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ABSTRACT

A numerical simulation of Hurricane Bob (1991) is conductedusing the Penn State

University--National Centerfor AtmosphericResearchmesoscalemodelMM5 with a horizontal

grid spacingof 1.3km on the finestnestedmesh.Themodelproducesa realistichurricanethat

intensifiesslowly during the periodof fine-scalesimulation.Time-averagedresultsreveal the

effectsof storm motion, vertical shear,betagyres anddeformationforcing on the structure of

radial inflow, vertical motion, and precipitation. Instantaneous model fields show that radial

inflow in the eyewall is very intense near the surface but transitions to strong low-level outflow

near the top of the boundary layer. The low-level structure is modulated by a wavenumber 2

disturbance that rotates around the eyewall at half the speed of the maximum tangential winds

and is consistent with a vortex Rossby edge wave. The statistical distribution of vertical velocity

in the eyewall indicates that the eyewall is composed of a small number of intense updrafts that

account for the majority of the upward mass flux rather than a more gradual and symmetric

eyewall circulation, consistent with the concept of hot towers.

Tongues of high equivalent potential temperature, 0,, are seen along the inner edge of thc

eyewall updraft and within the low-.level outflov,,. This air originates from outside of the eyewall

with the highest 0, air coming from the layer closest to the surface after penetrating closest to the

center. Occasionally, high c0 air within the eye is drawn into the eyewall updrafts. The high 0, air

rising within the eyewall is shown to be associated with positive eyewall buoyarJcy with

sufficient convective available potential energy along its path to produce relatively strong

convective updrafts. Although the requirements for conditional symmetric instability arc met

within the eyewall and the air parcel trajectories follow slanted paths, the radial displacement of

air parcels in the low-level outflow ll-loves the air parcel sufficiently far away from the upper-

level warm core that the air becomes unstable to vertical displacements. Hence, convective

instability rather than symmetric instability accounts for the stronger updrafts in the eyewall.
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Summary

A computersimulationof a hurricaneis conductedusinga modelwith a horizontalgrid

spacingthat is capableof resolvingindividual clouds. The modelproducesa realistic hurricane

that intensifiesslowly during the period of simulation. Whenaveragedover time, the results

reveal the effects of storm motion and vertical and horizontal variations in the environmental

wind on the structureof inflow into the storm, rising motion in the wall of thunderstorms that

surrounds the eye (known as the eyewall), and the associated precipitation. Instantaneous model

fields show that inflow into the eyewall is very intense and shallow and transitions to strong

outward flow just above the bases of the clouds in the eyewall. Statistical calculations indicate

that the most of the upward motion in the hurricane eyewall is associated with a small number of

intense but isolated thunderstorm updrafts instead of a broader region of more gentie upward

motion, consistent with the concept of hot cloud towers.

Tongues of warm. moist air are seen along the inner edge of the eyewall updraft and

within the low-level outward flow. This air originates primarily flom outside of the eyewall arad

comes from the layer closest to the surface after penetratin¢,_, closest to the storm center. The eye

of the hurricane contains very warm air at upper levels that is generally believed to reduce or

prevent the release of instabilities that produce thunderstorms. Some hypotheses suggest t!_a! the

instability, rather than being released in the vertical direction, is instead released onb. along a

slanted path outward and upward. This study shoves that the low-level outward flow displaces tl_:-

rising air sufficiently far away from the warm air in the eye so that the instability can be "eIeased

in the vertical direction to produce thunderstorms rather than requiring that the air rise along a

slanted path.



1. Introduction

Three-dimensional numerical simulations of tropical cyclones are being conducted at

increasingly higher grid resolution, often reaching horizontal grid spacings of-3-5 km (Tripoli

1992; Liu et al. 1997, 1999; Braun and Tao 2000). While use of this grid scale removes the

necessity for parameterizing the effects of cumulus clouds, it may still not be fully adequate for

resolving cloud-scale processes. This study presents a simulation of Hurricane Bob (1991) that

uses a horizontal grid spacing of 1.3 km, which is typical of grid spacings used in most cloud-

resolving models. The high spatial resolution provides an opportunity to examine the four-

dimensional structure of a hurricane including a detailed investigation of the presence and

magnitude of buoyancy in the eyewall.

Observations suggest that significant convective available potential energy (CAPE) exists

in the outer regions of tropical cyclones, but decreases as one approaches the center as a result of

decreasing surface temperatures and increasing upper-level temperatures associated with the

warm core (Gray and Shea 1973; Bogner et al. 2000; Zhang et al. 2000). Gray and Shea (1973)

remarked that assumption of a relative humidity of 100% in the eyewall leads to small vertical

gradients of equivalent potential temperature (0_) and little diagnosed potential instability.

However, they argued that only 10-20% of the eyewall may be occupied by active updrafts and

that sinking motion between the updrafts and entrainment of dry air from the eye leads to a

relative humidity that is often much less than 100%, which could support greater potential

instability. Black et al. (1994) examined a hurricane with very strong vertical motions and

suggested that significant CAPE could explain the intense updrafts. However, they also argued

that the slantwise path of the rising air in the eyewall implicated moist symmetric instability as a

possible mechanism. Under this instability, air that is stable to both vertical and horizontal

displacements can be unstable with respect to slantwise displacements if the absolute angular

momentum surfaces slope outward with height more than the 0_ surfaces.



