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ABSTRACT

The life cycle of Tropical Storm Isobel was simulated reasonably well in the Nonhydrostatic Icosahedral At-

mospheric Model (NICAM), a global cloud-system-resolving model. The evolution of the large-scale circulation

and the storm-scale structure change was discussed in Part I. Both the mesoscale and system-scale processes in

the life cycle of the simulated Isobel are documented in this paper. In the preconditioned favorable environment

over the Java Sea, mesoscale convective vortices (model MCVs) developed in the mesoscale convective systems

(MCSs) and convective towers with cyclonic potential vorticity (PV) anomalies throughout the troposphere

[model vortical hot towers (VHTs)] appeared in the model MCVs. Multiple model VHTs strengthened cyclonic

PV in the interior of the model MCV and led to the formation of an upright monolithic PV core at the center

of the concentric MCV (primary vortex enhancement). As the monolithic PV core with a warm core developed

near the circulation center, the intensification and the increase in horizontal size of the cyclonic PV were en-

hanced through the system-scale intensification (SSI) process (the secondary vortex enhancement), leading to the

genesis of Isobel over the Timor Sea. The SSI process can be well explained by the balanced dynamics.

After its genesis, the subsequent evolution of the simulated Isobel was controlled by both the external in-

fluence and the internal dynamics. Under the unfavorable environmental conditions, the development of

asymmetric structure reduced the axisymmetric diabatic heating in the inner core and the SSI process became

ineffective and the storm weakened. Later on, as the eyewall reformed as a result of the axisymmetrization of an

inward-propagating outer spiral rainband, the SSI process became effective again, leading to the reintensification

of Isobel. Therefore, the large-scale environmental flow provided the precondition for the genesis of Isobel and

the triggering mechanism for subsequent storm-scale structure change as discussed in Part I. The system-scale

and mesoscale processes, such as the evolution of MCVs and merging VHTs, were responsible for the genesis,

while the eyewall processes were critical to the storm intensity change through the SSI process.
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1. Introduction

The first global cloud-system-resolving model, that

is, the Nonhydrostatic Icosahedral Atmospheric Model

(NICAM; Tomita and Satoh 2004; Satoh et al. 2008)

with realistic settings and a horizontal grid spacing of

7 km simulated reasonably well the life cycle of Tropi-

cal Storm (TS) Isobel formed over the Timor Sea in

the austral summer of 2006 (Fudeyasu et al. 2008). In

Fudeyasu et al. (2010, hereafter Part I), we focused

on the evolution of the large-scale circulation and the

storm-scale structure change at different stages in the life

cycle of the simulated Isobel. We showed that the west-

erly wind burst (WWB) over the Java Sea associated with

the onset of an Madden–Julian oscillation (MJO) event

over the East Indian Ocean played a critical role in the

organization of small-/mesoscale convective cyclonic vor-

tices and the genesis of Isobel. The temporary weakening

was found to be related to the eyewall breakdown trig-

gered by strong vertical shear and a strong environmental

stretching deformation field, whereas the reintensifica-

tion was associated with the eyewall reformation as a re-

sult of the axisymmetrization of an inward-propagating

outer spiral rainband. In this paper, we will document

the system-scale and mesoscale processes in the life cy-

cle of the simulated Isobel with the focus on processes

related to the genesis and intensity change of the simu-

lated Isobel.

The genesis remains the least understood stage in the

life cycle of a tropical cyclone (TC) because of the com-

plex scale interactions involved and lack of in situ fine

observations over the open ocean where the TC forms.

In a preconditioned large-scale environment, the genesis

generally involves the mesoscale convective organiza-

tion, including vortical hot towers (VHTs) and mesoscale

convective vortices (MCVs) embedded in mesoscale con-

vective systems (MCSs; e.g., Ritchie and Holland 1997;

Simpson et al. 1997; Bister and Emanuel 1997; Hendricks

et al. 2004; Montgomery et al. 2006). MCVs generally

form in the stratiform precipitation region at midtropo-

sphere and have horizontal scales in the order of 10–

100 km (Bister and Emanuel 1997; Ritchie and Holland

1997) and VHTs are deep convective cells with potential

vorticity (PV) anomalies throughout the depth of the

troposphere on scales of 1–20 km embedded in a MCV

(Hendricks et al. 2004; Montgomery et al. 2006). Only

when these multiscale systems work cooperatively can

a cyclogenesis emerge.

Top down and bottom up are two hypotheses for TC

genesis. In the top-down hypothesis, the geneses of

MCVs occur within the large-scale stratiform precipi-

tation region in the midtroposphere. The merging of

midtropospheric MCVs increases the horizontal scale

and thus the downward penetration of anomalous mid-

level cyclonic PV, leading to the cyclogenesis at the

surface (Ritchie and Holland 1997; Simpson et al. 1997).

The evaporative cooling-induced subsidence from strati-

form clouds may also bring the midlevel PV anomaly

downward, leading to the genesis of a surface cyclonic

vortex (Bister and Emanuel 1997). The bottom-up hy-

pothesis describes the upward development of lower-

tropospheric cyclonic vortices via convective processes.

In their high-resolution cloud-resolving model simula-

tions, Hendricks et al. (2004) and Montgomery et al.

(2006) found that VHTs play an essential role in the

genesis of a TC. The merging of multiple VHTs in-

creases the cyclonic vorticity with a low-level vorticity

maximum and collective heating can spin up the storm-

scale circulation from the lower troposphere upward.

Tory et al. (2006a) explained that top-down and bottom-

up hypotheses may operate at two different phases in

the TC genesis: top down first during the precondition-

ing phase and then bottom up in the rapid intensification

stage. Earlier studies showed that the MCVs provide the

necessary condition for deep convection and initial con-

centration of cyclonic vorticity (e.g., Zhang and Fritsch

1987; Bartels and Maddox 1991; Zhang and Bao 1996a,b).

Thus, the preexisting MCVs may provide favorable en-

vironment for the genesis of VHTs and accelerate the

merging process of neighboring VHTs. In a recent study,

Fang and Zhang (2010, 2011) simulated the initial devel-

opment of Hurricane Dolly (2008) in a cloud-resolving

model. They found that the genesis of Hurricane Dolly

was essentially a bottom-up process.

