. The zero contour is not plotted.

strong updrafts are often approximately collocated with
the strong cyclonic anomalies.

From approximately 12 h onwards, the VHTs are
observed to grow horizontally in scale, in part due to
merger and axisymmetrization with neighboring cyclonic
vorticity anomalies and in part to convergence of like-sign
vorticity from the nearby environment. During this time,
the cyclonic anomalies move slowly inward, whereas the
anticyclonic vorticity anomalies move slowly outward,
decrease in amplitude and undergo axisymmetrization by
the parent vortex. Because this vorticity segregation pro-
cess occurs in the presence of persistent mean near-surface
inflow and low- to upper-level outflow, the segregation
process cannot be explained alone by the mean advec-
tion associated with the diabatically-forced axisymmeteric
secondary circulation. Using prior work, a heuristic expla-
nation of the segregation mechanism is offered here as a
first step in a more detailed quantitative study.

Recall that vortex axisymmetrization involves the
ingestion of like-sign vorticity anomalies accompanied by
the formation of like-sign vorticity filaments surrounding
the parent vortex as well as the expulsion of opposite-
signed vorticity anomalies (Montgomery and Enagonio

1998). During the merger phase the amplitude of the
cyclonic vorticity anomalies are approximately an order
of magnitude larger than the background cyclonic vor-
tex. Consequently the cyclonic anomalies are not easily
axisymmetrized by the parent vortex. Since the initial
vortex possesses a monotonic potential vorticity distribu-
tion a related vortex segregation mechanism is nonethe-
less available. From vortex motion theory (McWilliams
and Flierl 1979, Smith and Ulrich 1990, Schecter and
Dubin 1999), intense cyclonic vorticity anomalies gener-
ally “move up the ambient vorticity gradient” and vice
versa for the anticyclonic vorticity anomalies. Therefore
intense cyclonic anomalies immersed in the negative vor-
ticity gradient of the parent vortex will tend to move
toward the centre and the anticyclonic anomalies will tend
to be move away; this segregation mechanism outweighs
the low- to upper-level outflow and near-surface inflow,
respectively. The divergent flow above the inflow layer
weakens the anticyclonic anomalies leaving them suscep-
tible to axisymmetrization. The end result is that during
rapid intensification the VHTs make a direct contribu-
tion to the system-scale spin up (M06) and a mesoscale
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8 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 5. Vorticity fields at 850 hPa at (a) 0 h, (b) 9.75 h, (c) 10 h, (d) 12 h of the control experiment C0. Contour interval for positive values
is 0.1 × 10

−3 s−1 in panel a,0.2 × 10
−3 s−1 in panels b-d. Negative values are in blue and dashed with contour interval of0.5 × 10

−4

s−1. The zero contour is not plotted.

inner-core region rich in cyclonic relative vorticity is con-
structed.

By the end of the rapid intensification period
(approximately 54 h and onwards), no more than three
VHTs are active around the circulation centre (not shown).
The evolution of the vortex after the merging phase is pre-
sumably well described by vortex Rossby waves and their
coupling to the boundary layer and convection (Mont-
gomery and Kallenbach 1997, Chen and Yau 2003, Wang
2000a), but a more detailed analysis lies beyond the scope
of this paper.

Based on the documented evolution of vertical veloc-
ity and relative vorticity fields, it is clear that the VHTs
dominate the rapid intensification period at early times. A
more in-depth and quantitative investigation of the dynam-
ics of the VHTs and vortex Rossby waves and their contri-
bution to the amplification of the system-scale vortex will
be presented in due course.

