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ABSTRACT

This study uses a recently developed trajectory model to trace eyewall updrafts in a high-resolution

Hurricane Wilma (2005) prediction to their roots in the maritime boundary layer (MBL) in order to better

understand their thermodynamics and how they interact with the swirling winds. Out of 97 020 four-hour

backward trajectories seeded from the upper troposphere, the 45% of them originating from the MBL

are stratified into five subsamples binned by peak vertical velocity wMAX. Of particular interest are the

thermodynamic characteristics of parcels belonging to the wMAX-Extreme subsample (i.e., those with wMAX

exceeding 20 m s21) that ascend through Wilma’s strongest convective burst (CB) cores. A vertical mo-

mentum budget computed along a selectedwMAX-Extreme trajectory confirms that the parcel possesses large

positive buoyancy that more than compensates for negative hydrometeor loading to yield an upper-

tropospheric wMAX ; 30 m s21. Comparing all 1170 wMAX-Extreme trajectories with all 19 296 secondary

circulation trajectories shows that the former tends to originate from the MBL where equivalent potential

temperature ue and ocean surface heat and moisture fluxes are locally enhanced. The wMAX-Extreme parcels

become further differentiated from the background ascent in terms of their (i) greater updraft width and

smaller ue reduction while ascending into the midtroposphere, implying lower environmental entrainment

rates, and (ii) less hydrometeor loading in the z5 3–5-km layer. The Lagrangian analysis herein bridges two

previous studies that focused separately on the importance of high SSTs and fusion latent heat release to the

development of CBs, the latter of which may facilitate upper-level warm core development through their

compensating subsidence.

1. Introduction

Observations of tropical cyclones (TCs) over recent

decades have shown that outbreaks of inner-core deep

convection, the so-called convective bursts (CBs), often

precede or coincide with episodes of rapid intensifica-

tion (RI), defined for Atlantic TCs as a maximum sur-

face wind speed VMAX intensification rate exceeding

15 m s21 (24 h)21 (Kaplan and DeMaria 2003). Gentry

et al. (1970) identified these features as localized cold

brightness temperature anomalies in satellite imagery

and recognized their potential significance in the TC

intensification process. Subsequent studies used airborne

Doppler radar and flight-level temperature instrumenta-

tion to analyze CB three-dimensional kinematic structure

and thermodynamics (Rodgers et al. 1998; Heymsfield

et al. 2001; Molinari et al. 2006; Houze et al. 2009;

Guimond et al. 2010, 2016). Convection-resolving

numerical TC simulations have captured similar features

(Chen and Zhang 2013; Chen and Gopalakrishnan 2015;

Nguyen and Molinari 2015; Hazelton et al. 2017).

Previous studies have proposed several mechanisms

through which inner-core CBs may facilitate TC inten-

sification. According to one hypothesis, compensating

subsidence flanking the inner edges of CB updrafts en-

hances development of the warm core. Heymsfield et al.

(2001) showed how a cluster of CB subsidence currents

originating near the tropopause may have contributed

up to 38C of midlevel eye warming in Hurricane Bonnie

(1998). Provided that adiabatic warming offsets evapo-

rative cooling in subsidence currents, the high inertial

stability inside of the radius of maximum wind (RMW)

may help trap subsidence-induced warm air in the eye

(Hack and Schubert 1986). CBs or ‘‘hot towers’’ may

also facilitate tropical cyclogenesis by moistening the

inner-core midtroposphere, thereby ‘‘priming’’ it for the
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subsequent development of sustained convection (Nolan

2007; Montgomery et al. 2006). Other studies have shown

how CBs embedded in a developing TC circulation can

spin up the tangential wind yt by collectively aggregat-

ing and stretching low-level cyclonic vorticity anomalies

(Nguyen et al. 2008; Montgomery and Smith 2014;

Nguyen and Molinari 2015).

Hurricane Wilma (2005) underwent a record-breaking

12-h RI event on 18–19 October, featuring a VMAX in-

tensification rate of 39 m s21 (12 h)21 that led to a peak

VMAX of 82 m s21. Wilma intensified in the western

Caribbean under near-ideal environmental conditions

with low vertical wind shear (VWS) and high sea surface

temperatures (SSTs) of 298–308C.The storm subsequently

underwent an eyewall replacement cycle andweakened to

Saffir–Simpson category 4 intensity before making land-

fall on Cozumel Island near Mexico’s Yucatan Peninsula

on 21 October; see Pasch et al. (2006) for more details.

Chen et al. (2011, hereafter CZ11) generated a cloud-

permitting prediction of Hurricane Wilma (2005) using

the Weather Research and Forecasting (WRF) Model

(Skamarock et al. 2008). Using this dataset, Zhang and

Chen (2012) demonstrated how upper-tropospheric eye

warming accounted for the largest portion of Wilma’s

hydrostatically induced minimum central sea level pres-

sure PMIN falls during RI. Chen and Zhang (2013, here-

after CZ13) showed how CBs, which they defined as

updraft grid columns withw$ 15m s21 above z5 11 km,

directed subsidence into the developing upper-level

warm core around RI onset; Fig. 1 shows an example of

this process.Miller et al. (2015, hereafterM15) found that

turning off the latent heat of fusion resulted in a storm

with fewer CBs and reduced upper-level warming that

produced a less extreme RI rate. They also used a heat

budget to show that Wilma’s upper-level eye warming

occurred primarily under adiabatic conditions.

On the vortex scale, eyewall vertical ascent connects

the low-level radial inflow to the upper-level outflow,

thus comprising themiddle branch of the TC ‘‘secondary

circulation.’’ Early theories of TC intensification (Charney

and Eliassen 1964; Ooyama 1969, 1982; Shapiro and

Willoughby 1982; Hack and Schubert 1986) recognized

the significance of the secondary circulation in con-

verting latent heat energy released by inner-core deep

convection into the swirling winds’ kinetic energy;

however, they generally assumed eyewall ascent to be

relatively weak, horizontally uniform, and constrained

by balanced vortex dynamics. Over recent decades,

however, observations and high-resolutionmodeling of

TC eyewalls have found considerable horizontal vari-

ation in the vertical velocity w fields, even for mature

cases (Jorgensen 1984; Jorgensen et al. 1985; Marks

and Houze 1987; Black et al. 1996; Braun 2002; Eastin

et al. 2005a,b; Braun et al. 2006; Hogsett and Zhang

2009; Rogers 2010; Rogers et al. 2015). All of these

studies reported localized ‘‘cores’’ of stronger updrafts

FIG. 1. (a) WRF-predicted temperature anomaly T0(z, t) (shaded; K) at forecast time t 5 16:10 and z 5 14 km,

computed with respect to the 1000 km 3 1000 km area-averaged temperature profile centered on the storm at the

initial time T(z, t5 0). Vertical velocity is contoured (thin black at 2 m s21; thick black at 5, 10, 20, and 30 m s21;

dotted blue at25,23, and21m s21) and horizontal storm-relative flow vectors (m s21) are also shown. (b)Vertical

cross section, taken along the dashed line A–B, given in (a), of T0(z, t) (shaded) as defined in (a), u (contoured in

green every 5 K over the range 360–380 K), and vertical velocity contoured as in (a), with in-plane storm-relative

flow vectors (m s21). Symbols LL and UL highlight the locations of the lower-level and upper-level warm cores,

respectively, and symbol CB-E1 labels the CB updraft element discussed in the text. Note the different shading

scales used for T0(z, t) in (a) and (b).
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as well as downdrafts being embedded within a weaker

background ascent. Furthermore, Braun (2002) and

Eastin et al. (2005a,b) showed that the updraft cores

could be positively buoyant relative to the mesoscale

eyewall environment, which implies the existence of

conditional instability in the eyewall. M15 found that

azimuthally averaged slantwise convective available po-

tential energy (SCAPE) computed along constant abso-

lute angular momentum {AAM 5 r[(yt 1 fr)/2], where r

and f are the radius and Coriolis parameter, respectively}

surfaces exceeded 400 J kg21 in their simulatedHurricane

Wilma (2005) eyewall during RI. Assuming pseudoadia-

batic thermodynamics and undilute ascent, SCAPEof this

magnitude would support a theoretical maximum updraft

speed wMAX-UNDILUTE ffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SCAPE

p
5 28m s21, which is

comparable to the strongest CB updrafts found in their

prediction. In contrast, the wind-induced surface heat ex-

change (WISHE) theory of TC intensification (Rotunno

and Emanuel 1987; Emanuel 1997) is based upon the

steady-state Emanuel (1986) model which assumes that

any developing pockets of eyewall SCAPE become im-

mediately consumed, thus rendering the axisymmetric

eyewall neutral to moist pseudoadiabatic ascent. Perhaps

most significantly, WISHE theory refocused attention

on heat and moisture fluxes from the ocean surface as

the primary source of high equivalent potential tem-

perature ue air in a TC maritime boundary layer

(MBL). Further work is needed toward developing a

more complete TC intensification model that incorpo-

rates the impacts of buoyant deep convection and un-

balanced dynamics with insights gained from older

theories that assumed balanced dynamics (Charney

and Eliassen 1964; Ooyama 1982; Emanuel 1986) and

moist neutral thermodynamics (Emanuel 1986).