The genesis is generally followed by a rapid intensi-

fication during which the storm becomes self-sustaining

and capable of intensifying through the system-scale

process, such as the wind-induced surface heat exchange

(WISHE) mechanism (Ooyama 1969; Rotunno and

Emanuel 1987) and the system-scale intensification (SSI)

process (Shapiro and Willoughby 1982; Tory et al.

2006a,b, 2007). The SSI process describes the kinematics

of TC intensification in which the secondary circulation

in response to heat and momentum sources intensifies

the slowly evolving primary circulation by bringing high

angular momentum toward the inner-core region. This

process can be explained well by the balanced dynamics,

namely the Sawyer–Eliassen equation (e.g., Eliassen 1951;

Shapiro and Willoughby 1982; Schubert and Hack 1982;

Holland and Merrill 1984).

The evolution of the inner core and eyewall structure

is responsible for the intensity change of a TC (Wang

2002a,b; Wang and Wu 2004). The eyewall forms in an

intensifying TC as a convective ring, which coincides

with the strongest updrafts and the maximum tangential

winds. Although the mechanism for suppression of eyewall
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convection is complex (Frank and Ritchie 2001), strong

vertical shear of the environmental flow often has a

negative effect on eyewall convection and leads to the

weakening of a TC. Interaction between the eyewall and

strong spiral rainbands can lead to eyewall breakdown

and partial eyewall replacement accompanied by an in-

tensity fluctuation of the TC (Wang 2002b). In some

special cases, a new convective ring, or concentric eye-

wall, can form outside the primary eyewall. In such a

case, as the outer convective ring propagates inward and

amplifies; the inner, primary eyewall weakens and is

eventually replaced by the concentric eyewall (Willoughby

et al. 1982). The eyewall replacement is usually accom-

panied by a weakening and then a reintensification of

the TC, producing a large fluctuation in TC intensity.

Therefore, the eyewall process including its response

to any external forcing is crucial to the intensity change

of a TC.

The objectives of this study are 1) to describe the

mesoscale and system-scale processes in the life cycle

of the simulated Isobel in NICAM, 2) to elucidate the

physical mechanisms that are responsible for the genesis

and intensity change of the simulated Isobel through

azimuthal-mean tangential wind budget analysis and the

balanced dynamics based on the Sawyer–Eliassen equa-

tion, and 3) to synthesize the multiscale interactions in-

volved in the life cycle of the simulated Isobel based on

results from both Part I and this part. The rest of the

paper is organized as follows. The methodology for di-

agnostic and budget analyses is described in section 2.

Section 3 examines the mesoscale and system-scale pro-

cesses leading to the genesis of Isobel. The dynamics

leading to the subsequent intensity change in Isobel are

discussed in section 4. The multiscale interactions in the

life cycle of Isobel are synthesized in section 5. The main

findings are summarized in the last section.

2. Methodology

Data used in the analyses of this study were the same

as those used in Part I, namely from the NICAM sim-

ulation with realistic settings at 7-km resolution for a

month in the austral summer of 2006, referred to as the

MJO experiment (Miura et al. 2007). Details of the sim-

ulated tropical storms in the MJO experiment can be

found in Fudeyasu et al. (2008; Part I). In this study, the

outputs of the MJO experiment, including the snapshots

of three-dimensional data at 6-h intervals and 1.5-hourly

averaged two-dimensional data at the surface, were used

in the analysis.

The azimuthal-mean tangential wind budget was con-

ducted by casting the governing equations into cylindrical

coordinates following the moving storm with the storm

motion vector subtracted from the total wind field. The

tendency equation for the azimuthal-mean tangential

wind can be written as

›y
t

›t
5 �y

r
h� y9

r
h9� w

›y
t

›z
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t
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where z is height, t is time, yt is tangential wind, yr is

radial wind, w is vertical velocity, h 5 f 1 z is absolute

vertical vorticity, z is relative vertical vorticity, f is the

planetary vorticity, and Fsg is the azimuthal-mean tan-

gential wind tendency due to vertical mixing and sur-

face friction. The overbar denotes the azimuthal mean

at a given height, while the prime denotes the devia-

tion (eddy) from the azimuthal mean. The five terms on

the right-hand side of Eq. (1) are radial advection of

the azimuthal-mean absolute angular momentum by

the azimuthal-mean radial wind (mean radial advec-

tion), eddy radial flux, vertical advection of azimuthal-

mean tangential wind by the azimuthal-mean vertical

motion (mean vertical advection), eddy vertical flux,

and surface friction and subgrid-scale vertical mixing.

The last term is treated as the residual in Eq. (1) in our

budget.

To quantify the dynamical processes, we examined

the evolution of Ertel’s PV defined as

PV 5
h � $u

r
, (2)

where h is the three-dimensional absolute vorticity vector,

u is potential temperature, $u is the three-dimensional

gradient of potential temperature, and r is air den-

sity. Here PV is measured in PVU (1 PVU [ 1 3

1026 m2 s21 K kg21).

To investigate the SSI process, the Sawyer–Eliassen

equation in pseudoheight Z coordinates is used. The

equation can be found in Hendricks et al. (2004),

Montgomery et al. (2006), and Fudeyasu and Wang

(2011). The forcing terms include momentum forcing

and diabatic heating:

F 5�y9
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, momentum forcing, (3)
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1 _u

� �
, diabatic heating, (4)

where terms in the momentum forcing represent the

azimuthal-mean eddy radial/vertical flux of the asym-

metric momentum and azimuthal-mean subgrid-scale

vertical turbulent mixing, including surface friction. In

the diabatic heating, g is the acceleration due to gravity

(9.81 m s22), u0 is the reference potential temperature
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(300 K), the first two terms represent the azimuthal-mean

eddy radial/vertical flux of the asymmetric potential

temperature, and _u is the azimuthal mean diabatic heat-

ing rate. The diabatic heating rate _u for each model grid

was calculated by _u 5 ›u/›t 1 u � $u, where u is the

three-dimensional wind vector. In our calculations, if

the absolute vorticity h 5 f 0 1 z , 0.5f 0, where f0 is

the planetary vorticity at the cyclone center, we set

h 5 0.5 f
0

to allow the discriminant (Fudeyasu and Wang

2011) to satisfy the elliptical condition. This does not

affect the global solution to the Sawyer–Eliassen equa-

tion as we tested. The boundary conditions for the

Sawyer–Eliassen equation are the same as those of

Hendricks et al. (2004) and Montgomery et al. (2006).

