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ABSTRACT

The impacts of the latent heat of fusion on the rapid intensification (RI) of Hurricane Wilma (2005) are

examined by comparing a 72-h control simulation (CTL) of the storm to a sensitivity simulation in which the

latent heat of deposition is reduced by removing fusion heating (NFUS). Results show that, while both storms

undergoRI, the intensification rate is substantially reduced in NFUS. At peak intensity, NFUS is weaker than

CTL by 30 hPa in minimum central pressure and by 12m s21 in maximum surface winds. The reduced rate of

surface pressure falls in NFUS appears to result hydrostatically from less upper-level warming in the eye. It is

shown that CTL generates more inner-core convective bursts (CBs) during RI, with higher altitudes of peak

vertical motion in the eyewall, compared to NFUS. The latent heat of fusion contributes positively to suffi-

cient eyewall conditional instability to support CB updrafts. Slantwise soundings taken in CB updraft cores

reveal moist adiabatic lapse rates until 200 hPa, where the updraft intensity peaks. These results suggest that

CBsmay impact hurricane intensification by inducing compensating subsidence of the lower-stratospheric air,

and the authors conclude that the development of more CBs inside the upper-level radius of maximum wind

and at the higher altitude of latent heating all appear to be favorable for the RI of Wilma.

1. Introduction

There has been considerable interest during recent

years in the understanding and prediction of rapid in-

tensification (RI) of tropical cyclones (TCs), which is

defined as a 42hPaday21 drop in minimum central

pressure PMIN for western Pacific TCs (Holliday and

Thompson 1979) or a 15m s21 day21 maximum surface

wind speed (VMAX) increase for Atlantic TCs (Kaplan

and DeMaria 2003). Hurricanes Opal (1995), Bret

(1999), and Charley (2004) are examples of TCs that

underwent unexpected RI episodes within 48h of mak-

ing landfall on the U.S. coastline (Lawrence et al. 1998,

2001; Franklin et al. 2006), highlighting the need for

improving our understanding of the RI process. Using

the Statistical Hurricane Intensity Prediction Scheme

(SHIPS) database, Kaplan and DeMaria (2003) identi-

fied environmental conditions that are favorable for RI,

which include warm sea surface temperatures (SSTs),

weak vertical wind shear, stronger easterly winds in the

upper troposphere, and high relative humidity in the

lower troposphere. Clearly, these environmental con-

ditions are not distinguished from those favoring tropi-

cal cyclogenesis and normal TC intensification rates. In

addition, we have limited knowledge on the roles of

inner-core processes and on any potentially synergistic

relationship between inner-core processes and favorable

environmental conditions.

Observations have shown deep convective elements

with anomalously cold cloud tops erupting near the

center of TCs just prior to or during RI (Rodgers et al.

1998, 2000; Price et al. 2009; Guimond et al. 2010; Fierro

and Reisner 2011; Stevenson et al. 2014). We will adopt

the most commonly used term, convective bursts (CBs),

for this study. In their observational study of Hurricane

Dennis (2005), Guimond et al. (2010) found 20m s21

eyewall updrafts at an altitude of 12–14 km, flanked by

intense upper-level downdrafts of 10–12ms21, several

hours before the storm commenced a period of RI.

Heymsfield et al. (2001) showed CBs overshooting the

tropopause by 2 km adjacent to the developing eye of

Hurricane Bonnie (1998), and later, shortly before the

storm reached maximum intensity, they found deep
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mesoscale subsidence extending from z 5 15km at

cloud top downward and radially inward along the

eye–eyewall interface. They hypothesized that this

downdraft, originating as compensating subsidence of

stratospheric air and being maintained by evaporative

and sublimative cooling of hydrometeors detrained

from the eyewall, may have contributed up to 38C of

warming aloft in the eye.

Hurricane Wilma (2005) underwent an 18-h RI period

with a record-breaking deepening rate of 83hPa (12h)21,

which culminated in the storm becoming the strongest

hurricane ever recorded in the Atlantic basin, featuring a

minimum central pressure of 882hPa and maximum

surface winds exceeding 80ms21. In Chen et al. (2011,

hereafter Part I), the intensity and structural changes of

HurricaneWilma prior to, during, and after RI have been

successfully reproduced with a 72-h (0000 UTC 18

October–0000 UTC 21 October 2005) prediction using

the Weather Research and Forecasting (WRF) Model

with a quadruply nested (27, 9, 3, and 1km) grid and

initial and lateral boundary conditions that are identical

to the Geophysical Fluid Dynamics Laboratory’s then-

operational data. Then, Zhang and Chen (2012, hereafter

ZC12) used the hydrostatic equation to demonstrate how

the warming above the 380-K isentrope in Wilma’s eye,

which results primarily from the descent of stratospheric

air, is responsible for the largest portion of the surface

pressure falls during RI. In Chen and Zhang (2013,

hereafter Part II), the collective action of a series of CBs

straddling the radius of maximum wind (RMW) was

shown to contribute to the warm-core development

through the cyclonic propagation of subsidence-induced

warm anomalies into the region aloft in the eye. This

result was consistent with the work of Hack and Schubert

(1986) and Vigh and Schubert (2009), who showed that

latent heat release (LHR) inside the RMW, where in-

ertial stability is large, is more efficient for TC in-

tensification thanLHR in the outer regions.Observations

have also shown LHR inside the RMW to be a key

characteristic of rapidly intensifying TCs (Rogers et al.

2013; Stevenson et al. 2014; Rogers et al. 2015). Recently,

Ohno and Satoh (2015) simulated an upper-level warm

core, in an intensifying idealized TC, that developed as a

result of stratospheric subsidence generated by a sec-

ondary circulation that was forced by diabatic heating in

the eyewall. They found that the upward penetration of

the cyclonic vortex into the high static stability region

above the tropopause was a key factor in the generation

of the forced secondary circulation at these altitudes,

because the enhanced inertial stability caused an increase

in the local Rossby depth.

Given the substantial evidence showing that CBs and

their compensating subsidence positively affect the RI

of TCs, we are motivated to examine the impact of

upper-level LHR associated with ice microphysical

processes on the generation of CBs. For this study, we

hypothesize that LHR from deposition (vapor to ice)

processes in the upper portion of the eyewall helps ac-

count for the development of CBs and that its occur-

rence within the RMW is the key to the RI of TCs.

Although there is ample evidence showing the rein-

vigoration of tropical oceanic updrafts at higher levels

associated with ice LHR processes (Zipser 2003; Zhu

and Zhang 2006; Romps and Kuang 2010; Fierro et al.

2012), few quantitative studies have been performed to

examine how upper-level LHR inside the RMW is re-

lated to TC intensification. The effects of ice LHR

processes on the RI of TCs have also been speculated

(Guimond et al. 2010; Molinari and Vollaro 2010).

Thus, the objectives of this study are to (i) investigate

the impact of upper-level depositional LHR on changes

to TC structure and intensity through the generation of

eyewall CBs and (ii) examine the thermodynamic and

ice microphysical structures of CBs in the eyewall. The

above objectives will be achieved by comparing the

Hurricane Wilma prediction described in Part I, ZC12,

and Part II, referred to herein as the control (CTL), to a

sensitivity simulation (NFUS) in which the latent heat of

deposition is reduced, while all the other model pa-

rameters are kept identical, and then studying differ-

ences in intensity and structures. Through this study, we

wish to answer the following questions: To what extent

does the LHR from deposition determine the intensity

and coverage of CBs, and what impact does this have on

the RI of Hurricane Wilma? How will it affect the am-

plitude and altitude of the upper-level warm core? How

will the vertical motion in the eyewall, eye, and rainband

regions respond to the LHR from deposition?