Themajor objective of this study is to better understand

the thermodynamics and three-dimensional structure of

intense updrafts found in the cores of Hurricane Wilma’s

(2005) CBs. It is still unclear how a TC eyewall can

support large parcel buoyancy. While wind-induced

heat and moisture fluxes above warm SSTs provide an

ample source of high ue air to a TC MBL (Emanuel

1986; Braun 2002; Zhang et al. 2002; Cram et al. 2007),

excessive hydrometeor loading in a moist tropical en-

vironment (Zhang et al. 2000) and prior vortex-scale

warming from latent heat release (LHR) (Emanuel

1986) could both render the eyewall a less favorable

environment for maintaining buoyant updrafts. Cram

et al. (2007) showed how ventilation of the sheared

Hurricane Bonnie (1998) eyewall reduced axisymmet-

ric midlevel eyewall ue by ;1 K; midtropospheric

minima in azimuthally averaged ue have also been found in

other simulated mature TC eyewalls (Liu et al. 1999;

Braun 2002). Ventilation-induced cooling of the midlevel

environment could enhance eyewall updraft buoyancy,

provided entrainment1 of surrounding eyewall air into

updrafts remains limited. For context, consider Zipser

(2003)’s finding that the observed tendency for tropical

oceanic convective updrafts outside of TC eyewalls to

be considerably weaker than continental severe storm

updrafts could not be fully explained by differences in

their respective environmental soundings. Rather, he

argued that oceanic updrafts’ greater departures from

the theoretical undilute wMAX results from greater en-

vironmental air entrainment into their narrower cores.

Therefore, we ask: how significant a role does entrain-

ment play in regulating Hurricane Wilma’s (2005) eye-

wall updraft intensity? A few other questions are worth

addressing. Given the rapidly rotating flows, to what ex-

tent canCBcore updraft roots be traced to portions of the

MBL where ocean surface heat fluxes are locally higher?

How doCB core updrafts interact with the locally sheared

(both horizontally and vertically) swirling winds? Do

local pressure perturbations from hydrostatic balance

significantly impact parcel accelerations in CB cores?

Unlike in many previous studies,2 the abovementioned

objective will be achieved in a Lagrangian framework

by using the Miller and Zhang (2019, hereafter MZ19)

trajectory model to run a large batch of backward

trajectories from the CZ11 Wilma (2005) WRF pre-

diction that samples both CB updraft cores and the

background secondary circulation. Herein we shall

use the hh:mm format when describing forecast times

measured from the model initialization. We focus on

the 12:00–20:00 prediction period, which features in-

tense inner-core CB activity, RI onset at 15:00, and the

subsequent RI in VMAX from 38 to 58m s21. Wilma

undergoes significant structural changes over this pe-

riod (e.g., the axisymmetrization and contraction of the

eyewall convection) (see Figs. 12a–c in CZ11) and the

intensification of the upper-level warm core (see Fig. 1a

in CZ13). Our study combines (i) a detailed structural

and thermodynamic comparison of aCB core updraft with

another updraft more representative of the background

secondary circulation, with (ii) a statistical comparison

of thermodynamic variables averaged over subsamples

of trajectories binned by updraft intensity. The latter

approach provides robust statistics and it should miti-

gate, to some extent, random trajectory position errors

1Hereafter, we use the term ‘‘entrainment’’ when referring to air

exchange between updrafts and their surrounding eyewall envi-

ronment, as opposed to ‘‘ventilation,’’ which refers to air exchange

on the vortex scale between the eyewall and its surroundings.
2 A few previous studies have used trajectories to investigate TC

eyewall updraft thermodynamics, which include Braun (2002),

Cram et al. (2007), and Hazelton et al. (2017).
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stemming from temporal interpolation of the 5-min

WRF output winds to the 10-s trajectory computational

time step.

The next section describes theHurricaneWilma (2005)

WRF prediction, trajectory computation methods, ex-

periment design, and statistical methods used for ana-

lyzing trajectory output variables. Section 3 compares the

two representative CB core and background secondary

circulation trajectories in detail, and section 4 uses a large

trajectory sample to show how thermodynamic prop-

erties, environmental air entrainment, and vertical ac-

celerations vary with updraft intensity. A summary and

concluding remarks are given in the final section.

2. Data and methodology

a. Hurricane Wilma (2005) WRF prediction

CZ11 describe their Wilma (2005) WRF prediction

configuration and observation validations in detail. They

integrated the WRF Advanced Research core (ARW)

for 72 h beginning at 0000 UTC 18October 2005, using a

two-way interactive, quadruply nested (27, 9, 3, and

1 km) grid, 55 vertical s levels, and a 30-hPa model top.

This prediction captures the timing, location and rate of

Wilma’s observed RI and subsequent eyewall replace-

ment cycle reasonably well, along with the associated

inner-core structural changes.

b. Trajectory computations

Trajectories are computed from the Wilma WRF

prediction 5-min output flow fields using the algorithm

developed byMZ19. First, WRF 1-km domain 12:00–20:

00 output is transferred to an unstaggered grid and ver-

tically interpolated to height coordinates using ARWpost

software.3 The resulting ‘‘computational grid’’ has a ver-

tical resolution of 250 m (50 m) above (below) z 5 1 km,

with a top boundary of z 5 20 km and a bottom level

populated with WRF-output 10-m horizontal winds and

zero w. The MZ19 model integrates parcel positions

using a second order Runge–Kutta (RK2) scheme with a

10-s computational time step. Gridded winds are inter-

polated to the parcel positions trilinearly in space; time

interpolations from the two nearest WRF output times

use advection correction (AC; Gal-Chen 1982; Shapiro

et al. 2015; MZ19), a technique that interpolates data

in a reference frame that follows the mean flow, rather

than from a fixed position as in traditional linear time

interpolation (LI). More specifically, time interpolations

use the ACW algorithm described in MZ19, where AC is

used for scalars and w, while LI is used for the u and

y components. Choice of ACW is motivated by the fact

that between 5-min output times over the analysis

period, Wilma’s inner-core horizontal winds remain

relatively steady whereas deep convective updrafts

translate considerable azimuthal distances (to be shown

in section 3). Any backward trajectories arriving at the

computational grid top or lateral boundaries are flagged

and their integration is terminated early. Scalar variables

interpolated to the 10-s trajectory positions (Table 1) are

saved for analysis.

c. Trajectory experiment design and statistical
analysis techniques

For eachWRF output time between 16:00 and 20:00, a

set of 1980 4-h backward trajectories is seeded from z5
14 km over the region where the eyewall updraft core

flares outward, forming the roots of the main outflow.

Seed points are positioned at 28 azimuthal intervals

on concentric rings radially spaced every 2 km over a

20-km-wide annulus centered on the z 5 14 km RMW

(Fig. 2a). Of all 97 020 backward trajectories, only

the;45% that can be traced to theMBL—hereafter the

MBL-Origin sample—are further analyzed. Herein the

MBL is defined as the region below z 5 0.5 km, which

generally aligns with the azimuthally averaged low-level

inflow inside of r 5 40 km over the analysis period (not

shown). The remaining trajectories generally originate

from either (i) the midlevel eye, eyewall, or outer envi-

ronment; or (ii) the outflow layer or higher levels. The

MBL-Origin trajectories are further stratified into sub-

samples binned bywMAX, defined for each trajectory as its

maximum w over all 10-s output times. These subsamples

are named wMAX-8, wMAX-12, wMAX-16, wMAX-20, and

wMAX-Extreme, for wMAX# 8 m s21, 8 m s21, wMAX #

12 m s21, 12 m s21 , wMAX # 16 m s21, 16 m s21 ,
wMAX # 20 m s21, and wMAX . 20 m s21, respectively.

Each MBL-Origin trajectory is assigned an ‘‘updraft

period’’ running backward in time, beginning with the

TABLE 1. Diagnostic variables interpolated from the postprocessed

WRF grid to trajectory positions during trajectory computations.

Symbol Description Units

w Vertical velocity m s21

T Temperature K

p Pressure hPa

ue Equivalent potential temperature (Bolton 1980) K

qV Water vapor mixing ratio g kg21

qLIQ Combined liquid hydrometeor (cloud 1
rainwater) mixing ratio

g kg21

qFRZ Combined frozen hydrometeor (ice 1 snow 1
graupel) mixing ratio

g kg21

3 Documentation for the ARWpost software package is avail-

able at http://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V3.9/

users_guide_chap9.htm#_ARWpost_3 (accessed 5 February 2020).
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first output time for which w averaged over the next 1-

min interval exceeds zero (possibly the seed point)

and ending with the parcel reaching z 5 0.5 km.

Tables 2 and 3 list additional diagnostic variables

along trajectories that are computed ‘‘offline’’ (i.e., after

completion of trajectory integrations). Whereas Table 2

variables are derived from the trajectory output data,

Table 3 variable computations require remapping tra-

jectory positions to theWRF grid in order to obtain data

from the parcel’s surrounding environment or to in-

terpolate additional WRF fields to the parcel position.

Perturbations from the azimuthal mean are denoted

with the prime superscript and ‘‘360’’ subscript; primed

variables missing the ‘‘360’’ subscript are perturbations

from the hydrostatic base state (section 2d). For ex-

ample, u0y,360 5 uy 2 uy,360, where uy,360 is the azimuthally

averaged virtual potential temperature, interpolated

linearly in time and bilinearly in space to the parcel

(r, z) coordinates. For any diagnostic variable a, individual

trajectory profiles a(k) are generated by averaging a over

trajectory output times that fall within each 250-m-height

bin k5 1, kTOP spanning the z5 0.25–14-km layer. Mean

profiles of a for a given wMAX-binned subsample S may

then be computed as

aS(k)5
�
n

i51

a
i
(k)

n
, (1)

where trajectories i5 1, . . . , n belong to S and contain at

least one output data point within bin k, and ai(k) is the

ith trajectory profile of a. Subsample variance and stan-

dard deviation profiles of a are, respectively, given by

âS(k)5
�
n

i51

a
i
(k)2 aS(k)

� �2
n2 1

, (2)

and

sSa(k)5 âS(k)
� �1/2

. (3)

Differences in aS(k) between different subsamples are

evaluated for statistical significance at the two-sided

95% confidence interval using the Student’s t test for in-

dependent samples (Wilks 2011, 142–144). The subsample

Pearson correlation coefficient rSa,bbetween variables a

and b is computed as

rSa,b (k)5
�
n

i51

[a
i
(k)2 aS(k)][b

i
(k)2 bS(k)]

(n2 1)sSa (k)s
S
b (k)

. (4)

FIG. 2. (a) WRF-predicted z 5 14-km vertical velocity w (shaded; m s21) and horizontal wind vectors (m s21)

with z 5 6-km w (2 m s21 contoured in black) at 18:00. Green circles bound the annular region from which

backward trajectories are seeded, as described in the text. (b) Number of trajectories in subsamples of wMAX-8,

wMAX-12, wMAX-16, wMAX-20, and wMAX-Extreme with at least one output data point contained within the

100-m vertical layer bin configuration used for the vertical momentum budget analysis in section 4d, as shown on

the y axis.