The computational domain is 0–15 km of pseudoheight in

the vertical with 500-m grid interval and 0–504 km in the

radial direction with 7-km grid spacing. Variables from

the Sawyer–Eliassen calculation were then converted

back to the physical height coordinate from the pseudo-

height coordinate.

3. Genesis processes

a. Evolution of mesoscale vortices

Figure 1 shows the evolution of PV averaged in a layer

between 1 and 8 km above the sea surface and hori-

zontal wind fields at 3-km height. On 25 December 2006,

there were little or no areas with cyclonic PV less than

21 PVU in the mid–lower troposphere over the Java

Sea (note that cyclonic PV is negative in Southern

Hemisphere). During the period from 0000 to 1800 UTC

27 December 2006—that is, the preconditioning stage of

the simulated Isobel (see Part I)—the WWB occurred

over the Java Sea associated with the onset of an MJO

event over the East Indian Ocean. The low-level large-

scale cyclonic vorticity and convergence together with

high convective available potential energy (CAPE) over

the Maritime Continent triggered the development of an

east–west elongated rainband over the Java Sea (Figs. 5

and 8 in Part I). From 27 December, the cyclonic PV

anomalies with horizontal scales of 50–200 km started

to develop in the rainband (Fig. 1). The genesis and

development of the cyclonic PV anomalies were asso-

ciated with the MCSs embedded in the rainband.

Figure 2 shows the vertical structure of PV, relative

humidity, vertical velocity, and diabatic heating rate

zonally averaged between 1148 and 1178E at 0000 UTC

28 December 2006 over the Java Sea. The strong updraft

with high relative humidity throughout the depth of the

troposphere occurred around 4.58–5.58S (Figs. 2b,c) near

the cyclonic shear line of the low-level wind field (not

shown). The diabatic heating rate with its maximum at

a height of about 8–10 km was associated with deep

convection, whereas that around 4–6-km height near

the melting level was mainly associated with strati-

form clouds (Fig. 2d). The cyclonic PV anomalies at the

2–5-km heights were indications of the midtropospheric

vortex development related to diabatic heating in the

stratiform clouds (Fig. 2a), which is consistent with

the finding of Raymond and Jiang (1990). We refer to

the midtropospheric vortex with horizontal scale more

than 50 km as model MCV. During the initial eddy stage

from 1800 UTC 27 December to 1800 UTC 28 December,

the model MCVs moved southeastward along with the

rainband toward the Lesser Sunda Islands (Fig. 1). These

MCVs merged and eventually developed into a concen-

tric MCV with the intensified cyclonic PV anomaly near

its center, the precursor of the genesis of Isobel.

Figure 3 shows the time–radius cross section of the

azimuthal-mean PV averaged between 3–6-km heights

and the time–height cross sections of PV averaged

within a radius of 301 km following Isobel’s center. Note

that before the initial eddy stage the center was fixed as

the center of Isobel at 1800 UTC 27 December. The

cyclonic PV anomaly appeared first in the mid–lower

troposphere between 2- and 5-km heights in the pre-

conditioning stage (Fig. 3b). The organization of MCVs

around Isobel’s center was accompanied by cyclonic PV

less than 21 PVU with a horizontal scale over 30 km in

radius at 1800 UTC 27 December (Fig. 3a). The radius

of cyclonic PV increased to 90 km in the early initial

eddy stage, but decreased to about 60 km as the cyclonic

PV intensified to 25 PVU at the center of the initial

eddies in the late initial eddy stage, indicating the con-

traction of the MCV.

Figure 4 shows a plane view of PV averaged in the

mid–lower troposphere between 1- and 6-km heights,

the wind fields at 3-km height, and the mid- and lower-

level circulation centers (see Part I). By the end of the

initial eddy stage, the circulation center tilted toward the

northwest and west with height, which is consistent with

the strong easterly vertical shear (Figs. 8c and 10 in Part I).

At 0000 UTC 28 December, a few strong cyclonic PV

anomalies with central values less than 24 PVU and

radii less than 40 km were embedded in the MCVs. The

centers of these small-scale vortices did not coincide

with the circulation centers at that time. Figure 5 shows

the vertical structure of PV anomalies along the segment

A–C labeled at 0000 UTC 28 December in Fig. 4. The

PV anomalies marked A and B in Fig. 4 had high cy-

clonic PV values less than 29 and 26 PVU, respectively,

up to 11-km height, whereas the PV anomaly C had high

cyclonic PV in the lower troposphere (Fig. 5a). The PV

anomalies A and B were accompanied by strong up-

drafts (Fig. 5c). Strong updraft southeast of the PV
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FIG. 1. PVU (shaded) averaged in the layer between 1- and 8-km heights above the sea surface and horizontal winds

(vector) at 3-km height. Regions with cyclonic vorticity less than 21 PVU are shaded. The focused views on the inner-

core PV are shown at 0600 and 1200 UTC 31 Dec 2006, 1800 UTC 1 Jan 2007, and 0000 and 0600 UTC 2 Jan 2007.
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anomaly C was associated with the PV anomaly D (Fig. 4),

which tilted northward with height. Warm anomalies

of about 4 K (defined as the temperature deviation

from the reference temperatures averaged at the same

height in a region of 308S–08, 808–1408E at 0000 UTC

23 December 2006) occurred around 10-km height, an

indication of active convection with each cyclonic PV

anomaly (Fig. 5e). The warm anomalies, however, were

too weak to have signals in the sea level pressure (SLP)

field (Fig. 5g).

These deep cyclonic PV anomalies with a horizontal

scale of about 40 km are associated with deep convec-

tion, very similar to those associated with VHTs as dis-

cussed in Hendricks et al. (2004) and Montgomery et al.

(2006). However, the horizontal scale of the vortices in

the simulation is larger than VHTs derived from ob-

servations (Reasor et al. 2005; Sippel et al. 2006), mainly

because of the relatively coarse model resolution. In our

following discussions, we refer to the deep, cyclonic PV

anomalies embedded in model MCVs as model VHTs or

convective PV anomalies because they exhibited vortex

interactions very similar to the observed VHTs in the

initial eddy stage of the simulated Isobel.