3.2 Ensemble experiments onf -plane

In subsection (a), it was shown that the flow asymmetries
that develop in the control experiment during the period of

rapid intensification are associated with the development
of model deep-convective VHTs. Although these VHTs
form more or less within an annular envelope (Smith
1968; Eliassen and Lystad 1977), their precise location
in the annulus is determined by local asymmetries asso-
ciated with the representation of an initially symmetric
flow on a square grid, which determine where grid-scale
saturation first occurs. The symmetry would be expected
to broken also if random perturbations of moisture were
present in the boundary layer. In reality, it is well known
that moisture is a quantity that has significant variability
on small spatial scales (e.g. Weckwerth 2000). For this
reason it is important to investigate the sensitivity of the
inner-core asymmetries to perturbations in the low-level
moisture distribution. To do this we have carried out an
ensemble of experiments with an initially-perturbed mois-
ture field at low levels (see TableI). The ensemble consists
of ten members in which the moisture fields are initially
perturbed at all levels below 950 hPa. A random pertur-
bation in the range of (−0.5 g kg−1, 0.5 g kg−1) is added
to the value of the moisture fields at every horizontal grid
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TROPICAL CYCLONE INTENSIFICATION 9

Figure 6. Vorticity fields at 850 hPa at (a) 18, (b) 24, (c) 36, (d) 48 h of the control experiment C0. Contour interval for positive values is
0.5 × 10

−3 s−1. Negative values are in blue and dashed with contour interval of 0.1 × 10
−3 s−1 in panels a-b,0.2 × 10

−4 s−1 in panels
c-d. The zero contour is not plotted.

point in the inner-most domain. This perturbation is differ-
ent at each height. The temperature fields are recalculated
from the original virtual temperature fields to keep the
mass fields unchanged. All other aspects of the model con-
figuration are unchanged.

(i) Intensity and inner-core structure

Figure7a shows the time-series of the maximum of mean
tangential wind speed of the control simulation and the ten
member ensemble. Mean wind maxima of all ensemble
members are close to each other until approximately 13 h.
From that time onwards there is a spread in the simulated
maxima. The spread occurs when the annular regions of
high cyclonic relative vorticity of all members transition
into irregular cells (not shown). The maximum difference
between the mean intensity among all ensemble members
at any given time in the whole simulation is approximately
12 m s−1. All the ensemble simulations show the same
rapid intensification period from 9 h to approximately
54 h and a slight increasing trend in intensity from
approximately 54 h onward.

Figure 7b shows the time-series of maximum total
wind speedV Tmax for the same ensemble simulations.
The spread in intensity occurs at approximately 10 h,
sooner than the spread in mean tangential wind at approx-
imately 14 h (Fig.7a). The maximum difference between
the V Tmax among all ensemble members at any given
time in the whole simulation is approximately 17 m s−1.
During the first hour of rapid intensification (9 to 10
h), there is a steep increase in intensity of all ensem-
ble members. Since this time interval coincides with the
appearance of the ring-like structure of small-scale vortic-
ity dipoles, theV Tmax is associated with the occurrence
of VHTs. During the early time in the rapid intensifi-
cation, the increase inV Tmax occurs more rapidly and
sooner than the increase of the maximum of mean tan-
gential wind speedVmax. This feature reflects the fact that
the flow intensifies first on the convective scales (VHTs),
and subsequently the system-scale flow intensifies.

Figure7 also shows that after the gestation period,
especially during the rapid intensification phase, there is
more variability between ensemble members inV Tmax

than in Vmax. These results have important operational
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10 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 7. Time-series of (a) Azimuthal-mean maximum tangential wind speed, and (b) maximum total wind speed at 900 hPa inthe control
experiment C0 (blue) and in the 10 ensemble experiments (C1-C10).

implications in that the local wind speed can change quite
dramatically during rapid intensification.

Inspection of relative vorticity fields of each ensem-
ble member shows similar characteristics to those in the
control experiment. The relative vorticity field is non-
axisymmetric and the detailed pattern of small-scale vor-
ticity structure is significantly changed. Figure8 illus-
trates this point at a typical time during the rapid intensifi-
cation process. We conclude that the ensuing evolution of
VHTs exhibits a degree of randomness and is highly sensi-
tive to the moisture distribution in the boundary layer. For
all ensemble members, the vertical velocity is dominated
by VHTs (see Fig.9).

(ii) Vortex-size parameters

We investigate now the development of two critical
parameters on vortex size: the radius of maximum
azimuthally-averaged tangential wind speed (RMW) and
the radius of gale-force wind (RGW) (in general usage,
gale-force wind refers to a sustained wind speed of 17 m
s−1). The former provides a scale for the region of extreme
winds and for the eye size. The latter provides a scale for
the region of potential significant damage.