TABLE 2. Diagnostic variables computed at trajectory positions after

completion of trajectory integrations using the Table 1 variables.

Symbol Description Units

r Density kg m23

uy Virtual potential temperature K

qHYD Total hydrometeor mixing ratio (qLIQ 1 qFRZ) g kg21

RH Relative humidity (with respect to ice for

T , 273.15 K)

%

Dw/Dt Vertical acceleration m s22
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d. Computation of vertical accelerations
along trajectories

Parcel vertical accelerations (Dw/Dt)5 (›w/›t)1
u(›w/›x)1 y(dw/dy)1w(›w/›z) along backward trajec-

tories are computed using 1-min centered time differences

of w previously smoothed using a 2-min running mean.4

The anelastic vertical momentum equation can be written

as (Houze 1993, p. 36; Braun 2002; Fierro et al. 2012)

Dw

Dt
’ 2

1

r

›p0

›z|ffl{zffl}
PGA

1 g

"
u0y
u
y

1 (k2 1)
p0

p
2 q0

HYD

#
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

BA

1 mixing,

(5)

where overbars (primes) denote horizontal averages

over (perturbations from) a hydrostatic height-dependent

horizontal base state, g is the gravitational constant, k 5
0.286, and other symbols are defined in Tables 1 and 2.

From left to right, the Eq. (5) forcing terms on Dw/Dt

are the vertical perturbation pressure gradient accelera-

tion (PGA), buoyant acceleration (BA), and subgrid-scale

turbulentmomentummixing. The BA can be decomposed

into three components: (i) thermal buoyancy g(u0y/uy),
(ii) a ‘‘pressure-buoyancy term’’ g(k2 1)(p0/p) that ab-
sorbs p0 contributions to r0, and (iii) hydrometeor loading

gq0
HYD. Vertical acceleration profiles are generated for

MBL-origin trajectories seeded over the 16:00–18:00

period using the methods described in section 2c, except

that trajectory output is binned over smaller 100 m, as

opposed to 250 m, vertical intervals to minimize the re-

sidual difference between parcel Dw/Dt and its forcing

terms. Figure 2b shows the number of trajectories from

each subsample used for computing vertical acceleration

statistics at each 100-m bin.5

Previous studies have used different basic-state defi-

nitions when computing the Eq. (5) right-hand terms

from model output because of no unique definition of

buoyancy (Zhang et al. 2000; Braun 2002; Fierro et al.

2012). Here, the hydrostatic base states for p, uy, and

qHYD are defined in cylindrical (r, l, z) coordinates

as their respective horizontal averages over the 1808
azimuthal arc centered on the parcel:

u
y
(r, l, z, t)5

�
j5l190

j5l290

u
y
(r, j, z, t)

n
j

, (6)

where l is measured in degrees counterclockwise and

nj5 181 points are used in the azimuthal sum. Following

Braun (2002), our base state definition excludes nearby

air radially inside (outside) of the parcel because we

expect this air to be warmer (cooler) than the parcel due

toWilma’s warm core structure. As in Braun (2002), the

base state hydrometeor mixing ratio is excluded from

Eq. (5) since it contributes to hydrostatic balance be-

tween uy and p. Unlike our present study, Braun (2002)

defined the base state for a given field as its combined

wavenumber-0 and wavenumber-1 components following

a Fourier decomposition. Our choice of a parcel-centered

1808 azimuthal running mean was based on our expecta-

tion that such an arc should be sufficiently long for yt and

uy averaged along it to remain in thermal wind balance.

We also computed the left- and right-hand sides of Eq. (5)

along a selected trajectory running through a CB core

using a series of base state arc lengths, ranging from

168 to 3608. Although we found very similar results for

arc lengths $ 1208, increasing disagreements between

TABLE 3. Diagnostic variables computed at trajectory positions

after completion of trajectory integrations. Calculation of all var-

iables listed here necessitated remapping trajectory positions to the

WRF grid output in either Cartesian or cylindrical coordinates.

Asterisks indicate that the variable was bilinearly interpolated to

the trajectory horizontal coordinates.

Symbol Description Units

w0
360 w perturbation from the azimuthal mean m s21

u0y,360 uy perturbation from the azimuthal mean K

q0
LIQ,360 qLIQ perturbation from the azimuthal mean g kg21

q0
FRZ,360 qFRZ perturbation from the azimuthal mean g kg21

PGA Perturbation vertical pressure gradient

acceleration

m s22

gu0y/uy Thermal buoyancy m s22

g(k2 1)p0/p Horizontal perturbation pressure

contribution to buoyant acceleration

m s22

gq0
HYD Hydrometeor loading m s22

dEDGE Smallest distance to updraft edge among

the four Cardinal directions

km

DAVG Mean updraft diameter km

ue,ENV Environmental ue (see section 2e) K

HS Sensible surface heat flux* W m22

HL Latent surface heat flux* W m22

H Total surface heat flux (HS 1 HL) W m22

SST Sea surface temperature* 8C
wspd10 10-m horizontal wind speed* m s21

4 Smoothing trajectory output w in this manner improves the

agreement between the left and right-hand sides of Eq. (5), pre-

sumably because it helps smooth out spurious parcel w tendencies

resulting from errors in the spatiotemporal interpolation of parcel

winds from the model grid.

5 Statistics for all diagnostic variables other than the Eq. (5)

terms use the full MBL-origin sample. The relatively large com-

putational expense incurred from computing the hydrostatic base

state at all trajectory positions motivated use of the smaller tra-

jectory sample size for vertical momentum budgets.
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theDw/Dt and PGA1BA profiles become evident for

smaller arc lengths, especially in the upper troposphere

(not shown).

The Fig. 3 schematic summarizes the numerical

method used for computing the PGA along trajecto-

ries. First, hydrostatic base state pressures are defined

using Eq. (6) applied to the pressure field at heights

z 6 dz relative to the parcel (r, l, z) position, where

dz 5 500m. Next, perturbation pressures p0
ABOVE

and p0
BELOW are computed as the local p0 averaged

over a 28 arc centered on the parcel over the z to z 1 dz

and z to z 2 dz layers, respectively. Finally, we com-

pute PGA5 (p0
ABOVE 2 p0

BELOW)/rdz.

e. Updraft element definition and
entrainment analysis

It is important that we distinguish between updraft

trajectory parcels and larger ‘‘updraft elements,’’ where

the latter contain numerous adjacent parcels with varying

thermodynamic properties. Here we follow Jorgensen

et al. (1985) and define an updraft element as the region

surrounding trajectory positionswherew exceeds 0.5m s21

and RH exceeds 95%. Tomaintain consistency with CZ13

andM15, we define CBs as updraft elements containing at

least one gridpoint above z 5 11 km with w $ 15 m s21.

Previous theoretical and idealized modeling studies

have identified twobasic processes driving the entrainment

of environmental air into cloudy updrafts: (i) turbulent

mixing across the updraft outer edge, and (ii) local6 radial

inflow into the updraft element as required by mass con-

tinuity to balance the updraft acceleration (i.e., ‘‘dynamic

entrainment’’) (Houze 1993; Morrison 2017). Rather than

attempt to quantify mass exchange rates resulting

from dynamic and turbulent mixing, we instead define

three variables along trajectories that should influ-

ence Lagrangian ue tendencies caused by mixing with

air originating outside of the updraft element, as

shown schematically in Fig. 4: (i) dEDGE—the smallest

distance in any Cardinal direction to the updraft element

boundary, (ii) DAVG—the mean updraft element diam-

eter, and (iii) ue,ENV—ue horizontally averaged over

the local environment. Herein the environment for

any trajectory is defined as a six-gridpoint line ex-

tending outward from dEDGE.

3. Analysis of convective burst structure
and thermodynamics

We begin by examining the time evolution of CB

updraft element ‘‘CB-E1,’’ shown in Fig. 1 near its peak

FIG. 3. Schematic illustrating the numerical technique used for computing the PGA. For a

given parcel at coordinates (rPARCEL, lPARCEL, zPARCEL), perturbation pressures p0
ABOVE and

p0
BELOW are computed as six-gridpoint averages over the618 arc surrounding lPARCEL and the

vertical layer of thickness dz5 500 m above and below zPARCEL, respectively. Overbars denote

basic state pressures computed using Eq. (6) and p symbols denote local pressure values at grid

points identified by subscripts. Therefore, p0
ABOVE 5 (p0

1 1p0
2 1p0

3 1p0
4 1 p0

5 1p0
PARCEL)/6

and p0
BELOW 5 (p0

4 1p0
5 1 p0

6 1p0
7 1 p0

8 1p0
PARCEL)/6.

