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ABSTRACT

In this study, the roles of merging midlevel mesoscale convective vortices (MCVs) and convectively

generated potential vorticity (PV) patches embedded in the intertropical convergence zone (ITCZ) in de-

termining tropical cyclogenesis are examined by calculating PV and absolute vorticity budgets with a cloud-

resolving simulation of Tropical Storm Eugene (2005). Results show that the vortex merger occurs as the

gradual capture of small-scale PV patches within a slow-drifting MCV by another fast-moving MCV, thus

concentrating high PV near the merger’s circulation center, with its peak amplitude located slightly above the

melting level. The merging phase is characterized by sharp increases in surface heat fluxes, low-level con-

vergence, latent heat release (and upward motion), lower tropospheric PV, surface pressure falls, and growth

of cyclonic vorticity from the bottom upward. Melting and freezing appear to affect markedly the vertical

structures of diabatic heating, convergence, absolute vorticity, and PV, as well the production of PV during

the life cycle of Eugene. Results also show significant contributions of the horizontal vorticity to the mag-

nitude of PV and its production within the storm.

The storm-scale PV budgets show that the above-mentioned amplification of PV results partly from the net

internal dynamical forcing between the PV condensing and diabatic production and partly from the con-

tinuous lateral PV fluxes from the ITCZ. Without the latter, Eugene would likely be shorter lived after the

merger under the influence of intense vertical shear and colder sea surface temperatures. The vorticity

budget reveals that the storm-scale rotational growth occurs in the deep troposphere as a result of the

increased flux convergence of absolute vorticity during the merging phase. Unlike the previously hypothe-

sized downward growth associated with merging MCVs, the most rapid growth rate is found in the bottom

layers of the merger because of the frictional convergence. It is concluded that tropical cyclogenesis from

merging MCVs occurs from the bottom upward.

1. Introduction

Despite considerable progress in the forecasts of

tropical cyclone (TC) track and intensity during the past

few decades, tropical cyclone genesis (TCG), a process

by which a weak atmospheric disturbance grows into a

tropical storm (TS), still remains elusive, partly because

of the lack of high-resolution observations at the very

early stage of TCG and partly because of the deficiencies

in current TC models. In general, there are numerous

tropical disturbances of different scales, including east-

erly waves and midlevel mesoscale convective vortices

(MCVs), during the warm season, but only a small per-

centage of them could develop into TCs (e.g., McBride

and Zehr 1981; Molinari et al. 2000; DeMaria et al. 2001).

Many processes leading to TCG are well known but they

still remain poorly understood. In particular, we are still

searching for the mechanisms by which the surface cir-

culations could be spun up to initiate the wind-induced

surface heat exchange (WISHE) process (Emanuel 1987)

as a route to hurricanes.

The bottom-up and top-down hypotheses have been

proposed as two of the possible processes leading to

TCG from midlevel MCVs that often develop in the

stratiform region of mesoscale convective systems

(MCSs; Zhang and Fritsch 1987; Bartels and Maddox

1991). Specifically, Zhang and Bao (1996a,b) find that

an MCV provides the necessary quasi-balanced forcing

for the initiation and organization of (parameterized)
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deep convection and for the initial concentration of the

low-level cyclonic vorticity, and that it is deep convection

that contributes to the amplification of the low-level cy-

clonic vorticity through stretching in the presence of

intensifying flows. The associated absolute angular mo-

mentum is then advected upward by convective updrafts

to intensify the cyclonic flows above (see Zhang et al.

2001). This bottom-up mechanism was later advanced by

cloud-resolving studies of Hendricks et al. (2004) and

Montgomery et al. (2006), in which the concept of con-

vective ‘‘hot towers’’ proposed by Riehl and Malkus

(1958) was extended to that of ‘‘vortical hot towers’’

(VHTs) due to the development of intense cyclonic

vorticity in convective cores. In their bottom-up hy-

pothesis, Montgomery and Enagonio (1998) consider

TCG to be a result of the mean-eddy interaction, the so-

called axisymmetrization. That is, a midlevel MCV pro-

vides necessary cyclonic background rotation at the low

levels, and a set of vorticity anomalies associated with

VHTs contribute to the acceleration of the mean vortex

through merging with neighboring VHTs and subsequent

axisymmetrization. Montgomery and Kallenbach (1997)

show that axisymmetrization can spin up a mesoscale

vortex even in a nondivergent barotropic model.

In contrast, the top-down hypotheses deal with two

different scenarios: one is related to the merging dy-

namics of midlevel MCVs within a larger-scale low-level

cyclonic background flow (Ritchie and Holland 1997;

Simpson et al. 1997), whereas the other focuses more

on the thermodynamics of a single MCV (Bister and

Emanuel 1997). In the former case, the merger of mid-

level MCVs accompanies the downward extension of

cyclonic vorticity due to the increase of the penetration

depth and horizontal vortex size, leading to the ampli-

fication of surface rotation. In the latter case, the top-

down hypothesis relies on the evaporative cooling as a

means to advect the midlevel MCV downward and then

replace the anticyclonic circulation near the surface.

TCG occurs as soon as the WISHE process is initiated.

A recent statistical study of TCG over the eastern

Pacific during the active seasons of 1999–2003 shows

that most of the TCG events in this ocean basin are

associated with intertropical convergence zone (ITCZ)

breakdowns caused by easterly propagating tropical

disturbances (Wang and Magnusdottir 2006). Although

the ITCZ breakdowns could be attributed to the inter-

nal dynamical instability—that is, the so-called roll-up

mechanism discussed by Nieto Ferreira and Schubert

(1997)—Wang and Magnusdottir’s study appears to

suggest that merging MCVs associated with the ITCZ

breakdowns may be more efficient in initiating the TCG

processes and subsequently generating the mesoscale

disturbances of tropical depression strength.

In Kieu and Zhang (2008, hereafter Part I), we have

presented the genesis of TS Eugene (2005), occurring

during the National Aeronautics and Space Adminis-

tration (NASA’s) field campaign of the Tropical Cloud

Systems and Processes (TCSP; see Halverson et al.