The next section describes the WRF microphysics

scheme and experimental design used to perform the

NFUS experiment. Section 3 comparesWilma’s intensity

and structural changes between the CTL and NFUS

simulations. Section 4 discusses CB statistics. Section 5

analyzes the eyewall, eye, and rainband vertical motion

profiles. A heat budget analysis used for understanding

the subsidence warming in the eye is also presented.

Section 6 examines the thermodynamic and ice micro-

physical structures of CBs in the eyewall. A summary and

concluding remarks are given in the final section.

2. Experiment design

The 72-h WRF Model predictions use the Thompson

et al. (2004, 2008) cloud microphysics scheme, which

contains six classes of water substance (i.e., water vapor,

cloud water, rain, snow, graupel, and cloud ice); see
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Part I for a detailed description of the model initializa-

tion and other physics options used. Unlike many bulk

schemes, which use exponential distributions for hy-

drometeor size, the Thompson scheme utilizes gamma

distributions with tunable intercept parameters. As an

example of this added complexity, the graupel size dis-

tribution depends on the mass mixing ratio such that in

regions with high mixing ratios, such as deep convective

updraft cores, the graupel distributions shift toward

larger sizes, thus increasing the mass-weighted mean fall

speeds to more physically realistic values. In the

Thompson scheme, depositional heating results from

the deposition of vapor onto cloud ice, snow, and grau-

pel, as well as from ice nucleation, while freezing heating

is associated with liquid-to-ice processes, which include

the homogeneous and heterogeneous freezing of water

droplets, as well as the riming of graupel and snow.

Our rationale for focusing on depositional heating

impacts is based on the high altitude of this heat source

and on the magnitude of the LHR. A parcel-following

modeling study using the Lin–Farley–Orville micro-

physics scheme showed LHR from deposition to peak

several kilometers higher than freezing heating in tropical

oceanic cumulonimbus (Fierro et al. 2012). The authors

attributed this phenomenon to more efficient warm-rain

processes and lower cloud condensation nuclei (CCN)

concentrations (relative to continental storms) causing

rapid depletion of cloud water above the freezing level

and limiting freezing heating to a shallow layer. These

results were consistent with observations of radar re-

flectivity and cloudwater concentrations decreasingmore

rapidly with height for TCs in comparison to land-based

storms (Jorgensen et al. 1985, hereafter JZL). The strong

dependence of CB activity on warm SSTs (Part II) sug-

gests that a high–equivalent potential temperature (ue)

maritime boundary layer (MBL) environment could be a

critical precondition for initiating updrafts strong enough

to tap into depositional heating sources aloft. A signifi-

cant buoyant acceleration boost should result from

the much greater magnitude of the latent heat of de-

position Ld (2838J g21) compared to the latent heat of

fusionLf (289J g
21; Rogers andYau 1989); the difference

between the two is the latent heat of vaporization Ly:

Ld 5 Ly 1 Lf. To study the impacts of LHR from de-

position, the NFUS sensitivity simulation uses a modified

microphysics scheme whereby the fusion component of

depositional heating is removed so thatLd5Ly. No other

aspects of the microphysics code are altered.

3. Intensity changes

Figure 1 compares the time series of PMIN and VMAX

(at z 5 10m) between CTL and NFUS. Following an

initial 15-h spinup, CTL commences a period of rapid

deepening in PMIN and strengthening in VMAX. By 32h

into the integration, here called 32:00, VMAX levels off

near 72ms21, while PMIN continues to fall, albeit less

rapidly, until it reaches a minimum of 890hPa1 around

36:00. Although seemingly inconsistent with the con-

ventional pressure–wind relationship, the slower rate of

VMAX increase during the latter part of the rapid deep-

ening phase has been attributed to intense frictional

effects inWilma’s exceptionally small eyewall and to the

lack of any further contraction (Part I; Kieu et al. 2010).

This 21-h (i.e., 15:00–36:00) period is characterized by a

PMIN drop of 78 hPa and a VMAX increase of 27ms21,

easily exceeding the conventional RI threshold, and we

will refer to it as the CTL RI phase for the remainder of

this study. After 36:00, a developing outer eyewall be-

gins cutting off the supply of high-ue air to the inner-core

region, weakening the storm and beginning an eyewall

replacement cycle (ERC). Beyond 54:00, as the outer

eyewall begins to contract, PMIN reaches a steady state,

while VMAX gradually increases.

Removal of the fusion component of depositional

heating results in a significantly weaker storm at the time

of peak intensity, with a 30-hPa increase in PMIN

(920 hPa in NFUS vs 890hPa in CTL) and a 12m s21

drop inVMAX (60ms21 in NFUS vs 72m s21 in CTL). At

19:00, a sustained period of rapid PMIN falls begins,

lasting through 35:00, at which time PMIN begins falling

at a rate of 0.9 hPah21 until it reaches a minimum at 42:

00. Despite showing a reduced intensification rate, the

NFUS 19:00–35:00 period still qualifies as RI per the

conventional definition, with an average deepening rate

FIG. 1. Time series of PMIN (solid) and VMAX (dotted) for CTL

(black) and NFUS (gray) from the 3-km-resolution domain. Ver-

tical lines denote characteristic times discussed in the text (solid for

CTL and dashed for NFUS).

1 Slight differences in peak intensity and intensification rate from

those reported in Part I (890 vs 889 hPa and 6 vs 7 hPa h21), as well

as small differences in other fields, likely result from use of dif-

ferent WRF data postprocessing packages.
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of 3.0 hPah21. After reaching peak intensity, NFUS also

undergoes an ERC and weakens before gradually re-

intensifying with the contraction of the new eyewall. The

intensity differences become less pronounced following

the ERC, and the simulation ends with NFUS 15hPa

weaker than CTL. The model-predicted tracks for the

two simulations (not shown) do not diverge until the last

few hours of RI, and even thereafter, both storm tracks

remain over the same SSTs at any given hour. Therefore,

the intensity differences presented in Fig. 1 should not

result from environmental influences.

In summary, the NFUS storm undergoes the same

basic structural changes observed in CTL. While NFUS

still undergoes RI, the onset is 4 h later, the duration is

5 h shorter, and the average deepening rate over the RI

period is lower (viz., 3.0 hPah21 for 19:00–35:00 vs

3.7 hPah21 for 15:00–36:00 in CTL). The peak hourly

deepening rate is slightly reduced (5 vs 6hPah21 in

CTL). The remainder of this study will focus primarily

on the RI period.

To see how the RI in PMIN differs between the two

simulations, Fig. 2 compares their time–height cross sec-

tions of perturbation temperatures T 0(z, t), along with

potential temperature u, taken at the eye center. For both

simulations, the 370-K u surface begins to descend at RI

onset (15:00 in CTL and 19:00 in NFUS), indicating a

period of increased upper-level warming. Between 33:00

and 58:00, NFUS develops a 128–148C warm anomaly,

which is still significant but far less substantial than the

peak warming of over 208C that CTL shows at 36:00.

During the course of RI, the NFUS isentropic surfaces fail

to descend as far, with the u5 370-K contour lowering to

z5 9km and z5 11km in CTL and NFUS, respectively,

and with the u 5 390-K contour never dipping below z5
16km in NFUS, despite the fact that it reaches z5 14km

at 36:00 inCTL. Throughout theRI period, the warm core

remains in the upper troposphere, near z5 14km in CTL

and roughly 1km lower in NFUS. It appears likely, based

on the hydrostatic arguments of ZC12, that the weaker

NFUSupper-level warming accounts for a large portion of

the 30-hPa reduction in peak storm intensity.