Figure10 shows time-series of the RMW and RGW
in experiments C0-C10. During gestation period, the
RMW expands from its initial value of 135 km to approx-
imately 147 km, but after 5 h it starts to decrease rapidly.
There is a spread in the RMW between ensemble mem-
bers beginning with the rapid intensification period (9 to
54 h: see Fig.2). There is a large variation of the RMW
during this period, the difference between ensemble mem-
bers being a maximum of approximately 32 km at 28 h.
From 54 h onward, the RMW curves asymptote to a mean
value of 35 km and the maximum difference among the
ensemble members is approximately 7 km at 96 h.

The development of the radius of maximum total
wind speed exhibits similar characteristics (not shown),
but the variation among ensemble members is large dur-
ing the rapid intensification period and also at later times.
This is mainly because of the unpredictable and locally

intense circulations associated with the VHTs (cf. Sec.
3a). The difference in the radius of maximumtotal wind
speedamong ensemble members reaches its maximum of
approximately 70 km at 19 h and decreases to approxi-
mately 17 km at 96 h.

The maximum mean wind speed of all ensemble
members exceeds gale-force at approximately 12 h. The
RGW is calculated from that time onward by taking the
outer radius at which the azimuthal-mean tangential wind
speed equals 17 m s−1. As shown in Fig.10, the RGW
quickly expands between 12 and 15 h. After that time, the
RGW continues to grow for all ensemble members. From
24 h to 72 h, the variation is approximately 15 km. From
72 h onward, the variation is smaller (approximately 5 km)
and there is an approximately linear increase with time
for all ensemble members. All of the simulated hurricanes
thus exhibit a real growth in horizontal size after the inner-
core has reached a quasi-steady evolution.

Based on the results shown, it appears that the spread
of the RMW and RGW decreases as the vortex approaches
its quasi-steady maximum intensity. In contrast, the spread
of maximum tangential wind speed and also total wind
speed does not diminish as the quasi-steady state is
reached. This result indicates that the RMW and RGW for
the mature storm have less variability than, for example,
Vmax.

4 Experiments on aβ-plane

In the previous section we showed that on anf -plane, the
flow asymmetries that evolve are highly sensitive to the
initial moisture distribution. Due in part to the practical
connection of hurricane track to storm-scale asymmetries,
it is of interest to enquire whether a similar result is true
when there is a mechanism to force the asymmetries,
such as occurs on aβ-plane, or when a vortex is exposed
to vertical wind shear in its environment. To investigate
this question we have repeated all the above-mentioned
experiments on aβ-plane (see TableI). The effects of
vertical wind shear will be investigated in a future paper.

Copyright c© 2007 Royal Meteorological Society
Prepared usingqjrms3.cls

Q. J. R. Meteorol. Soc.00: 1–21 (2007)
DOI: 10.1002/qj



TROPICAL CYCLONE INTENSIFICATION 11

Figure 8. Relative vorticity fields of the control experiment C0 (panel a) and 3 representative realizations from thef -plane ensemble
(panels b-d) at 24 h. Contour interval for positive value is0.5 × 10

−3 s−1. Negative values are in blue and dashed with contour interval
of 0.1 × 10

−3 s−1. The zero contour is not plotted.

Although the vortex moves north-northwest as a
result of theβ effect and the fields of accumulated pre-
cipitation are much more asymmetric than in thef -plane
experiments (not shown), the main characteristics in the
vortex core region are unchanged and the rapid intensifi-
cation period is dominated by the VHTs.

