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ABSTRACT

The downshear reformation of Tropical Storm Gabrielle (2001) was simulated at 1-km horizontal resolu-

tion using the Weather Research and Forecasting (WRF) Model. The environmental shear tilted the initial

parent vortex downshear left and forced azimuthal wavenumber-1 kinematic, thermodynamic, and convective

asymmetries. The combination of surface enthalpy fluxes and a lack of penetrative downdrafts right of shear

allowed boundary layer moist entropy to increase to a maximum downshear right. This contributed to con-

vective instability that fueled the downshear convection. Within this convection, an intense mesovortex

rapidly developed, with maximum boundary layer relative vorticity reaching 2.23 1022 s21. Extreme vortex

stretching played a key role in the boundary layer spinup of the mesovortex. Cyclonic vorticity remained

maximized in the boundary layer and intensified upward with the growth of the convective plume.

The circulation associated with the mesovortex and adjacent localized cyclonic vorticity anomalies

comprised a developing ‘‘inner vortex’’ on the downshear-left (downtilt) periphery of the parent cyclonic

circulation. The inner vortex was nearly upright within a parent vortex that was tilted significantly with height.

This inner vortex became the dominant vortex of the system, advecting and absorbing the broad, tilted parent

vortex. The reduction of tropical cyclone (TC) vortex tilt from 65 to 20 km in 3 h reflected the emerging

dominance of this upright inner vortex. The authors hypothesize that downshear reformation, resulting from

diabatic heating associated with asymmetric convection, can aid the TC’s resistance to shear by reducing vortex

tilt and by enabling more diabatic heating to occur near the center, a region known to favor TC intensification.

1. Introduction

Over the past few decades, tropical cyclone (TC) in-

tensity forecasts have experienced slower improvement

compared to tropical cyclone track forecasts (DeMaria

et al. 2014). Several environmental factors have been

shown to be associated with tropical cyclone in-

tensification, including weak environmental vertical

wind shear, high oceanic heat content, high low-to-

midtropospheric relative humidity, and convective

symmetry (Kaplan et al. 2010). Recently, through an

ensemble of convection-permitting simulations, Zhang

and Tao (2013) found that the predictability of tropical

cyclone intensity declined with increasing environmen-

tal vertical wind shear. Their study highlights the ne-

cessity of understanding how tropical cyclones interact

with environmental vertical wind shear.

Environmental vertical wind shear has been hypoth-

esized to detrimentally affect tropical cyclone intensity

through several proposed mechanisms. Frank and

Ritchie (2001) argued that shear weakens the TC by

ventilating the upper-level warm core, resulting in rising

surface pressure following hydrostatic arguments.

Simpson and Riehl (1958) and Tang and Emanuel

(2010) suggested that ventilation of the TC core would

be particularly effective in the middle troposphere ow-

ing to the sharper radial gradient in moist entropy. This

ventilation could occur via vortex Rossby waves excited

by the TC’s interaction with vertical wind shear. Re-

cently, Riemer et al. (2010) proposed that shear could

affect TC intensity via thermodynamic modification of

the inflow layer. In their simulation, the shear tilted

the vortex, resulting in a quasi-stationary azimuthal

wavenumber-1 convective asymmetry outside the eye-

wall region. Persistent downdrafts left of shear, resulting

from evaporation of precipitation in unsaturated air,

transported low-entropy air downward into the bound-

ary layer. This entropy-depleted air was then carried

inward and was unable to recover sufficiently via surface
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enthalpy fluxes before reaching the eyewall region, re-

sulting in a reduction of eyewall entropy and subsequent

weakening of the TC. These aforementioned mecha-

nisms are not necessarily mutually exclusive, and the

relative importance of each of these mechanisms has yet

to be assessed and quantified in observations.

Vertical wind shear acts to tilt the tropical cyclone

vortex preferentially toward the downshear-left di-

rection, as predicted by theory (e.g., Jones 1995; Reasor

et al. 2004) and supported by model simulations (e.g.,

Braun et al. 2006; Riemer et al. 2010) and observations

(e.g., Reasor et al. 2013). This TC vortex tilt is often

accompanied by an azimuthal wavenumber-1 vertical

motion and convective asymmetry, which has been well-

documented inmodeling (e.g., Braun et al. 2006; Riemer

et al. 2010) and observational (e.g., Corbosiero and

Molinari 2002; Chen et al. 2006; Reasor et al. 2013)

studies of sheared TCs. The resiliency of TC vortices to

shear has been hypothesized to occur through pre-

cession as a result of the vertically penetrating flow of

the tilted vortex (Jones 1995) or through vortex Rossby

wave damping (Reasor and Montgomery 2001; Reasor

et al. 2004). Diabatic heating can aid the resiliency of the

vortex in several ways. The reduced static stability can

enhance the vertical coupling between the upper and

lower vortices, resulting in an increased precession fre-

quency and reduction of the tilt (Jones 1995). Also, the

axisymmetric component of the secondary circulation

induced by the diabatic heating can increase the radial

PV gradient and Rossby number, increasing the effi-

ciency of the vortex Rossby wave damping mechanism

(Reasor et al. 2004).

Diabatic processes may also help the vortex resist

shear through the process of downshear reformation.

TC Danny (1997) was one such example (Molinari et al.

2004). TCDanny experienced 5–11ms21 of 850–200-hPa

environmental vertical wind shear, resulting in a highly

asymmetric convective structure. Over a period of

several hours, the TC center, which was initially dis-

placed upshear of the convection, reformed underneath

the downshear convection according to satellite and

surface observations. Satellite observations during the

ensuing hours suggested that this new center became the

dominant vortex in the system. TC Gabrielle (2001) was

another observed case of downshear reformation

(Molinari et al. 2006; Molinari and Vollaro 2010). The

center of Gabrielle reformed adjacent to an intense

downshear convective cell. During this reformation, the

minimum surface pressure estimated from aircraft re-

connaissance fell 22 hPa in less than 3h. The new vortex

was nearly upright and embedded within a broader

vortex that was tilted left of the shear vector. Molinari

and Vollaro (2010) noted that this intense convective

cell bore some resemblance to vortical hot towers

(VHTs), convective plumes possessing intense cyclonic

vorticity (Hendricks et al. 2004). Such structures have

been observed in predepression tropical disturbances

as well as tropical cyclones (e.g., Houze et al. 2009; Bell

and Montgomery 2010). VHTs are hypothesized to play

an important role in tropical cyclogenesis and tropical

cyclone intensification through their merger and ax-

isymmetrization and collectively through their diabati-

cally induced secondary circulation that converges

absolute angular momentum (e.g., Montgomery et al.