6We use the term ‘‘local’’ here to describe lateral inflow into the

updraft core driven by convective-scale mass continuity, which is

different from the vortex-scale radial inflow that constitutes a

portion of the TC secondary circulation.
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intensity at WRF prediction time 16:10. In the upper

troposphere, the updraft is roughly 10 km wide and

surrounded by downdrafts, the latter having peak

jwj . 5m s21 (Fig. 1a). The northwestward-directed

subsidence originates near the tropopause, roughly

denoted by the 375-K isentrope (Fig. 1b), and it may

contribute to the development of Wilma’s upper-level

warm core provided that adiabatic warming in the

downdraft outweighs diabatic cooling (Zhang and

Chen 2012; CZ13; M15). A vertical cross section taken

through CB-E1 reveals a;3-km-wide core of extreme

w exceeding 30 m s21 in the z 5 10–14-km layer

(Fig. 1b). The local potential temperature u anomaly

collocated with the updraft core may result from LHR

exceeding adiabatic cooling. High-resolution airborne

Doppler radar-derived analyses of CBs in other TCs have

captured similar features, namely, intense w . 15 m s21

peaking in the upper troposphere with ;10-km updraft

element width, and downdrafts flanking the updraft ele-

ment (Guimond et al. 2010, 2016).

a. Three-dimensional trajectory

To better understand the thermodynamics contribut-

ing to the extreme w found in Wilma’s CB cores, let us

follow the history of a parcel that passes through CB-E1

at 16:10, identified herein as Trajectory-CB. Figures 5a

and 5b show its three-dimensional path, beginning in the

MBL at t5 14:00, and ending at its z5 14 km, t5 18:00

seed position. Between 14:00 and 15:40, the parcel re-

mains in the MBL while spiraling cyclonically inward.

After 15:40, Trajectory-CB accelerates upward mono-

tonically, completing just one-half circle transit around

the western and southern eyewall before achieving its

30.6 m s21 wMAX around z 5 13 km, t 5 16:10. By

comparison, Trajectory-SC, which leaves the MBL at a

similar time but is more representative of the back-

ground secondary circulation with wMAX 5 8.9 m s21,

completes one and a half loops around the eyewall

during ascent to z 5 14 km (Figs. 5c,d). Returning to

Trajectory-CB, we find a rapid upward deceleration

after 16:10; by 16:15 its w approaches zero at z;15.5 km.

Thereafter the parcel translates cyclonically around the

upper-level eyewall (Figs. 5a,b) while its w oscillates

roughly sinusoidally between 62 m s21 with a;45-min

period (not shown)—possibly forced by convectively

generated gravity waves. One notable exception is a 5-min

window after 16:39 when the parcel executes a sharp an-

ticyclonic loop while descending from a z; 17.5-km peak

height (Figs. 5a,b) that it reaches after having been lofted

by a 4 m s21 updraft (not shown).

b. Parcel ue evolution

A parcel’s ue is conserved under inviscid pseudoa-

diabatic ascent; however, for real TC updrafts it is not

strictly conserved because Lagrangian ue sources and

sinks include the latent heat of fusion, cloud–radiative

interactions, mixing, and ocean surface heat fluxes (Bolton

1980; Zhang et al. 2002). While transiting the MBL be-

tween 14:00 and 15:40, Trajectory-CBexperiences a 2.96-K

ue increase. This agrees closely with the 2.79-K Due value
predicted by Liu et al. (1999) to result from upward ocean

surface sensible and latent heat fluxes, using the parcel ue,

T, p, DT, Dp, and Dqy from 14:00 to 15:40 (see their foot-

note 1). Notably, the Trajectory-CB parcel moves over

locally maximized ocean surface heat fluxes around 15:00

(Figs. 5a,b). In section 4b we will revisit the question of

whether CB parcels, on average, experience higher ocean

surface heat fluxes compared to the background secondary

circulation prior to ascent.

When the Trajectory-CB parcel ascends out of the

MBL at 15:40, we find it, as indicated by a black triangle

in Figs. 6a and 6b, on the northwestern edge of a band-

shaped low-level updraft element, hereafter ‘‘E0,’’ that

is collocated with enhanced radial inflow convergence

in Wilma’s western eyewall. Similarly, Hazelton et al.

(2017) found that CBs tended to originate from regions

with locally enhanced low-level convergence in their

simulations of Hurricanes Dean (2007) and Bill (2009).

Meanwhile, the Trajectory-SC parcel, shown as a black

dot in Figs. 6a and 6b, is near z ; 900 m and roughly

FIG. 4. Schematic showing the basic parameters used to study the

impacts of entrainment on trajectory updrafts. The green curve

marks the outer boundary of the local updraft element, defined by

w . 0.5 m s21 and relative humidity . 95%. Distances d1, d2, d3,

and d4 are measured in the four cardinal directions from the parcel

position, denoted by the red ‘‘X’’ symbol, to the updraft element

boundary. Symbols ‘‘dEDGE’’ and ‘‘DAVG’’ denote the smallest

distance in any cardinal direction to the updraft element boundary

and the mean updraft element diameter, respectively. Environmental

ue (ue,ENV) is averaged along the blue dashed line segment.

3612 MONTHLY WEATHER REV IEW VOLUME 148

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:52 PM UTC



458 cyclonically downwind of the Trajectory-CB parcel.

Figures 7 and 8 show azimuth–height cross sections

X1 and X2 that are slanted outward to approximately

align with r–z planar projections of Trajectory-CB and

Trajectory-SC, respectively. The portion of E0 inter-

secting X1 near Trajectory-CB’s 15:40 location is col-

located with a column of locally higher ue air extending

from theMBLupward to z; 2.5 km (Fig. 7a).7 Figure 8a

confirms that the Trajectory-SC parcel is also currently

embedded in E0. At 15:40, most columns in these two

cross sections exhibit potentially unstable conditions

(i.e., with ue rapidly decreasing above the MBL,

reaching aminimum around z5 4 km, and increasing with

height above; Figs. 7a and 8a). Other modeling studies

have documented amidtropospheric ueminimum in aTC’s

surroundings that extends into the outer eyewall (Liu et al.

1999; Braun 2002).

Trajectory-CB ue decreases from 366 to 363 K over

the next 25 min while the parcel ascends to z 5 6 km

(Fig. 5a). By contrast, Trajectory-SC takes 40 min to

reach z 5 6 km while its ue decreases from 368 to

360 K (Fig. 5c). Over these two respective periods

(i.e., 15:40–16:05 and 15:40–16:20), both parcels rotate

cyclonically with phase speeds close to the 35.68 (5 min)21

mean angular velocity obtained by averaging yt in X1 over

l 5 1208–3608, z 5 0–6 km, t 5 15:40–16:05 while re-

maining embedded within a cluster of updraft elements

E1, E2, and E3 that develop out of E0 (Figs. 6a,c, 7a–e,

and 8a–d). After 15:50, the Trajectory-CB parcel

ascends through a high ue anomaly associated with

element E1 that grows upward through the mid-

troposphere while remaining rooted in the MBL

(Figs. 7c,d). In some aspects, the evolution of E1 re-

sembles Morton et al. (1956)’s analytical model of

a plume growing above a steady buoyancy source

FIG. 5. (a) Three-dimensional and (b) x–y planar projection of Trajectory-CB, color coded by parcel ue (K).WRF

prediction times (hh:mm format) for selected points along the trajectory described in the text are also shown in (a),

with arrows in (b) pointing in the direction of parcel movement in WRF Model time. Purple shading denotes the

sum of latent and sensible ocean surface heat fluxes (W m22) at 15:00. (c),(d) As in (a) and (b), but for

Trajectory-SC.

7 The azimuthal–height cross section shown in Fig. 7a is taken

several kilometers radially inside of the Trajectory-CB location at

15:40; however, the parcel is still moving radially inward at this

time. By 15:45, the parcel has moved inside the 2-km-wide region

used for averaging the variables shown in Figs. 7b–f (not shown).
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(Morrison 2017). Therefore, it appears that parcels

rising out of E1 over the 15:50–16:00 period have built

a higher-ue ‘‘tunnel’’ that could limit environmental

air entrainment into the Trajectory-CB parcel once it

takes its turn to ascend. By contrast, the significantly

greater ue reduction experienced by the Trajectory-SC

parcel while ascending through the lower-to-middle

troposphere likely results from entraining lower-ue
environmental air. Trajectory-SC remains near the

cyclonically downwind edge of E3, adjacent to a low-ue
tongue ‘‘T’’ that contains embedded downdrafts and

subsaturated air wrapping into the eyewall from outer

regions (Figs. 6c,d and 8b,c).

E1 explosively intensifies between 16:00 and 16:05,

particularly in the upper troposphere where peak w in-

creases from ,5 to .25 m s21 (Figs. 7e,f). It has now

become a mature CB, hereafter named CB-E1. At

16:05 it extends from near the top of the MBL to

above z5 16 km, tilting cyclonically downwind below

z 5 8 km and becoming vertically upright for higher

levels (Fig. 7e). Over the next 5 min as CB-E1 ap-

proaches its peak intensity, the height of maximum w

FIG. 6. (a)WRF-predicted t5 15:40 and z5 0.5-km ue (shaded; K), horizontal storm-relative flow vectors (m s21)

and vertical velocity w (black contoured for 1 and 2 m s21; purple dotted contoured for21 m s21). (b) As in (a),

but with the z 5 0.5-km p0 field (shaded; hPa) and radial winds (solid black contoured for 2, 5, and 10 m s21;

dotted black contoured for 210, 25, and 22 m s21). (c) As in (a), but for t 5 16:00 and z 5 3.25 km. In (c), w is

thin-black (thick-black) contoured for 2 (5) m s21 and purple-dotted contoured for 23 and 21 m s21. (d) As in

(c), but with relative humidity (shaded; %) in lieu of ue. The black triangle denotes the Trajectory-CB (x, y)

coordinates when located at (z 5 0.45 km, t 5 15:40) and at (z 5 3.27 km; t 5 16:00). The black closed circle

denotes the Trajectory-SC (x, y) coordinates when located at (z 5 0.91 km; t 5 15:40) and at (z 5 3.37 km; t 5
16:00). Dashed magenta (green) arc denotes the intersection of the horizontal plane with the azimuthal–height

section X1 (X2) shown in Fig. 7 (Fig. 8). Letter labels E0, E1, E2, and E3 denote updraft elements discussed in

the text. The letter label T in (c) and (d) as well as its associated thick black arrow shows the low-ue tongue region

impinging on the eyewall near E3.
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shifts upward from z; 11 km to z; 13 kmwhile CB-E1

becomes more vertically aligned through the entire

troposphere—perhaps a consequence of the lower

(upper) portion being advected cyclonically downwind

by a stronger (weaker) layer-mean yt (Figs. 7e,f).