Emanuel(1986) suggestedthat the hurricaneeyewall is often closeto a stateof moist

slantwiseneutrality in which the 0e and angular momentum surfaces are nearly parallel. This

result implies that boundary layer air is neutrally buoyant when lifted along surfaces of constant

angular momentum and that the vertical motions in the eyewall are largely determined by the

magnitude of the vertical motions at the top of the boundary layer, i.e., little vertical acceleration

occurs above the boundary layer. Tropical cyclones are envisioned to develop by self-induced

anomalous fluxes of enthalpy from the sea surface with virtually no contribution from pre-

existing CAPE in the surrounding environment (Rotunno and Emanuel 1987). Cumulus

convection redistributes heat acquired from the sea surface in such a way as to maintain moist

neutrality to slantwise motions. As Camp and Montgomery (2001) pointed out, Emanuel (1986)

was not suggesting that hurricanes are entirely devoid of convective or slantwise instability, just

that any buoyancy that develops is quickly eliminated. Camp and Montgomery further suggested

that although the assumption of slantwise neutral conditions is not entirely correct, the Emanuel

theory still captures a majority of the important dynamics.

This state of moist symmetric neutrality is most likely to be seen in mature tropical

cyclones and in analyses of temporally and azimuthally averaged fields. Zhang et al. (2000)

presented simulation results for Hurricane Andrew (1992) that indicated that the azimuthally

averaged eyewall structure is characterized by potentially stable but slantwise unstable to neutral

conditions. Examination of azimuthal averages, however, may mask the role of buoyant

convection in the eyewall since active convection generally occupies only a small fraction of the

eyewall (Riehl and Malkus 1961; Gray and Shea 1973). The scale of the convection is much

smaller than that of the vortex and it is at these smaller scales that role of buoyancy must be

examined. This study uses 2-min output from a 1.3-km grid-scale simulation of Hurricane Bob

(1991) to examine the convective-scale structure of the buoyancy field and to calculate buoyancy

along trajectories rising within the eyewall. The degree to which slantwise neutral conditions

characterize the main regions of ascent within the eyewall is examined.



This studybuilds uponthesimulationsof HurricaneBob by BraunandTao(2000),who

useda 4-km grid spacing to examinethe sensitivity of the simulatedhurricaneto planetary

boundarylayer parameterizations.Here,the simulationis repeatedfor a shorterdurationusinga

grid spacingof 1.3km that is betterableto resolvecloud microphysicalprocesses.The paperis

organizedasfollows. Section2 summarizesthe numericalmodel,the simulationmethodology,

analysismethods,and impactsof decreasingthe grid spacing from 4 to 1.3 km. Section 3

describescharacteristicsof thetime-averagedandinstantaneoushorizontalstructureof kinematic

andsimulatedradarreflectivity fields,andstatisticsrelatedto updraft areaandmassflux in the

eyewall.Section4 examinesthethermodynamicstructureof the stormincludingdiagnosticsof

buoyancyin theeyewall.Finally, section5 providesconclusions.

2. Simulation description

The model used in this study is the Pennsylvania State University--National Center for

Atmospheric Research (PSU--NCAR) nonhydrostatic mesoscale model MM5 (V2.5; Dudhia

1993; Grell et al. 1995). A detailed description of the model setup is provided in Braun and Tao

(2000) and is only briefly summarized here. The MM5 is used to conduct a 72-h simulation of

Hurricane Bob (0000 UTC 16 August - 0000 UTC 19 August, 1991) using a coarse grid

consisting of 193x163x27 grid points in x, y, and z on a Lambert conformal map projection with

a grid spacing of 36 km. A high-resolution simulation is conducted by using l-h output from the

36-km grid to provide initial and boundary conditions for a 12-km grid (163x178x27 grid points)

beginning at hour 48 of the 72-h coarse-grid forecast. A 4-km grid is also initialized at 48 h by

interpolating from the 12-km grid and, prior to 62 h, is moved with the storm in order to keep the

storm nearly centered within the domain. Between 62-68 h, the 4-km grid is kept stationary and a

1.3-km grid is initialized and moved frequently to keep it centered on the storm.

Braun and Tao (2000) describe the model physics and derivation of initial and boundary

conditions. Physics options for the 12-, 4-, and 1.3-km grids include the Betts-Miller cumulus



schemeon the 12-kmgrid, theGoddardCumulusEnsembleModel (GCE) cloud microphysics

scheme[modified asdescribedin Braun andTao (2000)], the Burk-Thompsonboundarylayer

parameterization,andthe Dudhia(1989)cloud radiationscheme.No cumulusparameterization

is usedon the4- and1.3-kmgrids.

Thestormcenteris determinedat everymodeloutputtime usingthepressurefield atthe

lowestmodel level. Ratherthanusingthe locationof the minimum pressure,which can leadto

largeoscillationsof theeyewallaboutthecenter,thehorizontaldistributionof pressureis usedto

determineanapproximategeometriccenter,or centroid,of thepressurefield. This methodleads

to a moresteadymotion of theeyewall,but to oscillationsof thesurfacelow within theeye.The

locationof theminimumpressureis usedasafirst guessfor thecenter.A variationalapproachis

thenusedthatadjuststhe locationof thecenteruntil theazimuthalvarianceof thepressurefield

at all radii betweenthecenterand theouterportion of the eyewall(-65 km) is minimized.This

methodologyworkswell not only at identifying the centroidof the pressurefield, but alsothe

approximatecentroid of the ring of strong tangentialwinds and vorticity. The storm center

location is kept constantwith height, i.e., no attemptis madeto determinedifferent centersat

higherlevels.Stormmotionis thencomputedfrom theidentifiedcenterlocations.