It was shown in the previous section that there is
about a 12 m s−1 spread in mean intensity of the ensemble
members. The asymmetric forcing implied by the pres-
ence ofβ may be expected to produce an effect similar
to a moisture perturbation on the initial pattern of con-
vective cells. In order to determine whether there is a
significant difference between thef - andβ-plane exper-
iments, one must compare the average of the ensemble
means: it is insufficient just to compare two determinis-
tic experiments. Figure11a shows the ensenble average
of the azimuthally-averaged tangential wind speed at 900
hPa as a function of time for thef -plane experiments C0-
C10 and theβ-plane experiments B0-B10. The curves lie
close to each other with one higher for some periods and
less for others. However, the difference between the two
never exceeds 3 m s−1. In particular, the differences lie

well inside the intervals of the largest difference between
any two members of eitherf -plane orβ-plane ensemble
experiments (indicated by the vertical bars). The spread
found in theβ-plane set is typically larger (no greater than
5 m s−1) than that in thef -plane case. A similar diagram
for minimum surface pressure is shown in Fig.11b. It is
clear that there is virtually no difference between the min-
imum surface pressure forf -plane andβ-plane cases. On
the basis of these results we conclude that theβ-effect has
essentially no impact on the maximum intensity of the vor-
tex during the course of the simulations‡.

In order to investigate the predictability of the vortex
motion on theβ-plane, the vortex centres of the experi-
ments B0-B10 are calculated as discussed in Sec. 2. The
results are shown in Fig.12. The tracks start to spread
after approximately 12 h and the maximum difference in
relative position between any two members increases with

‡Our results differ profoundly from Kwok and Chan (2005), Wu and
Braun (2004) and Penget al. (1999) in regards to the influence ofβ

on the simulated vortex intensity. These works found thatβ caused
significant weakning, but they were limited by considerablycoarser
horizontal resolution and parameterized convection.
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12 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 9. Vertical velocity fields of the control experimentC0 (top left) and 3 representative ensemble experiments at 24 h. Contour interval
is 0.25 m s−1. Negative values are in blue and dashed. The zero contour is not plotted.

Figure 10. Time-series of radius of maximum mean tangentialwind speed (a) and radius of gale force wind (b) of experiments C0 (blue)
and C1-C10 (red).

time and is approximately 60 km at 96 h. The 60 km
spread in the vortex tracks by day four provides a useful
estimate of the track uncertainty associated with moisture
perturbations in the boundary layer.

To confirm our expectation of the influence of the

β-effect on the large-scale environment (e.g., Smith and
Ulrich 1990; Smith and Weber 1993; Fiorino and Elsberry
1989), we consider the horizontal vorticity asymmetries of
the ensemble experiments B0-B10 on all three domains.
A combined multiple grid configuration of domains 1 (45
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TROPICAL CYCLONE INTENSIFICATION 13

Figure 11. Ensemble average time series of: (a) the azimuthally-
averaged tangential wind speed and (b) the minimum surface pres-
sure of thef -plane experiments C0-C10 (blue line) and theβ-plane
experiments B0-B10 (red line). The corresponding verticalbars

mark the maximum differences among ensemble members.

km) and 2 (15 km) is set up as follows. First, domain 1
is interpolated to 15 km resolution and then domain 2 is
projected onto the interpolated domain 1 where the data
from domain 2 are defined. The vorticity asymmetry is
calculated at each output time on the combined domain
1 and 2 by subtracting the axisymmetric relative vorticity
from the total relative vorticity. Because the inner-most
domain moves during the integration process, the inner-
core asymmetries represented on domain 3 (5 km) are
calculated separately and then projected onto the asym-
metries of the combined domain 1 and 2 within 150 km
from the vortex centre.

Figure13 shows the ensemble-mean vorticity asym-
metries ofβ-plane experiments B0-B10 on the 850 hPa
surface at 48 h. In the inner-core region, the ensem-
ble average asymmetry does not show a dominant
wavenumber-one pattern. This has been verified at other
times (not shown). For scales larger than the vortex’s
RMW, the pattern of the mean relative vorticity asym-
metry has distinctβ-gyres appearing at a radius of about
500 km from the vortex centre and the magnitude of these
vorticity gyres is on the order of 10−5 s−1. A β-gyre con-
sists of a spiral band of cyclonic relative vorticity to the

Figure 12. Tracks of vortex motion forβ-plane experiments B0-
B10. The tick marks on the tracks are every 12 h interval. The track

of Expt. B0 is in blue.

west of vortex centre and an anticyclonic relative vortic-
ity band to the east. The standard deviation of ensemble
members (not shown) is only appreciable within the radius
of 200 km and is negligible outside this radius (less than
10 −6 s−1). Since the greatest difference between vor-
ticity asymmetries among the ensemble members is con-
fined to the inner-core region where the VHTs dominate,
this implies that this difference of vorticity asymmetries
between the ensemble members on theβ-plane comes
mainly from the VHTs. In other words, the large-scaleβ-
gyres are virtually the same among all ensemble members.