2007), from merging MCVs associated with the ITCZ

breakdowns using satellite data and observational anal-

ysis together with 4-day cloud-resolving simulation of its

life cycle with the Advanced Research Weather Re-

search and Forecasting model (WRF-ARW) at the finest

grid size of 1.33 km (Part I). It is shown that the WRF

model reproduces reasonably well the movements, in-

tensities, coalescence, and capture of two midlevel

MCVs (referred to as V1 and V2; see Fig. 1a) at 39 h into

the integration as well as the subsequent track and in-

tensification of the merger to TS Eugene in association

with the poleward rollup of the ITCZ, as verified against

available observations. Model results show that as the

two MCVs are merged, deep convection intensifies and the

FIG. 1. (a) Hovmöller diagram of the vertical absolute vorticity

(gray scale interval is shown in units of 1025 s21) at 850 hPa over

the longitudinal span of 1158–958W from the hourly model outputs

during the first 2-day period of 17/00–00 to 19/00–48. It is meridi-

onally averaged within a 18 width centered along V1 initially and at

Eugene after the merger. Here, V1 and V2 denote the two MCVs

associated with the formation of TS Eugene (‘‘E’’). (b) Time series

of the simulated maximum surface wind (solid; right ordinate in

50 m s21), minimum sea level pressure (dashed; hPa), and the

(720 km 3 720 km) area-averaged surface heat fluxes (dotted; right

ordinate in 5 3 102 W m22) during the 4-day period of 17/00–00 to

21/00–96. Thin dashed lines denote the merging phase; similarly

for the rest of figures.
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midlevel potential vorticity (PV) increases in amplitude

and volume, thereby allowing the corresponding broad

surface cyclonic circulations to merge into one surface

mesolow and then amplify to TS intensity.

The objectives of the present study are (i) to examine

the kinematics of the vortex merger in relation to con-

vectively generated vortices (CGVs) in the ITCZ and the

associated multiscale interactive processes; (ii) to quantify

the roles of merging MCVs, surface heat fluxes, and PV

sources in the ITCZ in the formation of TS Eugene (2005);

and (iii) to determine whether or not TCG from merging

MCVs would occur from the bottom upward or the top

downward. These objectives will be achieved by analyzing

the 4-day high-resolution simulation of TS Eugene (2005)

through the PV and absolute vorticity budgets.

The next section presents the vortex merging kinemat-

ics in the context of PV and the time series of surface heat

fluxes to facilitate the subsequent discussion of the roles of

merging MCVs and CGVs in TCG. Section 3 describes

the theoretical framework and examines the vortex merg-

ing dynamics and the effects of PV sources in the ITCZ

on the development of Eugene through the analyses of

PV budgets. Section 4 explores the possible mechanism

by which the bottom-up or top-down growth of cyclonic

vorticity is operative during the merging phase through

the vertical absolute vorticity budgets. A summary and

concluding remarks are given in the final section.

2. Vortex-merging kinematics

It is apparent from Figs. 1a and 1b that we may divide

Eugene’s life cycle into four phases: a pregenesis phase

with a slow evolution of V2 prior to 0600 UTC 18 July or

30 h into the simulation (hereafter 18/06–30; a vortex-

merging spin-up phase from 18/06–30 to 18/15–39, a self-

sustained deepening phase from 18/15–39 to 19/18–66,

and a decaying phase afterward. In Part I, we have shown

that the first two phases are characterized respectively by

a loosely defined ITCZ surface trough with trade winds

from both hemispheres and a mesolow with the maximum

surface wind reaching 18 m s21—a threshold for a TS.

The simulated maximum surface wind of 38 m s21 at

19/18–66 just exceeds the threshold for a hurricane

(Fig. 1b). In addition, we have briefly illustrated the in-

teraction of the two midlevel MCVs during the vortex-

merging phase. Of importance is that the area-averaged

surface (sensible and latent) heat fluxes increase slowly

prior to the merger but sharply (.60%) during the

merging phase (Fig. 1b), indicating that the merger

helps initiate the WISHE processes for a self-sustained

deepening phase. Note that despite the intensifying sur-

face winds, the surface fluxes decrease rapidly shortly

after the merger, owing to the storm’s movement over a

colder ocean surface (cf. Fig. 6a in Part I and Fig. 1b

here). As will be seen later, the storm could continue its

deepening to hurricane intensity during the period of

18/20–44 to 19/18–66, mainly because of the continuous

lateral PV fluxes from the ITCZ.

To help visualize the kinematics of the vortex merger,

Fig. 2 shows the east–west vertical cross sections of the

meridionally averaged PV and its local tendencies dur-

ing the period of 18/09–33 and 18/23–47, encompassing

the merger and its subsequent intensification. It is ob-

vious that the two MCVs consist of many meso-g scale

PV patches or CGVs tilting cyclonically downshear with

their PV centers located in the midtroposphere. These

small-scale features have not been previously shown be-

cause of the use of coarse-resolution observations and

simulations. These vortices appear to be the congrega-

tion of smaller-scale VHTs resulting partly from their

mergers (Fig. 3) and partly from the meridional aver-

aging. These convectively generated VHTs, as indicated

by collocated updrafts and vorticity centers, begin to

increase in coverage as V1 approaches V2, and they

become better organized around the MCVs (Fig. 3a),

especially a deep layer mesolow associated with the

merger (see Fig. 10 in Part I and Fig. 3b here). Because

major convective developments in the ITCZ occur on the

southern half of the MCVs’ circulations prior to merger,

most g-scale vortices in V2 are seen drifting cyclonically

eastward (cf. Figs. 2 and 3), as also indicated by the PV

tendencies occurring ahead of CGVs. The MCV merg-

ing processes are marked by the gradual capture of each

of the g-scale vortices within the slow-drifting V2 by the

northwestward fast-propagating V1 and by the orga-

nized upward motion at increasingly larger scales, with

the peak magnitudes in the upper troposphere (see

Figs. 10 and 11 in Part I). Some patches of large positive

PV tendencies are associated with both the advection and

the diabatic generation of PV, as will be seen in the next

section. Note that although the meridionally averaged

vertical motion is upward near the merger’s center,

horizontal maps show little radar reflectivity ( just like

an ‘‘eye’’) over the central portion of the TC circulation

(see Fig. 12 in Part I).

In general, the meridionally averaged PV traces rea-

sonably well the evolution and interaction of CGVs and

their merging into the PV volume of V1, leading to the

genesis of Eugene, except for a few PV patches in V2

(e.g., the leftmost one at 18/11–35) that appear to

change sharply in magnitude with time because of the

diabatic destruction of PV (not shown). Note that be-

cause of its smaller size, V1’s circulations at individual

levels are seen being absorbed by V2’s as V1 coales-

cences and enters the northern half portion of V2’s cir-

culation (see Fig. 6 in Part I and Fig. 3 here), so V1 may
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FIG. 2. Vertical cross sections of the north–south mass-weighted PV (shadings every 0.5 PVU, where 1 PVU 5 1026 m2 s21 K kg21)

within 6360 km along the line through the centers of V1 and V2, and the corresponding PV tendency (contoured every 1024 PVU s21),

superimposed with the vertical motion vectors, during the period of 18/09–33 to 18/23–47. Bold dashed lines indicate convectively

generated vortices spawned within V2 and V1. Note that a vertical grid interval represents a vector scale of 1 m s21.
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be viewed horizontally as a ‘‘comma head’’ that rolls

up northwestward to congregate the PV-containing

g-vortices in V2 (and later in the ITCZ) in the tail (Fig. 4).