Becauseof the use of a Lambert conformal map projection, the horizontal wind

componentsarenotparallel to latitudeandlongitudelines.However,in theareaof thehurricane,

the anglebetweenthe model y-axis and longitude lines is only about 6.5 ° . Since this angle is

relatively small, all analyses in this study use the winds parallel to the model axes. The wind

component parallel to the y-axis is referred to as the "meridional" component while that parallel

to the x-axis is the "zonal" component.

The environmental winds in the region of the storm are estimated by averaging the

horizontal wind components over the region within 200 km of storm center using output from the

4-km grid. Because of the relatively small averaging area, the effects of beta gyres (Holland

1983; DeMaria 1985; Chan and Williams 1987; Fiorino and Elsberry 1989; Smith et al. 1990)
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are includedwithin this estimateof theenvironmentalwinds.The dataareintegratedvertically

from p=900 to 150 hPa to determine estimates of the steering flow (Liu et al. 1999). Time series

of the zonal and meridional components of the steering flow and storm motion are shown in Fig.

l a and indicate reasonable agreement. A hodograph of the storm-relative environmental flow is

shown in Fig. lb. The zonal component is weak below 12 kin, but westerly flow up to 5 m s_

occurs between 12-14 km associated with an approaching upper-level shortwave trough and

easterly flow up to 2-4 m s _ occurs above 15 km. The meridional component is characterized by

northerly flow below 3 km and above 13 km and southerly flow in between peaking near 8 km.

Trajectories shown in later sections are calculated from the 2-rain model output from the

1.3-km grid. A 10-s time step is used to calculate trajectory locations using wind fields

interpolated linearly in time between model output times. Diagnostic fields such as winds,

temperature, microphysical variables, and other fields are determined along the trajectories at 2-

min intervals.

Fourier decomposition of the model fields is performed to separate the mean vortex

(wavenumber 0) from higher wavenumber components. This analysis is accomplished by

interpolating the model fields to a cylindrical grid with l-km radial grid spacing and variable

azimuthal spacing. Then, for each radius, the azimuthal variations are decomposed into different

wavenumbers using fast fourier transform techniques.

Before examining the structure of the 1.3-kin simulation in detail, it is instructive to

compare it to the 4-km simulation described by Braun and Tao (2000). Important differences are

seen that impact the intensity of the storm and its precipitation structure. The minimum central

pressure of the storm, a measure of its intensity, is impacted by the decrease in grid spacing to

1.3 km. Figure 2 shows time series of the central pressure for the 6-h period of the 1.3-km

simulation and the corresponding pressures from the 4-km simulation of Braun and Tao (2000)

and observations. The 1.3-km simulation produces a weaker rate of intensification than that seen



in the4-km simulationandobservationswith pressuresin the latter 2.5 h beingslightly above

observedvaluesandup to 4 hPahigherthanthe4-kin simulation.

Thesimulatedprecipitationstructuresindicatesomekey differencesbetweenthe 1.3-and

4-km simulations.Figure3 showssimulatedradarreflectivities at 66 h for the 4-km simulation

(Fig. 3a)and the 1.3-kinsimulation (Fig. 3b). In the 4-km simulation,the eyewall is the main

precipitationfeature,with only isolatedconvectionor very light precipitationoccurringoutside

of theeyewall.In the 1.3-kmsimulation(Fig. 3b), theraindistributionin theeyewall is generally

similar to the 4-km simulation,but outsideof the eyewall a prominentconvectiverainbandis

seento the north andeastof the eyewall. Theseresultssuggestthat in the eyewall,wherethe

forcing is strong,convectionis easilyproducedon the4-km grid eventhoughthegrid spacingis

likely inadequatefor resolvingindividual clouds,but thatoutsideof theeyewall,whereforcingis

weaker,the4-km grid is lessableto initiate andmaintainconvectionin this case.

3. Kinematic and reflectivity structure

a. Time-averaged structure

While instantaneous structures can provide insight into the evolution of the eyewall and

rainbands, the tremendous temporal variability can mask the steadier structures. Before

examining the instantaneous structure in the next subsection, the time-averaged fields are

discussed. The time-averaged fields are obtained by compositing the 2-min model fields to a

common grid using the center locations determined from section 2 and then averaging over the

6-h period of the 1.3-km simulation.

The 1.5-km level vertical velocity (Fig. 4) is typical of vertical motions at lower levels in

this storm showing highly asymmetric structure with maximum values on the northwestern side

of the storm. At upper levels (not shown), the strongest vertical motions tend to be found on the

southeastern side of the storm because of the helical path of the updrafts. While rain at the

surface surrounds the entire eye (Fig. 4a), it is maximum slightly downstream (in a cyclonic



sense) from the maximum vertical velocity as a result of cyclonic advection during fallout of the

precipitating particles. The rain maximum is located to the left of the mean storm motion and

wind shear vectors, while the vertical motion maximum is located in the left-front quadrant

relative to the shear. This pattern is similar to that seen in modeling studies by Bender (1997) and

Frank and Ritchie (1999). Jones (1995) and Frank and Ritchie (1999) have shown that for dry

dynamics, tilting of the vortex by vertical shear produces a vertical velocity maximum in the

downshear right quadrant, but simulations including moist convection by Bender (1997) and

Frank and Ritchie (1999) shift the maximum to the downshear left side.