Our conclusions in this section differ profoundly
from those of a very recent paper by Ritchie and Frank
(2007). They compared two deterministic experiments of
a similar type to ours using also a similar version of
MM5 with 5 km horizontal resolution. They found that
the vortex on theβ-plane “quickly develops a persistent
wavenumber-one asymmetry in its inner core”. Based on
our ensemble experiments, we question the validity of this
conclusion. Unfortunately, it is not possible to compare
the details of vortex evolution in our control experiments
with theirs as they show only coarse-grain, horizontal
fields of potential vorticity and only at the mature stage
of vortex development. Nevertheless, they did find little
difference in the intensity between theirf - and β-plane
experiments, consistent with our findings.
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14 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 13. Ensemble mean relative vorticity asymmetry ofβ-plane
experiments B0-B10 at 48 h at 850 hPa. Contour interval is10

−5

s−1. Negative values are in blue and dashed. The zero contour is not
plotted.

5 Sensitivity experiments

The control experiment described in section 3 is chosen to
be as simple as possible, the main physics parameteriza-
tions being the bulk-aerodynamic boundary-layer scheme
and a very simple explicit moisture scheme. Other poten-
tially important processes such as evaporative downdrafts
and radiative cooling are omitted. Here, we describe five
additional experiments in which the sensitivity of vortex
evolution to the inclusion of additional physical effects
and to higher horizontal resolution is investigated. These
experiments are detailed in TableII . The first, S1, explores
the effects of radiative cooling using a simple scheme
in which the temperature,T , in deg. Celsius is reduced
everywhere by an amount0.017T + 1.8 per day§.

The second experiment, S2, includes a warm-rain
scheme, in which cloud and rain water are predicted
explicitly in clouds. In this scheme, microphysical pro-
cesses are represented by an empirical autoconversion
function that converts cloud water to rain water. The rain-
water falls with a terminal velocity that is a function of the
mixing ratio for rainwater and it evaporates when the rel-
ative humidity falls below 100%. The cooling associated
with the evaporation leads to resolved-scale downdrafts.
Details of the scheme as coded in MM5 can be found
in Grell et al. (1995) and Hsie and Anthes (1984). Two
further experiments are designed to examine the role of
surface fluxes. In experiment S3, no sensible and latent
heat fluxes are allowed, while in experiment S4, there is
an upper bound of 10 m s−1 on the wind speed in the for-
mulae from which the sensible and latent heat fluxes are

§In an experiment with no initial vortex this scheme producesscattered
convection after approximately three days time. This radiation scheme is
thus not ideal for long term simulations of a tropical cyclone, but should
be adequate for assessing the basic influence of radiation ontime scales
of approximately three days or less.

Figure 14. Time-series of azimuthal-mean maximum tangential
wind speed at 900 hPa in the control experiment C0 and in the
experiments with a representation of radiative cooling (S1) or warm

rain processes (S2).

calculated. All these experiments have the same domain
configuration as the control experiment C0. Finally, exper-
iment S5 includes a fourth inner-most domain with a 1.67
km horizontal grid size. The results of these experiments
are summarized below.

With radiative cooling included (experiment S1),
rapid intensification occurs about 2 h earlier than in the
control experiment C0 (see Fig.14). This is because with
radiative cooling, the temperature of a grid column is
slightly reduced so that grid-scale saturation occurs a little
earlier. However, during the period of rapid intensifica-
tion, the intensification rate is similar to that in the con-
trol experiment. In the mature stage the vortex intensity is
higher than that of the control experiment for some peri-
ods and less for others. The developing vortex is found
to be quanlitatively similar to that in the control experi-
ment in that the asymmetries are still dominated by similar
strength VHTs, but differ in detail in the same way that
experiments C1 - C10 differ from C0 (see Figs.15a and
15b). We conclude that radiative cooling has a minimal
effect on the vortex evolution for the duration of the model
integration.