The multiple model VHTs were identifiable in the

model MCVs until 0600 UTC 28 December, while their

number decreased by the end of the initial eddy stage

(Fig. 4). A monolithic PV core with peak cyclonic PV

less than 214 PVU formed near the center of the con-

centric MCV at 1800 UTC 28 December. Because the

lifetime of convective clouds is generally less than 1–2 h,

each VHT could not be tracked with the 6-hourly out-

put of the MJO experiment. However, surface relative

vorticity and rainfall derived from 1.5-hourly output

showed the merging of VHTs in the organized con-

vective rainband (not shown). The merging of multiple

cyclonic PV anomalies formed a monolithic PV core,

which is consistent with the finding of Tory et al. (2006b,

2007).

FIG. 2. Vertical–meridional cross sections of (a) PVU, (b) relative humidity (%), (c) vertical velocity (m s21), and

(d) diabatic heating rate (1023 K s21) zonally averaged between 1148 and 1178E at 0000 UTC 28 Dec 2006. In (a), the

contour interval is 0.3 PVU, and regions less than 20.3 PVU (20.9 PVU) are lightly (heavily) shaded. In (b), the

contour interval is 10%, and the regions greater than 70% (90%) are lightly (heavily) shaded. In (c), the contour

interval is 0.1 m s21 and regions greater than 0.1 m s21 (less than 0 m s21) are heavily (lightly) shaded. In (d), the

contour interval is 1.0 3 1023 K s21 and regions greater than 0.1 3 1023 K s21 (2.0 3 1023 K s21) are lightly

(heavily) shaded.
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Figure 5b shows the vertical structure of the mono-

lithic PV core with a peak cyclonic PV of 219 PVU. The

monolithic PV core was accompanied by strong updrafts

over 8 m s21 (Fig. 5d). Although the peak cyclonic

PV anomaly of the monolithic PV core at 1800 UTC

28 December was about 2–3 times that of previous

VHTs at 0000 UTC 28 December, the horizontal scale of

the monolithic PV core remained small and was similar

to those of previous VHTs. The warm anomalies

intensified in the upper troposphere with the maximum

temperature anomaly of over 8 K and expanded radially

outward (Fig. 5f), resulting in low pressure at the sur-

face (Fig. 5h). Note that the center of the monolithic PV

core now coincided with the circulation center (Fig. 4)

and a vertically aligned, deep cyclonic circulation devel-

oped. The system thus possessed the typical structure of

a TC, namely the genesis of Tropical Storm Isobel.

b. Storm-scale process

To evaluate the physical mechanism responsible for

the genesis of the simulated Isobel in the initial eddy

stage, we conducted the budget and diagnostic analyses

for two times: 0000 UTC 28 December (the early ini-

tial eddy stage) when multiple VHTs were active, and

1800 UTC 28 December (the late initial eddy stage) after

the formation of monolithic PV core. Figures 6 and 7

show the azimuthal-mean radial and tangential winds,

vertical velocity, the time tendency in tangential winds,

and terms that contribute to the azimuthal-mean tan-

gential wind budget in Eq. (1) for the two times,

respectively. The storm centers used in the calculation for

symmetric/asymmetric components were defined as the

850-hPa circulation center at 0000 UTC 28 December and

the mass center (see Part I) at 1800 UTC 28 December

(also in Figs. 8–12).

In the early initial eddy stage, the weak azimuthal-

mean inflow occurred in the midtroposphere with the

peak at 4-km height between radii of 150–300 km and

weak outflow occurred in a relatively deep layer in the

upper troposphere (Fig. 6a). Weak cyclonic tangential

winds extending to large radii appeared below 7-km

height (Fig. 6c) and weak updrafts occurred between

radii of 30–50 km in the mid–upper troposphere (Fig. 6b).

In the late initial eddy stage, strong updrafts occurred

throughout the depth of the troposphere within a radius

of about 30 km from the center (Fig. 7b). Tangential

winds more than 8 m s21 occurred in the lower tropo-

sphere extending radially outward with the maximum in

the boundary layer between the radii of 15 and 50 km

(Fig. 7c). There were two inflow layers: a strong one in

the boundary layer below 2 km and a weak one in the

midtroposphere with a weak outflow in between that

peaked at around 4-km height (Fig. 7a).

The azimuthal-mean tangential wind increased with

time throughout the depth of the troposphere within

a radius of about 250 km with the maximum increase in

the mid–lower and upper troposphere between the radii

of 20 and 100 km in the early initial eddy stage (Fig. 6d).

The spinup of the azimuthal-mean tangential wind re-

sulted from the mean radial/vertical advections of abso-

lute angular momentum in the mid–lower troposphere and

FIG. 3. (a) Time evolution of the azimuthal-mean PVU as a function of radius averaged in a layer between 3- and

6-km heights with contour interval of 1 PVU and regions less than 21 PVU (26 PVU) lightly (heavily) shaded.

(b) Time–height cross section of PVU averaged within a radius of 301 km from Isobel’s center with contour interval

of 0.1 PVU and regions less than 20.2 PVU (20.8 PVU) lightly (heavily) shaded.

DECEMBER 2010 F U D E Y A S U E T A L . 4311



the eddy fluxes in both the upper and lower troposphere

(Figs. 6e,f). In the late initial eddy stage, areas with the

spinup of tangential wind expanded to large radii (Fig. 7d).

The maximum increase occurred from the surface up to

12-km height in the inner-core region and was mainly

contributed to by the mean advections (Fig. 7e). Contri-

bution by the eddy process to the azimuthal-mean tan-

gential wind budget was generally small in the late initial

eddy stage (Fig. 7f).

Since the mean advection associated with the azimuthal-

mean radial and vertical winds (secondary circulation) is

responsible for the spinup of the azimuthal-mean pri-

mary circulation, it is our intent to examine what con-

tributed to the azimuthal-mean secondary circulation

during the initial eddy stage of the simulated Isobel.