The near-surface tangential velocities (Fig. 4b) are maximum on the western side of the

storm, just downstream from the vertical motion maximum with values exceeding 45 m s -_. Near-

surface radial inflow (Fig. 4c) surrounds the storm, with maximum inflow in the downshear left

quadrant and weak outflow in the eye. The asymmetry of the inflow is partly related to the

northeastward movement of the hurricane, which according to Shapiro (1983) should tend to

produce strong inflow slightly to the right of the direction of storm motion. The location of

strongest inflow to the left of the storm motion in this case is influenced by several factors that

are apparent in the wavenumbers 1 and 2 components of the near-surface wind field (Fig. 5). The

wavenumber 1 wind field is comprised of the effects of storm motion, vertical shear, beta gyres

(Holland 1983; DeMaria 1985; Chan and Williams 1987; Fiorino and Elsberry 1989; Smith et al.

1990), as well as other asymmetries that can develop as a result of both internal dynamics (Peng

and Williams 1990; Nolan and Montgomery 2000) and environmental forcing (Smith 1991;

Kraus et al. 1995; Glatz and Smith 1996). Figure 5a shows that the wavenumber 1 flow is

primarily from the north just outside the eye, which is more northerly than the flow direction

associated with the storm-relative mean flow (Fig. lb), although outside of a radius of 150 km

(not shown) the flow direction is more consistent with the storm-relative flow. The influence of

the beta gyres and other internal effects is diagnosed by removing the mean environmental flow

from the wind field in Fig. 5a, the result of which is shown in Fig. 5b. The flow pattern
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resembles the source-sink pattern described by Marks et al. (1992) in their analysis of Hurricane

Norbert (1984), with convergence into the sink on the northern side of the eyewall and

divergence out of the source on the southern side. The inflow is strongest on the northwestern

side of the eyewall.

The wavenumber 2 pattern (Fig. 5c) shows inflow to the northwest and southeast of the

eye and outflow to the northeast and southwest, which shifts the stronger inflow to the western

side of the northern semicircle and to the eastern side of the southern semicircle. The flow is

indicative of a deformation flow pattern that also extends out to much larger radii (>1000 km,

not shown), suggesting that it is a product of the environmental flow. This environmental flow

pattern is shown schematically in Fig. 6 and depicts southwesterly flow associated with an

approaching trough to the west of the hurricane, southerly flow associated with the subtropical

high to the east of the hurricane, and a weaker westerly flow to the southwest of the hurricane.

When the storm motion is subtracted from this flow pattern, a clear deformation pattern is

apparent with the axis of dilatation oriented southwest to northeast and the hurricane located at

the center of the deformation pattern. To the extent that this pattern is typical of recurving storms

prior to transition (Foley and Hanstrum 1994; Harr et al. 2000, Klein et al. 2000), deformation

forcing may contribute to shifting the maximum inflow to the left of the storm motion in many

transitioning storms. The fairly steady deformation forcing can also excite wavenumber 2

disturbances within the hurricane vortex (Kraus et al. 1995; Glatz and Smith 1996) that can

influence the intensification of the storm (Montgomery and Kallenbach 1997).

b. Instantaneous low-level horizontal structure

The evolution of the reflectivity field at 1-km mean seal level (MSL) is shown in Fig. 7.

The model produces an eyewall structure with precipitation that completely encloses the eye.

This structure differs from that observed in Bob (Braun and Tao 2000), which had a partial

eyewall structure throughout the majority of its lifetime. In this regard, the simulation is unable



to reproduce the observed structure and this error is likely due to initial condition errors, either in

the initial vortex structure or the large-scale conditions. However, as will be shown, the

simulation is very realistic in many ways and still provides insight into the structure of

hurricanes in general.

Considerable fine-scale structure occurs within the eyewall (Fig. 7). At times (e.g., Figs.

7c, d), thin filaments of reflectivity are shed from the edge of the eyewall and may be associated

with outward propagating inertia-gravity waves (Abdullah 1966; Senn and Hiser 1959;

Willoughby 1977, 1978a, 1978b) or vortex Rossby waves (Guinn and Schubert 1993; Schubert

et al. 1999). At 66 h (Fig. 7c), a well-developed convective rainband extends from the northwest

side around to the east and south. Two hours earlier (Fig. 7a), the initial development of the

convective rainband is apparent to the north and east of the eyewall. By 65 h (Fig. 7b), the

convection moves outward somewhat and becomes more distinct from the eyewall, although

weak reflectivities still occur between the rainband and the eyewall. By 66 h (Fig. 7c), this

lighter precipitation diminishes and a precipitation-free zone extends toward the northwestern

side of the storm. In the next hour (Fig. 7d), newly formed but weaker bands are produced along

the eastern side of the storm and move into the region previously occupied by the convective

rainband. These weaker bands are relatively short-lived, however. During the 6-h simulation,

only a single long-lived, intense convective rainband forms outside of the eyewall, while the

shorter-lived, weaker bands are nearly continually produced along the outer edges of the eyewall.