When warm rain processes are included (experiment
S2) (see Fig.14), rapid intensification is delayed and the
vortex intensifies more slowly than in the control exper-
iment. On the time scale of four days the mature-stage
intensity is lower also than that in C0, the peak maximum
azimuthal-mean tangential wind being approximately 45
m s−1 at 77 h compared with 63 m s−1 at this time
in C0. An extended experiment of S2 was carried out
to determine the final maximum intensity at this reso-
lution. At 384 h the maximum mean tangential wind is
approximately 53 m s−1. We attribute this behaviour to
a reduction in the convective instability that results from
convectively-driven downdrafts associated with the rain
process and due to the reduced buoyancy in clouds on
account of water loading. The VHTs emerge from approx-
imately 10.5 h and are irregular and transient during the

Copyright c© 2007 Royal Meteorological Society
Prepared usingqjrms3.cls

Q. J. R. Meteorol. Soc.00: 1–21 (2007)
DOI: 10.1002/qj



TROPICAL CYCLONE INTENSIFICATION 15

Table II. Sensitivity experiments.

No. Name Description
S1 Radiative cooling Same as the control experiment (C0), but includes the simplecooling option

for radiation scheme.
S2 Warm rain Same as the control experiment, but includes the warm-rain scheme
S3 No heat flux Same as the control experiment, but the surface latent and sensible heat

fluxes are set to zero.
S4 Capped heat flux Same as the control experiment, but the wind-speed dependence of the

surface latent and sensible heat fluxes is suppressed beyonda wind speed
of 10 m s−1

S5 High horizontal
resolution

Same as the control experiment, except that a fourth domain (300x300 km)
is added with a horizontal grid size of 1.67 km.

S6 High vertical reso-
lution

Same as the control experiment, except that the number of vertical levels
was increased from 24 to 45.

Figure 15. Vorticity fields at 850 hPa at 24 h of (a) Control experiment C0, (b) Radiative cooling S1, (c) Warm rain S2, (d) Capped heat
flux S4. Contour interval for positive value is0.5 × 10

−3 s−1. Negative values dashed with contour interval of0.1 × 10
−3 s−1. The zero

contour is not plotted.

period from 12 h to 36 h. The merging and axisymmetriza-

tion processes start later than in C0 from about 36 h to 60

h. The local extremes of relative vorticity are typically less

than those in C0 (e.g., see Fig.15c), although the qualita-
tive characteristics of the intensification period are similar.

When the surface latent and sensible heat fluxes are
suppressed entirely, (experiment S3), the vortex does not
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16 NGUYEN VAN SANG, ROGER K. SMITH, AND MICHAEL T. MONTGOMERY

Figure 16. Time-series of azimuthal-mean maximum tangential
wind speed at 900 hPa in the control experiment C0 and in the
experiments with capped surface fluxes or no surface fluxes. In the
experiments with capped surface fluxes, the wind speed dependence
of both latent and sensible heat fluxes is suppressed beyond awind

speed of 10 m s−1.

intensify (see Fig.16), even though there is some transient
hot-tower convection and local wind speed enhancement.
The VHTs emerge at approximately 20 h, but then rapidly
decrease in strength before they have the opportunity to
merge (not shown). The local peak wind speed shows a
slow decrease with time and this behavior is consistent
with decaying VHTs that rapidly consume pre-existing
Convective Available Potential Energy (CAPE) by con-
vection, and receive no replenishment from latent heat
fluxes in the boundary layer.