2006; Montgomery and Smith 2012). Although many

numerical modeling studies have explored the charac-

teristics and evolution of VHTs as well as their contri-

bution to TC genesis and intensification (e.g., Hendricks

et al. 2004; Montgomery et al. 2006; Van Sang et al.

2008), these studies typically involve an upright vortex

with no imposed relative flow. Recently, Kilroy and

Smith (2013) and Kilroy et al. (2014) explored the

characteristics and behavior of VHTs in a vertically and

horizontally sheared local environment using an ideal-

ized modeling framework. The characteristics and be-

havior of VHTs in sheared, tilted TCs, and their role, if

any, in helping the TC counteract shear remain topics to

be further explored.

When downshear reformation occurs, the new vortex

can be small and can form in the span of just a few hours.

This makes downshear reformation very difficult to

observe in nature owing to the spatial and temporal

limitations of observations. Thus, it is not currently

known how often downshear reformation cases like

Danny (1997) and Gabrielle (2001) actually occur.

However, the advent of cloud-resolving models and in-

creased computational resources make it possible to

simulate such events. To the extent that these simula-

tions can approximate nature, they can be used to better

understand specifically the physical processes behind

downshear reformation and, more broadly, the inter-

action of tropical cyclones with environmental vertical

wind shear.

The current study analyzes a simulation of the

downshear reformation event of Gabrielle (2001). This

paper will be organized as follows. In section 2, the

model setup will be described. A broad overview of the

environmental conditions will be given in section 3.

Section 4 will explore the development of TC-scale

asymmetries in response to the environmental shear.

The evolution of a small-scale vortex that formed

downshear of the initial TC center will be discussed in

sections 5 and 6. Section 7 will explore the interaction

between this intense small-scale vortex, adjacent local-

ized cyclonic vorticity anomalies, and the broad parent

vortex, as well as the subsequent reduction in TC vortex
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tilt. A summary of these results and further speculations

will be presented in section 8.

2. Methods

As in Nguyen et al. (2014), theWeather Research and

Forecasting (WRF) Model, version 3.2 (Skamarock

et al. 2008), was used to simulate the downshear refor-

mation of Gabrielle. Four nested domains of 27-, 9-, 3-,

and 1-km horizontal resolution were used (Fig. 1). The

27- and 9-km domains were initialized at 1200 UTC

13 September, the 3-km domain was initialized at

1800 UTC 13 September, and the 1-km domain was

initialized at 0000 UTC 14 September. The National

Centers for Environmental Prediction (NCEP) Global

Forecast System (GFS) final (FNL) operational global

analyses were used for initial conditions and boundary

conditions.

The model physics parameterizations used were as

follows: the Kain–Fritsch cumulus parameterization on

the 27- and 9-km domains (Kain and Fritsch 1993), the

WRF single-moment 6-class microphysics scheme

(Hong and Lim 2006), the Dudhia shortwave radiation

(Dudhia 1989) and the Rapid Radiative Transfer Model

longwave radiation (Mlawer et al. 1997) schemes, and

the Yonsei University planetary boundary layer scheme

(Noh et al. 2003).

Following Nguyen et al. (2014), the tropical cyclone

center was defined by the centroid of the sea level

pressure field over a circular region representative of the

TC inner core. Weaker TCs often contain small-scale

convective cells and associated cyclonic vorticity

anomalies. These localized features are not representa-

tive of the TC vortex but can nonetheless influence the

analyzed TC center position. The pressure centroid

method was used because it was less sensitive to these

features. The vortex tilt was determined using the

pressure centroids at multiple vertical levels.

3. Overview of simulation and environmental
conditions

Figure 2 shows the track of the storm in the WRF

simulation (solid line) compared to observations from

aircraft reconnaissance (dashed line) between 0000 and

1200 UTC 14 September. Although the simulated track

was displaced about 50 km northwest of the observed

track, the north-northeastward motion was well cap-

tured. Figure 3 shows the simulated tropical cyclone

intensity evolution during the 6-h period of interest

(0000–0600 UTC 14 September). The simulated maxi-

mum 10-m wind speed increased from 25–28 to 36–

39ms21, while the minimum sea level pressure dropped

from 995 to 984 hPa. Sea surface temperatures, ranging

between 29.58 and 30.08C, were sufficiently warm for

intensification. The 850–200-hPa vertical wind shear,

averaged within 500 km of the TC center, was from the

west-southwest at 9–10 ms21 during the 6-h period. This

compared well with the shear computed using ECMWF

gridded analysis by Molinari et al. (2006). However,

simply computing the vector difference between two

vertical levels may not capture the variability of the

environmental wind with height (DeMaria 2010). To

address this, Fig. 4 shows a hodograph of the wind av-

eraged within 500 km of the TC center up to 12-km

height. The environmental wind shear was present

throughout the depth of the troposphere and was not

confined to a particular layer. The hodograph exhibited a

clockwise curvature below 4km and a counterclockwise

curvature above 4km, indicative of positive and negative

TC-relative environmental helicity, respectively. Nolan

(2011) and Onderlinde and Nolan (2014) hypothesized

that tropical cyclones embedded within a deep layer of

positive TC-relative environmental helicity were more

likely to intensify, although they did not investigate sit-

uations in which the helicity changed sign with height, as

in this case.

4. Shear-induced asymmetries

The vertical shear of the environmental flow acted to

tilt the tropical cyclone vortex. Figure 5 shows the

pressure and wind fields at the surface and the 8-km

height levels, along with TC center positions at different

altitudes. The TC was tilted persistently in the

downshear-left direction with height, consistent with

theory, modeling, and observations, as noted in the in-

troduction. An anticyclonic turning with height of the

vortex tilt was also evident. This tilt structure was subtly

FIG. 1. Map of the model domain setup.
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hinted at in a tilt composite using airborne dual-Doppler

data in sheared, mature TCs (Reasor et al. 2013).

Whether this curvature reflects the TC vortex response

to the environmental hodograph (Fig. 4) or a response

inherent to baroclinic vortices as suggested by Jones

(2000) remains unresolved. Figure 6 shows the shear-

relative quadrant-averaged potential temperature per-

turbation from the azimuthal mean at 500-km radius

(color fill) and asymmetric potential temperature per-

turbation (contours). The warm core was maximized at

about 8-km height, reached a magnitude of nearly 7K,

and was displaced toward the downshear-left direction.