Figures 8a,b show the radius–vertical cross section of

the azimuthal-mean diabatic heating rate (the dominant

forcing term in the Sawyer–Eliassen equation, as will be

FIG. 4. As in Fig. 1, but for PVU (shaded) averaged in the layer between 1- and 6-km heights with different shading

scales shown at the bottom of the lower-right. Cross, circle, and square represent the circulation centers at 850, 700,

and 500 hPa, respectively.
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FIG. 5. Vertical cross sections of (a),(b) PVU; (c),(d) vertical velocity (m s21); (e),(f) warm anomalies (K); and

(g),(h) sea level pressure (hPa) at (left) 0000 and (right) 1800 UTC 28 Dec 2006. Locations of the cross sections are

marked as line segments in Fig. 4. The contour interval is 1 PVU and regions less than 21 PVU (25 PVU) are lightly

(heavily) shaded in (a),(b). The contour interval is 0.5 m s21 and regions more than 0.5 m s21 (2.0 m s21) are lightly

(heavily) shaded in (c),(d). The contour interval is 1 K and the regions more than 4 K (8 K) are lightly (heavily)

shaded in (e),(f). The warm anomaly was calculated as the difference of potential temperature from the reference

potential temperature averaged in 308S–08 and 808–1408E at 0000 UTC 23 Dec 2006.
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FIG. 6. Azimuthal-mean (a) radial wind (m s21), (b) vertical velocity (m s21), (c) tangential wind (m s21), (d) the

time tendency in tangential wind (m s22) estimated based on term on left-hand side of Eq. (1), (e) mean radial and

vertical advections, and (f) eddy radial and vertical fluxes estimated based on terms on right-hand side of Eq. (1) at

0000 UTC 28 Dec 2006. The contours are at 0, 61, 62, 65, and 610 m s21 and regions greater than 1 m s21 (less

than 1 m s21) are heavily (lightly) shaded in (a). The contour interval is 0.2 m s21 and regions greater than

0.2 m s21 (less than 20.05 m s21) are heavily (lightly) shaded in (b). The contour interval is 2 m s21 and regions

greater than 2 m s21 (10 m s21) are lightly (heavily) shaded in (c). The contour interval is 1 3 1024 m s22 and

regions greater than 0 m s22 (2 3 1024 m s22) are lightly (heavily) shaded in (d)–(f). Solid contours denote

positive values and dashed contours, negative values.
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FIG. 7. As in Fig. 6, but at 1800 UTC 28 Dec 2006.
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FIG. 8. Azimuthal-mean diabatic heating rate (K s21) at (a) 0000 UTC 28 Dec, (b) 1800 UTC 28 Dec, (c) 1800 UTC

30 Dec, (d) 1200 UTC 31 Dec 2006, (e) 0600 UTC 2 Jan, and (f) 0000 UTC 3 Jan 2007. The contour interval is 1 3

1024 K s21. Regions greater than 4 3 1024 K s21 are filled and regions greater than 2 3 1024 K s21 are heavily

shaded, while regions greater than 1 3 1024 K s21 are lightly shaded. Dashed horizontal lines represent the height of

6 km used in the sensitivity calculations in (e).
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discussed later) in the early and late initial eddy stages,

respectively. The azimuthal-mean diabatic heating rate

was negligible in the early initial eddy stage (Fig. 8a), but

became large within a radius of 30 km in the late initial

eddy stage (Fig. 8b). The latter was associated with

convective heating in the strong updraft in the mono-

lithic PV core (Fig. 5). The secondary circulation di-

agnosed from the Sawyer–Eliassen equation for the early

initial eddy stage was quite different from the model

simulation (not shown), indicating that the azimuthal-

mean secondary circulation at the early initial eddy stage

cannot be explained by the balanced dynamics. On the

other hand, the azimuthal-mean secondary circulation

for the late initial eddy stage was reproduced reasonably

well using the Sawyer–Eliassen equation (Figs. 7a,b and

9a,b), although considerable differences exist in the re-

gion outside about 200–300-km radii and in the upper

troposphere. This is consistent with Hendricks et al.

(2004) and Montgomery et al. (2006), who also showed

that the storm-scale secondary circulation in the genesis

stage was nearly in both gradient wind and thermal wind

balances and could be well explained by the balanced

dynamics using the Sawyer–Eliassen equation.

Since the Sawyer–Eliassen equation is linear, its so-

lution is additive. This allows us to understand which

forcing process is responsible for the secondary circu-

lation at the late initial eddy stage. We thus performed

two calculations: in one calculation only the azimuthal-

mean diabatic heating forcing term in the last term on

the right-hand side of Eq. (4) (see Fig. 8) was included

in solving the Sawyer–Eliassen equation and in the other

calculation only the eddy terms, namely the first and

the second terms in Eqs. (3) and (4), were included. The

results showed that the secondary circulation at the late

initial eddy stage was mostly driven by the azimuthal-

mean diabatic heating (not shown). That is, as a mono-

lithic PV core with warm core developed at the circulation

center, the secondary circulation was enhanced by con-

vective heating in the monolithic PV core, contributing

to the intensification of the primary circulation.

4. Intensity change

After Isobel passed over the Lesser Sunda Islands

at 1800 UTC 28 December, the concentric MCV with

the monolithic PV core developed into Tropical Storm

Isobel over the Timor Sea, which then intensified from

1800 UTC 28 December to 0600 UTC 31 December

(Fig. 1). The azimuthal-mean cyclonic PV averaged be-

tween 3- and 6-km heights increased up to 220 PVU in

the inner core of the simulated Isobel (Fig. 3a). The

cyclonic PV less than 21 PVU extended radially out-

ward up to 150 km from the storm center, indicating an

increase in the horizontal scale of the simulated Isobel.

The outward expansion of high cyclonic PV was closely

related to the formation of an outer spiral rainband

(Figs. 5 and 12 in Part I). By 1800 UTC 30 December the

simulated Isobel showed the typical structure of a ma-

ture TC with the maximum tangential wind near the

surface under the eyewall (Fig. 10c), updrafts in the

eyewall and outer spiral rainbands, subsidence in the eye

(Fig. 10b), inflow in the mid–lower troposphere and

outflow both in the core just above the inflow boundary

layer and in the upper troposphere (Fig. 10a). Convec-

tive heating occurred through the depth of the tropo-

sphere between radii of 20 and 40 km in the eyewall and

in the mid–upper troposphere in outer rainbands be-

tween radii of 100 and 250 km (Fig. 8c).