Since Part II attributed the CTL-simulated intense

upper-level warm core to the development of CBs, in

Fig. 3 we compare the distribution of CB elements rel-

ative to the lower- and upper-level RMWs, together

with radar reflectivity at z 5 1 km, taken at a few time

steps. The CB elements are counted2 by the same

procedure as that used by Part II (i.e., vertical grid col-

umns are identified that contain at least one point with

w $ 15m s21 for z $ 11 km). For both simulations, the

RI period is characterized by a contracting and in-

creasingly coherent eyewall, evident in both the radar

reflectivity trends and in the tendency for the local z 5
1- and 11-km RMWs to follow an increasingly circular

pattern about the storm center (Figs. 3a–c for CTL and

Figs. 3e–g for NFUS). Similarly, the Rogers (2010)

Hurricane Dennis simulation showed increasingly or-

ganized convection surrounding the eye during RI.

During this period, CB activity remains concentrated

near and inside the z5 11-km RMW, where the inertial

stability and the efficiency of LHR for TC intensification

are high (Hack and Schubert 1986). This is especially

apparent once the upper-level tangential wind profiles

become more symmetric in CTL (Fig. 3b) and in NFUS

(Fig. 3f). By 39:00 inCTL and 45:00 inNFUS, both storms

are in the midst of an ERC (Figs. 3d,h), as shown by the

collapse of inner-eyewall convection with the develop-

ment of an outer eyewall near the 60-km radius. For CTL,

CB elements now cluster in the outer eyewall, whereas

previously they had remained near the z 5 1-km RMW,

where low-level ue and convergence had beenmaximized.

FIG. 2. Time series of T 0(z, t) [shaded; K; calculated with respect

to 1000 km 3 1000 km area-averaged T(z) at initial time] and po-

tential temperature (contours; K) at storm center for (a) CTL and

(b) NFUS from the 3-km-resolution domain.

2 Note that Part II countedCB elements from three time levels at

5-min intervals, whereas they are counted herein only from one

time level, thus causing fewer CB elements to be seen at t 5 15:00

(cf. Fig. 3a herein and Fig. 3d in Part II).
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FIG. 3. Radar reflectivity (shaded; dBZ) and storm-relative-flow vectors

(m s21) at z 5 1-km level with CB elements (orange crosses) and azimuthally

dependent z 5 1-km (blue dots) and 11-km (black dots) RMW. (left) CTL at

(a) 15:00, (b) 20:00, (c) 32:30, and (d) 39:00. (right) NFUS at (e) 19:00, (f) 24:00,

(g) 39:00, and (h) 45:00. For (a),(b),(e), and (f), an 80 km3 80 km subdomain is

used (scale ticksmark 10-km intervals), while for (c),(d),(g), and (h), a 160 km3
160 km subdomain is used (scale ticks mark 20-km intervals). Upper-right label

boxes display total number of CB elements in the subdomain. Data for Fig. 3

and all subsequent figures are taken from the 1-km-resolution domain.
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The following section will present a more detailed anal-

ysis of CBactivity and its impact on theRI of both storms.

Figure 4 compares azimuthally averaged structures at

the time of peak VMAX (32:30 in CTL and 39:00 in

NFUS). Before discussing the differences, note that

both CTL and NFUS display the classic ‘‘in–up–out’’

secondary circulation of a mature TC, with a low-level

inflow peaking just outside the RMW, a sloped updraft

core, and an upper-level main outflow branch in the z5
10–16-km layer (Figs. 4a,b). Like CTL, NFUS shows two

features identified in ZC12 and Part II that facilitate

upper-level warm-core development. First, the upper-

level outflow layer coincides with the height of the warm

core, helping protect the warmer air inside the RMW

from ventilation by environmental flows. Second, both

generate an upper-level return inflow branch that extends

downward from above the main outflow into the eye

region near the altitude of peak warming (Figs. 4a,b).

Possibly driven by the mass sink and upper-level con-

vergence above the eye and maintained by evaporative/

sublimative cooling from detrained eyewall hydrome-

teors, the return inflow may contribute to warm-core

development by drawing down stratospheric air (ZC12),

although further studies are needed.

Despite these similarities, CTL shows a deeper and

more intense primary circulation, as well as a stronger

secondary circulation. Comparing the tangential wind

fields, CTL and NFUS peak above 90 and 80ms21, re-

spectively, around z 5 1 km, with 60m s21 winds ex-

tending as high as z 5 12km in CTL but only to z 5
7.5km inNFUS (Figs. 4a,b). For CTL, the peak low-level

inflow is 5ms21 stronger (30 vs 25ms21; not shown)

with a deeper inflow depth, while the upper-level outflow

branch is 2–4 times more intense (Figs. 4a,b). Figures 4c

FIG. 4. Azimuthally averaged structures for (left) CTL at 32:30 and (right) NFUS at 39:00. (a),(b) T 0(z, t) (shaded; K) with tangential

winds (blue contours; m s21), radial outflows (black contours; every 5m s21), and upper-level radial inflows (green contours; every

0.5m s21). (c),(d) Total frozen hydrometeors (shaded; g kg21) with vertical motion (upward, gray contours: 1, 3, 6, and 9m s21; downward,

purple contours: 21.0, 20.5, and 20.25m s21) and with the freezing level marked in light blue. For in-plane flow vectors (m s21) in all

panels, vertical motions are multiplied by 3. Green dashed lines in (c) and (d) show radial boundaries of the slanted eyewall defined in

section 5 at those times.
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and 4d compare the azimuthally averaged vertical mo-

tion with total frozen hydrometeors, defined here as

the integrated cloud ice, snow, and graupel mixing ra-

tios. The CTL updraft core (Fig. 4c) is significantly

stronger, with w exceeding 9ms21 between z 5 6 and

12km. NFUS, by comparison, shows peak updrafts of 3–

6m s21 extending through the depth of the eyewall

(Fig. 4d). For both CTL and NFUS, total frozen hy-

drometeors peak just outside the upper portion of the

updraft core. This results from the fact that cloud ice

initiates in the updraft region and then grows by de-

position to snow while being advected outward by the

main outflow (not shown). The peak frozen hydrome-

teor mixing ratio in CTL is 1 g kg21 greater in magnitude

and located 1km higher. Any difference in the cloud

species fields must result from differences in the flow

fields as a response to differences in LHR, since the

microphysical mass transfer processes in CTL and

NFUS are kept identical.

4. Convective burst statistics

Part II showed how CB-induced compensating sub-

sidence could significantly contribute to the develop-

ment of an upper-level warm core after an upper-level

cyclonic circulation develops around the time of RI

onset. Meanwhile, a reduction in static stability within

the core of the warm anomaly, resulting from the

downward displacement of upper-level isentropes,

lowers the energy dispersion of internal gravity waves.

Nevertheless, the modest CB-induced warming in the

eye during the pre-RI stage allows for the development

of the upper-level cyclonic flows as a result of local

thermal wind balance. Based on these findings, and on

the thermal efficiency arguments of Hack and Schubert

(1986), we choose to focus herein on CB activity inside

the azimuthally averaged z 5 11-km RMW.

The time series in Fig. 5 show the number of CB el-

ements, counted inside the z5 11-kmRMW, along with

the mean CB radius and z 5 1- and 11-km RMWs. The

CTL CB activity reaches a peak in the first few hours,

attributed by Part II to highCAPE in the bogus vortex at

time t 5 0 h, followed by a sharp decline until RI onset,

after which time it remains at a stable level throughout

the rest of the RI period (Fig. 5a). After the RI period

ends at 36:00, inner-core CB activity all but disappears,

which is consistent with observational findings of other

storms (Molinari et al. 1999). Note that the large cluster

of 70 CB elements at 39:00, shown in Fig. 3d, is not

counted here because the mean z 5 11-km RMW has

not yet jumped to the outer eyewall. The NFUS simu-

lation (Fig. 5b) shows a similar overall trend, but with

significantly reduced CB activity throughout the pre-RI

and RI periods. It follows that by removing the fusion

component of depositional heating, CB activity inside

the z5 11-km RMW becomes less prevalent both prior

to and during RI, coinciding with a weaker, more slowly

developing upper-level warm core and a more modest

rate of surface pressure falls. NFUS also shows a similar

reduction in CBs within a 100-km radius from the storm

center (not shown).