Below 5-km height, the potential temperature was 1–

3K cooler downshear left (downtilt) than upshear right

(uptilt). In dry idealized simulations, Jones (1995)

showed that a balanced thermal asymmetry developed

in response to the vortex tilt, with cooling (warming)

occurring downtilt (uptilt). Diabatic heating associated

with convection can counteract this adiabatic cooling

downtilt (Frank and Ritchie 1999), although to what

extent remains to be seen. A downtilt cold anomaly was

found in a full-physics simulation of Hurricane Bonnie

(1998) (Braun et al. 2006) and in observations of Hur-

ricane Guillermo (1997) (Reasor and Eastin 2012). This

may be the result of adiabatic cooling in updrafts slightly

exceeding diabatic heating, as suggested by Zhang et al.

(2002). Evaporative cooling associated with downdrafts

also may have contributed to the downshear-left cool

anomaly in the lower troposphere.

Figure 7 shows the evolution of sea level pressure and

simulated reflectivity at 1-km height between 0230 and

0600 UTC 14 September. The reflectivity field

exhibited a marked wavenumber-1 asymmetry, with

much of the precipitation confined downshear and

downshear left (downtilt). This asymmetry was consis-

tent with observational (e.g., Corbosiero and Molinari

2002; Chen et al. 2006; Reasor et al. 2013) and numerical

modeling studies (e.g., Braun et al. 2006; Riemer et al.

2010) of sheared tropical cyclones. A wavenumber-1

asymmetry in moist entropy and radial wind was also

observed in the simulation. Figure 8 shows the shear-

relative quadrant-averaged equivalent potential tem-

perature ue, vertical motion, and radial wind during a

representative 30-min time period. Upward motion

FIG. 2. Simulated (1-h resolution; solid line) and observed (dashed line) TC track between

0000 and 1200 UTC 14 Sep. Accompanying the tracks are minimum sea level pressures at the

given times.
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associated with convection was confined primarily to the

downshear quadrants, with weak downward motion

prevalent in the upshear-left quadrant. In the lowest

2 km, inflow of up to 15ms21 was observed beneath and

radially outward of the downshear convection, while in

contrast, weak low-level outflow of 3ms21 was observed

upshear left. In the mid-to-upper troposphere (4–10-km

height), inflow of 10–15ms21 was observed upshear left

extending well into the TC inner core, with outflow of 6–

12ms21 observed right of shear. These results generally

depicted enhanced in–up–out flow in the downshear

quadrants and suppressed or even a reversal of in–up–

out flow in the upshear quadrants, consistent with ob-

servational studies of TCs interacting with vertical wind

shear (e.g., Reasor et al. 2013; DeHart et al. 2014).

Boundary layer ue reached a maximum downshear

right and a minimum left of shear, with differences on

the order of 5–7K out to the 125-km radius. Midlevel ue
(4–8-km height) was 10–15K higher in the downshear-

left quadrant than in the upshear quadrants. Thesemoist

entropy differences were consistent with the life cycle of

updrafts and downdrafts in a sheared tropical cyclone, as

discussed by Riemer et al. (2010) and Zhang et al.

(2013). Air parcels associated with convection initiating

downshear right ascended and were advected cycloni-

cally into the downshear-left quadrant. This convection

acted to moisten the midtroposphere downshear left. As

convection matured downshear left, downdrafts driven

by evaporating precipitation and water loading de-

posited low-entropy air into the low levels upshear left.

The boundary layer ue was then able to recover via

surface enthalpy fluxes until reaching a maximum

downshear right. There, convection initiated once again,

possibly aided by enhanced boundary layer convergence

resulting from the tilt of the vortex, as suggested by

Riemer et al. (2010).

Within the strongly sheared, tilted, and asymmetric

parent tropical cyclone, a small-scale vortex (meso-

vortex) rapidly spun up and played a significant role in

the intensification of the parent TC vortex. As seen in

Figs. 5 and 7, this mesovortex initially formed down-

shear right, rapidly intensified as it revolved into the

downshear and downshear-left quadrants, and then

axisymmetrized with the TC vortex by 0600 UTC. The

minimum sea level pressure of the mesovortex fell

5.4 hPa between 0255 and 0355 UTC (Fig. 3). Although

this rate did not match the extreme deepening rate ob-

served in nature (22 hPa in 2.6 h), the intense meso-

vortex was qualitatively similar to the one documented

by Molinari and Vollaro (2010). The simulated re-

flectivity evolution (Fig. 7) showed close similarities to

the observed reflectivity evolution (Fig. 6 in Molinari

and Vollaro 2010). Also, the 700-hPa temperature spike

and corresponding relative humidityminimum observed

by aircraft reconnaissance (Fig. 12 in Molinari and

Vollaro 2010) were also present in the simulation, al-

though their magnitudes were reduced (not shown).

These structural similarities give us confidence in the

fidelity of the simulation. The dynamics of the in-

tensification of this mesovortex will be explored in detail

in the following sections, and the role of the TC-scale

asymmetries in the rapid intensification (RI) of this

mesovortex will also be discussed.

5. Mesovortex evolution: Vorticity

Figure 9 shows the relative vorticity, TC-relative

winds, and vertical motion at 1-km height, focused pri-

marily on the downshear and downshear-left portions of

the storm. The mesovortex was associated with a local

maximum of cyclonic relative vorticity reaching 8 3
1023 s21 and was adjacent to a 1-km updraft of 3 m s21 at

FIG. 3. Time series of the minimum sea level pressure (solid line; left axis) and maximum 10-m

wind speed (dashed line; right axis).
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0245 UTC 14 September (Fig. 9a). Over the next

30 min (Figs. 9b,c), cyclonic relative vorticity nearly

tripled to 2.2 3 1022 s21, nearly identical to the 2.5 3
1022 s21 value in the observed storm (Molinari and

Vollaro 2010). Meanwhile, the adjacent 1-km updraft

also intensified to over 5ms21. The cyclonic vorticity

and the associated updraft continued to maintain their

intensity through 0330 UTC 14 September (Fig. 9d). In

addition to this intense mesovortex, there were many

other cyclonic and anticyclonic vorticity anomalies on

the downshear side of the TC. These couplets were

generated through tilting of horizontal vorticity into the

vertical by convective updrafts (e.g., Montgomery et al.