At 66 h, the tangential velocities at 500 m (Fig. 8) exceed 35 m sj within a 50- to 65-km

wide band around the eye, with maximum winds generally -65 m s 1 in isolated areas. While the

tangential velocities decrease slowly with radius outside of the eyewall, the radial gradient of the

tangential velocity on the inner side of the eyewall is very intense. The gradient is most intense

on the western side and more relaxed on the eastern side of the eye, with vorticity values (not

shown) reaching -20x 10.3 s -_.
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Thehorizontalstructureof theradial velocityfield at low levelswithin hurricaneshasnot

beenwell documentedsinceradarobservationsdonot usuallygetbelow 500m andthevelocity

field is oftenshownasanazimuthalaverageor vertical crosssection.The simulationresultsare

usedhere to characterizethe near-surfaceradial velocitiesand the changesthat occur rapidly

while movingup throughtheboundarylayer.Figure9 showsthehorizontaldistributionof radial

velocity at 100,500,and 1500m at 66 h. At 100m (Fig. 9a), the radial velocity patternshows

stronginflow exceeding15m s1 startingon theeasternsideof the stormandextendingaround

to thenorthernandwesternsidesof theeyewall. Intenseinflow greaterthan30 m s1 occurson

the northernside,just inside the maximumreflectivity of the eyewall, andon the westernside

within thehighreflectivity area.Weakerinflow occurson thesouthernsideof thestormandalso

along the inneredgeof theconvectiverainbandto thenortheast.Within theeye,weak outflow

occursandis strongeston thenorthwesternandsouthernsidesof theeye.At 500m (Fig. 9b), the

inflow is weakerwith a much smallerareaof inflow exceeding15m s-_on the northernand

westernsidesof the eye. The weak inflow to the south outsideof the eyewall at 100 m is

transitioningto weakoutflow at 500m. Within theeye, theoutflow hasstrengthenedto 10-15m

s-_within narrow bandson the inner edgeof the eyewall. At 1500m (Fig. 9c), the bandof

outflow aroundtheeyeis theprimary featurewith maximumoutflow speedsof about20-25m s

t. Weakinflow predominateson thenorthwesternsideandweakoutflow on thesoutheasternside

outsideof theeyewall.

Therelationshipsbetweenregionsof maximuminflow andoutflow andthewavenumber

2 wind andpressureperturbationfields aredisplayedin Fig. 10 for the lowest model level (42

m). The reflectivity field at this time (Fig. 7c) depictsan elliptically shapedeyewall with the

major axisorientedwest to eastand strongerreflectivity regionsat the endsof the major axis,

similar to findingsof Kuoet al. (1999).Thewavenumber2 pressurepatternshowsareasof lower

pressureat theendsof the major axisand higherpressureat the endsof the minor axisof the

ellipse.The negativepressureperturbationsareassociatedwith cyclonic perturbationvorticity
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while positive pressure perturbations are associated with anticyclonic vorticity (not shown). The

perturbation wind fields therefore produce inflow ahead (in a cyclonic sense) of the lows and

outflow ahead of the highs. The wavenumber 2 pattern is strongest in the radial band between

30-50 kin, where the mean radial vorticity gradient is strongly negative. The wave pattern rotates

around the center with constant angular velocity with a period of -3.4 h or, assuming a radius of

40 km, at an average velocity of approximately 21 m s-_, which is about half the mean azimuthal

winds at this level. The slower phase speed of the asymmetry is consistent with the propagation

of a wavenumber 2 vortex-Rossby edge wave (Kuo et al. 1999; Reasor et al. 2000). According to

linear wave theory (Lamb 1932), the phase speed of a vortex-Rossby edge wave propagating on

the vorticity discontinuity of a Rankine vortex is given by cp = V,,(1- 1/n), where V,, is the

maximum azimuthal-mean tangential wind and n is the azimuthal wavenumber. Therefore, for

wavenumber 2, the phase speed is half the maximum tangential flow. However, other factors

may also contribute to the excitation and maintenance of the wavenumber 2 pattern. For

example, the potential vorticity (PV) distribution (not shown) is characterized by a ring of high

PV near the radius of maximum wind, with lower PV in the center. This type of radial PV profile

is barotropically exponentially unstable for wavenumber 2 (Reasor et al. 2000) and in the

presence of sufficient PV production by convection in the eyewall, could maintain the

wavenumber 2 asymmetry against the effects of vorticity mixing (Schubert et al. 1999). Also,

persistent deformation forcing from the large-scale environment (Figs. 5c, 6) may favor

development and maintenance of the wavenumber 2 asymmetry.

When the cyclonically propagating wavenumber 2 pattern is examined in combination

with the wavenumbers 0 and 1 components of radial velocity (Fig. 5a), much of the transient

structure of the radial velocity field can be understood. As a low pressure region associated with

the wavenumber 2 asymmetry moves to the eastern side of the center, the inflow ahead of the

low begins to overlap with the wavenumber 1 inflow region and produces a local maximum in

inflow (Figs. 9a, 10). This pocket of strong inflow moves around to the northwestern side of the
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storm with the low. As the low moves to the west of the center (Fig. 10, westernlow), the

wavenumber1 inflow transitionsto outflow andnearlycancelsthe inflow aheadof the low to the

southwestof thecenter. However,stronginflow still occurson thewesternsideof the stormas

air convergesinto the low. The inflow associatedwith wavenumbers0-2 aheadof the western

low remainsweakasthe low subsequentlymovesaroundthe southernsideof thestormuntil the

low againreachestheregionof wavenumber1 inflow in thenortheasternquadrant.Aheadof the

high pressureregions,theperturbationwindsproduceoutflow from theeyeor weakerinflow in

theeyewallascanbeseenin Fig. 10to thenorthwestandsoutheastof thecenter.