The intensification of the primary circulation occurred

through the depth of the troposphere but most strongly

in the inner-core region in the intensifying stage (Fig. 10d).

The inner-core intensification was mainly attributed to

the mean advections in the lower and upper troposphere

and to eddy fluxes in the midtroposphere (Figs. 10e,f). As

the case in the later initial eddy stage, now the azimuthal-

mean radial and vertical winds were captured well by

the solution of the Sawyer–Eliassen equation although

some noise existed in the upper-tropospheric outflow

(Figs. 9c,d). Therefore, the intensification of the primary

circulation in the inner-core region can be well explained

by the balanced dynamics, namely the SSI process.

In the temporally weakening stage from 0600 UTC

31 December 2006 to 1800 UTC 1 January 2007, the

intensification of the simulated Isobel was interrupted by

the influences of strong vertical shear first and a strong

environmental stretching deformation in the mid–lower

troposphere later as discussed in Part I. At 0600 UTC

31 December by the end of the intensifying stage, a

symmetric PV monopole structure in the inner-core re-

gion appeared with a peak of 214 PVU (Fig. 1). Isobel

experienced an abrupt structure change at 1200 UTC

31 December with the central PV monopole split into

two areas: one to the west and one to the east of Isobel’s

center. The asymmetric structure of the inner-core PV

remained until 1200 UTC 1 January 2007. The decay of

the symmetric structure in Isobel during the early tem-

porally weakening stage was accompanied with the west-

ward tilt of the vertical vorticity center due to the effect

of strong easterly vertical shear as discussed in Part I,

which is similar to the PV pattern in the case of TC Chris

discussed in Tory et al. (2006b).

It is interesting to see that the weakening of the pri-

mary circulation started from the upper troposphere in

the core region (Figs. 3b and 11c), consistent with the

finding of Frank and Ritchie (2001), who found that

their simulated storm weakened from the top down in
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FIG. 9. Azimuthal-mean (a),(c),(e) radial winds (m s21) and (b),(d),(f) vertical velocity (m s21) derived from the

Sawyer–Eliassen equation at (a),(b) 1800 UTC 28 Dec 2006 in the same domain as in Fig. 7, at (c),(d) 1800 UTC

30 Dec 2006 in the same domain as in Fig. 10, and at (e),(f) 0600 UTC 2 Jan 2007 in the same domain as in Fig. 12.

Contours are at 0, 61, 62, 65, and 610 m s21 and regions greater than 1 m s21 (less than 1 m s21) are heavily

(lightly) shaded in (a), (c), and (e). The contour interval is 0.2 m s21 and regions greater than 0.2 m s21 (less than

20.05 m s21) are heavily (lightly) shaded in (b),(d), and (f). Solid contours denote positive values; dashed contours,

negative values.
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a vertical shear environment. The radial wind was ex-

hibited by a deep outflow layer up to a radius of about

350 km between 2- and 4-km heights with a deep inflow

layer between 5- and 12-km heights immediately below

the upper-tropospheric outflow (Fig. 11a). The mid–

upper-tropospheric inflow implied a convergence into

the eye and eyewall region, consistent with a subsidence

in the inner core below about a 10-km height (Fig. 11b).

FIG. 10. As in Fig. 6, but at 1800 UTC 30 Dec 2006.
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Such a secondary circulation led to a spindown of

the tangential wind in the mid–lower troposphere and

a spinup of the tangential wind in the mid–upper-

tropospheric inflow layer mainly outside the inner-core

region (Figs. 11d,e). Eddies played a role in spinning

down the primary circulation except for in the lower

troposphere and in the core region (Fig. 11f). As a result,

the azimuthal-mean tangential wind decreased in a deep

layer below 12-km height within a radius of about 100 km

except for a small area in the eye between 1- and 8-km

FIG. 11. As in Fig. 6, but at 1200 UTC 31 Dec 2006.
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heights (Fig. 11d), an indication of inward mixing by

both the azimuthal-mean inflow and eddy transport (Figs.

11e,f). Consistent with the inflow immediately below

the upper-tropospheric outflow, there was a spinup of

tangential wind outside the core region between 7- and

12-km heights (Fig. 11d). Note that the azimuthal-mean

diabatic heating rate in the inner core of the storm was

almost dismissed in the weakening stage (Fig. 8d). The

SSI process became ineffective and the storm weakened.

Later on, the simulated Isobel experienced an eyewall

reformation as discussed in Part I. This led to a re-

intensification of the storm from 1800 UTC 1 January to

1800 UTC 2 January 2007. At 1800 UTC 1 January, a

high cyclonic PV band was initiated outside the eyewall

(Fig. 1) in an outer rainband south of Isobel’s center

(Fig. 5 in Part I). The cyclonic PV band associated with

the rainband displayed a hooklike structure extending

southeastward from the core of Isobel (Fig. 1). The PV

band then spiraled cyclonically inward, merged into the

inner-core PV from the north by 0000 UTC 2 January,

and enhanced the cyclonic PV in the inner core. This was

accompanied with a reformation of the quasi-symmetric

PV monopole structure with a peak cyclonic PV less

than 224 PVU by 0600 UTC 2 January. This mesoscale

intensification process through the inward transport of

the rainband-induced cyclonic PV anomalies supports

the hypothesis of May and Holland (1999). They esti-

mated diabatic heating and PV generation in TC rain-

bands based on the observed vertical motion profiles

and found high levels of PV generation in the stratiform

rain regions. They suggested that such PV generation

represents a significant PV source for the system as a

whole as it is transported into the core and thus has

implications for TC.

After the recovery of the quasi-symmetric structure of

the inner-core PV, the simulated Isobel reintensified

and reached its lifetime maximum intensity by 0600 UTC

2 January. Again the storm gained the typical structure

of a mature TC (Fig. 12), similar to the one during the

intensifying stage discussed earlier (Fig. 10), but the

storm now developed a deeper cyclonic circulation

(Fig. 12c) and a larger horizontal size with a wider

eyewall updraft (Fig. 12b). Accordingly, the azimuthal-

mean diabatic heating rate in the eyewall occurred

between radii of 30 and 60 km and in spiral rainbands

around a radius of 100 km (Fig. 8e). The azimuthal-

mean tangential wind tendency showed a large spinup

in the eyewall in the mid–lower troposphere and im-

mediately outside the eyewall in the mid–upper tropo-

sphere while a spindown in the eye region in the upper

troposphere occurred (Fig. 12d), an indication of the

development of an outward tilting of the radius of max-

imum wind (Fig. 12c).