2006). Upon close inspection, the mesovortex was the

most sustained and intense cyclonic vorticity anomaly

during the simulation. This was likely due to its location

inside the radius of maximum wind (RMW), which was

100–125 km during 0245–0330 UTC. Flow inside the

RMW tends to be rotation dominated, whereas flow

outside the RMW tends to be strain dominated (Rozoff

et al. 2006). Thus, small-scale coherent structures such as

mesovortices are more likely to last for long periods of

time inside the RMW but are more likely to be fila-

mented outside the RMW. Also, the local environment

inside the RMW contained more cyclonic vorticity for

the convective updraft to converge and stretch. Ideal-

ized experiments by Kilroy et al. (2014) showed that the

maximum cyclonic vorticity associated with a convective

updraft increased as the background rotation rate

increased.

The intense cyclonic vorticity associated with the

mesovortex was most concentrated in the low levels and

appeared to build upward with time. Figure 10 shows

west–east cross sections through the mesovortex cen-

ter (x5 0) of relative vorticity, vertical motion, and

mesovortex-relative flow during the period of rapid

spinup. At 0235 UTC, prior to the rapid spinup

(Fig. 10a), cyclonic vorticity over 2 3 1023 s21 only

reached up to the 3-km height. On the eastern flank of

the mesovortex was a weak, shallow updraft that

reached 2-km height. Directly over the mesovortex

was a region of 1–2 m s21 subsidence that appeared to

stunt the growth of the updraft. By 0250 UTC (Fig. 10b),

the subsidence dissipated, and the shallow updraft began

to intensify and accelerate upward. Fifteenminutes later

(Fig. 10c), the updraft was 11 km in height and reached a

maximum of over 10ms21. The cyclonic relative vor-

ticity in the lowest kilometer tripled, reaching over 2 3
1022 s21. By 0320 UTC (Fig. 10d), the convective up-

draft reached the tropopause (15–16-km height), the

cyclonic relative vorticity in the low levels remained

intense, and the cyclonic relative vorticity in the mid-

troposphere (3–8-km height) increased to near 1 3
1023 s21. The mesovortex was tilted slightly toward the

east with height, as was the adjacent convective updraft.

The updraft was most intense (.20ms21) in the upper

troposphere, likely as a result of fusion heating con-

tributing to parcel buoyancy (e.g., Romps and Kuang

2010; Molinari et al. 2012).

To explore the physical mechanisms responsible for

the dramatic boundary layer spinup and the vertical

growth of the mesovortex, we recall the tendency

equation for the vertical component of absolute vorticity

following Fang and Zhang (2010):
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where z is the relative vorticity and C is the motion of

the mesovortex, calculated over a 20-min window

centered on the analysis time. The subscript MV de-

notes that this term is the vorticity tendency in a

reference frame moving with the mesovortex. The

terms on the right-hand side of the equation repre-

sent horizontal advection of absolute vorticity, vertical

advection of absolute vorticity, stretching of absolute

vorticity, and tilting of horizontal vorticity into the

vertical, solenoidal, and subgrid-scale parameterizations,

FIG. 4. Hodograph of the area-averaged wind within 500 km of

the tropical cyclone center at 0300 UTC 14 Sep. Each dot repre-

sents a 2-km height increment, starting from the surface and ending

at 12-km height.
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FIG. 5. Sea level pressure (contoured every 1 hPa), 8-km pressure (shaded), 10-m TC-relative wind (black barbs),

and 8-km TC-relative wind (white barbs). The colored dots denote the TC center position at the surface (black),

2- (blue), 4- (yellow), 6- (orange), and 8-km (red) heights. Axis labels are in kilometers. Shear vector is denoted

at bottom left.
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respectively. As in Cram et al. (2002), the solenoidal and

subgrid-scale terms were ignored, as their contributions to

the vorticity tendency were found to be small in this

simulation.

Figure 11 shows the time evolution of the first four

terms on the right-hand side of Eq. (1) averaged within

5 km of the mesovortex center, defined by the location

of maximum 1-km relative vorticity. Air converged

beneath the convective updraft, resulting in extremely

intense stretching of cyclonic vorticity, particularly in

the lowest 1 km. Stretching reached area-averaged

values of up to 100 3 1025 s21min21 (1.67 3 1025 s22)

(Fig. 11a) and instantaneous values of up to 840 3
1025 s21min21 (14 3 1025 s22) (not shown). As noted

by Haynes and McIntyre (1987), the horizontal ad-

vection term can significantly oppose the stretching

term due to inflow in the presence of decreasing vor-

ticity with radius. Near the mesovortex, anticyclonic

vorticity tendencies associated with horizontal advec-

tion were observed in the lowest kilometer (Fig. 11b),

although they were smaller than the cyclonic vorticity

tendencies associated with stretching, suggesting the

dominant role of vortex stretching in the low-level

spinup of the mesovortex. To a lesser extent, tilting of

horizontal vorticity into the vertical also contributed

to low-level cyclonic vorticity generation in the low-

est 3 km, with area-averaged values of 15–30 3
1025 s21 min21 (0.25–0.5 3 1025 s22) (Fig. 11c) and

FIG. 6. Perturbation of u from the mean at 500-km radius (shaded), positive u perturbation from the azimuthal

mean (solid black; contoured every 0.5K starting at10.5 K), and negative u perturbation from the azimuthal mean

(dashed blue; contoured every 0.5K starting at20.5K) in each shear-relative quadrant averaged from 0200 to 0230UTC

14 Sep. Shear vector (large arrow) points to the right. The axisymmetric RMW is indicated by the small arrows on

the x axis.
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FIG. 7. Simulated reflectivity at 1-km height (shaded), sea level pressure (contoured every 1 hPa), and 10-m

TC-relative winds (barbs). Axis labels are in kilometers. Shear vector is denoted at bottom left.
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instantaneous values of 180–360 3 1025 s21min21 (3–

6 3 1025 s22) (not shown). The cyclonic vorticity as-

sociated with the mesovortex expanded upward in

response to the upward growth of the adjacent con-

vective updraft (Fig. 10). This upward growth was at-

tributed to two factors. First, vortex stretching beneath

the peak of the updraft at 12-km height (Fig. 11a)

overwhelmed the offsetting effects of horizontal ad-

vection (Fig. 11b). Second, although some cancellation

between the tilting and vertical advection occurred,

the vertical advection of vorticity by the updraft

(Fig. 11d) overwhelmed the offsetting effects of tilting

(Fig. 11c).

The close correspondence of the cyclonic vorticity and

the convective updraft and the bottom-up intensification

of the mesovortex exhibited similarities to simulations

of VHTs (e.g., Hendricks et al. 2004; Montgomery et al.