Figure 6 compares histograms of maximum vertical

motion altitude for grid columns with w $ 15m s21, at

any height, for the pre-RI, RI, and post-RI periods.

During pre-RI, the majority of intense CTL updrafts

peak in the upper troposphere, with the largest number

peaking at z5 14km. Then, during RI, the favored peak

updraft height lowers to z 5 9 km, with a secondary

maximum appearing at z5 6km near the freezing level,

although a substantial number of updrafts still peak

above z5 10km. During the post-RI phase, a very small

number of updrafts reach 15ms21 and peak near the

freezing level. NFUS shows fewer w$ 15m s21 updrafts

during the pre-RI and RI phases, with the differences

most pronounced in the upper troposphere. For pre-RI,

the strong sharp peak at z5 14km is no longer present,

replaced by a broader, weaker peak spanning the 9–

14-km range. Note the greater-than-threefold reduction

in number of occurrences at z 5 14km relative to CTL.

During RI, NFUS shows similar numbers of intense

updrafts at the favored z 5 6- and 9-km levels, but, for

FIG. 5. Time series showing number of CB elements (orange

triangles) counted within the z5 11-km mean RMWwith average

radius of counted CB elements (green crosses) for (a) CTL and

(b) NFUS. Mean z 5 1- and 11-km RMWs are shown as blue and

black dots, respectively. Dashed vertical lines mark the beginning

and end of the RI period.
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heights above z 5 10km, the NFUS intense updraft

count is reduced from CTL by at least one-half. The

lower frequency of intense NFUS updrafts peaking

above z 5 10km during the pre-RI and RI stages sug-

gests that 1) depositional heating plays a crucial role in

maintaining intense updrafts at these levels and 2) these

updrafts may be important to the development of an

upper-level warm core in a rapidly intensifying TC (cf.

Figs. 2a,b). Although observational studies have shown

that not all CBs induce subsidence flowing into the eye

region (Heymsfield et al. 2001), we hypothesize that

reduced NFUS CB activity during the RI period results

in an overall weaker contribution of subsidence-induced

warming toward warm-core development.

Since CB development requires the presence of suf-

ficient conditional instability, Fig. 7a plots azimuthally

averaged slantwise convective available potential en-

ergy (SCAPE; see the appendix) in CTL over the RI

period. Using this method, parcel buoyancy is calculated

along slantwise trajectories following constant absolute

angular momentum (AAM) surfaces, in contrast to

conventional CAPE, where parcel trajectories are ver-

tical. Over the eye region, the steep slope of the AAM

surfaces (not shown) makes SCAPE effectively equal to

CAPE, andwe see a rapid reduction inSCAPEcoincident

with the marked upper-level warming following RI

onset, a result similar to that shown for Super Typhoon

(STY) Megi (Wang and Wang 2014). Although the

eyewall shows negligible CAPE (not shown), eyewall

SCAPE remains greater than 400 J kg21 during RI,

which is sufficient to sustain peak updrafts at the level

of neutral buoyancy (LNB) wmax of about 30m s21 (see

Fig. 6 in Part II) using the approximation

wmax5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SCAPE

p
,

assuming an undiluted ascent in the updraft core. After

18:00, the reservoir of the highest SCAPE shifts from the

inner edge to the outer edge of the eyewall, a result

supporting the findings of Frisius and Schönemann

(2012) that SCAPE outside a TC eyewall could cause

superintensity.

The NFUS eyewall (Fig. 7b) shows reduced SCAPE,

although the 200 J kg21 available throughout the RI

period is still sufficient to generate 20m s21 updrafts.

When calculating NFUS lifted parcel temperatures, ice

heating is not permitted, whereas for CTL, the ice

adiabat is followed above the freezing level. Despite

the fact that the microphysical assumptions used in

the SCAPE calculations lack the complexity of the

Thompson microphysics scheme (and suppress NFUS

freezing heating, which is allowed in the NFUS WRF

code), they show that parcel warming from ice LHR is

an important contributor to SCAPE inWilma’s eyewall,

especially given the increasingly warm environmental

temperatures experienced by CTL parcels rising along

constant AAM surfaces after RI onset (not shown).

5. Vertical motion profiles and subsidence warming
in the eye

We now compare the CTL and NFUS vertical mo-

tion profiles, with more focus on how depositional

heating affects the full range of updraft intensities, for

the eyewall, eye, and outer rainbands. This is done by

utilizing cumulative contoured frequency by altitude

diagrams (CCFADs; Yuter and Houze 1995b), which

show, for a given height, the percentage of horizontal

grid points with vertical motion weaker than the ab-

scissa scaled value. The inner and outer eyewall radial

boundaries are assigned based on the azimuthally av-

eraged w field such that 1) the 1m s21 contour at z 5
8 km and 2) the 3m s21 contour at all heights are fully

enclosed, keeping the CTL and NFUS widths the same

for each comparison time. A 6km3 6 km box centered

on the PMIN centroid defines the eye. The ‘‘outer

rainbands,’’ by our definition, include all points from

20 km outside the z 5 11-km RMW to the edge of a

FIG. 6. Histogram of the average number of updraft columns

inside the z 5 11-km mean RMW with w $ 15m s21 for (a) CTL

and (b) NFUS, binned by altitude of maximum vertical motion.
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200 km3 200 km box surrounding the storm center. All

vertical-motion data (see Figs. 8, 9, and 11) are com-

posited from a 5-h time window at 30-min intervals,

centered at the indicated time.

a. Eyewall

Figure 8 shows CCFADs (Figs. 8a,c) and area-averaged

updraft [wup(z)] and downdraft [wdown(z)] profiles

(Figs 8b,d) for the eyewall at two selected times. CTL

shows an increased broadening of the updraft distri-

bution with height at 5 h after RI onset (20:00 in CTL

and 24:00 in NFUS), with the 95th percentile peaking

at 14ms21 near z 5 10 km, and with the 99.9th per-

centile peaking even higher, at 26m s21 near z 5 13km

(Fig. 8a). Although Black et al. (1996) and Marks and

Houze (1987) reported substantially weaker hurricane

eyewall updrafts derived from airborne Doppler radar,

both studies found that vertical motion peaked in the

upper troposphere. However, given our focus on an RI

storm and the possibility that the aircraft penetrations

may have missed the most intense eyewall updrafts, ei-

ther by chance or for safety reasons, direct comparison

with these studies is rather difficult. Stronger vertical

motion may be a characteristic of RI TCs, as the Hur-

ricane Emily eyewall contained peak updrafts and

downdrafts of 24 and 19m s21, respectively, with mean

updrafts and downdrafts roughly twice the strength of

those found in other TCs (Black et al. 1994).

The NFUS CCFAD (Fig. 8a) has a similar shape, but

significant differences appear in the highest altitudes for

the most intense updrafts: at z5 14km, for example, the

strongest 1% of updrafts exceed 7 and 16ms21 for

NFUS and CTL, respectively. Consistent with the

moderate-strength portion of the CCFAD updraft dis-

tributions (70th percentiles and below), the wup(z)

profiles (Fig. 8b) show smaller differences. Figure 8b

also compares the areal fraction of core elements, de-

fined here as grid points with jwj$ 1ms21, following the

convention of JZL but without imposing any spatial

continuity requirements. Above z 5 8 km, the CTL

updraft-core areal fraction sharply increases toward a

maximum of 70% near z 5 12km. The NFUS updraft-

core areal fraction peaks 1 km lower, and between z 5
14 and 16 km, it falls to 15%–20% less than CTL. To-

gether, the CCFAD, wup(z), and core element fraction

profiles provide further evidence of updraft enhance-

ment by depositional LHR at the upper levels during the

early stages of RI, with the strongest impacts on themost

intense 1% of updrafts above z 5 10km. Rogers et al.