When the wind speed dependence of the surface
latent and sensible heat fluxes is capped at a wind speed
of 10 m s−1 (experiment S4), the evolution of maximum
mean tangential wind is similar to that in the control
experiment until 30 h (see Fig.16). After this time, it is
generally less than that of the control experiment, but the
difference between the two at any time never exceeds 10
m s−1. The intensification process is still dominated by
VHTs. The maximum VHT strength has approximately
the same amplitude to that in the control experiment dur-
ing intensification process (see Fig.15d). On the system-
scale, late into the intensification period and in the mature
state, the vorticity anomalies are slightly weaker than in
the control experiment. Based on this evidence we con-
clude that the intensification occurs not as a result of pre-
existing CAPE, but rather the modest replenishment of
boundary layerθe by sea-to-air latent heat fluxes.This is
an important finding because it demonstrates that a posi-
tive feedback between water vapour flux and cyclone wind
speed is not essential for tropical-cyclone intensification
and maintenance as proposed by Rotunno and Emanuel
(1987) in their axisymmetric experiments.This result has
been found to be robust to the inclusion of cloud water and
evaporatively cooled downdrafts (not shown). It has been
confirmed also in a high spatial and temporal resolution
re-run of the Rotunno and Emanuel (1987) experiment

Figure 17. Time-series of azimuthal-mean maximum tangential
wind speed at 900 hPa in the control experiment C0, in the
experiment S5 with an increased horizontal grid resolutionof 1.67
km in a fourth inner-most domain, and in the experiment S6 with an

increased number of vertical levels to 45.

J with speed-capped sea-to-air fluxes of latent and sen-
sible heat (capping also the coefficients of exchange of
latent and sensible heat) (J. Persing, personal communica-
tion). These and other aspects of the capped-wind-speed
flux experiments as well as a more in-depth examina-
tion of the differences between the three-dimensional and
axisymmetric intensification mechanisms will be reported
in forthcoming work.

In the high-horizontal-resolution experiment (S5),
the smaller grid size enables grid-scale saturation to occur
sooner, which is reflected in the fact that rapid intensifi-
cation begins at about 6 h, 3 h earlier than in the control
experiment (Fig.17). The mature-stage intensity is higher
than in the control withVmax approximately 70 m s−1 at
54 h and 80 m s−1 at 96 h. The RMW during the mature
state is approximately 30 km, slightly less than that of the
control experiment (approximately 35 km). The maximum
local wind speedV Tmax approaches 90 m s−1 at 96 h.
From these results there is clear evidence of an increase
in intensity with increased horizontal resolution. The ten-
dency of the simulated intensity to increase substantially
at higher resolution has been documented in the literature
(Persing and Montgomery 2003, Hausmanet al. 2006),
but a detailed examination of this issue in three dimen-
sions is beyond the scope of current work¶.

At the beginning of rapid intensification in experi-
ment S5 (Fig.18a), many more VHTs form in an annular
region than in the control experiment. Nevertheless the
behaviour of VHTs during the intensification phase is sim-
ilar to that in C0, the ensemble experiments and physics
sensitivity experiments, with cyclonic vorticity skewness

¶This simulated hurricane and that of the control experimenthave been
verified to be “superintense” as defined by Persing and Montgomery
(2003). These numerical experiments support the hypothesis that the
superintensity phenomenon persists in three-dimensions (Montgomery
et al.2006b).
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TROPICAL CYCLONE INTENSIFICATION 17

Figure 18. Vorticity fields at 850 hPa at (a) 7 h, (b) 18 h, (c) 36h, (d) 78 h of 1.67 km experiment (S5). Contour interval for positive values
is 10

−3 s−1. The zero contour is not plotted. Regions with value exceeding 5 × 10
−3 s−1 are in dark red. Negative values dashed with

contour interval of0.5 × 10
−3 s−1 in panels a-b,0.2 × 10

−3 s−1 in panels c-d.

in the lower troposphere, segregation of cyclonic and anti-
cyclonic vorticity anomalies, axisymmetrization of anti-
cylonic vorticity anomalies, and ultimately the establish-
ment of a mesoscale inner-core region rich in cyclonic
vorticity (e.g., Fig.18c). After the VHT segregation and
merger phase subsides (from approximately 50 h onward),
a distinct eyewall forms with an approximate ring of
enhanced cyclonic vorticity (Fig.18d) (In this sense the
control results at 5 km horizontal grid spacing are not
yet converged). This eyewall structure persists beyond
this time. Vorticity patterns in the eyewall region take
multiple forms, ranging from pentagons, squares, trian-
gles, ellipses and circles. Complete breakdown of the eye-
wall is not observed, however (cf. Schubertet al. 1999).
The evolution is consistent with the picture of propagat-
ing near-discrete and sheared vortex Rossby waves and
localized mixing events between the eyewall and its inte-
rior/exterior.