2006). The intense boundary layer convergence and

stretching of cyclonic vorticity shown in Fig. 11a was

consistent with previous studies of VHTs in tropical

cyclogenesis simulations (e.g., Nolan 2007; Fang and

Zhang 2010; Wang et al. 2010). This boundary layer

convergence was due to the diabatically driven second-

ary circulation associated with the convective updraft

but may have been modified by friction. Friction has

often been viewed as a contributor to spindown of the

FIG. 8. ue (shaded), upwardmotion (solid black; contoured every 0.5m s21 starting at 0.5m s21), downwardmotion

(dashed black; contoured every 0.5m s21 starting at 20.1m s21), TC-relative inflow (dashed blue; contoured every

3m s21 starting at23m s21), and TC-relative outflow (solid magenta; contoured every 3m s21 starting at 3m s21) in

each shear-relative quadrant averaged from 0200 to 0230 UTC 14 Sep. Shear vector (large arrow) points to the right.

The axisymmetric RMW is indicated by the small arrows on the x axis.
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vortex by reducing the near-surface flow (e.g., Raymond

et al. 2007; Kepert 2011). However, Smith et al. (2009)

and Montgomery and Smith (2012) hypothesize that

frictional boundary layer spinup can occur if conver-

gence of absolute angular momentum exceeds the dis-

sipation of momentum into the underlying ocean. The

contribution, if any, of friction to tropical cyclone

boundary layer spinup remains a topic of further re-

search, and the applicability of these arguments to a

smaller-scale vortex (as seen in this study) remain to

be seen.

6. Mesovortex evolution: Thermodynamics

The mesovortex was initially associated with a local

maximum of boundary layer moist entropy. Figure 12

shows west–east cross sections of ue, vertical motion, and

mesovortex-relative flow during the period of rapid

FIG. 9. Relative vorticity (shaded), TC-relative winds (barbs), upward motion (solid; contoured every 2m s21

starting at 1m s21), and downwardmotion (dashed; contoured every 2m s21 starting at21m s21) at 1-kmheight. The

arrow denotes the mesovortex. Axis labels are in kilometers.
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spinup. At 0235UTC 14 September, themesovortex and

adjacent updraft were quite shallow and collocated

with a local maximum of near-surface ue near

364K (Fig. 12a). Subsidence of 1–2 m s21 was present at

2-km height and was associated with a capping inversion

that stunted the updraft. Figure 13a shows a sounding

taken over the mesovortex at 0235 UTC 14 September.

A weak capping inversion near 2-km height overlaid the

low-level saturated layer that was indicative of the

shallow updraft. Fifteen minutes later, subsidence over

the mesovortex dissipated, and the shallow updraft in-

tensified and grew upward to the 3-km level (Fig. 12b).

A model sounding taken over the mesovortex at this

time (Fig. 13b) indicated that the capping inversion

dissipated, with the temperature between 2- and 3-km

height cooling about 2–3K. The sounding was now

saturated up to 3-km height, indicative of the growing

updraft.

After the capping inversion dissipated, the updraft

grew rapidly and reached the tropopause by 0320 UTC

14 September (Figs. 12c,d). The erosion of the capping

inversion may be partially due to the thermal asym-

metries associated with the tilt of the tropical cyclone

vortex (Fig. 6). As the mesovortex moved toward the

downtilt portion of the TC, it encountered low–

potential temperature anomalies in the low to mid-

troposphere. Trajectory analysis (not shown) showed

that parcels ending near the mesovortex below about

1.5-km height came from upstream, while parcels

ending near the mesovortex above 1.5-km height came

FIG. 10.West–east cross section through themesovortex center (x5 0) showing relative vorticity (shaded), upward

motion (solid black; contoured every 2m s21 starting at 1m s21), downward motion (dashed blue; contoured every

2m s21 starting at21m s21), andmesovortex-relative flow in the west2east plane (black arrows; vertical component

magnified 10 times).
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from downstream. Thus, the capping inversion was not

simply advected along with the mesovortex but was

continually ‘‘recreated’’ over the mesovortex by sink-

ing air parcels that warmed dry adiabatically. When

this sinking motion was replaced by ascending motion

(as the mesovortex moved into the downtilt quadrant),

the capping inversion eroded. A complete analysis of

the erosion of the capping inversion is beyond the

scope of this paper and may be worth exploring in

future work.

In addition to the erosion of the capping inversion, the

midtropospheric ue increased as the mesovortex moved

into the downtilt region (Figs. 12a,b). The convective

transport of boundary layer ue upward through the free

troposphere formed a midlevel moist envelope around

the midlevel TC vortex (not shown). This was evident in

the enhanced midlevel ue downshear left (downtilt)

observed in Fig. 8. This suggests weaker dry-air en-

trainment into the updraft, enhancing the updraft

buoyancy (e.g., Romps and Kuang 2010; Molinari et al.

2012). Also, idealized simulations of convection

(Raymond and Sessions 2007) and observations within

pregenesis tropical disturbances (Raymond et al. 2011)

suggest that cooling and moistening below the midlevel

pre-TC vortex favored bottom-heavy mass flux profiles

conducive for low-level vortex stretching and sub-

sequent TC genesis. Applying this idea to a tilted TC

vortex, low-to-midtropospheric cooling and enhanced

FIG. 11. Time evolution of various fields averaged within 5 km of the mesovortex center (defined as the maximum

1-km relative vorticity location). Shading denotes the contribution to the absolute vorticity tendency from

(a) stretching, (b) horizontal advection, (c) tilting, and (d) vertical advection. Upward motion is shown as solid black

contours (every 1m s21 starting at 1m s21). Downward motion is shown as dashed blue contours (every 1m s21

starting at 21m s21).
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midtropospheric moisture downtilt may have favored

bottom-heavy vertical mass flux profiles conducive for

low-level spinup of the mesovortex.

The asymmetric distribution of boundary layer moist

entropy played a significant role in the development

and rapid intensification of themesovortex. Figures 14a

and 14b show the distribution of ue at the lowest model

level (;31-m height) during the early portion of the

mesovortex RI. A band of high near-surface ue was

evident in the southeastern and eastern (downshear

right) portions of the tropical cyclone circulation. Be-

cause the mesovortex moved slower than the low-level

flow, this high near-surface ue was just upstream of and

fed into themesovortex and adjacent convection. Near-

surface ue was much lower in the northern and western

quadrants (left of shear). The reasons for this asym-

metry were apparent when viewing the latent heat flux

and 1-km vertical motion fields. The latent heat flux

field corresponded well with the strength of the surface

winds, although local maxima associated with near-

surface cold pools resulting from downdrafts were also

observed (Figs. 14c,d). Latent heat fluxes near and

upstream of the mesovortex ranged from 400 to

700Wm22 and were dominant over the sensible heat

fluxes, which were around 100–200Wm22 (not shown).