(2013) showed a CCFAD comparing eyewall vertical

velocities in two composite samples constructed from

airborne radar data: one for intensifying (DVMAX $

10ms21 day21) and the other for steady state hurricanes

(see their Fig. 12). They reported little difference in the

moderate-strength updrafts, but they did find signifi-

cantly stronger 99th percentile updrafts above z5 5 km

for the intensifying database. Even though NFUS would

still have qualified as an ‘‘intensifying’’ storm under

their metric, their results suggest that ice process LHR

may positively impact the intensification of other TCs.

FIG. 7. Azimuthally averaged SCAPE (shaded; J kg21) with ue at parcel lifting level (green dashed contours; K),

eyewall boundaries (black solid contours, enclosing areas ofw. 0.5m s21 at lifting level), and mean z5 1-kmRMW

(blue dots) for (a) CTL and (b) NFUS.
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At the time of the highest VMAX (32:30 in CTL and

39:00 in NFUS), the altitude at which the strongest CTL

updrafts peak shifts lower, to near z 5 10km (Fig. 8c).

Wang and Wang (2014) and McFarquhar et al. (2012)

showed a similar lowering of the strongest updrafts’

peak height during RI for STY Megi and Hurricane

Dennis, respectively, with the former attributing it to

increased eyewall tilt and stabilization from upper-level

warming and the latter attributing it to increased hy-

drometeor loading. Both the upper-level warming and

increased graupel loading may similarly contribute to

the weakening of Wilma’s tallest updrafts, as azimuth-

ally averagedT 0(z, t) across the CTL updraft core above

z 5 11km increases by 28C and peak midlevel-updraft

graupel mixing ratios are doubled from 20:00 (not

shown). Nevertheless, intense updrafts satisfying our CB

criterion remain embedded in the eyewall (cf. Figs. 3c,

5a, and 8c).

The NFUS CCFAD (Fig. 8c) now shows greater dif-

ferences. For the 90th updraft velocity percentile and

above, the peak shifts considerably lower, to z 5 5 km;

the narrowing of the updraft CCFAD, relative to CTL,

now extends into the midtroposphere, and CB elements

are no longer present. A more thermodynamically un-

favorable upper-level environment, even compared to

CTL, might account for the greater weakening of the

99th percentile NFUS updrafts by peak intensity. De-

spite its weaker amplitude over the eye, the NFUS

upper-level warming has a larger radial extent such that,

unlike for CTL, the entire NFUS updraft core between

FIG. 8. (a),(c) CCFAD of vertical motion for the eyewall, showing the percentage of grid points in the horizontal plane with w weaker

than the abscissa-marked scale value. Updrafts are shaded in orange for CTL and contoured in black for NFUS. Downdrafts are shaded in

blue for CTL and contoured in green for NFUS, following the same percentage intervals but with only the outer three lines labeled. (b),

(d) Eyewall area-averaged upward (w . 0m s21; red) and downward (w , 0m s21; blue) vertical-motion profiles with areal fraction of

updraft core elements (w $ 1m s21; black) and downdraft core elements (w # 21m s21; gray) for CTL (solid) and NFUS (dotted). All

curves in (b) and (d) show data averaged over a 5-h period centered on the indicated time. (top) At 20:00 in CTL and 24:00 in NFUS and

(bottom) at 32:30 in CTL and 39:00 in NFUS.
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z 5 7 and 11km now resides within the T 0(z, t) 5 68C
contour (Figs. 4a,b). This might result from lower NFUS

inertial stability (as a result of theweaker tangential winds)

causing less resistance to radial flows over this layer.

Through a large portion of the middle and upper tropo-

sphere (z 5 5–13km), the moderate-strength NFUS up-

drafts in the CCFAD (Fig. 8c) andwup(z) profile (Fig. 8d)

are roughly 50% of their counterparts in CTL; these dif-

ferences are consistent with the weaker azimuthally aver-

agedNFUS updraft core and larger areal coverage of CTL

updrafts within the 15-km-wide annulus used to calculate

probabilities (Figs. 4c,d). The wider CTL updraft core at

peak intensity should primarily result from the merging

of a secondary eyewall after 27:00 (Fig. 12 in Part I). The

concomitant increase in eyewall upward mass flux might

explain why CTL continues to rapidly intensify in the few

hours following this merger, even reaching its peak hourly

intensification rate during this period (Fig. 1).

b. Eye

Although Fig. 8 shows enhanced eyewall downdrafts

for CTL relative to NFUS, particularly at peak intensity,

we cannot determine whether this difference includes

subsidence directed toward the eye, given that our

eyewall CCFAD analysis contains little information

about the downdrafts’ radial location relative to the in-

ner edge. Horizontal plots of upper-level w during RI

reveal locally strong downdrafts (w , 23ms21) flank-

ing both the inner and outer edges of the CTL and

NFUS eyewalls (not shown). These plots also show

wavelike patterns of upward and downward motions in

the eye, similar to those shown for the simulated Hur-

ricane Andrew, which have been attributed to inertia–

gravity wave oscillations with a period of roughly 3 h

(Liu et al. 1999; Zhang et al. 2002). Figure 9 shows

CCFADs and mean w (areal and 5-h temporal average

of updrafts and downdrafts combined) profiles for the

CTL and NFUS eye composited from the same times

used for Fig. 8. Both simulations generate peak up-

drafts and downdrafts of nearly equal amplitude (jwj ’
1–3m s21) through a deep layer (Figs. 9a,c).

If Wilma’s eye warming results primarily from adia-

batic descent, as will be shown in Fig. 10, eye-mean w

profiles, averaged over time intervals longer than

inertia–gravity wave oscillation periods, should reveal

subsidence. Indeed, Fig. 9b shows 10–12 cm s21 sub-

sidence for CTL at altitudes near and above the de-

veloping warm core (viz., z . 12 km) averaged for

the 5-h period around 20:00. This is comparable to the

6–10 cm s21 peak subsidence modeled above Andrew’s

developing warm core (Liu et al. 1999) and the

11-cm s21 subsidence observed in rapidly deepening

Gloria’s eye (Franklin et al. 1988). NFUS, by contrast,

shows weaker mean subsidence of 4–7 cms21 at 24:00,

peaking several kilometers lower (Fig. 9b). The second-

ary subsidence peak around z 5 3km may be associated

with Wilma’s intensifying low-level inversion (see Fig. 9

in Part I). Around the time of peak intensity (Fig. 9d),

CTL develops a deeper layer (above z 5 5km) of 10–

20cms21 eye mean subsidence, and the increased areal

fraction of w, 0 grid points to 60%–70% over this layer

suggests more organized downward motion. NFUS, in

contrast, shows little enhancement of eye subsidence near

the peak intensity stage, except at the highest levels.

Numerous explanations have been offered for the de-

velopment of eye subsidence during TC intensification,

which may not be mutually exclusive: dynamically in-

duced vertical pressure gradient forces, caused by the

balanced response to the vertical decay of the tangential

wind field (Smith 1980) or by the sharpening horizontal

gradient of the tangential winds (Zhang et al. 2000; Zhang

and Kieu 2006), mass lost to moist entraining downdrafts

on the inner-eyewall edge (Willoughby 1998), or forced

secondary circulations in response to eyewall LHR

(Shapiro and Willoughby 1982; Vigh and Schubert 2009;

Ohno and Satoh 2015). At peak intensity, the stronger

CTL eye subsidence might at least partly result from a

dynamic response to its stronger swirling wind field.