The Trajectory-CB parcel accelerates upward through

CB-E1’s core between 16:05 and 16:10, ascending from

z 5 6 km to z 5 13 km (Figs. 7e,f). This parcel’s ue in-

creases by ;1 K over this period, likely due to a com-

bination of (i) latent heating of fusion from ice-phase

FIG. 7. (a) Azimuth–height cross section of WRF-predicted ue (shaded; K) and w (thin black contour for

1 m s21; thick black contours for 5, 10, 15, 20, 25, and 30 m s21; purple dotted contours for 21 and 23 m s21)

with in-plane flow vectors (m s21; vertical motions multiplied by 3) at 15:40. (b)–(f) As in (a), but for WRF

prediction times 15:50, 15:55, 16:00, 16:05, and 16:10, respectively. All cross sections shown here are taken

along the conical surface X1 that slopes outward from r 5 21 km, z 5 1 km to r 5 24 km, z 5 15 km, and all

variables shown here are averaged over a 2-km-wide radial band centered on X1. The black triangle marks

the position of Trajectory-CB. Letter labels E0, E1, E2, E3, and CB-E1 denote updraft elements discussed

in the text.
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microphysical processes (Fierro et al. 2012; M15); and

(ii) mixing with higher-ue air previously warmed by

fusion LHR in other parcels (Figs. 7e,f).

By 16:20 Trajectory-SC has almost ‘‘cleared the

hurdle’’ in terms of its avoiding transit through the

core of low-ue region T and its associated downdrafts

(Fig. 8d). Ten minutes later it has gained another 2 km

in altitude while transiting through a portion of the

upper-tropospheric eyewall characterized by modest

ascent (Fig. 8e). By 16:40 Trajectory-SC has reached

z ; 12 km while rising through an embedded core of

enhanced w (Fig. 8f).

c. Parcel vertical momentum budget

The positive ue anomaly inside the intensifying CB-E1

relative to nearby areas at the same height (Figs. 7a–f)

FIG. 8. As in Fig. 7, but for (a) 15:40, (b) 16:00, (c) 16:10, (d) 16:20, (e) 16:30, and (f) 16:40. Here all cross

sections are taken along the conical surface X2 that slopes outward from r 5 18 km, z 5 1 km to r 5 23.5 km,

z 5 13 km. The black closed circle marks the position of Trajectory-SC. Letter labels E0, E1, E2, E3, and CB-E1

denote updraft elements discussed in the text. The letter label T denotes the low-ue tongue also discussed in the text.

Note the different azimuthal ranges shown in (c) and (d) compared to (a), (b), (e), and (f).
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suggests that the aggregate mass of parcels comprising

CB-E1 is thermally buoyant relative to the hydrostatic

base state (section 2d) and experiences upward acceler-

ation. To confirm this, and to better understand the rel-

ative impacts of hydrometeor loading and the PGA, we

now compute vertical acceleration terms from Eq. (5)

along Trajectory-CB, with a focus on the period of con-

tinuous parcel ascent through the z5 0.25–15.5-km layer.

Figure 9a shows vertical profiles along Trajectory-CB

of w, BA, PGA, as well as the thermal [g(u0y/uy)] and
hydrometeor loading (gq0

HYD) contributions to the BA.

We find a positive BA that increases nearly monotoni-

cally with height from the upperMBL (z5 0.25–0.5 km)

to amaximum value of;250m s21 h21 near z5 11.5 km

except for a brief dip below zero around z5 1.5 km. The

Eq. (5) g(k2 1)(p0/p) term (not shown) is positive and

similar in magnitude to g(u0y/uy) below z 5 1.5 km–

consistent with the parcel originating from a region of

negative low-level p0 (Fig. 6b), whereas for higher levels
it becomes from one to two orders of magnitude smaller

than g(u0y/uy). Although the g(u0y/uy) and gq0
HYD terms

are comparably large within an order of magnitude,

the downward-directed hydrometeor loading is insuffi-

cient to offset the very large thermal buoyancy any-

where between z 5 2 km and z 5 15 km. Two positive

BA spikes near z 5 0.4 and z 5 0.9 km, resulting from

FIG. 9. (a) Buoyant acceleration (BA;m21 s21 h21; magenta line), with its thermal (m21 s21 h21; orange line) and

hydrometeor loading (m21 s21 h21; green line) components, vertical perturbation pressure gradient acceleration

(PGA; m21 s21 h21; blue line), and w (310 m s21; black line), all plotted as a function of height along a portion

of Trajectory-CB. (b) As in (a), but with vertical accelerationDw/Dt (m21 s21 h21; light-blue line) and the sum of

the BA and PGA (m s21 h21; light-orange line). (c),(d) As in (a) and (b), but for Trajectory-SC. Note the different

magnitudes of the budget terms between the two trajectories [cf. the horizontal axes between (a) and (c) and

between (b) and (d)].
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nearly equal ;115 m s21 h21 contributions from

g(u0y/uy), g(k2 1)(p0/p), and gq0
HYD, appear to have lifted

the parcel out of the MBL, given the generally negative

PGAbelow z5 2 km.Between z5 3 kmand z5 12.5 km,

the PGA is alternately positive and negative while re-

maining significantlyweaker than theBA.Note, however,

the sharp negative PGA spike in the upper troposphere,

which we shall examine shortly. Figure 9b shows that the

sum BA 1 PGA is in generally good agreement with

Dw/Dt; the lower WRF vertical resolution in the upper

troposphere (CZ11) may partially explain the greater

residual above z5 8 km between the left- and right-hand

sides of Eq. (5), excluding the mixing term.

To better understand the physical origins of the

Trajectory-CB vertical acceleration terms, let us exam-

ine the distribution of u0y, q
0
HYD, and p0 in an azimuthal–

height cross section through CB-E1 and its environment,

shown in Fig. 10. The large positive u0y and q
0
HYD, collocated

with the mid-to-upper level CB-E1 core (Figs. 10a,b),

clearly suggest that LHR from condensation and fusion

generates the positive deep-layer thermal buoyancy

responsible for the parcel’s extreme wMAX (Fig. 9a).

Unfortunately, microphysical heating tendency output

variables are not available for this WRF prediction,

and therefore we cannot further study the relative

contributions of liquid-phase (i.e., condensation) and

ice-phase (i.e., freezing, riming, and deposition) pro-

cesses toward parcel u0y.
Our finding of a comparatively weak PGA through

much of this parcel’s ascent differs from Braun (2002),

who computed an upward PGA that offset a downward

BA within the MBL and a downward PGA that nearly

offset an upward BA above the MBL along a trajectory

rising through simulated Hurricane Bob’s (1991) eyewall

(see his Fig. 17). Idealized simulations of upright nonro-

tating buoyant updrafts predict a downward-directed

PGA opposing the BA (Markowski and Richardson

2010; Morrison 2016), provided that VWS—and there-

fore dynamic contributions to the p0 field—is small.

Conceptually, this can be understood from a mass con-

tinuity perspective, where a positive p0 at the updraft top
is needed to push surrounding air laterally outward

and a negative p0 at the updraft bottom is needed to draw

surrounding air inward to fill its wake. Using similar

assumptions, Morrison (2016) developed an analytical

updraft model in which the downward PGA magnitude

is proportional to the updraft width–height ratio; thus, it

is possible that CB-E1’s deep vertical extent, together

with its cyclonic downwind vertical tilt below z5 10 km

(Fig. 10c), may have helped keep the PGA relatively

weak below z 5 12.5 km (Fig. 9a). Nevertheless, a p0

field consistent with Morrison’s (2016) analytical model

surrounds the CB-E1 w . 25 m s21 core, with positive

FIG. 10. (a) As in Fig. 7, but for WRF prediction time 16:05, with

perturbation virtual potential temperature uy
0 (shaded; K). (b) As

in (a), but with perturbation total hydrometeor mixing ratio q0
HYD

(shaded; g kg21). (c) As in (a), but with perturbation pressure

p (shaded; hPa). All perturbation variables shown here are defined

with respect to the hydrostatic base state (section 2d). The green

triangle denotes the position of Trajectory-CB.
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(negative) p0 above (below) it (Fig. 10c). This local p0

couplet generates the strongly negative PGA over the

z 5 12.5–15-km layer (confirmed by replotting Fig. 10c

for 1610 UTC, not shown) that forces rapid vertical

deceleration of the Trajectory-CB parcel (Figs. 9a,b).

The positive p0 anomaly found above and cyclonically

downwind of CB-E1 (Fig. 10c) resembles the ‘‘meso-high’’

structures observed above mesoscale convective systems

(Fritsch and Maddox 1981), albeit on a smaller scale. It

may be hydrostatically forced by a cold anomaly directly

above it (Fig. 10a), with the latter likely generated by

adiabatic cooling in parcels overshooting the equilib-

rium level. Dynamic contributions to the p0 field around

CB-E1 may also result from the interaction of the up-

draft with the horizontal (Zhang et al. 2000) and vertical

(Rotunno and Klemp 1982) shear of yt, and they could

be examined in a future study.