The region of highest boundary layer ue did not cor-

respond well to the region of strongest latent heat

fluxes. This is because boundary layer ue following a

column of air is dependent not only on the magnitude

of enthalpy fluxes from the ocean but also on mixing

across the top of the boundary layer by convective

downdrafts or turbulence (e.g., Anthes 1982; Dolling

and Barnes 2012). Figures 14e and 14f show the vertical

motion at 1-km height. The lack of low-level down-

drafts upstream of the mesovortex (south and east of

the TC center) suggests a lack of low-entropy intrusions

FIG. 12. As in Fig. 10, but color shading is ue.
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into the boundary layer. A weak capping inversion, due

to weak subsidence associated with the tilt of the TC

vortex (Jones 1995), was also present over parts of the

upshear and right-of-shear quadrants (not shown). This

inhibited vertical mixing between the boundary layer

and the air above. The lack of vertical mixing and

downdraft intrusions allowed surface enthalpy fluxes to

build up moist entropy in the boundary layer. This re-

sulted in a region of convective available potential en-

ergy (CAPE) of 2000–3000Jkg21 downshear to downshear

right that helped fuel convection in the vicinity of the

mesovortex (not shown).

A qualitatively similar thermodynamic evolution

may have occurred in sheared TC Humberto (2001), as

described by Dolling and Barnes (2012). In that

storm, a reservoir of high low-level ue was observed by

dropsondes upstream of downshear convection. A

strong capping inversion associated with light strati-

form precipitation beneath an anvil cloud, and the lack

of upstream convective transports allowed ue to build

up in the boundary layer. Dolling and Barnes (2012)

hypothesized that the resulting enhanced CAPE fueled

convection that was more efficient in concentrating

vorticity via stretching. Although it is not known

whether Humberto underwent downshear reformation

owing to spatial and temporal limitations of the ob-

servations, it did intensify in a moderately sheared

environment.

7. Interactions between the mesovortex, other
localized cyclonic vorticity anomalies, and the
TC vortex

a. Axisymmetrization

Given the marked azimuthal wavenumber-1 convec-

tive asymmetry evident in Fig. 7, and the finescale vor-

ticity anomalies generated by downshear convective

cells evident in Fig. 9, the interaction between these

asymmetries and the primary TC vortex will now be

explored. Many previous studies have hypothesized that

axisymmetrization of convectively generated potential

vorticity anomalies contributes to the intensification of

the primary vortex (e.g., Montgomery and Kallenbach

1997; Möller and Montgomery 2000; Enagonio and

Montgomery 2001). Although the mesovortex was the

most persistent and intense cyclonic vorticity anomaly, it

was one of many vorticity anomalies, both cyclonic and

anticyclonic (Fig. 9). To assess the aggregate effect of

the convectively generated vorticity anomalies downtilt,

the 1-km relative vorticity was averaged within 25km of

each grid point (Figs. 15a–c). This is analogous to the

circulation about a circle of 25-km radius centered on

each grid point following Stokes’s theorem. This field

was very similar to both the smoothed vorticity field (not

shown) and the sea level pressure field (Figs. 5 and 6).

Prior to the development of the mesovortex (Fig. 15a),

a broad region of cyclonic circulation was evident,

FIG. 13. Skew-T profiles taken at the mesovortex center at (a) 0235 UTC and (b) 0250 UTC 14 Sep.
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FIG. 14. (a),(b) ue at 31-m height (shaded), 1-km upwardmotion (solid; contoured every 4m s21 starting at 1m s21),

1-km downwardmotion (dashed; contoured every 4m s21 starting at21m s21), and TC-relative 10-m winds (barbs);

(c),(d) latent heat flux (shaded), 1-km upward motion (solid; contoured every 4m s21 starting at 1m s21), 1-km

downward motion (dashed; contoured every 4m s21 starting at 21m s21), and TC-relative 10-m winds (barbs);

(e),(f) 1-km vertical motion (shaded) and TC-relative 10-mwinds (barbs). The black dot denotes the TC center at the

surface. The star denotes the mesovortex location. Axis labels are in kilometers. Shear vector is shown at bottom left.
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reflective of the initial TC vortex (parent vortex). By

0300 UTC 14 September (Fig. 15b), cyclonic circu-

lation increased markedly in the vicinity of down-

shear convection northeast of the low-level TC center.

The increase in cyclonic circulation confirmed the

dominance of the cyclonic vorticity anomalies over the

anticyclonic vorticity anomalies seen in Fig. 9. This local

region of enhanced cyclonic circulation comprised an

FIG. 15. Relative vorticity averaged within 25 km of each grid point (color shading) and TC-relative winds at (a)–(c)

1- and (d)–(f) 8-km height. The black dot denotes the TC center at the surface. The star denotes the mesovortex

location. Axis labels are in kilometers. Shear vector is shown at bottom left.
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‘‘inner vortex’’ embedded in the broad envelope of cy-

clonic circulation associated with the parent vortex. The

inner vortex became the dominant vortex, with its cy-

clonic flow advecting and axisymmetrizing the parent

vortex. Note that the broad envelope of cyclonic circu-

lation to the southwest of the inner vortex at 0300 UTC

(Fig. 15b) rotated to the southern and southeastern sides

of the inner vortex by 0430UTC (Fig. 15c). The region of

weak anticyclonic circulation to the east-northeast of

the inner vortex at 0300 UTC (Fig. 15b) rotated to

the northern side of the inner vortex by 0430 UTC

(Fig. 15c). This evolution was also apparent in the sea

level pressure field evolution shown in Fig. 7. As the

inner vortex initially formed (Fig. 7a), the parent vor-

tex was on its western flank. As the inner vortex rapidly

intensified, the parent vortex was advected to the south-

western (Figs. 7b,c), southern (Fig. 7d), and eastern

(Fig. 7e) flanks of the inner vortex. By 0600 UTC

14 September, the inner vortex had completely absorbed

the parent vortex, and the convective structure became

more axisymmetric as convection was able to wrap

around to the northwestern quadrant (Fig. 7f).

This evolution resembled the simulations done by

Enagonio and Montgomery (2001, hereafter EM01).