Of importance to this study are significant increases in

intensity and three-dimensional (3D) volume of PV as

V1 captures each g-scale vortex or vorticity band after

18/15–39. The increases are especially pronounced in

the midtroposphere where the peak PV associated with

most of the g-scale vortices is located. The lower-level

PV also increases in magnitude and area coverage,

which results mostly from the merging of the lower-level

PV sources, as indicated by positive PV tendencies in

the lower troposphere. This indicates that the vertical

PV distribution of these g-scale vortices may determine

to some extent the corresponding vertical PV structures

of TCs after being merged.

In addition to their effects on the vertical distribution of

PV, the g-scale vortices propagating cyclonically in the

merger become more upright because of the development

of strong upward motion after reaching TS intensity (e.g.,

at 18/23–47). By this time, a robust vortex merger emerges

with higher PV values but a circulation size that is smaller

than the earlier congregated V1 and V2 circulation; that is,

the west–east width of the merger has shrunk by half the

total width of V1 and V2 during the past 10 h (i.e., from

18/13–37 to 18/23–47). Note that the merger’s circulation

size is much greater than the size of the individual V1 or

V2 (see Fig. 4). Clearly, the shrunk total circulation size

and the increased PV amplitude and high-PV volume

associated with the vortex merger, caused essentially by

latent heat release, are all favorable for the deepening of

the surface cyclone (Fig. 1). It is evident that these 3D

merging processes could not be adequately described by

nondivergent barotropic models (e.g., Montgomery and

Kallenbach 1997; Prieto et al. 2003).

Figure 4 shows that these g-scale PV (or cyclonic

vorticity) patches associated with V2 are aligned along

the mean sheared flows into linear PV bands. Of interest

is that these convectively generated PV bands are the

‘‘feeder’’ of PV into V1 as the comma head rolls up

northwestward. Specifically, prior to merger (e.g., at

18/09–33), the dominant larger-scale flows are easterly

and westerly on the respective northern and southern

side of the ITCZ, with significant shear vorticity. As

more PV bands are fed into in the comma head and

locally concentrated in V1’s circulation, more shear

vorticity is converted to curvature vorticity (see Bell

and Keyser 1993; Zhang and Bao 1996b), leading to the

generation of an intensifying TC circulation with the

weakest flow at its center. The associated TC circulation

also increases in size and intensity with time as more PV

patches are congregated. The complete merging of the

two MCVs gives rise to the formation of Eugene after

18/21–45. Note the continued PV fluxes associated with

deep convection in the westerly flows from the ITCZ

into Eugene’s circulation, which (as will be seen in the

next section) play an important role in increasing the

high-PV volume near the circulation center and in fa-

cilitating the continued deepening of the storm regard-

less of the rapid decreases in surface heat fluxes.

3. Vortex-merging dynamics

We have seen from Figs. 2 and 4 the substantial con-

centration of PV near the merger’s circulation center and

the increased high-PV volume during the merging phase.

In this section, we attempt to quantify the dynamical

processes accounting for the vortex-merging scenarios

and the roles of CGVs embedded in the ITCZ in the

genesis of TS Eugene through the PV budget analysis.

FIG. 3. Horizontal cross sections of the absolute vorticity

(shaded every 2 3 1024 s21), and vertical motion (contoured

every 0.5 m s21) at z 5 3 km, superimposed with the midlevel

streamlines valid (top) at 18/06–30, before the merger, and (bot-

tom) at 18/15–39, during the merger.
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FIG. 4. As in Fig. 2, but for the horizontal distribution of the vertically mass-weighted PV (shadings

every 0.2 PVU), superimposed with flow vectors at z 5 3 km. Note that a grid interval represents the

vector scale of 25 m s21.
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a. Dynamical framework

In this study, we choose to examine the PV budgets in

a quasi-Lagrangian framework following the storm. We

start from the nonhydrostatic PV equation of Haynes

and McIntyre (1987):

›q

›t
5 �u � =q 1

1

r
= � (Hv 1 F 3 =u), (1)

where u is the 3D wind field, H is the 3D diabatic-

heating rate, and F is the 3D frictional force. It is clear

that diabatic heating and friction are the sources and

sinks of PV in the troposphere. Although Eq. (1) is

useful for estimating the spatial structures of PV budgets

in TCs, it would be more appropriate to use the area- or

volume-averaged PV budgets that could distinguish in-

ternal PV forcing processes from the boundary fluxes,

especially when the time evolution of the storm-scale

integrated quantities in a storm-relative system is exam-

ined. In the latter case, Eq. (1) has to be written as a

volume-integration and then averaged by the control

volume, hereafter referred to as bulk PV (BPV) fol-

lowing the storm; that is,

d

dt

ð
V(t)

qdV

 !
5

ð
V(t)

›q

›t
dV 1

ð
S

qU � ndS

5 �
ð

V(t)

(u � =q)dV 1

ð
V(t)

= � (Hv)

r
dV

1

ð
V(t)

= � (F 3 =u)

r
dV 1

ð
S

qU � ndS,

(2)

where U is the movement of the lateral boundaries.

Similarly, the vertical profiles of the area-averaged PV

(APV) budgets can be estimated by applying the area

integration and then area-averaging to all the terms in

Eq. (1). After reorganizing the first and last terms on the

rhs and using = � v 5 0, Eq. (2) can be rewritten in a

more meaningful form as

d

dt

ð
V(t)

qdV

 !
5

ð
V(t)

(q= � u)dV 1

ð
V(t)

v � =H

r
dV

1

ð
V(t)

= � (F 3 =u)

r
dV

1

ð
S(t)

q(U� u) � ndS. (3)

Equation (3) states that the time rates of BPV

changes (QTEN) are determined by the terms on its rhs,

which are from left to right the condensing or diluting

rates of BPV due to the 3D velocity divergence (3DIV;

QCON) [see the PV substance related discussion in

Haynes and McIntyre (1987)], the diabatic PV produc-

tion rates (QH), the divergence of F 3 =u, and the

net across-boundary PV fluxes (QBND) between the

3D normal-to-boundary flows (QFLX) and the control

volume’s movement (QMOV) One can see that unlike

the differential form of PV Eq. (1), Eq. (3) has two

additional forcing terms (i.e., QCON and QBND),

which may change the total PV within a volume even in

the absence of diabatic heating and frictional contribu-

tion. Note that because 3D divergence is proportional to

minus the time rates of density changes (i.e., 2dlnr/dt),

QCON is related ultimately to the mass exchange rate

of the control volume with its surrounding environment.