By contrast, the Trajectory-SC w profile has two signif-

icant maxima, with one peak of ;5 m s21 near z 5 5 km

and another peak of ;9 m s21 near z 5 12 km (Fig. 9c).

Comparing its vertical acceleration terms in the upper

MBL (z 5 0.25–0.5 km) with those of Trajectory-CB,

we find a similarly weak positive g(u0y/uy). However,

unlike for Trajectory-CB, gq0
HYD is negative and PGA

is positive8 in the upper MBL (cf. Figs. 9a,c), consistent

with Trajectory-SC departing the MBL in a more heavily

precipitating region (not shown). Over the z5 0.5–5-km

layer, thermal buoyancy is positive but considerably

weaker than that of Trajectory-CB. Trajectory-SC’s BA

becomes negative over the z 5 3–5.5-km layer due to

g(u0y/uy) being unable to offset gq0
HYD, which helps de-

celerate parcel w to near zero around z5 6 km (Fig. 9c).

The recovery of upward motion at higher levels likely

results from a combination of (i) rapid hydrometeor un-

loading, (ii) fusion LHR—note the positive g(u0y/uy) in

the z5 8–12-km layer, and (iii) a mesoscale environment

characterized by ascent (Figs. 8e,f). Previous modeling

studies (Fierro et al. 2009, 2012; Wang 2014; M15)

and observations (Hildebrand et al. 1996; May and

Rajopadhyaya 1996) have also found bimodal w pro-

files with midlevel minima in tropical oceanic convec-

tive updrafts. The left- and right-hand sides of Eq. (5)

show fairly good agreement for this parcel at most

heights (Fig. 9d).

4. Trajectory updraft statistics

Let us now investigate the general characteristics

of Wilma’s wMAX-Extreme parcels in an attempt to

better understand how they become differentiated from

the background secondary circulation. To accomplish

this, we stratify all 43 347 MBL-origin backward trajec-

tories by wMAX into five subsamples per the procedure

described in section 2c and then compare statistics de-

rived from the different subsamples.

a. General thermodynamic and
microphysical characteristics

Figure 11a showsw0
360

S
(k) profiles forwMAX-8,wMAX-12,

wMAX-16, wMAX-20, and wMAX-Extreme, where w0
360,i(k)

is the perturbation from azimuthally averaged w(r, z, t)

along the ith trajectory, averaged over 250-m layer k, and

the overbar with the ‘‘S’’ superscript denotes an average

over all trajectories in the subsample. Figure 11a also

shows thatwMAX-12 contains the largest fraction,;45%,

of all MBL-origin updrafts, and we shall hereafter con-

sider it most representative of the background secondary

circulation. Above z 5 3 km,w0
360

S
(k) becomes larger

with increasing subsamplewMAX.ThewMAX-16,wMAX-20,

and wMAX-Extreme w0
360

S
(k) profiles are all unimodal

with upper-tropospheric maxima, consistent with the

M15 cumulative contoured frequency by altitude dia-

gram (CCFAD) analysis ofWilma’s early RI period (see

their Fig. 8a). In contrast, the wMAX-8 and wMAX-12

w0
360

S
(k) profiles have a rather flat and weakly bimodal

appearance (Fig. 11a).

The wMAX-16, wMAX-20 and wMAX-Extreme u0y,360
S
(k)

profiles have similar shapes to their w0
360

S
(k) profiles,

peaking in the upper troposphere at 0.8, 1.3, and 2.0 K,

respectively—about 1 km below their respective max-

ima in w0
360

S
(k) (Fig. 11b). The wMAX-8 and wMAX-12

u0y,360
S
(k) profiles are flatter and peak near 0.5 K just

below the melting level. Supercooled liquid water mix-

ing ratios q0
LIQ

S
(k) increase with wMAX above the melt-

ing level (Fig. 11c), which is not surprising since stronger

updrafts at these heights (Fig. 11a) more strongly coun-

teract the fallout of liquid hydrometeors generated by

warm-rain processes below. Frozen hydrometer mix-

ing ratios q0
FRZ

S
(k), on the other hand, show a more

complex dependency onwMAX (Fig. 11d).All subsamples

except for wMAX-8 show a lower peak roughly 1–2 km

above the melting level, associated with graupel (con-

firmed by plotting subsample-mean graupel profiles, not

shown), that becomes sharper with increasingwMAX. The

upper peak above z5 8 km, associated with ice and snow

(confirmed by plotting subsample mean ice and snow

profiles, not shown), becomes stronger and shifts upward

with increasing subsample wMAX.
9 The general tendency

8 The Eq. (5) ‘‘pressure-buoyancy term’’ is also weakly positive

in the MBL, averaging around 8m s21 h21 (not shown).

9 The wMAX-Extreme q0
FRZ

S
(k) peaks at ;2.1 g kg21 near z 5

15.5 km (not shown).
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for thewMAX-Extreme trajectories to loft larger quantities

of supercooled water, graupel, ice, and snow to greater

heights, compared to other trajectories (Figs. 11c,d),

is likely both a consequence of their greater midlevel

updraft intensity (Fig. 11a) and a source of fusion

LHR contributing to their stronger upper-tropospheric

buoyancy (to be shown in section 4d).

b. Boundary layer thermodynamics

Can a parcel’s wMAX be statistically related to its

MBL thermodynamic history? Here we consider only

the 31 243 MBL-Origin trajectories that remain in the

MBL for at least one hour prior to ascent but which

are otherwise stratified by wMAX in the same manner

(section 2c). Figure 12a shows time series of subsample

ue(t) during the final hour of parcel transit through

the MBL, where the overbar with ‘‘t’’ as the functional

argument denotes an average over all subsample tra-

jectories t minutes prior to exiting the MBL. During

their final 15 min in the MBL, the wMAX-Extreme

parcels have higher ue(t) compared to all other sub-

samples and their ue(t) difference from wMAX-12 is

FIG. 11. Vertical profiles of the mean (a) perturbation vertical velocity w0
360 (m s21), (b) perturbation virtual po-

tential temperature u0y,360 (K), (c) perturbation liquid hydrometeor mixing ratio q0
LIQ,360 (g kg

21), and (d) perturbation

frozen hydrometeormixing ratio q0
FRZ,360 (g kg

21).Mean values are computed for each subsample of updraft backward

trajectories binned by wMAX, as shown by arrows in (a), with the number of trajectories for each subsample given

inside parentheses. Bracketed lines enclose vertical layers where the wMAX-12 and wMAX-Extreme subsample mean

differences are statistically significant at the 95% level. Dashed horizontal lines denote the approximate melting level

height. Perturbation variables are computed with respect to the azimuthal mean.
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statistically significant. Therefore, Wilma’s most ex-

treme eyewall updrafts do, on average, originate from

pockets of locally higher potential instability in the

inner-core MBL.

Given that a near-surface parcel’s Due/Dt is forced in

part by surface heat andmoisture fluxes (Liu et al. 1999),

can differences in MBL ue(t) among the wMAX-binned

subsamples be attributed to differences in the surface

fluxes integrated along surface projections of trajectory

paths? OurWilma (2005)WRF prediction uses the fifth-

generation Pennsylvania State University–National Center

for Atmospheric Research Mesoscale Model surface layer

physics scheme (Grell et al. 1994; Jiménez et al. 2012) to

parameterize ocean surface fluxes of sensible heat (HS) and

latent heat (HL), using the bulk aerodynamic formulas

H
S
5 r

a
c
p
C

H
U(u

SST
2 u

a
) , (7)

and

H
L
5 r

a
L

y
C

Q
U(Q

s
2 Q

a
) , (8)

where cp is the specific heat capacity at constant pres-

sure; Ly is latent heat of vaporization; uSST is SST con-

verted to potential temperature; Qs is the saturated

specific humidity at the SST and sea level pressure; ra,

ua, and Qa are density, potential temperature, and spe-

cific humidity at the bottom model level, respectively;

U is the wind speed at the bottommodel level added to a

parameterized convective wind speed; and the respec-

tive heat and moisture bulk transfer coefficients CH

and CQ are estimated from the surface layer thickness,

roughness length, and stability regime using Monin–

Obukhov similarity theory (Monin and Obukhov 1954;

Zhang and Anthes 1982). The YSU boundary layer

scheme (Hong et al. 2006) parameterizes vertical

subgrid-scale turbulent mixing of heat and moisture

everywhere above the surface layer. The time-invariant

SSTs used for this prediction show little variation across

Wilma’s inner core region (,0.5K, not shown). Therefore,

it is not surprising that Wilma’s total surface heat flux

(H 5 HS 1 HL) is strongly correlated with 10-m wind

speed, as shown in Fig. 13. At RI onset,H is maximized

in the northern eyewall, where surface winds are stron-

gest (Fig. 13a). Two hours later, maximum H has be-

come symmetrically distributed throughout the eyewall,

consistent with the axisymmetrization of Wilma’s sur-

face wind field (Fig. 13c).