Using a shallow-water primitive equation model, EM01

investigated the impact of asymmetric, convectively

generated vorticity anomalies on the intensification of

the parent vortex. One set of simulations involved the

interaction of two vortices: an intense, small-scale vortex

embedded within a broad, weaker parent vortex at the

tropical cyclogenesis stage. The smaller intense vortex

was placed at the radius of maximumwinds of the parent

vortex. In these simulations, the small vortex became

the dominant vortex, acting to distort and advect the

parent vortex until the system became nearly axisym-

metric (see Fig. 12 in EM01). Although there are simi-

larities between the evolution in EM01’s simulations

and the current Gabrielle simulation, there existed

several differences. The Gabrielle simulation was a full-

physics simulation, whereas EM01 utilized a shallow-

water primitive equation model that did not simulate

active convection. The ambient vertical wind shear in

the Gabrielle simulation continuously forced an azi-

muthal wavenumber-1 convective asymmetry, whereas

the forcing was prescribed at one time and was not

continuous in the EM01 simulations. The shear also

acted to tilt the parent vortex in the Gabrielle simula-

tion. Because of the continuous forcing by ambient

vertical wind shear, the TC in the Gabrielle simulation

was never able to become completely axisymmetric as

in the EM01 simulations. Also, the Gabrielle inner

vortex did not comprise a single cyclonic vorticity

maximum initialized in the EM01 simulation. However,

collectively the cyclonic vorticity maxima would behave

similarly to the single cyclonic vorticity anomaly ini-

tialized in EM01 through their circulation following

Stokes’s theorem. Finally, the Gabrielle parent vortex

was stronger (15–20m s21) than the parent vortex used

by EM01 (5ms21). The impact of the strength of the

parent vortex on the likelihood of downshear reforma-

tion will be speculated upon in the discussion section.

b. Reduction of vortex tilt

The development of the inner vortex and subsequent

axisymmetrization process may have helped the TC

vortex resist the shear. Prior to the development of the

inner vortex, tilt of the parent vortex was evident by the

displacement of the 8-km circulation envelope (Fig. 15d)

to the northeast (downshear left) of the 1-km circulation

envelope (Fig. 15a). By 0300 UTC 14 September, the

inner vortex developed and was nearly upright. Note

that the maximum circulation at 1-km height (Fig. 15b)

and the maximum circulation at 8-km height (Fig. 15e)

were nearly collocated. By 0430 UTC 14 September,

the circulation associated with the inner vortex intensi-

fied at both 1- and 8-km heights (Figs. 15c,f). The inner

vortex remained nearly vertically aligned, while the

downshear-left tilt of the parent vortex persisted. The

much larger tilt of the parent, outer vortex in compari-

son to the tilt of the inner vortex has been noted in other

simulations of tropical cyclones in shear, both in dry

(e.g., Jones 1995; Reasor et al. 2004) and in full-physics

(e.g., Riemer et al. 2010) simulations. However, in the

current simulation, the inner vortex appears to have

been a new feature that formed as a result of downshear

convection. This differed from the inner vortex that was

prescribed initially in the dry simulations (e.g., Jones

1995; Reasor et al. 2004) and the already-established

inner vortex of the mature TC simulated in the full-

physics simulation of Riemer et al. (2010). Once the

inner vortex was established, the nearly upright inner,

tilted outer vortex tilt structure persisted another

6 h until landfall (not shown). Reasor et al. (2004) noted

that their spatially nonuniform tilt was the result of the

emerging quasi mode, consistent with their vortex

Rossby wave theory for vortex resilience. The reduced

static stability in the vicinity of moist convection may

have also played a role by enhancing vertical coupling

between the upper and lower PV anomalies (e.g., Jones

1995; Reasor et al. 2004), enabling the inner vortex to

remain upright.

Figure 16 shows the time evolution of the surface-to-

8-km TC vortex tilt. The TC vortex tilt was initially

about 65 km prior to the development of the inner

vortex. At this time, the TC vortex tilt measured the tilt

of the broad cyclonic circulation associated with the
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parent vortex (Figs. 15a,d). As the upright inner vortex

developed and became the dominant vortex in the sys-

tem, the TC vortex tilt became increasingly representa-

tive of the inner vortex tilt instead of the parent vortex

tilt. Also, the cyclonic propagation of themesovortex, the

spinup of the mesovortex, and the spinup of adjacent

cyclonic vorticity anomalies helped increase the low-level

circulation downtilt and beneath the upper portion of the

TC vortex. This resulted in a reduction of TC vortex tilt to

near 20km by 0430UTC 14 September. The reduction of

TC vortex tilt during the downshear reformation process

was also observed in a high-resolutionWRF simulation of

Irene (2005) (Davis et al. 2008, their Fig. 3). In their

simulation, the TC vortex tilt decreased from about 90 to

20km in 6h as a new vortex formed downshear. Thus, the

formation of an upright inner vortex could be one way

that diabatic heating associated with downshear convec-

tion can help tropical cyclones withstand environmental

vertical wind shear.

8. Discussion

Tropical StormGabrielle (2001) experienced a 22-hPa

surface pressure fall in less than 3h while undergoing

environmental vertical wind shear of 12–13ms21. A

new vortex within downshear convection formed during

this short-term rapid intensification event, as confirmed

by aircraft reconnaissance and land-based radar obser-

vations (Molinari and Vollaro 2010). A 1-km-horizontal-

resolution WRF simulation of this event was used to

explore in detail the downshear reformation process and

gain better understanding of how tropical cyclones in-

teract with environmental vertical wind shear.

Figure 17 shows a schematic diagram of the relevant

processes involved in downshear reformation. The

environmental shear tilted the parent TC vortex down-

shear left (Fig. 5) and forced azimuthal wavenumber-1

kinematic and thermodynamic asymmetries. Enhanced

low-level inflow and convergence were observed in the

downshear quadrants (Fig. 8). The enhanced low-level

convergence and lifting helped initiate convection

preferentially downshear and downshear right (Fig. 7).

As convection matured downshear left, downdrafts en-

hanced by evaporation andwater loading deposited low-

entropy air into the boundary layer (Fig. 8). As this

entropy-depleted boundary layer air was advected

through the upshear and right of shear quadrants, the

combination of surface enthalpy fluxes and a lack of

penetrative downdrafts (Fig. 14) allowed moist entropy

to increase to a maximum downshear right. This en-

hanced boundary layer moist entropy combined with

low-to-midtropospheric cooling downtilt contributed

to a region of more than 2000 J kg21 of CAPE that

fueled the downshear convection.