All the rhs terms are calculated with the hourly 4-km-

resolution model output, including the heating rate H,

and then averaged with the total volume [i.e., dividing

by V(t)].

In this study, the control volume, following V2 prior to

merger and then Eugene after its formation, is defined

with the top boundary at z 5 11.5 km to minimize the

impact of high PV in the stratosphere and the bottom

boundary at z 5 1.5 km, which is slightly above the PBL,

to eliminate the PBL effects (i.e., F 3 =u) on the PV

budget calculations. Here we shall refer to all the volume

integrals on the rhs of Eq. (3) as internal dynamical

forcings because, unlike the surface integrals, they take

into account all of the information within the control

volume. It is evident that QCON and QH represent the

internal sources–sinks of BPV in the absence of the PBL

effects, whereas QBND denotes external sources–sinks

of BPV. To make sure that the budget residues are small

for the purpose of this study, we have compared the

time rates of the BPV changes calculated from the lhs

term of Eq. (3) (given in Fig. 6a) to those obtained by

summing up all the rhs forcing terms during the 4-day

integration and noticed that the differences between the

two approaches are small (not shown). In the next sec-

tion, we shall refer to Eqs. (1) and (3) as simply the PV

budget and the BPV budget, respectively, and similarly

for the vertical absolute vorticity budgets to be dis-

cussed in section 4.

It should be mentioned that the budget Eqs. (1) and (3)

would differ drastically when written in isobaric or is-

entropic coordinates. That is, because of the use of hy-

drostatic approximation, only the vertical component of

absolute vorticity is often considered in these coordi-

nate systems. As will be seen in the next subsection, the

horizontal components of relative vorticity turn out to

be increasingly important in intensifying TCs because of

the presence of large vertical wind shear associated with

the TC tangential flow. Without the representation of

horizontal vorticity, PV, defined as scalar multiplication
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of the 3D absolute vorticity vector and the 3D potential

temperature gradient, might not be meaningful to the

understanding of PV structures and evolution of TCs,

especially to its conservative property. Thus, PV in

height coordinates is used in the present study because

it is treated most completely with both the vertical and

horizontal components of absolute vorticity.

b. Bulk PV budget analysis

To see to what extent the PV equation can be used to

characterize the vortex-merging processes and the role of

CGVs in the ITCZ during the life cycle of Eugene, we

consider first the time series of the BPV budget. Figure 5

shows that the BPV associated with V2 increases slowly

prior to merger (i.e., 18/06–30), moderately to sharply

during its merging with V1 (i.e., from 18/12–30 to 18/18–

42), and steadily until Eugene reaches its maximum

intensity at 19/18–66; shortly after, it slowly decreases.

These sequences correspond reasonably well to the

aforementioned four phases of Eugene’s life cycle (cf.

Figs. 5 and 1b). Similar scenarios can also be seen from

the time series of the BPV tendency (cf. Figs. 5 and 6a).

The BPV doubles in magnitude (i.e., from 0.4 to 0.8

PVU) in about 40 h during the intensifying period. Note

that the sharp increase in the BPV (i.e., 0.2 PVU in 9 h)

coincides well with the amplification of the meridionally

averaged PV in the low to midtroposphere during the

merging phase (cf. Figs. 5 and 2). Of importance is that

about 30% of the increased BPV during this phase is

generated by internal dynamics, after taking into ac-

count the PV fluxes through the lateral boundaries (i.e.,

the BPV–mass flux curve in Fig. 5). Note also that the

increased BPV rates coincide well to the net mass loss

(or pressure falls) in the control volume, which peaks

after the merger at 18/21–45. These mass losses imply

the possible roles of QCON in determining the time

evolution and changes of BPV and TC intensity.

Because the BPV time series can describe well the

genesis and dissipation of Eugene, it is desirable to

quantify the contributions of different forcing terms on

the rhs of Eq. (3) to the time rates of the BPV changes.

First, it is necessary to understand the contributions of

the net boundary PV fluxes (i.e., QBND) due to the

advection of VHTs and meso-g vortices in the ITCZ,

mostly through the western boundary (see Figs. 2–4).

Figure 6b shows that pronounced inward PV fluxes

(QFLX) into the control volume take place at all times,

with a jump occurring between 18/06–30 and 18/12–36 as

V1 moves continuously into V2’s circulation (see Fig. 4).

Because of the intermittency of vortices at different

scales entering the control volume, QFLX (and QTEN)

exhibits marked fluctuations. In contrast, the PV fluxes

due to the movement of the control volume (QMOV)

are relatively small and vary smoothly with time. Thus,

in general, the net PV boundary fluxes (i.e., QBND 5

QFLX 1 QMOV) contribute positively to the intensi-

fication of Eugene because of the inward fluxes of vortices

in the ITCZ, even during the decaying phase (Fig. 6a).

Despite such continuous contributions of the PV fluxes

to QTEN, the BPV decreases slowly after 20/00–72,

suggesting that some internal dynamical processes may

determine the weakening of Eugene.

FIG. 5. Time series of the BPV (PVU) from the hourly model

outputs: BPV (solid) and BPV after subtracting the net PV flux at

the boundaries (short dashed) for a control volume of 720 km 3

720 km 3 10 km, following V2 until 18/18–42 and thereafter Eu-

gene. The corresponding total mass flux is also plotted (dotted;

107 kg s21).

FIG. 6. As in Fig. 5, but for (a) the BPV tendency (solid), the net

boundary PV fluxes (dotted), and the sum of the PV condensing

and diabatic PV generation rates (dashed); and for (b) the PV

condensing rates (solid), the diabatic PV generation rates (dashed),

the net PV boundary flux divergence due to normal flows (dotted),

and the movement of the control volume (thin solid). The unit is

1026 PVU s21.

JULY 2009 K I E U A N D Z H A N G 1987



We can see from Eq. (3) that the internal dynamical

processes are represented by the first two terms on the

rhs: QCON and QH, which are similar in magnitude but

opposite in sign (Fig. 6b). That is, QCON is a net source

(sink) when the mass in the control volume decreases

(increases) (cf. Figs. 6b and 5), whereas QH is a net sink

(source) during the intensifying (weakening) stage (cf.