The wMAX-Extreme trajectories overlay statistically

significant higher H(t) compared to wMAX-12 during

their final 8 min in the MBL (Fig. 12b); time series of

Hs(t) andHL(t) show similar variation among subsamples

(not shown). Also, note that wMAX-Extreme trajectories

FIG. 12. (a) Mean ue (K) for subsamples of backward trajec-

tories binned by wMAX, plotted as a function of time prior to

their ascent above z 5 0.5 km. (b) As in (a), but for mean total

(latent 1 sensible) ocean surface heat flux (Wm22; solid) and

parcel height (m; dotted). (c) As in (a), but for 10-m wind speed

(m s21; solid) and SST (8C; dotted). Solid (dot)-bracketed

lines denote time intervals where the difference between the

wMAX-12 and wMAX-Extreme sample mean ue, total surface

heat flux, and 10-m wind speed (parcel height and SST) are

statistically significant at the 95% level.
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tend to originate from lower layers in theMBL (i.e., closer

to the oceanic heat and moisture source), compared to

other trajectories (Fig. 12b). Interestingly, differences

among the subsamples in 10-m wind speed along tra-

jectory horizontal projections, wspd10(t), closely mirror

those inH(t) (Figs. 12b,c). Our finding that the stronger

updraft subsamples (i.e., wMAX-Extreme, wMAX-20, and

wMAX-16) have higher wspd10(t) and H(t) compared to

wMAX-12 trajectories during their final 8min in theMBL

implies that TC updraft intensity depends to some ex-

tent on wind-induced surface heat fluxes and not only

on preexisting conditional instability. When considering

these stronger updrafts’ contribution to the azimuthally

averaged eyewall updraft core intensity, these results

support Emanuel (1986)’s WISHE model. We should

use caution, however, when generalizing these results to

other TCs, given their potential sensitivity to the WRF

boundary layer and surface layer physics parameteri-

zations and to the time-invariant, relatively horizontally

homogenous SST field.

Finally, note thatH(t) and wspd10(t) remain relatively

tightly clustered among wMAX-Extreme, wMAX-20,

and wMAX-16 trajectories (Figs. 12b,c), even though

wMAX-Extreme parcels are distinguished from the others

by their higher ue upon departing the MBL (Fig. 12a).

This could potentially reflect the fact that some of

Wilma’s strongest updrafts originate from the eye

MBL (Figs. 13b,d), where H is small due to the calm

FIG. 13. (a) WRF-predicted total (latent 1 sensible) ocean surface heat flux (shaded; W m22), 10-m horizontal

wind speed (thin contours for 20, 25, and 30 m s21; thick contours for 35 and 40 m s21), and 10-m flow vectors

(m s21), with all variables averaged over the 1-h period ending at 15:00. (b) As in (a), but showing the x–y planar

projections (black lines) of all wMAX-20 and wMAX-Extreme trajectories that ascend above z 5 0.5 km over

the 65 min period centered on 15:00. Trajectories plotted here show only the final 1-h period of MBL transit, and

white dots denote positions where each parcel ascends out of the MBL. (c),(d) As in (a) and (b), but for WRF

fields averaged over the 1-h period ending at 17:00 in (c) and wMAX-20 and wMAX-Extreme trajectories ascending

above z 5 0.5 km over the 65 min interval surrounding 17:00 in (d).
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winds but where MBL ue is locally the highest (Fig. 6a),

likely due to eye parcels’ relatively long residence time.

Previous TC simulation studies have also identified the

eyeMBL as a source region for high-ue parcels that later

become stirred into eyewall updrafts (Liu et al. 1999;

Braun 2002; Persing and Montgomery 2003; Cram et al.

2007; Hazelton et al. 2017); Guimond et al. (2016) showed

observational evidence of this process.

c. Environmental air entrainment

Figure 14a compares mean ue profiles among the five

subsamples. Here we assume that below the melting level,

where fusion LHR can be neglected, the magnitude of a

parcel’s ue decrease as it rises above the MBL can be

treated as a rough proxy for cumulative environmental

air entrainment. It is worth reminding the reader that

this study treats updraft elements as aggregations of

adjacent parcels that are distinguished from the sur-

rounding environment by their havingw. 0.5 m s21 and

RH . 95% (section 2e). At z 5 1 km, wMAX-Extreme

trajectories have statistically significant larger ue
S
(k)

compared to wMAX-12 trajectories. Between the MBL

and the melting level, ue
S
(k) decreases with height for

all subsamples; however, ue nonconservation becomes

more pronounced as wMAX decreases. Therefore, Wilma’s

strongest updraft parcels, on average, are likely distin-

guished from the background secondary circulation in part

by their lower entrainment rates. Above the melting level,

FIG. 14. (a) As in Fig. 11, but for the subsample mean ue(K) (b) As in (a), but for subsample mean environmental

ue (ue,ENV; K). (c) As in (a), but for the subsample mean smallest distance in any cardinal direction to the updraft

element boundary dEDGE (km). (d) As in (a), but for the subsample mean updraft element diameter DAVG (km).

See section 2e for details on the computation of ue,ENV.
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ue
S
(k) increases with height at a similar rate for all subsam-

ples, perhaps due to a combination of fusion LHR (Fierro

et al. 2009, 2012; M15) and mixing with an environment

where ue also increases with height (cf. Figs. 14a,b).

Figures 14c and 14d show that wMAX-Extreme tra-

jectories have statistically significant larger dEDGE
S
(k)

and DAVG
S
(k), respectively, over the z 5 3–9-km layer

as compared to wMAX-12 trajectories. Examining how a

histogram of wMAX-Extreme and wMAX-12 trajectories

binned by dEDGE varies with height in Fig. 15a, we find

that the low-level distribution peaks at dEDGE , 2 km

for both subsamples. However, the z 5 4.5–8-km

layer histogram peak shifts to dEDGE 5 2–3 km for

wMAX-Extreme while remaining at dEDGE 5 1–2 km

for wMAX-12. Binning wMAX-Extreme and wMAX-12

trajectories by DAVG yields similar patterns (Fig. 15b).

These findings agree with Morrison (2017), who used

idealized WRF simulations to show that narrower

(wider) updrafts experiencemore (less) dilution, leading

to greater (less) reduction in buoyancy. However, it is

also quite plausible that the differences among sub-

samples in ue
S
(k) and dEDGE

S
(k) shown in Figs. 14a and

14c could simply reflect the fact that a significant fraction

of the weaker updraft trajectories (i.e., those belonging

to wMAX-8 and wMAX-12) are located on the edges of

stronger updraft cores. Perhaps most significantly, these

results suggest that environmental air entrainment can

strongly modulate TC eyewall updraft intensity, even

for cases such as Wilma (2005) that develop in envi-

ronments with relatively high RH in the low-to-middle

troposphere (see Fig. 2 in CZ11).

d. Statistical vertical momentum budget

Finally, let us extend the section 3c vertical momentum

budget analysis to a larger trajectory sample. Figure 16a

shows that BAS(k) increases with subsample wMAX over

the z 5 2–9-km layer. Between z 5 1.5 km and the

melting level, wMAX-12 (wMAX-8) have very small (neg-

ative) BAS(k) and positive PGAS(k). Above the melting

level, all subsamples have positive BAS(k) and negative

PGAS(k) (Fig. 16a), consistent with idealized updraft

simulations with minimal dynamic contributions to the p0

field (Markowski and Richardson 2010; Morrison 2016).

Interestingly, all subsamples have a similar PGAS(k)

magnitude between the melting level and z 5 10.5 km.

As a result, BAS(k) and PGAS(k) nearly cancel for

wMAX-8 and wMAX-12, consistent with their near zero

Dw/DtS(k), while jBAS(k)j. jPGAS(k)j for the stronger
updraft groups, consistent with their positive Dw/DtS(k)

(cf. Figs. 16a,b). For individual trajectories, BA(k) and

PGA(k) are generally anticorrelated in a deep layer

(Figs. 17a,b), and a scatterplot of z 5 10-km BA versus

PGA further shows that BA1 PGA. 0 formostwMAX-

Extreme trajectories but for only ;50% of wMAX-12

trajectories (Fig. 17b).

How do the relative contributions of thermal buoyancy

and hydrometeor loading to theBAchangewith increasing

wMAX? Figure 16c shows that subsample g(u0y/uy)
S
(k)

becomes more largely positive with increasing wMAX be-

tween the melting level and z5 14 km. Above z5 1.5 km,

wMAX-Extreme trajectories are distinguished from all

others by their larger positive g(u0y/uy)
S
(k), consistent

with the fact that wMAX-Extreme trajectories are also

distinguished from all others by their higher ue(t) upon

exiting the MBL (cf. Figs. 12a and 16c). Another inter-

esting wMAX-Extreme trajectory characteristic is their

statistically significant smaller gq0
HYD

S
(k) magnitude rel-

ative to wMAX-12 trajectories over the z 5 3–5-km layer

(Fig. 16d). Furthermore, among wMAX-12, wMAX-16, and

FIG. 15. (a) Histogram showing the number of updraft trajectories

from the wMAX-Extreme subsample (shaded), binned by distance to

the updraft edge (km), as shown on the x axis, as a function of height

(km), as shown on the y axis. Black contours show the number of

updraft trajectories from the wMAX-12 subsample, binned in the

same manner. (b) As in (a), but for wMAX-Extreme and wMAX-12

trajectories binned by updraft diameter.
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wMAX-20 in this same layer, hydrometeor loadingweakens

with increasing wMAX (Fig. 16d). This could result from

both (i) delayed warm-rain processes in stronger mid-

level updrafts (Fig. 11a) as cloud droplets are more

rapidly carried upward, similar to bounded weak echo

regions in supercells; and (ii) yt advecting the bulk of

hydrometeor fallout cyclonically downwind of the stronger,

better-organized low-to-middle tropospheric updraft cores,

as suggested by Fig. 10b. Further research investigating

the impacts of hydrometeor loading on TC eyewall up-

drafts and their sensitivity to model microphysics could

be beneficial. For all subsamples, g(u0y/uy)(k) and gq
0
HYD(k)

are strongly anticorrelated in the middle and upper tropo-

sphere, which might be expected, given that stronger up-

drafts can loft more hydrometeors (Fig. 17c). Nevertheless,

positive g(u0y/uy)(k) outweighs negative gq0
HYD(k) for

most wMAX-Extreme trajectories at z5 8 km (Fig. 17d).