These TC vortex-scale kinematic and thermodynamic

asymmetries resulted in a favorable local environment

for sustained, intense convection downshear. Many lo-

calized convective cells with adjacent cyclonic vorticity

cores developed downshear, including one particularly

intense mesovortex. Initially, this mesovortex was quite

shallow with cyclonic vorticity mostly confined to the

lowest 2 km (Figs. 10a,b). This was due to the presence

of a capping inversion (Fig. 13a), which limited the

vertical extent of the convective updraft. However, as

the local mesovortex environment cooled in the low to

midtroposphere, the inversion dissipated (Fig. 13b),

and the convective updraft grew explosively upward

(Figs. 10c,d). Maximum relative vorticity in the bound-

ary layer tripled to 2.2 3 1022 s21 in a span of 25min.

Convergence and stretching of cyclonic vorticity played a

FIG. 16. TC vortex-tilt magnitude between the surface and 8-km height.
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key role in the boundary layer spinup of the meso-

vortex (Fig. 11b), dominating the partially offsetting

effects of horizontal advection (Fig. 11c). Cyclonic

vorticity remained maximized in the boundary layer

and intensified upward with the growth of the convec-

tive plume (Figs. 10 and 11a). The upward growth of

cyclonic vorticity was attributed to both vortex

stretching beneath the peak vertical velocity of the

convective updraft and vertical advection of vorticity

by the convective updraft (Fig. 11e).

This mesovortex was the most sustained and intense

of many cyclonic vorticity anomalies that developed

within the downshear convection. Collectively, these

cyclonic vorticity anomalies helped increase the low-

level circulation beneath the upper portion of the tilted

parent (outer) vortex. This increase in circulation

constituted a newly developed ‘‘inner vortex’’ that was

nearly upright. This inner vortex became the dominant

vortex of the system, advecting and then absorbing the

broad, tilted parent vortex. The reduction of TC vortex

tilt from 65 to 20km in 3h (Fig. 16) reflected the

emerging dominance of this upright inner vortex. A

similar decrease in TC vortex tilt during downshear

reformation was observed by Davis et al. (2008) in their

simulation of TC Irene (2005). Airborne Doppler radar

observations of TC Earl (2010) also showed a decrease

in TC vortex tilt associated with a downtilt convective

burst (Rogers et al. 2015). The development of a new,

upright vortex within downtilt convection may have

played a key role in decreasing the TC vortex tilt in each

of these cases. The relocation of the TC center closer to

the convection would also have enabled more diabatic

heating to occur closer to the TC center. Diabatic

heating within the high-inertial-stability region inside

the radius of maximum wind was found to be particu-

larly important for TC intensification, both in balanced

vortex models (e.g., Pendergrass and Willoughby 2009;

Vigh and Schubert 2009) and in observations (e.g.,

Rogers et al. 2013). Thus, we hypothesize that down-

shear reformation, resulting from diabatic heating as-

sociated with asymmetric convection, can help the TC

resist shear by reducing vortex tilt (via the formation of a

new, upright vortex) and by enhancing the conversion of

heating into kinetic energy (Nolan et al. 2007).

The evolution described above raises the still-

unresolved question: why do not all sheared storms

undergo the downshear reformation process? The hy-

pothesized negative impacts of environmental vertical

wind shear, including midtropospheric ventilation

(Simpson and Riehl 1958; Tang and Emanuel 2010),

upper-tropospheric ventilation (Frank and Ritchie

2001), and excitation of lower-tropospheric downdrafts

(Riemer et al. 2010), may act to prevent downshear

reformation from occurring. Although downshear con-

vection in asymmetric tropical cyclones can help spin

up a new vortex and aid the TC in resisting the shear,

convective downdrafts can have a detrimental effect.

Lower-tropospheric downdrafts observed in sheared

Tropical Storm Edouard (2002) lowered the boundary

layer ue by 4–6K and shut down subsequent convection

FIG. 17. Three-dimensional schematic diagram summarizing the downshear reformation of Tropical Storm

Gabrielle. The red cylinder represents the inner vortex at (a) early stages and (b) the mature stage, when it has

become the dominant vortex of the storm. The larger tilted cylinder represents the broad parent vortex. Gray clouds

denote the downshear convection. The green- and blue-shaded regions indicate, respectively, the enhanced boundary

layer ue downshear right and depleted boundary layer ue left of shear. Dark green arrows represent boundary layer

convergence and upward motion in the vicinity of the inner vortex. Blue arrows denote downdrafts and boundary

layer divergence left of shear. Light green wavy arrows denote surface enthalpy fluxes.
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for about 12 h (Molinari et al. 2013). Extremely dry

midtropospheric air was present in the vicinity of

Edouard, which enhanced the downdraft convective

available potential energy and likely contributed to the

intensity of the downdrafts. In idealized convection-

permitting simulations conducted by Rappin et al.

(2010), larger midlevel saturation deficits resulted in

enhanced downdrafts that disrupted the formation of a

new vortex downshear, preventing intensification and

the development of a vertically stacked vortex. Low-

level divergence associated with lower-tropospheric

downdrafts would also lead to vortex compression, in-

terrupting the formation of a new vortex. Thus, we

speculate that TCs that undergo downshear reformation

may have less downdraft activity, possibly because of a

moister environment. Indeed, Tropical Storm Edouard

(2002) did not appear to undergo downshear reforma-

tion. How downdrafts and other negative influences of

environmental vertical wind shear affect the TC’s at-

tempts to resist shear through downshear reformation

remains a subject for future study.

The downshear-reformation cases that have been

documented thus far in observations (Molinari et al. 2004;

Molinari and Vollaro 2010) and models (Davis et al.

2008) have occurred when the TC was at tropical storm

intensity. In the aforementioned EM01 study, the extent

towhich the new vortex established itself as the dominant

vortex of the system depended on its intensity relative to

the parent vortex. This suggests that downshear refor-

mation would be more likely to occur when the parent

vortex is relatively weak (i.e., tropical depressions and

tropical storms) and more able to be distorted and ab-

sorbed by the new vortex. In more intense TCs, devel-

opment of a new vortex would be interrupted as a result

of rapid axisymmetrization by the intense radial shear of

the tangential flow associated with the parent vortex.

The rapid spinup and small size of the new vortex make

downshear reformation difficult to observe in nature, given

the spatial and temporal constraints of aircraft re-

connaissance, satellite, and radar observations. As a result,

downshear reformation may be a more common occur-

rence than is currently realized, particularly in weaker

TCs. More observations in the downshear convective re-

gion of weaker TCs would be informative. Given obser-

vational constraints, ensembles of convection-permitting

simulations of sheared TCs could be used to explore how

often downshear reformationmight occur in nature and to

what extent it helps the TC resist shear. Better un-

derstanding of this process would likely improve intensity

forecasts of sheared tropical cyclones.
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