Figs. 6b and 7). The time series of QH looks somewhat

noisier than that of QCON because of the large varia-

bility in diabatic heating gradients associated with deep

convection within the ITCZ. Of interest is that QCON

contributes positively to QTEN from the early devel-

opment to the maximum intensity of Eugene near

19/18–66, after which time it switches to a negative sign.

In particular, QCON exhibits a sharp increase as V1

rolls up northwestward and congregates PV patches

within V2 during the merging phase. This sharp increase

implies the rapid increase of 3D divergence that results

from the expansion of air parcels as they ascend in the

intensifying vortex circulation in which the motion is

mostly upward. This is consistent with the rapid mass loss

and the increased condensing rate of BPV during the

merging phase (cf. Figs. 6b and 5). Similarly, the more

negative contribution of QCON after 19/18–66 is closely

associated with the increased mass gain or the dilution of

BPV in the control volume during the decaying stage.

By comparison, the forcing term QH associated di-

rectly with diabatic heating shows the time rates of

changes that are opposite to QCON, that is, with neg-

ative contributions during the early and intensifying

periods and positive contributions at the decaying stage

(i.e., after 19/18–66), during which stratiform rainfall

with an upper-level heating maximum tends to domi-

nate. Such negative contributions of QH to QTEN

during the intensifying stage appear at first to contradict

our common intuition. This issue could be understood

by decomposing QH into its vertical and horizontal com-

ponents during the three different phases (see Fig. 7).

For example, the horizontal part of QH [i.e., QHxy 5

(vxy 3 =hH)/r, where vxy and =hH are the horizontal

component of relative vorticity and heating gradients,

respectively], often neglected in previous studies, turns

out to be very significant and is mostly negative in the

vertical (see Figs. 7d–f). Specifically, consider the asym-

metric distribution of vxy and =hH during the genesis

stage due to the fact that diabatic heating occurs mostly

in the eastern portion of the control volume (Fig. 2). This

tends to generate positive horizontal vorticity (i.e., vxy

points outward when viewed in the cylindrical coordi-

nate) and negative horizontal heating gradients in the

eastern half volume and opposite signs in the western

half volume in the low to midtroposphere. In contrast,

the vertical part of QH [i.e., QHz 5 (h›H/›z)/r, where h

is the vertical component of absolute vorticity] is rela-

tively easier to visualize for the given vertical profiles of

H and h (see Figs. 7a–c). That is, QHz exhibits positive

(negative) contributions below (above) the peak heating

level,with larger magnitudes in the PBL and near z 5 5 km

where the melting level is located. Because air density

decreases exponentially with height, a skewed vertical

distribution of (h›H/›z)/r would result, with comparable

magnitudes aloft despite the presence of small h; simi-

larly for the vertical distribution of QHxy 5 (vxy 3 =hH)/r.

Summing up the vertical and horizontal parts of QH

gives the diabatic PV destruction in most portions of the

troposphere during the genesis stage except in the PBL

and near the melting level because of the large positive

contributions of (h›H/›z)/r. This is consistent with the

net (volume averaged) negative QH contributions to

QTEN until Eugene reaches its maximum intensity at

19/18–66 (cf. Figs. 7h, 6b, and 1b).

During the decaying stage (see Figs. 7c,f), the vertical

component of QH tends to dominate its horizontal part,

mostly because of the decreasing tangential winds and

increasing ratio of (›H/›z)/=hH. Thus, QH switches to a

positive sign in the deep troposphere, whereas QCON

becomes negative after reaching the maximum intensity

(cf. Figs. 7i and 6b). Note that at its early decaying stage,

Eugene has well-defined rotational structures but

with the peak absolute vorticity located near z 5 5 km

(Fig. 7f). This indicates that the tangential flow increases

from the surface to midlevel and then decreases above,

implying that vxy points inward below z 5 5 km and

outward aloft from the vortex center. Despite the large

magnitude of vxy associated with the strong rotation,

the contribution of QHxy to QH is small because of the

substantial decreases in diabatic heating after 20/00–72

(cf. Figs. 7c,f,i).

Because QH and QCON are ultimately related to

diabatic heating, they should be treated as one net

forcing in the BPV budget. One can see from Fig. 6a

that on average the net forcing (QCON 1 QH) con-

tributes positively to QTEN prior to 19/03–51 but neg-

atively afterward. Clearly, the storm could still experi-

ence a further deepening period [i.e., from 19/03–51 to

19/18–66 (cf. Figs. 6a and 1b)] because of the continued

supply of high-PV patches from the ITCZ through the

western boundary of the control volume. This implies that

without the contribution of QBND, Eugene would likely

become much shorter lived under the influence of intense

vertical wind shear (see Part I) and with the reducing

surface heat fluxes (see Fig. 1b). Subsequently, the de-

structive effects of QCON due to the dilution of BPV are

more or less balanced by the positive contributions of

QBND and QH, thereby keeping the BPV tendency

nearly null during the decaying stage (cf. Figs. 5 and 6a,b).
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FIG. 7. Vertical profiles of the control (720 km 3 720 km) area-averaged quantities. (top) PV (q; dotted; 0.2 PVU), 3D velocity

divergence (3DIV; solid; 1025 s21), diabatic heating rates (H; dotted–dashed; 2 3 1024 K s21), and horizontal divergence (2DIV; dashed;

1025 s21). (middle) The vertical (h; solid; 1025 s21) and horizontal (vxy; dotted; 5 3 1024 s21) components of the absolute vorticity and

the vertical (Qz; dashed) and horizontal (Qxy; dotted–dashed) contributions of QH. (bottom) QH (short–long dashed), QCON (dashed),

the net boundary PV flux divergence (QBND; dotted–dashed), vertical PV flux divergence (VFLX; i.e., ›wq/›z, solid), and QTEN

(dotted). All the PV forcing terms have the unit of 1025 PVU s21. The left, middle, and right columns are for 18/03–27, 18/12–36, and

20/00–72, respectively.
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It is important to note that unlike their volume-

averaged counterparts, the area-averaged QCON and QH

do not cancel out at individual levels, showing signifi-

cant differences in their vertical structures (Fig. 7). For

instance, QH flips signs above and below the melting

level during the intensifying stage, whereas QCON re-

mains positive throughout the troposphere with its peak

located slightly above the melting level (see Figs. 7g,h).