The spinup of the primary circulation was mainly

contributed by the mean transport of absolute angular

momentum in the mid–lower troposphere in the inner-

core region and in the eyewall (Fig. 12e) and by the eddy

fluxes in the midtroposphere between radii of 50 and

150 km (Fig. 12f). The mean transport also contributed

to the spinup of the tangential wind outer core with a

maximum contribution between 7- and 10-km heights

(Fig. 12e). Note that the eddy process contributed mainly

to the tangential wind budget negatively (Fig. 12f) and

thus played a role in weakening the storm intensity,

consistent with the idealized simulation results of Yang

et al. (2007). The Sawyer–Eliassen equation reproduced

the secondary circulation well in the reintensifying stage

(Figs. 9e,f), indicating that the reintensification of the

simulated Isobel after the reformation of the eyewall

and the recovery of the eyewall convection can be ex-

plained by the balanced dynamics, namely the SSI pro-

cess again.

The inner-core cyclonic PV decreased after 1800 UTC

2 January as Isobel approached the northwest coast of

Australia and continued to decay (Figs. 1 and 3). The

azimuthal-mean diabatic heating rate became negligible

in the inner-core region (Fig. 8f) and the weakening of

the tangential winds started from the inner-core region

(not shown). These changes overall are very similar to

those in the temporary weakening stage.

5. A synthesis of the multiple-scale interaction
in Isobel’s life cycle

This study (i.e., Part I and Part II) documented both

the external influence of the large-scale environmental

flow on the structure and intensity changes and the in-

volved mesoscale and system-scale processes in the life

cycle of the simulated Isobel, as synthesized schemati-

cally in Figs. 13 and 14. The WWB associated with the

onset of an MJO event over the Indian Ocean provided

a favorable large-scale environmental condition for the

genesis of Tropical Storm Isobel over the Java Sea

(Fig. 13). This preconditioned environment was featured

by strong large-scale cyclonic vorticity and convergence

in the mid–lower troposphere and high CAPE. Convec-

tion was initiated and organized in a zonally elongated

rainband with embedded MCSs near the cyclonic shear

line in the preconditioned large-scale environment.

Some model MCVs with vorticity maxima in the

midtroposphere developed in association with diabatic

heating in stratiform clouds (Fig. 14a), consistent with

previous finding of Raymond and Jiang (1990). Con-

vective towers with cyclonic PV anomalies throughout

the depth of the troposphere were initiated and de-

veloped in the MCVs (Fig. 14b). This featured the initial
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eddy stage of the simulated Isobel. Although it is diffi-

cult for us to examine the formation mechanisms of

the convective vortices with a 7-km model resolution,

the dipole PV structure with positive and negative PV

anomalies around the convective updraft in VHTs em-

bedded in the merging MCVs (Fig. 5a) implies the im-

portance of tilting of horizontal vorticity to the formation

of VHTs (Montgomery et al. 2006). The MCVs provided

FIG. 12. As in Fig. 6, but at 0600 UTC 2 Jan 2007.
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necessary conditions for the formation of VHTs (Zhang

and Fritsch 1987; Bartels and Maddox 1991; Zhang and

Bao 1996a,b).

Multiple model VHTs merged and strengthened cy-

clonic PV anomaly in the interior of the merging MCV

and led to the formation of an upright monolithic PV

core at the center of concentric MCV (primary vortex

enhancement; Fig. 14c), as discussed in Hendricks et al.

(2004), Montgomery et al. (2006), and Tory et al. (2006b).

As the monolithic PV core with a warm core developed

near the circulation center, the cyclonic PV was en-

hanced by the SSI process driven by diabatic heating in

the inner-core region (secondary vortex enhancement;

Fig. 14d). This was accompanied by the intensification

and the increase in horizontal size of the cyclonic circu-

lation, leading to the formation of Tropical Storm Isobel.

FIG. 13. Schematic diagram showing the vorticity evolution and the associated environmental

flow on the (left) synoptic scale, (middle) system scale, and (right) mesoscale in the inner PV

core. Regions with high cyclonic vorticity of 210 PVU are filled and regions with cyclonic

vorticity of 24 PVU are heavily shaded, while regions with weak cyclonic vorticity of 21 PVU

are lightly shaded. Solid arrows indicate the lower-level flow, while broken arrows show the

upper-level flow.
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Although the azimuthal-mean secondary circulation

contributed largely to the spinup of the primary circu-

lation in the formation stage, eddy process also played

a positive role in the upper and lower troposphere dur-

ing the early genesis stage (Fig. 6f), consistent with the

results of Hendricks et al. (2004).

In the intensifying stage, Isobel moved into the Timor

Sea and continued to intensify under the favorable large-

scale environment with weak vertical shear and strong

low-level cyclonic shear (Fig. 13). The high cyclonic PV

core intensified and became axisymmetric, and the eye-

wall formed with enhanced convective heating. The sec-

ondary circulation in response to diabatic heating in

the eyewall accelerated the azimuthal-mean primary

circulation through inward transport of absolute angular

momentum. This intensification process (SSI) can be ex-

plained well by the balanced dynamics based on the

Sawyer–Eliassen equation with the eddy processes play-

ing some secondary roles.