Nevertheless, the weaker NFUS upper-level eye sub-

sidence observed during the early RI period (Fig. 9b), a

time also featuring weaker 99th percentile NFUS eyewall

updrafts near the tropopause, provides circumstantial

evidence in support of the hypothesis put forward in

Heymsfield et al. (2001) and Part II: namely, that upper-

level eyewall updrafts enhance eye warming through the

compensating subsidence of stratospheric air.

c. Heat budget analysis in the eye

After seeing the vertical w profiles in the eye, it is

desirable to examine if subsidence is the primary con-

tributor to local eye warming near the tropopause. For

this purpose, Fig. 10 shows time tendencies of individual

terms in the potential temperature equation:

Du

Dt
5

›u

›t
1HADV1VADV, (1)

all averaged over a control volume centered at the CTL

upper-level warm anomaly, where ›u/›t is the local

tendency obtained from time differencing the model

output, HADV and VADV are the horizontal and ver-

tical advection terms, respectively, and the material

derivative Du/Dt includes sources and sinks from cloud

microphysics, radiation, and diffusion, as well as calcu-

lation errors. To minimize errors, all budget terms are

calculated from 5-min-resolution data in Cartesian
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coordinates. Radial–height plots of the u budget terms at

selected RI times (not shown) confirm that regions of

maximum ›u/›t and ›T 0(z, t)/›t are spatially collocated.3

Our analysis shows that adiabatic subsidence warming is

indeed the primary contributor to positive local

u tendencies throughout the RI period. The source–

sink–error term generally stays negative, and when

positive, it remains at least an order of magnitude

smaller than ›u/›t. Repeating this analysis for a wider

control volume (e.g., 16 km 3 16km; not shown), the

source–sink–error term becomes more substantial, as

expected, given the closer proximity to the eyewall in-

terface, but, significantly, subsidence warming remains

the only budget term contributing positively to ›u/›t

(within an order of magnitude) for nearly the full du-

ration of the RI period. These results are consistent with

previous heat budget studies of TCs (e.g., Zhang et al.

2002; Stern and Zhang 2013; Ohno and Satoh 2015).

d. Outer rainbands

To investigate how the vertical motion response to

reduced LHR in the outer rainbands might differ from

that in the eyewall, we plot vertical-motion profiles for

the outer rainbands, which contain convective, stratiform,

and nonprecipitating regions. Figure 11 shows that the

outer rainbands are characterized by weaker updrafts

and a smaller area covered by cores relative to the eye-

wall, confirming the earlier findings of JZL and Black

et al. (1996). For both times, CTL exhibits a bimodal

updraft profile for CCFAD broadening and for wup(z),

with a minimum near z 5 8km (Figs. 11a–d). This

structure has been documented for tropical convection in

FIG. 9. (a),(c) CCFADofw as in Fig. 8, but for the eye region (6 km3 6 km box surrounding storm center). (b),(d)Area-averagedmean

w (green for 6 km 3 6 km box; orange for 10 km 3 10 km box) and areal fraction of subsidence (w , 0m s21; blue for 6 km 3 6 km box;

purple for 10 km 3 10 km box); CTL (solid) and NFUS (dotted).

3 Any differences in the warming rate between the u and T 0(z, t)
fields would of course result from changes in the pressure fields.

3840 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 72



modeling studies (Fierro et al. 2009; Wang 2014) and

observationally (Yuter and Houze 1995b; Hildebrand

et al. 1996;May andRajopadhyaya 1996), with the upper-

level peak attributed to ice LHR processes (Zipser 2003;

Romps and Kuang 2010; Fierro et al. 2012).

The CTL rainband vertical motion profiles show little

changes from the early RI period to the time of peak

VMAX, which should be expected, given that TC in-

tensification is controlled primarily by inner-core con-

vective processes (Ooyama 1982). In the early RI stage

(Figs. 11a,b), the NFUS updraft CCFAD and wup(z)

profiles are nearly identical to CTL below z 5 5 km,

roughly the freezing level, but above this altitude, the

NFUS updrafts become weaker than CTL, particularly

for the strongest 1%. These results suggest that de-

positional LHR enhances the upper-level updraft peak

associated with buoyant convective elements embedded

in the outer rainbands. At the time of peak VMAX

(Figs. 11c,d), NFUS shows greater CCFAD broadening

and a stronger wup(z) relative to CTL, but above z 5
12km these differences become reversed in sign, im-

plying that reduced depositional LHR still has an impact

on NFUS updrafts at the upper levels. The larger up-

draft core fraction in NFUS below z 5 12 km suggests

that the CCFAD and wup(z) profiles are reflecting a

larger areal coverage of vigorous convection in the outer

rainbands at this time (Figs. 3c,g).4 Both CTL andNFUS

exhibit a bimodal structure in their downdraft CCFADs,

downdraft core fraction, and wdown(z) profiles (Fig. 11).

Our results support the findings of Yuter and Houze

(1995a,b), who reported upper-level downdraft peaks

adjacent to upper-level updraft peaks in ordinary trop-

ical convection.

6. Thermodynamic characteristics of convective
bursts

In view of the important roles of CBs in the RI of

Wilma, we examine the thermodynamic soundings of two

selected CBs: one in CTL and the other in NFUS, ob-

served in the developing eyewall 5 h intoRI (20:00 inCTL

and 24:00 inNFUS). Figures 12a and 12b compare the CB

horizontal distribution in relation to upper-level vertical

motion and column-integrated total frozen hydrome-

teors. Note the inward-directed subsidence bands flank-

ing several of the strongest convective cores, peaking at

7ms21 in CTL and 3ms21 in NFUS (see arrows), which

are similar to observations of Hurricane Bonnie

(Heymsfield et al. 2001). Clearly, the CBs in NFUS can

still induce subsidence directed into the eye, which is

consistent with the fact that NFUS still undergoesRI. For

CTL, CB elements and peak column-integrated frozen

hydrometeors show a remarkably strong spatial correla-

tion (see arrows). This correlation for NFUS is somewhat

weaker, especially for the CB elements in the northern

eyewall, which are located several kilometers radially

inward from peak column frozen hydrometeors. This

displacement results from a greater updraft-core slope

angle (with respect to the vertical) over the NFUS

northern semicircle (not shown).

Now we zoom in on two CBs, one from each simula-

tion, contained within the 158 azimuthal slices marked by

dashed lines in Figs. 12a and 12b. Their height–radial

cross sections, given in Figs. 12c and 12d, show an out-

wardly sloped updraft core peaking in the upper tropo-

sphere, an upper-level outflow layer (centered 1km lower

for NFUS), and a deep-layer descent of stratospheric

origin flowing down the inner edge of the updraft core.

CTL, unlike NFUS, shows a positive ue anomaly occur-

ring between the updraft inner edge and core above z 5
11km (Fig. 12c). Similar features have been shown in

CTL at RI onset (Fig. 7 in Part II). Since water vapor

mixing ratios are extremely small at this altitude, ue
should be nearly equivalent to u. The fact that relative

humidity associated with the ue anomaly region (not

shown) is greater than 90% suggests that it may be caused

by excessive LHR in the eyewall updrafts that could not

be compensated by adiabatic cooling.

Figure 13 compares slantwise environmental sound-

ings in CTL (Figs 13a,b) and NFUS (Figs. 13c,d). For

FIG. 10. Time series of various budget terms in the potential

temperature tendency equation averaged over a control volume

(i.e., 10 km3 10 km; z5 12–16 km) centered at the PMIN centroid.

Curves show data that have been smoothed into a 1-h running

mean, with equal weighting applied to the 30-min periods prior to

and after the indicated time.

4 Note for NFUS (Fig. 3g) the extensive band of high radar re-

flectivity with an embeddedCB element cluster in the southern and

eastern quadrants, much of which lies outside of 47-km radius, the

inner cutoff radius used for rainbands at this time.
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both simulations, the slantwise sounding, taken through

the sloped updraft core to approximate the path of rising

parcels in the radial–height plane, closely follows lines of

constant ue (i.e., 366K for CTL and 364K for NFUS)

andAAM in a deep layer. The skew T–logp plots show a

saturated environment neutral to moist ascent from the

MBL through 200 hPa in both CTL (Fig. 13a) andNFUS

(Fig. 13c), which is consistent with the wind-induced

surface heat exchange (WISHE) hypothesis (Emanuel

1986; Emanuel et al. 1994). Although these soundings

are not representative of three-dimensional parcel tra-

jectories, which have been shown to wrap azimuthally

around the eyewall (Braun 2002), we demonstrate that a

slantwise neutral sounding can also be used to charac-

terize the thermodynamic conditions of a CB.