Thus, it is necessary to consider QH and QCON sepa-

rately when the vertical distribution of the APV budget

is examined. Figures 7g–i show that the residues be-

tween QCON and QH are more or less balanced at each

level by the vertical APV flux divergence included in

QBND (i.e., ›wq/›z, where w is the vertical motion in

height coordinates), which accounts for the vertical

transport of APV. Evidently, the vertical APV flux di-

vergence is negative (positive) below (above) the peak

APV and vertical motion level, which is opposite in sign

but similar in magnitude to the sum of QCON and QH.

The net result is that the storm-scale PV increases slowly

only in a shallow layer near the melting level prior to

merger and during the decaying stage (Figs. 7g and 7i)

but at larger rates in the deep troposphere, with the peak

magnitude near the top of the PBL during the merging

phase (Fig. 7h). The latter result is significant for vali-

dating the previously mentioned top-down versus bottom-

up hypothesis in the case of vortex merger, namely, the

storm-scale positive PV tendency (QTEN) during the

merging phase tends to be greater in the lower tropo-

sphere rather than at the midlevel. Of interest is that the

vertical distribution of QTEN in the lowest 7 km coin-

cides well with that of QBND during most phases, in-

cluding their peaks near the top of the PBL (see

Figs. 7g–i), indicating further the positive roles of CGVs

within the two MCVs in the genesis of Eugene. The

continued midlevel positive APV tendency during the

intensifying phase is consistent with the development of

the peak APV near the melting level, for instance, from

0.6 PVU at 18/03–27 to 0.8 PVU at 18/12–36 and 1.2

PVU at 20/00–72 (cf. Figs. 7a–c).

c. Vortex-merging PV dynamics

To see how representative the vertical distributions of

the abovementioned area-averaged PV budgets at the

three selected times are, Fig. 8 shows the height–time

cross sections of APV, potential temperature pertur-

bation (u9) with respect to the initial vertical profile, and

3D divergence, superimposed by the APV forcing terms

on the rhs of Eq. (3). First, the storm-scale PV keeps

increasing in the deep troposphere, coinciding with the

positive forcing of QCON (but mostly negative forcing

of QH), until shortly after the decaying stage begins. As

mentioned before, the peak APV amplitudes always

remain slightly above the melting level (i.e., z 5 5 km)

with large vertical gradients below (Fig. 8a). All the

other variables (e.g., H, QH, 3DIV, and u9) also exhibit

larger vertical gradients in the vicinity of the melting

level. This is because the melting cooling below and

freezing warming above tend to produce locally large

vertical gradients in heating rates (H) and the net

warming (u9) profiles; this in turn increases QH through

(h›H/›z)/r, as has also been shown in Fig. 7, assisting

partly in the growth of the storm-scale PV above the

FIG. 8. Height–time cross sections of the control (720 km 3 720

km) area-averaged quantities from the hourly model outputs:

(a) PV (solid; every 0.1 PVU) and PV condensing rates (shading; at

intervals of 0.3 3 1025 PVU s21); (b) diabatic heating rates

(shading; at intervals of 0.2 3 1023 K s21) and the potential tem-

perature deviation from its initial value (solid; every 0.5 K); and

(c) 3D velocity divergence (solid; every 0.2 3 1025 s21) and QH

(shadings; at intervals of 1025 PVU s21). Thick dashed lines denote

the melting level.
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melting level. Such larger vertical gradients also appear

in the density-decreasing rates (3DIV) and APV con-

densing rates through QCON (Figs. 8b,c). All these

indicate the important roles of melting and freezing in

affecting the vertical structures of APV, diabatic heat-

ing, and mass convergence during TCG and the life

cycle of TCs.

Of relevance to the merging dynamics is the substantial

APV increases in the lower troposphere during the merging

phase (i.e., with higher APV extending downward to the

PBL). This is consistent with the positive PV tendency in

both the volume- and area-averaged sense (cf. Figs. 6 and

7e). As shown earlier, the low-level APV increases could

be attributed mostly to the congregating CGVs at differ-

ent scales in V2 and the subsequent decreases in air density

as indicated by QCON (cf. Figs. 2–4, and 8a,c) and partly

to the positive contributions of QH in the PBL through

(h›H/›z)/r (cf. Figs. 8b,c and 7e). In other words, most of

the lower-level increases of APV are not the ‘‘downward

growth’’ of the midlevel APV associated with the merging

MCVs but are caused by the decreasing air mass associ-

ated with the advectively collected PV substance (i.e., rq)

within the same isentropic layers.

4. Vorticity dynamics of vortex merger

The bottom-up and top-down hypotheses of TCG as-

sociated with MCVs, discussed by Zhang and Bao

(1996b), Bister and Emanuel (1997), Ritchie and Holland

(1997), and Hendricks et al. (2004), are mainly based on

the vorticity dynamics, which could not be easily derived

from the PV budgets presented in the preceding section.

Thus, in this section, we examine the budgets of the

vertical absolute vorticity h to determine which of the

above mechanisms is operative in the present vortex

merger case.

The time–height cross section of the control-area av-

eraged h(AAV), given in Fig. 9a, shows the presence of

larger cyclonic vorticity (about 3 3 1025 s21) below the

melting level associated with V2 and slow vorticity growth

during the pregenesis phase, and significant vorticity

growth during the merging phase, followed by continuous

slow amplification until reaching the maximum vorticity

of greater than 7.5 3 1025 s21 near 20/00–72. Like the

APV structure, AAV isopleths also become upright from

the peak AAV level down to the surface during the

merging phase. However, this AAV isopleth structure

could not tell us whether or not such AAV growth occurs

from the top downward or the bottom upward. Thus, the

local AAV tendency is provided in Fig. 9c, which shows

that the vorticity growth does take place in the deep

troposphere during the merging phase, but the most rapid

rate appears in the PBL because of the important con-

tribution of stretching associated with the frictional con-

vergence (Figs. 9a,c). In general, the local vortex stretch-

ing has a secondary maximum at the melting level where

midlevel convergence is pronounced, but this secondary

maximum appears to be insignificant during the merg-

ing phase, likely due to the more dominant condensa-

tional heating than possible cooling associated with

melting. Of interest is that the peak absolute vorticity,

growing with time, is elevated from the PBL at the time

of merging to a layer near the melting level at 20/00–72.

FIG. 9. As in Fig. 8, but for (a) the vertical absolute vorticity

(h, every 1025 s21) and the stretching rates (shaded at intervals of

5 3 10210 s22); (b) the bulk stretching rates (shaded at intervals

of 10210 s22) and horizontal divergence (contoured at every

1025 s21); and (c) the bulk tilting rates (shaded at intervals of

10210 s22) and the absolute vorticity tendency (solid; every

3 3 10210 s22). Bold dashed lines in (a) are for the ridge axis of the

absolute vorticity.