c. Vertical structure

Vertical cross sections are shown in Figs. 11-13 and depict variations in the radial

structure around the storm starting with a cross section to the northeast of the center and moving

counterclockwise around the storm (see Fig. 7c). The cross section to the northeast cuts through

the eyewall and convective rainband. Reflectivities (Fig. 1 la) in the eyewall exceed 45 dBZ up

to 5 km and upward vertical velocities (w) greater than 4 m s-t occur just inside of the eyewall

reflectivity maximum. Within the convective band, two cores of high reflectivity are present, the

innermost one possessing reflectivities exceeding 45 dBZ up to 7-8 km. Both cores are

associated with elevated updrafts with w > 4 m s -1. Between the updrafts and extending below

and just inside of the innermost core are downdrafts of 1-4 m s-I.

To the northwest (Fig. 1 lb), the eyewall reflectivities and vertical velocities exhibit a

greater outward slope with height. However, this slope is not the result of the tilt of a single

updraft but is comprised of several updrafts that increase in depth with radius in a stair-step

fashion. Vertical motions again are strongest inside the reflectivity maximum, reaching 4-6 m s-I.

At a radius of 125 km, a strong convective cell slopes inward with height with w > 4 m s-_ and

reflectivities exceeding 45 dBZ up to 8 km. A strong upper-level downdraft occurs above and

outside of this updraft. Between this cell and the eyewall, the precipitation is more stratiform-like
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with embeddedweakconvection.The vertical motion field suggestsa transition to stratiform

structurebetween75-115 km as the updraft broadensand risesand weak downwardmotion

developsbelow.

Within thesouthwesterncrosssection(Fig. 1lc), thereflectivitiesandvertical motionsin

theeyewallaresomewhatweakerandtheoutwardslopeis evengreater.Upwardmotionsgreater

than2 m sl extenduponly to 4-5 km in theeyewallwith downwardmotionsat lower andupper

levelsalongtheinneredgeof theeyewall.Outsideof 50 km radius,theprecipitationstructureis

definitely stratiform with weak upward motion above5-7 km and weak downward motion

below.

In the southeasternsector of the storm (Fig. 1ld), the reflectivity structure is deep

althoughthe maximumreflectivities areweaker.Theeyewall updraftandreflectivitiesaremore

upright with vertical motionsof only 1-2m st inside thereflectivity maximum.In fact, in the

deepreflectivity corebetween50-75 km, the air motionsaregenerallydownward,suggesting

that theprecipitationhasnotbeengeneratedlocally, but hasbeenadvectedfrom thewesternside

by the cyclonic flow. A very shallow and intenseconvectivecore occursalong the tail of the

convectiveband(125 kin) with the precipitation generatedby warm microphysicalprocesses

only.

Theradial velocitiesvary considerablyaroundthe storm.The primary outflow channel

occursin theupper tropospherein the southeasternandeasternsectorsof the storm(Fig. 12d),

with outflow exceeding20m s_, andtapersoff towardthesouthwestandnortheast.A secondary

outflow layer occursbetween5-12km MSL on thenorthernsideof the storm(Figs. 12a,b) asa

result of outflow from the convectiverainband.In the northeasterncrosssection(Fig. 12a),

outflow alsooccursbetweentheinner edgeof theeyewall andthe inneredgeof theconvective

bandbetween3-7km MSL. The northwesterncrosssection(Fig. 12b)cuts throughthe strong

low-level outflow (Fig. 9c), with maximumoutwardflow along the inner edgeof the eyewall

reaching25-30 m s-1near 1-2km. Similar, but weaker,outflow occurs in the southerncross
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sections(Fig. 12c,d). The low-level outflow is similar to that seenin theanalysisof Hurricane

Allen (1980)by Jorgensen(1984)andin thesimulationof HurricaneAndrewbyLiu et al. (1997,

1999).Zhanget al. (2001)show that this outflow is associatedwith supergradientwinds and

suggestthatit playsan importantrole in ventingair from theeye.

The radial inflow is strongeston the northernsideof the stormanddecreasesrapidly in

strength with height. In the northern cross sections, inflow is briefly reducedacross the

convectiveband before increasingrapidly toward the center. In the southerncross sections,

below 12km, much deeperinflow occurs,particularly to the southeast,becauseof the south-

southeasterlycomponentof thestorm-relativeenvironmentalflow (Fig. lb).

d. Vertical mass flux statistics

Riehl and Malkus (1961) postulated that nearly all the mass reaching upper levels in the

inner core ascends rapidly in a few nearly undilute convective hot towers rather than by a more

uniform and gradual vertical mass circulation. Riehl and Malkus (1961) and Gray and Shea

(1973) suggest that the percentage of the eyewall area occupied by these hot towers is relatively

small, perhaps only 10-20%. In this section, the statistical distribution of vertical velocity within

the eyewall is examined briefly to determine the contribution of hot towers to the total area and

vertical mass flux within the eyewall. Histograms of vertical velocity are computed for all times

and for each model level using a bin size of 0.5 m s-I and enclosing the eyewall updrafts within a

25-km-wide radial band (Fig. 13). Results for the 5.2-km level are used as an example, but

similar distributions exist at most levels between about 2-10 km MSL.