5. Summary and conclusions

This study investigates the three-dimensional struc-

ture and thermodynamics of Hurricane Wilma’s (2005)

FIG. 16. (a) Vertical profiles of trajectory subsample mean BA (solid lines; m s21 h21) and PGA (dotted lines;

m s21 h21), color coded by subsamplewMAX range as in Fig. 11. (b)As in (a), but for subsamplemean parcel vertical

accelerationDw/Dt (solid lines; m s21 h21) and sum of the subsample mean BA and PGA (dotted lines; m s21 h21).

(c) As in (a), but for subsample mean thermal buoyancy gu0y /uy (solid lines; m s21 h21). (d) As in (b), but for

subsample mean hydrometeor loading gq0
HYD (solid lines; m s21 h21). The dashed black line denotes the approx-

imate melting level. Bracketed solid lines lines in (a),(c),(d) show height intervals over which differences in the

wMAX-12 and wMAX-Extreme mean BA, gu0y /uy , and gq0
HYD, respectively, are statistically significant at the 95%

level; bracketed dotted lines in (a) show the same for differences in PGA.
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eyewall updrafts from aLagrangian perspective. For this

purpose, we ran 97 020 four-hour backward trajectories

using winds output from a Hurricane Wilma (2005)

WRF prediction. All trajectories are seeded fromWilma’s

upper-tropospheric eyewall over a 4-h period beginning

just afterRI onset. Of the 97020 backward trajectories, the

;45% originating in the MBL are binned by wMAX and

saved for analysis in this study.

First, we compared a trajectory run through an intense

CB core, with ;30 m s21 wMAX, against a background

secondary circulation trajectory in terms of their three-

dimensional structure, ue tendencies, and vertical mo-

mentum budgets. Key findings are as follows:

d The CB core parcel ascends from the MBL to z 5
14 km in ;31 min, completing one-half circle around

the eyewall. In contrast, the secondary circulation parcel

ascends the same vertical distance over ;83 min,

completing 1.5 circles around the eyewall.
d Both the CB core and secondary circulation parcels

exit theMBLwith high ue–366 and 368K, respectively.

Although both parcels experience ue reduction while

ascending to the melting level followed by ue recovery

in the upper troposphere, the low-to-middle tropo-

spheric ue decline is significantly smaller for the CB

core parcel (;23 K) compared to the secondary cir-

culation parcel (;28 K).

FIG. 17. (a) Pearson correlation coefficient between the BA and PGA (rBA,PGA) plotted for each wMAX-binned

subsample as a function of height, with lines colored by subsamplewMAX range as in Figs. 11 and 16. (b) Scatterplot

of BA and PGA at z 5 10 km for wMAX-12 (light blue dots) and wMAX-Extreme (magenta triangles). (c) As

in (a), but for the correlation coefficient between thermal buoyancy (THM) and hydrometeor loading (HYD)

(rTHM,HYD). (d)As in (b), but for the z5 8-km scatterplot of THMandHYD.Trajectories to the right of the dashed

line in (b) have BA 1 PGA . 0, and trajectories to the right of the dashed line in (d) have THM 1 HYD . 0.
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d A weakly positive BA lifts the CB core parcel out of

the MBL. This positive BA becomes stronger with

height through the upper troposphere, on account of

positive thermal buoyancy more than offsetting hydro-

meteor loading – the former peaking at;330m s21 h21

near z 5 8 km. As a result, w increases nearly mono-

tonically with height toward a z; 13 kmwMAX.A large

negative PGA rapidly decelerates w at higher levels.
d The secondary circulation parcel originates in a heavy-

precipitating portion of the MBL, and a positive

PGA helps lift it into the free troposphere. Unlike

for the CB core parcel, thermal buoyancy remains

mostly positive but much weaker throughout ascent,

generally ,50 m s21 h21. Increasing hydrometeor

loading, together with a negative PGA, offsets the

weak positive thermal buoyancy as the parcel ap-

proaches the melting level, resulting in deceleration to

near zero w. Rapid hydrometeor unloading above the

melting level helps accelerate this parcel vertically

toward its upper-level wMAX.

Next, we stratified a large batch of eyewall updraft

trajectories bywMAX into five subsamples and compared

subsample mean profiles of ue, vertical acceleration

terms, as well as other variables expected to impact the

BA and ue conservation under saturated conditions.

Parcels achieving the most extreme updraft speeds ex-

ceeding 20 m s21 were most strongly distinguished from

those more representative of the background secondary

circulation (i.e., parcels with 8m s21 # wMAX #

12 m s21) by their (i) trajectory paths overlaying higher

ocean surface latent and sensible heat fluxes during

their last 8 min transiting theMBL; (ii) higher ue during

their last 15 min transiting the MBL; (iii) greater ue
conservation (i.e., less ue reduction in the low-to-

middle troposphere); (iv) being embedded deeper in-

side of updraft elements; (v) belonging to wider updraft

elements; (vi) reduced hydrometeor loading over the

z 5 3–5-km layer; (vii) larger thermal buoyancy above

z 5 1.5 km; and (viii) higher supercooled liquid water

and frozen hydrometeor mixing ratios above the melt-

ing level.

The above results suggest that Wilma’s strongest

eyewall updrafts are rooted in portions of the MBL with

locally enhanced ue and ocean surface heat/moisture

fluxes. They support CZ13, who found that reducing

SSTs10 by 18C significantly reduces Wilma’s CB activity,

upper level warming, and RI rate. They also support

some aspects of Emanuel (1986, 1997)’s WISHE

hypothesis—namely, that wind-induced ocean surface

heat and moisture fluxes provide the thermodynamic

heat source driving TC intensification. However, in

identifying localized stronger updrafts that are posi-

tively buoyant relative to the eyewall background state,

this study supports other recent work (Heymsfield et al.

2001; Braun 2002; Eastin et al. 2005a,b) in disagree-

ment with WISHE’s assumption that eyewall ascent

is slantwise moist neutral everywhere. CZ13 and

M15 also showed how CB updraft compensating

subsidence may have contributed to Wilma’s upper

level warm core development and resulting PMIN

intensification.

This study also identifies two midlevel processes that

may have helped differentiate Wilma’s most intense

eyewall updraft parcels from background secondary

circulation parcels leaving the MBL with similarly

high ue: environmental air entrainment and hydrome-

teor loading. Compared to the wMAX-12 subsample,

the wMAX-Extreme parcels’ smaller ue reduction while

ascending below the melting level is consistent with

their larger thermal buoyancy, suggesting that the

wMAX-Extreme parcels experience reduced mixing with

the lower-ue environmental air, given that ue is con-

served under inviscid pseudoadiabatic ascent. This is

consistent with wMAX-Extreme trajectories being dis-

tinguished from the other trajectories in terms of their

wider surrounding updraft elements, on average. Second,

hydrometeor loading generally weakens with increasing

wMAX over the z 5 3–5-km layer. Wilma’s strongest

eyewall updrafts become most thermodynamically

distinct from the background secondary circulation,

in terms of their enhanced thermal buoyancy and w,

in the upper troposphere. The above results are

supported by Zipser (2003) who showed, using parcel

theory and a representative tropical oceanic envi-

ronmental sounding, how a relatively small decrease

in midlevel updraft dilution could increase midtropo-

spheric w by ;5 m s21 and loft considerably more con-

densate above the melting level, resulting in a significant

boost to upper-tropospheric updraft intensity through

enhanced fusion LHR.

To some extent, our findings bridge those of CZ13

and M15, who focused separately on the importance

of high SSTs and upper-tropospheric fusion LHR to

the development of Wilma’s CBs. Both wMAX-20 and

wMAX-Extreme trajectories transited through cores of

CB updraft elements. However, one limitation of the

methods used here is that they could not readily describe

systematic differences in the updraft element character-

istics surrounding the different wMAX-binned trajectory

10 As shown in Eqs. (7) and (8), heat andmoisture fluxes directed

from the ocean to the atmosphere are proportional to the air-sea

thermodynamic disequilbrium, which depends not only on SST but

also on the temperature, pressure, and moisture content of the

atmospheric surface layer.
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subsamples. For example, what fraction of wMAX-12

trajectories ascended along the outer edges of CB ele-

ments, and what fraction completed their full ascent

within weaker updraft elements? A follow-up study

that combines trajectory analysis with object-based

methods designed to track large samples of updraft

elements over time could shed further light on phys-

ical processes favorable to CB development in TCs.

The sensitivity of these results to the choice of mi-

crophysics parameterization scheme should also be

explored.

As for any case study, future work is needed in

order to determine how generally these results apply

to eyewall updrafts in other TCs. Hurricane Wilma

(2005) may be considered a ‘‘prototype case’’ for TCs

undergoing extreme RI under near-ideal environ-

mental conditions. It may be particularly worthwhile

to investigate how VWS affects CB structure and

thermodynamics. Further research could more deeply

explore dynamical features identified in previous studies

that may facilitate CB initiation by enhancing low-level

convergence; these include eyewall mesovortices arising

from barotropic instability (Braun et al. 2006; Guimond

et al. 2016; Hazelton et al. 2017) and VWS-induced

wavenumber-1 asymmetries in the MBL inflow inten-

sity (Reasor et al. 2013; Rogers et al. 2015; Hazelton

et al. 2017). Trajectory analysis could also be useful

for studying CB contributions to the total upward

mass flux in a TC eyewall and the outflow expansion.

Given the important role that CBs appear to play in

TC intensification, it is necessary to develop a more

complete understanding of the inner-core processes

favoring their development.
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