JULY 2009 K I E U A N D Z H A N G 1991



Unlike in Zhang and Bao (1996b), the peak h could not

be maintained near the top of the PBL because of the

negative impact of the vertical shear-induced moist

downdrafts on the mass convergence in the PBL (see

Fig. 14 in Part I).

Because the time evolution of the local AAV ten-

dency, shown in Fig. 9c, consists of several forcing terms

including the differential stretching and tilting, 3D ad-

vection, and external vorticity flux divergence through

the lateral boundaries in a storm-relative reference, it is

more meaningful to calculate the h budgets in flux form

following Haynes and McIntyre (1987); that is,
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where the rhs terms of Eq. (4), upon taking area inte-

gration and averaging, represent the flux divergence of

vorticity forcing through the lateral boundaries, which

may be viewed as the lateral h-flux divergence, the di-

vergence of vertically tilted horizontal vorticity, and the

frictional and solenoidal contributions, respectively, to

the rates of changes of the absolute circulation over the

control area. Because the last two rhs terms appear to

be much smaller than the first two terms except in the

PBL, they are ignored for the purpose of our vorticity

budget analysis.

Figure 9b shows that the elevation of the peak h with

time could be attributed mainly to the lateral h-flux

convergence in the presence of horizontal velocity con-

vergence growing in depth below the heating maxima.

Like the vertical stretching structure in Fig. 9a, the

lateral h-flux convergence is also peaked in the PBL

with a secondary maximum near the melting level;

however, on average it grows smoothly in depth with time,

as does the horizontal velocity convergence (Fig. 9b), as

the storm-scale precipitation evolves from convective to

more stratiform (cf. Figs. 7a–c). Again, the most sig-

nificant features appear during the merging phase; it

is dominated by the pronounced lateral flux conver-

gence in the deep troposphere with the maximum rate

occurring at the surface (cf. Figs. 9a,b). This deep layer

h-flux convergence could be clearly attributed to the

rapid increase in diabatic heating during this phase (cf.

Figs. 9 and 8b). This result conforms to the vertical

structures of the bulk local h tendency (cf. Figs. 9b,c)

and further confirms the more rapid growth of cyclonic

vorticity in the bottom layers. By comparison, the di-

vergence of vertically tilted horizontal vorticity gener-

ally contributes much less to the AAV tendency, except

at the merging stage (i.e., 18/10–34) and peak intensity

(19/15–63), during which it accounts for the significant

cyclonic tendencies in the upper troposphere due to the

development of strong upward motion and larger ver-

tical wind shear aloft (Fig. 9c).

To gain further insight into the vorticity dynamics

during the merging phase, Fig. 10 shows how the vertical

structures of the absolute vorticity h evolve at 2-h in-

tervals as the two MCVs approach and then merge to

form TS Eugene. The h structures prior to merger are

featured with a midlevel high-vorticity volume associated

with V1 and a loosely defined V2 (cf. Figs. 10a,b and 3).

As shown in Part I, V1 intensifies at the expense of V2

through enhanced deep convection, leading to the de-

velopment of a surface mesolow associated with V1 (see

Fig. 10 in Part I). As a result, the frictional and con-

vectively induced horizontal convergence begins to gen-

erate cyclonic vorticity in the PBL, and the enhanced

divergence above tends to weaken the cyclonic vorticity

of V1 centered at z 5 7 km. Thus, the largest positive

local h tendencies first appear in the bottom layers

(Fig. 10a) and then extend upward during the merging

and intensifying period (Figs. 10b–f). Again, there is little

evidence of the h growth tendency from the midlevel

downward. The depth of positive h tendencies grows

with time and reaches z 5 10 km, which is consistent

with intense convective developments in the eastern

half of the storm circulation (cf. Fig. 10 in Part I and

Fig. 10f herein). Similarly, the intensifying cyclonic

vorticity begins from the top of the PBL (Fig. 10a) and

extends to a deeper layer with time (Figs. 10b–f); there

is little physical connection between the lower-level h

growth and the midlevel MCVs until the merger is

completed. Clearly, this bottom-up h growth contradicts

the top-down h-growth hypothesis of Ritchie and Holland

(1997) during the MCVs merging phase.

In contrast, negative h tendencies occur in a layer

(i.e., z 5 4 ’ 14 km) in the mid- to upper troposphere

that is much deeper than that of the positive h tenden-

cies. This explains why the midlevel cyclonic vorticity

weakens because of the presence of strong horizontal

divergence during the initial merging stage (Figs. 10a–c)

and then appears to intensify slowly because of the

upward vorticity advection in the presence of strong

updrafts. Nevertheless, the vertical distribution of shallow-

layer positive h tendencies below a deep-layer negative

h tendency accounts for the generation of a well-defined

deep mesoscale vorticity field with the peak intensity

near the top of the PBL (Figs. 10e,f). The vertical cross-

sectional h structures, shown in Fig. 10f, are similar to

those obtained by Zhang and Bao (1996b).
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Of further relevance to this study is that unlike PV,

the vortex merger does not ensure an increase of the

midlevel absolute vorticity (cf. Figs. 2 and 10) because it

cannot adiabatically lead to the midlevel convergence

or to any other positive vorticity forcing. In fact, Fig. 9a

exhibits near-vanishing to negative net stretching of the

absolute vorticity between the melting level and the

PBL during the merging phase. This confirms further

that the downward growth of cyclonic vorticity would be

unlikely to occur either adiabatically or diabatically

during the merging phase. However, as shown in Part I,

the maximum tangential winds at the rim of the merger,

which are the global measures of TC rotation, are shifting

downward as if the storm circulation is developing from

the top downward (see Fig. 11 therein). This is because

the storm-scale tangential winds tend to spin up rapidly

in the PBL as a result of the axisymmetrization of cy-

clonic vorticity, whereas there are few changes at the

midlevel. This top-down evolution of the rotational

flows is a manifestation of the bottom-up development

of storm-scale cyclonic circulation. Obviously, in the

absence of deep convection, even when two MCVs are

perfectly superposed in the vertical, stronger horizontal

convergence would likely take place in the PBL where

larger surface pressure falls occur with cross-isobaric

flows, and the cyclonic vorticity would grow first in the

FIG. 10. As in Fig. 2, but for the vertical absolute vorticity (h; every 3 3 1025 s21) superimposed with its total tendency (shaded at

intervals of 4 3 1029 s22) during the period of 18/13–37 to 18/23–47. Solid (dashed) lines are for positive (negative) values.
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PBL. The merged midlevel flows would still remain

rotational with little cross-isobaric (convergent) com-

ponent.