As the simulated Isobel moved southward and the

MJO propagated eastward, Isobel was exposed to the

region first with a strong vertical shear and later with a

strong stretching deformation field upwind of the WWB

in the MJO. This change in large-scale environmental

flow forced convective asymmetries in the inner core of

Isobel, leading to a breakdown of the eyewall and a

temporary weakening of the storm (the temporary weak-

ening stage). The weakening of the primary circulation

occurred mainly in the inner core and started from the

top down, consistent with previous results from ideal-

ized simulations in Frank and Ritchie (2001). This spin-

down process was related to the strengthening and inward

penetration of an inflow immediately below the upper-

tropospheric outflow, the azimuthal-mean subsidence in

FIG. 14. Schematic diagram of the vertical cross section showing the genesis processes of (a) large-scale pre-

conditioning, (b) meso/small-scale convective vortices evolution, (c) primary vortex enhancement, and (d) secondary

vortex enhancement. Regions with significant diabatic heating are shaded, and cloud regions are schematically

drawn. In (a)–(c), opened arrows indicate the MCV, while solid arrows show the convective vortex (VHT). In (d),

opened arrows show the system-scale primary circulation, while solid arrows indicate the system-scale secondary

circulation in response of the formed warm core. Note that the Northern Hemisphere motion is used for cyclonic

rotation in the figure while Tropical Storm Isobel is a Southern Hemispheric tropical cyclone.
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the inner-core region, and a deep outflow layer in the mid–

lower troposphere above the inflow boundary layer. As

convection in the eyewall was suppressed, the azimuthal-

mean diabatic heating rate became negligible in the inner-

core region, and the SSI process thus became ineffective

and the storm weakened.

In the late temporally weakening stage, as the storm

moved southeastward, the vertical shear changed from

easterly shear to north-northeasterly shear over the in-

ner core, leading to the development and intensification

of a strong outer spiral rainband to the south-southeast

of the storm center, namely downwind of the WWB

center. The outer rainband propagated cyclonically in-

ward and axisymmetrized, leading to the reformation

of the eyewall and the reintensification of the simulated

Isobel. Therefore, the eyewall reformation as a result of

the axisymmetrization of the inward-propagating outer

spiral rainbands was an important process to the reinten-

sification of the simulated Isobel. The eyewall reformation

was accompanied by recovery of a quasi-axisymmetric

inner-core structure with enhanced azimuthal-mean dia-

batic heating in the eyewall, allowing the SSI process to

operate effectively and the reintensification of the simu-

lated Isobel. Note that although the axisymmetrization

contributed to the reintensification, the latter might also

be speeded up the axisymmetrization process of the in-

ward-propagating spiral rainband and the reformation

of the eyewall. As the simulated Isobel moved farther

southeastward and approached the northwest coast of

Australia, it weakened because of the continued decrease

in moisture supply from the underlying ocean surface

and eventually it dissipated after it made landfall over

northwest Australia.

6. Conclusions

The life cycle of Tropical Storm Isobel was reasonably

simulated in the global cloud-system-resolving model,

NICAM. In this study, we have investigated both the

large-scale and storm-scale evolutions (Part I) and the

system-scale and mesoscale processes (Part II) in the life

cycle of the simulated Isobel. As we have synthesized in

the last section, the life cycle of the simulated Isobel in-

volved multiscale interactions from cloud-scale convective

activities to large-scale circulation related to the onset of

MJO and the associated WWB. We show that the large-

scale environmental flow provided the preconditioned

environment for the genesis of the simulated Isobel and

triggered the subsequent structure change of the storm.

The mesoscale and the system-scale processes, such as the

evolution of MCVs and merging VHTs were responsible

for the genesis, while the eyewall processes were critical to

the storm intensity change through the SSI process.

In the special case of Isobel, we have found that the

WWB associated with the onset of a MJO event played

dual roles in the life cycle of the simulated Isobel. On

one hand, the WWB contributed positively to the in-

tensification of Isobel as Isobel was located southeast of

the WWB center where large-scale convergence oc-

curred with high CAPE. On the other hand it contrib-

uted to the development of the asymmetric structure in

the inner core and thus negatively to Isobel’s intensi-

fication as Isobel was located southwest of the WWB

center where the environmental stretching deformation

was strong. Therefore, depending on the relative loca-

tion of Isobel and the WWB center associated with the

MJO, the MJO had both positive and negative effects on

the intensity of the simulated Isobel. We thus suggest

that caution needs to be given to the relative location

between the WWB and the TC when the possible effect

of the MJO on a TC is discussed.

In a simulation study of real TCs, Tory et al. (2006b)

considered two processes for the genesis: the primary vor-

tex enhancement through the convective vortex enhance-

ment and the formation of PV core in convective updrafts

(Hendricks et al. 2004; Montgomery et al. 2006) and the

secondary vortex enhancement through the SSI process.

Our results also demonstrate that both mesoscale and

system-scale processes are critical to the genesis of the

simulated Isobel in a preconditioned large-scale envi-

ronment. We also show that the SSI process operates

effectively only when the storm intensifies with intense

convection in the inner-core region. The SSI process be-

comes ineffective when there is little azimuthal-mean di-

abatic heating in the inner core. This suggests that

special attention should be paid to the eyewall process in

order to understand and predict the structure and in-

tensity changes of a TC.

Note that our results are based on NICAM MJO ex-

periment at 7-km resolution, which could only margin-

ally capture the important mesoscale processes in the

life cycle of Isobel. This resolution is not high enough to

examine the life cycle of individual VHTs and the sta-

tistical behavior of VHTs. Although now NICAM can

be run at 3.5-km resolution for monthly long simula-

tions, it is still not high enough to study convection in

details. Therefore, studies with regional fine-resolution

cloud-resolving models are still important for our un-

derstanding of the life cycle of TCs. Nevertheless, our

case study for Isobel based on the NICAM simulation

demonstrates the potential use of nearly cloud-resolving

global models to study the life cycle of TCs.

In addition, as we pointed out already in Part I, al-

though the NICAM MJO experiment provided us an

opportunity to study the multiscale interactions involved

in the life cycle of the simulated Isobel, the results do not
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imply skill at monthly-long forecasting of TC behaviors.

The timing and structure and intensity change were

largely controlled by the large-scale environmental set-

tings associated with the onset of an MJO event. Re-

alistic simulation and prediction of the MJO are still

challenging to most regional and global models (Sperber

and Waliser 2008; Kim et al. 2009). Nevertheless, global

cloud-system-resolving models have recently shown con-

sistent improvements in the simulation of the MJO

(Miura et al. 2007; Liu et al. 2009). Therefore, the ex-

tended realistic simulation and skillful prediction of TCs

by numerical models are expected to be improved along

with the continuous improvements in the ability of global

models in simulating and predicting the tropical vari-

ability of convective activities at intraseasonal time

scales.
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