Nevertheless, substantial evidence for eyewall buoy-

ancy on the convective scale exists, possibly resulting

from the temporary steepening of uewith respect toAAM

surfaces in their vertical tilt (Black et al. 1994), outward

parcel displacement into a lower virtual temperature

environment by low-level outflow (Braun 2002), or the

venting of high-ue air out of the eye region (Liu et al. 1999;

Persing and Montgomery 2003; Eastin et al. 2005). How

might this apparent paradox be resolved? It is possible that

LHR has already warmed the updraft cores relative to

their surroundings, since this process could occur on time

scales too short to be captured by these snapshots of CBs

near their peak intensities. Furthermore, the outer edge of

the updraft core could still support local buoyancy. Note

the rapid decline of environmental ue with outward radial

extent from the updraft cores (Figs. 12c,d); this being a

cloud region, environmental ue and ues should be nearly

equivalent. Additionally, an environmental neutral to

pseudoadiabatic moist ascent may still support parcel

buoyancy when ice LHR processes are accounted for.

To investigate local buoyancy in these CBs, SCAPE is

calculated along constant-AAM surfaces running

through the center of the updraft cores that closely

parallel the slanted sounding lines (Figs. 12c,d). The

more-than-threefold increase of eyewall undiluted

FIG. 11. As in Fig. 8, but for the outer-rainband region.
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SCAPE for CTL with ice LHR allowed over that of

NFUS with ice LHR neglected (Figs. 13a,c) suggests

that parcel warming from the latent heat of fusion

(through both depositional and freezing processes)

might be an important contributor to local buoyancy in

the eyewall. While the neglect of freezing processes in

the NFUS SCAPE calculation might render this value a

bit conservative, it is still sufficient to generate wmax .
17ms21.

Figures 13b and 13d compare profiles of vertical

motion, cloud species mixing ratios, and ue between the

two simulations. In general, the cloud species profiles

are fairly similar, with cloud ice and snow peaking in the

150–300-hPa layer and graupel, formed by the riming of

FIG. 12. Total frozen hydrometeors integrated from z 5 6–16 km (shaded; 102 kg kg21) with horizontal storm-relative-flow vectors

(m s21), vertical motion (upward, black contours, every 5m s21; downward, purple contours for 27, 25, 23, and 21m s21) and CB

elements (light-pink crosses) taken from (a) 20:00 in CTL at z5 13 km and (b) 24:00 inNFUS at z5 11 km. Local z5 1- and 11-kmRMWs

are marked by black dots and gray circles, respectively. (c),(d) Radial–height cross sections, which show radar reflectivity (shaded; dBZ),

ue (black contours; K), vertical motion (upward, white contours, every 5m s21; downward, dotted gray contours for24,23,22,21, and

20.5m s21), and AAM (magenta contour, 53 105 s21; 1.4 for CTL; 2.0 for NFUS), with in-plane-flow vectors (vertical motions multiplied

by 2), all azimuthally averaged over 158 slices bounded by dashed lines in (a) and (b), respectively. Slanted and vertical sounding lines are

labeled with ‘‘S’’ and ‘‘V,’’ respectively. Black dots in (c) and (d) mark parcel lifting points used for SCAPE calculations.
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ice and snow and the freezing of raindrops, peaking just

above the freezing level, where supercooled water is

more abundant. The vertical motion profiles show a

similar shape with peakmagnitudes of 16m s21 for CTL

and 14m s21 for NFUS but note that the CTL updraft

peaks 1.5 km higher, closer to the maximum snow and

ice mixing ratios. Possible entrainment effects and

negative perturbation pressure gradient forces, both

neglected in our analysis, might account for the peak

CTL and NFUS updraft magnitudes falling short of

the wmax predicted by SCAPE. Despite the saturated

soundings over the 800–500-hPa layer, the decline in ue
over this layer for both simulations may result from

weak entrainment, given the proximity to the low-ue
regions just outside of the updrafts (cf. Figs. 12c,d and

Fig. 13). Also noteworthy is the nearly constant NFUS

ue profile over the 550–150-hPa layer, which contrasts

with the CTL profile showing a gradual ue increase

FIG. 13. Skew T–logp diagrams for (a) CTL and (c) NFUS, with environmental variables taken from slanted

sounding lines (S), and with SCAPE computed along constant-AAM lines, both from Fig. 12. Profiles along the

slanted sounding lines of vertical motion (m s21), ue (K), and cloud species mixing ratios [kg kg21; (3105) for cloud

ice, (3103) for snow, graupel, cloud water, and rain] for (b) CTL and (d) NFUS. The dashed gray line marks the

approximate freezing-level height. The top of each panel marks the 50-hPa level.
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above the midlevel minimum. Since ue is conserved

with respect to the latent heat of vaporization, the

absence of a ue increase at higher levels in NFUS is

consistent with the removal of the fusion component

of Ld.

To illustrate how slantwise, as opposed to vertical,

soundings through the eyewall provide a more realistic

representation of the thermodynamic environment,

Fig. 14 shows soundings taken along vertical lines

marked ‘‘V’’ in Figs. 12c and 12d, which extend down-

ward from the upper portions of the updraft cores.

The nearly dry adiabatic but saturated layer in the

750–800-hPa layer in Fig. 14a would imply an absolutely

unstable condition for upright motion, but here it just

reflects an upward transition from the MBL to a ue-

minimum region near z 5 4 km characterized by sub-

saturated conditions (cf. Figs. 12c and 14a,b). Above the

ue minimum, the sounding penetrates into the higher-ue
updraft core, with a stable lapse rate between 400 and

250 hPa. The NFUS vertical soundings (Figs. 14c,d)

show similar trends, with an increase in ue now evident

with upward extent from the unsaturated midlevel-

downdraft region into the saturated updraft core.

Note that, unlike for CTL, ue no longer increases above

FIG. 14. As in Fig. 13, but for vertical sounding lines (V) from Fig. 12.
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z 5 11 km, where cloud ice and snow peak and where

depositional growth should be maximized.

7. Summary and concluding remarks

In this study, the impacts of the latent heat of fusion

on the RI of Hurricane Wilma (2005) are examined by

comparing a 72-h control simulation of the storm to a

sensitivity simulation in which the latent heat of de-

position is reduced by removing the fusion component.

Although the NFUS storm still undergoes RI, the RI

onset is delayed by 4h, the duration is 5 h shorter, and

the average deepening rate is reduced (3.0 vs 3.7 hPah21

in CTL). For both storms, the RI period is characterized

by lowering upper-level isentropic surfaces and the de-

velopment of anomalous warming near z5 14 km in the

eye. At the time of peak intensity, the NFUS storm is

30 hPa weaker in PMIN, with upper-level warming re-

duced by 88C.
During the pre-RI and RI periods, NFUS generates

fewer CB elements inside the z 5 11-km RMW. These

results are supported by CCFAD diagrams composited

from a 5-h period during the early portion of RI that

feature stronger eyewall updrafts in CTL, most notably

in the upper troposphere for the highest percentiles of

the velocity range. During this period, CTL also shows

enhanced mean subsidence above z 5 12km in the eye.

By peak intensity, CTL has developed a stronger sec-

ondary circulation compared to NFUS. For both simu-

lations, the outer rainbands are characterized by weaker

vertical motion relative to the eyewall, although de-

positional heating appears to enhance upper-level up-

drafts and the associated compensating subsidence for

the rainband convective elements as well.