It should be noted that the h growth in the PBL and

midlevel MCVs or peak APV are all indirectly related

through the dynamical balance. Specifically, as a deep

layer (i.e., from the PBL to the peak heating level) of

APV increases in magnitude during the intensifying

stage (Fig. 8a), both the mass and wind fields will adjust

to the increased PV according to the invertibility prin-

ciple (Hoskins et al. 1985). This adjustment takes place

throughout the vertical columns, but with the maximum

downward deformation of isobaric surfaces at the low-

est levels, especially in the presence of a warm core from

the low to upper layers (Fig. 8b). This is consistent with

the more rapid central pressure falls during the merging

phase (Fig. 1b herein and Fig. 10 in Part I). Based on

the quasi-balanced PV–omega equations system (e.g.,

Wang and Zhang 2003), we may expect the low-level

convergence induced by friction and latent heating to

generate cyclonic vorticity in the bottom layer first.

Because the h growth through vortex stretching is ex-

ponential, especially in the presence of intense updrafts

at the MCV scale, the intensifying absolute vorticity

would extend upward to form a deep layer of cyclonic

rotation. As APV becomes more dominated by its ver-

tical component (i.e., h›u/›z) during the early weaken-

ing stage, the peak absolute vorticity is elevated close to a

level (i.e., the melting level) where the peak APV is lo-

cated (cf. Figs. 7a and 9a). In this case, both h and ›u/›z

are large below the melting level (see also Figs. 6e,f). In

other words, the vertical distribution of APV would

differ from that of h when the peak rotation occurs at

the lower levels during the intensifying stage because of

the important contributions of the horizontal vorticity

(see Fig. 6).

5. Summary and concluding remarks

In this study, the genesis of TS Eugene (2005) from

merging MCVs is examined using a cloud-resolving

simulation with the ARW-WRF at the finest grid reso-

lution of 1.33 km. We have shown in Part I that Eugene

originated from the merger of two MCVs associated with

the ITCZ breakdowns occurring about 8–9 days earlier.

Here the vortex merger is shown in the context of PV not

simply as the capture of one MCV (V1) by another one

(V2) but as the gradual capture of g-scale CGVs, includ-

ing VHTs, in the slow-drifting V2 by the fast-propagating

V1. Results show that the ITCZ in which V1 and V2

are embedded is distributed with many PV patches or

CGVs. During the merging phase, V1 acts as a comma

head to roll up and congregate PV-containing CGVs in

V2 and then in the ITCZ, leading to the concentration of

high PV near the center of cyclonic circulation (with its

peak amplitude slightly above the melting level) and

eventually to the formation of TS Eugene. Of impor-

tance is that the low-level PV also increases in magni-

tude and coverage, resulting from the advection of PV

substance associated with the abovementioned CGVs

on isentropic surfaces.

The above PV changes are quantified for the life cycle

of Eugene through the BPV budget, showing that the

bulk PV doubles in magnitude during a 24-h intensifying

period, partly because of the net internal dynamical

forcing between the BPV condensing and diabatic pro-

duction and partly because of the continuous PV fluxes

from the ITCZ. It is found that surface heat fluxes in-

crease sharply during the merging phase but decrease

rapidly shortly after the storm moves to a cold surface.

This result indicates that without the PV supply from

the ITCZ, the storm would likely be shorter lived under

the influence of intense vertical shear and colder sea

surface temperatures. Unlike the BPV budget in which

the BPV condensing and diabatic production are similar

in magnitude but opposite in sign, the APV budget

shows quite different vertical distributions between the

two forcing terms, which are more or less balanced by the

vertical and horizontal APV flux divergence. Results

show that the melting and freezing appear to markedly

affect the vertical structures of diabatic heating, 3D di-

vergence, mass convergence, vertical vorticity, and APV

and its production during TCG and the life cycle of TCs.

Results also show the significant horizontal contributions

to APV and its production due to the presence of hori-

zontal vorticity that is 30–40 times greater than the ver-

tical absolute vorticity.

It is shown that the vertical absolute vorticity h ex-

hibits initially midlevel maxima associated with the

two MCVs, followed by the rapid growth of cyclonic

vorticity in the PBL during the merging phase and the

subsequent elevation of the peak vorticity to a level

close to the melting level at the early decaying phase.

The latter could be attributed to the pronounced storm-

scale flux convergence of cyclonic vorticity in the pres-

ence of horizontal velocity convergence growing in

depth below the heating maxima. The bulk h budget

reveals that the vorticity growth occurs in the deep

troposphere during the merging phase, but the most

rapid rate appears in the bottom layers due to the im-

portant contribution of the frictional convergence. Of

particular importance is that unlike PV, the vortex

merger does not show an evident increase of the mid-

level cyclonic vorticity because of little midlevel con-

vergence. Thus, we conclude that TCG from merging

MCVs would occur from the bottom upward, which is
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opposite to the previously hypothesized top-down sce-

narios. Although this conclusion is obtained from a

single case study, we believe that the bottom-up mech-

anism is applicable to other TCG cases originating from

midlevel MCVs. It is worth mentioning that whereas the

cyclonic vorticity grows from the PBL upward, the re-

sulting storm-scale rotational flows appear to develop

from the midlevel downward, as discussed in Part I.

Based on the above results and those presented in

Part I, the genesis of Eugene from the merging MCVs

could be conceptualized by Fig. 11 as follows: Assuming

that the two MCVs with midlevel warm anomalies ap-

proach each other under different environmental flows,

both the isentropic and isobaric surfaces will be bowl-

shaped below and upward-deformed above, forming a

midlevel mesolow at a larger scale (cf. Figs. 11a,b and

2–4 herein and Figs. 4, 6, 10, and 14 in Part I). This

mesolow helps reduce pressure below and induce iso-

tropic lifting of high-ue air in the low-level southwesterly

flows, which facilitates the development of more deep

convection in the merger’s circulation (cf. Figs. 11b,c

herein and Fig. 14 in Part I). The merging phase is

characterized by sharp increases in the surface heat

fluxes, low-level convergence, latent heating (and up-

ward motion), lower tropospheric PV and cyclonic

vorticity growth, and surface pressure falls (see Figs. 1b,

5, 8–10). It is during the merging phase that the WISHE

processes are initiated, leading to the rapid growth of

surface cyclonic circulations for a self-sustained tropical

storm. The storm-scale cyclonic vorticity then grows

from the bottom upward in convective towers distrib-

uted in the ‘‘eyewall’’ (cf. Figs. 11c,d, 10e,f, and 3).
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