Figure 13 shows the instantaneous vertical velocity at 5.2 km MSL. Areas enclosed by

the 2 m s -] contours show that the updrafts are concentrated into cores that occupy only a small

fraction of the eyewall area (i.e., the 25-km wide band) and typically enclose even more intense

upward motions rather than comprising areas of somewhat broader-scale, gentle ascent. Figure

14a (dashed line) shows the cumulative percentage of the eyewall area with updrafts less than the

indicated value using model output for the 6-h duration of the simulation. For example, updrafts
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exceeding 2 m s _ occupy only about 16% of the total eyewall area, while updrafts greater than 4

m st occupy less than 7% of the eyewall area. The thick solid line in Fig. 14a shows the

percentage of the updraft area occupied by updrafts with vertical motions less than the indicated

value, with 30% (12%) of the updraft area being occupied by updrafts exceeding 2 m s-_ (4 m s

]).

The percentage of the total upward mass flux coming from updrafts within 0.5 m s1 bins

centered on the indicated vertical velocities is shown in Fig. 14b (dashed line). The largest

proportion of the upward mass flux at this level comes from vertical motions of about 1 m s_, a

result consistent with those of Yuter and Houze (1995) for summertime convection in Florida,

but peaking at somewhat smaller vertical velocities. However, the cumulative contribution to the

total mass flux (thick solid line showing the percentage of the total upward mass flux coming

from updrafts less than the indicated value) shows nearly 64% of the upward mass flux coming

from updrafts stronger than 2 m s-t and 37% coming from updrafts stronger than 4 m s-t. Given

the small area occupied by drafts greater than 2-4 m s1 (Fig. 14a), this suggests that the hot

towers account for a very large fraction of the total upward mass flux even though their total area

is very small.

Evefi though the largest percentage of the upward mass flux comes from 1-2 m s-_

updrafts (dashed line in Fig. 14b), this does not necessarily mean that weaker stratiform-like

updrafts between the updraft cores are contributing to the mass flux. Consider an isolated

symmetric updraft core (Fig. 14c) that has peak intensity of -10 m s-_ in its core and vertical

velocities that fall off approximately as l/r,2, where r, is the distance from the core center. In this

regard, an updraft is viewed as having a distribution of vertical velocity within it as seen in Fig.

14d. For such an updraft, the area occupied by very intense vertical motions is small compared to

that occupied by weaker drafts near its edge. The thin solid lines in Figs. 14a and 14b show the

cumulative percentage of the updraft area and upward mass flux for this updraft and exhibit

profiles very similar to that seen in the eyewall of the simulated hurricane. Therefore, the
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contributions to the total upward mass flux from the weaker vertical motions may not generally

be associated with stratiform precipitation processes but may merely represent the outer portions

of updraft cores.

4. Thermodynamic structure

a. O, structure

An example of the thermodynamic structure is given in Fig. 15a, which shows a

representative cross section of 0, and radar reflectivity. High 0,, air is generally found in the

boundary layer except where lower 0, air has been brought into the boundary layer by

downdrafts in the region of developing stratiform precipitation. Values of 0, increase rapidly

near the inner edge of the eyewall and a shallow pool of high 0_ air is found in the eye with 0_

reaching > 370 K. Above the boundary layer in the eye, 0_ decreases rapidly with height up to 2

km, remains relatively constant at -350 K up to 7 km. and then increases gradually with height.

This profile of 0_ is comparable to profiles derived from dropsondes in the eyes of hurricanes by

Willoughby (1998).

A tongue of high 0_ air extends outward from the eye into the eyewall updraft and is

nearly coincident with the low-level outflow above the boundary layer (Fig. 12b), giving the

impression that the storm is drawing air out of the eye and into the updraft. Unlike the outer

regions of the storm, where tongues of high 0_ air extend upward from the boundary layer in

areas of convective updrafts (e.g., r=-125 km), moist tongues in the eyewall are generally found

along the inner edges of the updrafts (Fig. 15b). To examine how this structure occurs,

trajectories are calculated for points initially located at the 2-km level that cut across both the

updraft and high-0_ tongue (Fig. 15b). The trajectories are started at 66 h and go backward 4 h

and forward 2 h.

The trajectory paths are depicted in a radius-height cross section in Fig. 16a while the

values of 0, along portions of the trajectories are shown in Fig. 16b. Trajectories 1-3 originate
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outside the eye, while trajectory 4 originates within the eye. Trajectory 1, which has the largest w

but lowest 0e of the trajectories at 2 km, descends from the 5-km level in the region of the

convective band (not shown) and penetrates into the upper part of the boundary layer before

rising within the eyewall. During its time in the boundary layer, the trajectory's 0e increases 15 K

from 337 to 352 K. Trajectory 2 starts near the 4-km level, descends to 1 km inside a radius of

100 km, and then penetrates lower down in the boundary layer, moving in closer to the center

than trajectory 1. Its 0_ increases 19 K from 336 to 355 K before rising. Trajectory 3 lies below

0.6 km during the entire backward trajectory. It is closest to the surface and penetrates furthest

into the eye, resulting in an increase of 0_,of 17 K from 340 to 357 K before rising. Trajectory 4

swirls around the eye, moving up and down nearly 1 km before getting caught up in the eyewall

updraft and rising rapidly to upper levels. Its 0_ fluctuates -5 K as it initially rises and falls

within the eye and then decreases about 4 K as it rises within the eyewall, presumably because of

mixing with drier air above the boundary layer in the eye (Fig. 15a). As trajectory 3 rises from

near the surface, its 0e continues to increase by about 2 K up to 1 km and then parallels that of

trajectory 4 up to 2 km. Along trajectory 2, 0e continues increasing up to 2 km before paralleling

trajectory 4 up to 5 km. The 0_,profiles suggest that mixing occurs between some of the incoming

air and the pool of high 0_ air in the eye.