One candidate explanation for the persistence of an
elevated vorticity ring is that the sustained convergence of
the secondary circulation acts to temper the shear insta-
bility that has been demonstrated previously in unforced

hurricane-like vortices (Montgomeryet al. 2002, Nolan
2001; cf. Kossin and Schubert 2001 and Schubertet al.
1999). In a complimentary study the cloudiness that per-
vades hurricane eyewalls has been suggested also to tem-
per these shear instabilities (Schecter and Montgomery
2007). These explanations are not mutually exclusive and
a more in-depth study of this topic will be presented in due
course.

We have carried out also a high-vertical-resolution
experiment (S6) in which the horizontal resolution is
unchanged from experiment C0 but the number of vertical
levels was increased from 24 to 45. The additional vertical
levels are added so thatδσ is half that of the control
experiment in every vertical interval except th lowest two
(because the vertical resolution there is already sufficient).
Figure 17 shows that the mean vortex in experiment S6
is generally more intense than in the control C0. We
believe that the reason for this is due to the increased
resolution of the region where the inflow turns upwards
and flows radially outwards to the eyewall, which more
accurately represents the moist entropy flux from the low-
level eye into the eyewall. This low-level eye air possesses
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higher equivalent potential temperature than air found at
the RMW due to a lower surface pressure and nonzero
surface winds and contributes additional heat and local
buoyancy to the eyewall. The net result is an enhancement
of the radial gradient of equivalent potential temperature
above the inflow layer that supports strong tangential
winds in accordance with axisymmetric thermal wind
balance above the boundary layer (Montgomeryet al.
2006b, Appendix). We have verified that the evolution in
S6 is similar to that presented for experiment C0. These
findings confirm the dominance and intrinsic randomness
of the VHTs during the intensification phase‖.

In summary, the vortex evolution during the merger
phase in all the sensitivity experiments is dominated by
VHT activity, except in the no flux experiment S3, and
the intensification process is similar to that in the control
experiment.

6 Conclusions

On the evidence presented above we conclude that the
inner-core flow asymmetries in a tropical cyclone are ran-
dom intrinsically unpredictable. This lack of predictability
is a reflection of the convective nature of the inner-core
region and extends to the prediction of intensity itself.
Deep convective towers growing in the rotation-rich envi-
ronment of the incipient core amplify the local vertical
rotation. These so-called “vortical hot towers” (VHTs) are
the basic coherent structures of the intensification pro-
cess, which itself is intrinsically asymmetric and random
in nature. In the numerical experiments presented herein it
is the progressive segregation, merger and axisymmetriza-
tion of these towers and the low-level convergence they
generate that is fundamental to the intensification pro-
cess, but axisymmetrization is never complete. There is
always a prominent low azimuthal wavenumber asym-
metry (often wavenumber one or two) of the inner-core
relative vorticity.

The wind-induced surface heat exchange (WISHE)
feedback mechanism that has been proposed previously
to explain tropical-cyclone intensification in an axisym-
metric framework has been found to be much less of a
constraint in three dimensions because the VHTs are able
to extract locally sufficient surface moisture fluxes neces-
sary for their growth without the wind-moisture feedback
that typifies WISHE. The tendency of the simulated hur-
ricane intensity to surpass its predicted upper bound at
high resolution has been verified here using the simplest
explicit latent heating scheme with instantaneous rain fall-
out (pseudo-adiabatic dynamics).

Finally, even though the effect ofβ imposes a
wavenumber-one forcing of the flow asymmetries and
concomitant northwestward vortex motion, the inner-core

‖Kimball and Dougherty (2006) examined the sensitivity of idealized
hurricane structure and development to the distribution ofvertical model
levels and found that vortex intensity is also sensitive to this distribution.
Our calculations here show that the basic intensification process is
independent of the vertical resolution.

behaviour is essentially the same as that on thef -plane
and again dominated by VHTs and vortex Rossby waves..
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