Soundings taken through the updraft cores of selected

RI-phase CBs for both CTL and NFUS reveal neutral to

slantwise moist ascent. But updrafts peak 1.5 km higher

for CTL, closer to the highest cloud ice and snowmixing

ratios, despite the fact that the thermodynamic envi-

ronment and updraft intensity are nearly identical below

the freezing level for the NFUS CB. SCAPE calcula-

tions reveal ice LHR processes to be an important factor

in generating sufficient conditional instability to support

CB updrafts in the eyewall. This finding is not incom-

patible with the slantwise neutral soundings because of

(i) the possibility that the Eulerian analysis is sampling a

local environment already warmed by LHR and (ii) the

possibility that a slantwise neutral sounding can still

support positive buoyancy when parcel temperature

calculations account for ice processes.

In conclusion, the above results support our hypoth-

esis that depositional LHR in the eyewall facilitates TC

intensification through the enhancement of CB activity.

The extreme altitude reached by CB updrafts allows for

the downward displacement of lower-stratospheric air in

compensating subsidence currents. RI commences once

an upper-level cyclonic circulation can develop, which

acts to protect warming over the eye from ventilation by

environmental flows. The CB-induced subsidence warm-

ing then begins to concentrate to form an upper-level

warm core, which hydrostatically induces surface pressure

falls in the eye region.

We should mention alternate hypotheses, put forward

by some other studies, on the role of CBs, or even the

importance of deep convection altogether, in the onset

and maintenance of TC rapid intensification. For his

Hurricane Dennis simulation, Rogers (2010) found that

an inner-core CB outbreak 6–12h prior to RI onset

enhanced the low-level updraft mass flux, strengthening

the secondary circulation. The accompanying increase

in inertial stability, resulting from the cooperative in-

tensification of the tangential wind field, placed the

vortex in a region of increased diabatic heating con-

version efficiency, which allowed RI to proceed. In-

terestingly, although Rogers (2010) emphasized the

enhanced background secondary circulation as the di-

rect impact of CBs on vortex-scale intensification, he did

find a spike in downwardmass flux in the upper-level eye

accompanying the CB outbreak, which was followed by

eye warming. McFarquhar et al. (2012), on the other

hand, identified strengthening of the 99.9th percentile

updrafts at z 5 14km as the precursor to Dennis’s RI.

Although their study found that weak updrafts accom-

plished the bulk of the total inner-core LHR, these re-

sults do not necessarily discount the importance of CBs

(and their compensating subsidence) in maintaining RI,

since local LHR-induced warming in Wilma’s eyewall

appears to be quickly compensated for by adiabatic

cooling (Part II). Other studies have emphasized the

role of shallow convection, diagnosed by ringlike struc-

tures in 37-GHz microwave imagery (Kieper and Jiang

2012) or by Tropical Rainfall Measuring Mission Pre-

cipitation Radar (TRMM PR; Zagrodnik and Jiang

2014), in initiating RI episodes. Although this work

appears to contradict our findings, we wish to point out

that the composited satellite observations used in

Zagrodnik and Jiang (2014) included cases where an RI

period had commenced up to 12h before the overpass. It

is possible that, for some TCs, increasingly organized

shallow convection simply represents an intensifying

secondary circulation triggered by transient deep con-

vective episodes that might not be captured by periodic

satellite overpasses.

Finally, Wilma’s record-breaking intensity and near-

ideal environmental conditions for intensification lead

us to the obvious question of how generally our results
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might apply to other TCs. Clearly, future studies of ice

process LHR impacts on weaker storms undergoing RI

in less favorable environments would be helpful, as

would the testing of other microphysics schemes and the

accumulation of more observations validating the mi-

crophysics scheme parameterizations. Nevertheless, this

study highlights the important contribution of the latent

heat of fusion to the RI of a strong TC, given favorable

environmental conditions.
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APPENDIX

Calculation of SCAPE

SCAPE is calculated from azimuthally averaged var-

iables following Craig andGray (1996) using the integral

SCAPE5 g

ðLNB

LCL

�
Typ 2Tye

Tye

�
AAM

dz , (A1)

whereTyp andTyedenote parcel and environmental virtual

temperatures, respectively, and g is the gravitational con-

stant. Although the limits of integration run from the lift-

ing condensation level (LCL) to the LNB, negative areas

between these limits (also referred to as convective in-

hibition) are not included in the summation. SCAPE is

equivalent to CAPE, except for the fact that the vertical

coordinate z follows surfaces of constant absolute angular

momentum, given by

AAM5 r

�
V1

fr

2

�
, (A2)

where r is the radius,V is the tangential wind, and f is the

Coriolis parameter. The SCAPE integration is termi-

nated for AAM surfaces extending more than 30km

beyond the lifted parcel radius prior to the LNB being

reached. Enforcing this limit ensures that, for parcels

lifted in the eyewall (the region of focus for our study),

the SCAPE integration does not extend radially

beyond a path physically consistent with the modeled

slantwise convection, given the tendency for AAM

surfaces to become nearly horizontal in the upper tro-

posphere. A parcel lifting height of z5 0.75 km, chosen

for its close proximity to the top of the MBL, is used for

both CTL and NFUS. Parcel AAM is kept constant

above this height by interpolating through the radial–

height grid.

Lifted-parcel temperatures for both CTL and NFUS

are calculated using reversible thermodynamics (all

condensates retained in rising parcels). While the effects

of entrainment are not considered here, they should be

less significant for the inner-core region, given the high

ambient midtropospheric relative humidity (Molinari

et al. 2012); furthermore, any overestimate of SCAPE

based on neglecting entrainment should be partially

compensated by (or perhaps overcompensated by) our

neglecting hydrometeor fallouts from rising parcels.

Since following a reversible adiabat requires the track-

ing of hydrometeor mixing ratios, we utilize a simplified

three-species (vapor, liquid, and ice) microphysics pa-

rameterization outlined in Bryan and Fritsch (2004).

Thus, while the initial parcel properties are obtained

from theWRFModel output, the computation of parcel

temperatures along AAM surfaces uses a simplified al-

ternative to the Thompson microphysics. Details of

this three-species scheme can be found in Bryan and

Fritsch (2004). In summary, it assumes vapor saturation

with respect to water between the LCL and the freezing

level, saturation with respect to ice for temperatures

below 2408C, and for the layer in between, the calcu-

lation of supercooled liquid and ice mixing ratios uses a

linear weighting technique.

Lifted-parcel temperatures are computed using

D lnu

Dt
5

 
Rm

cpml

2
R

cp

!
D lnp

Dt
1

Ly

cpmlT

Drl
Dt

1
Ld

cpmlT

Dri
Dt

,

(A3)

following Eqs. (4) and (8) in Bryan and Fritsch (2004),

with mixing ratio r designated by the subscript l or i for

liquid or ice, respectively; Ly as the latent heat of va-

porization; Ld as the latent heat of deposition; Rm and R

as the gas constants for moist and dry air, respectively;

cpml as the total specific heat at constant pressure

(weighted by vapor, liquid, and ice mixing ratios); and cp
as the specific heat of dry air at constant pressure. For

CTL, ice production above the freezing level allows for

parcel warming by the latent heat of fusion (Lf 5 Ld 2
Ly) both for freezing (Dri 5 2Drl) and for deposition

(Dri . 0,Drl 5 0).5 However, for NFUS, ice production

is not permitted, forcing the accumulation of super-

cooled condensate above the freezing level, thus not

allowing Lf to warm the parcel by either freezing or

deposition processes.

5 Using reversible thermodynamics with ice processes included is

considered the most accurate method for calculating undiluted

CAPE in the tropical environment within the constraints of parcel

theory (Williams and Renno 1993), although calculations with

partial hydrometeor fallout have been performed on occasion

(Romps and Kuang 2010).
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