Similar trajectories and 0_ profiles are seen along other sections of the storm, but do not

always indicate air being drawn out of the eye by the low-level outflow, as in trajectory 4.

Therefore, while low-level air within the eye is occasionally drawn into the updraft, the high 0_

air along the inner edge of the updraft and within the low-level outflow is predominantly

associated with air that originates outside of the eyewall. This air generally comes from lower in

the boundary layer and gets closer to the center so that it picks up more heat and moisture from

the surface and reaches a lower pressure, thereby attaining the highest 0e upon rising (Holland

1997; Liu et al. 1999). Some additional warming may be achieved through mixing with the low-

level high 0_ air in the eye. Since air in the low-level outflow originates primarily from outside of
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the eye, the eye is not being vented steadily by the outflow (Zhang et al. 2001), but more slowly

by episodic "leakage" of eye air into the eyewall (Malkus 1958).

b. Buoyancy

Anecdotal evidence is first presented to demonstrate the characteristics of the vertical

accelerations in the eyewall. Figure 17 shows profiles of vertical velocity and hydrometeor

mixing ratios along trajectories 3 and 4 (Fig. 15b). For both trajectories, the vertical velocities

increase with height from 0 near the surface to -7-8 m s 1 near the melting level, demonstrating

that the net effect of pressure and buoyancy forces at these levels is to accelerate the air upward.

Trajectory 4 is more representative of many of the trajectories that have been calculated: rapid

acceleration up to the freezing level followed by rapid deceleration, brief downward motion, and

then recovery of weak upward motion aloft. The rapid deceleration above the freezing level

generally coincides with the development of large graupel mixing ratios, with the transition to

brief downward motion occurring immediately above the peak in graupel. This result suggests

that hydrometeor water loading contributes significantly to decelerating the air parcels rising

within the eyewall, in agreement with the findings of Zhang et al. (2000). As the graupel falls out

of the parcels, water loading is reduced and weak upward accelerations recur. The parcels then

rise more slowly (1-2 m s1) before reaching their equilibrium level near 14-15 km.

Zhang et al. (2000) used an MM5 simulation of Hurricane Andrew (1992) with 6-kin grid

spacing to investigate the vertical momentum budget and the role of buoyancy within the inner

core of the storm. The azimuthally averaged eyewall was found to be potentially stable to

vertical motions, but neutral or slightly potentially unstable to slantwise ascent. They concluded,

however, that the vertical accelerations in the eyewall were attributable to small differences

between positive (upward-directed) perturbation pressure gradient forces and negative

(downward-directed) buoyancy and water loading forces, i.e., that air in the eyewall was

negatively buoyant and was forced upward by perturbation pressure forces. An analysis of
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buoyancy,however, is sensitiveto the choiceof a referencestate.In Zhanget al. (2000), the

referencestatewasobtainedby performing a running averageof the model outputusing four

neighboring points on constant cr surfaces. This approach produces a reference state with

considerable horizontal variability when applied to grid scales of less than 6 km. Also, their use

of the pressure minimum as the center location instead of some measure of the geometric center

may introduce some asymmetry in the eyewall.

This study advances an alternative definition of the reference state that uses fourier

decomposition to divide the storm structure into its wavenumber 0 (azimuthal mean),

wavenumber 1, and higher wavenumber contributions and includes the lower wavenumber fields

in the reference state. This approach results in a horizontally smooth reference state and

perturbations that cancel when averaged azimuthally. The motivation for this approach is as

follows. First, the mass flux statistics from section 3d suggest that most of the ascent occurs

within updrafts whose horizontal scale is much smaller than that of the mean vortex and

wavenumber 1 asymmetry so that any buoyancy that exists would occur on similarly small

scales. Second, the wavenumber 0 potential temperature field can be viewed as having little net

impact on buoyancy since, for any given updraft parcel in the eyewall, adjacent air inside the

parcel radius is warmer, adjacent air outside that radius is cooler, and adjacent air in the

azimuthal direction has an identical temperature. Finally, the wavenumbers 0 and 1 potential

temperature fields can be assumed to be approximately in thermal wind balance with the

corresponding components of the tangential velocity. Departures from thermal wind balance on

these scales, perhaps associated with frontogenesis in the eyewall (Emanuel 1997) or changes in

the vertical shear associated with the vortex (Smith 1980), would likely produce weaker upward

motion on the scale of the vortex rather than intense, small-scale updraft cores.

In general, positive buoyancy (in the absence of hydrometeor effects) is assumed to occur

when the virtual potential temperature, 0_., exceeds the local value associated with the broader-

scale structure of the warm core. The virtual potential temperature excess can then be defined as
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O_:(r,)_,z)=O_.(r,)_,z)-Ovo(z)-O°"(r,_,,z), where the prime denotes a perturbation value, the

subscript 0 denotes a hydrostatic reference value, 0vo, obtained by averaging over the 1.3-km

model domain, and 0 °_ represents the perturbations associated with wavenumbers 0 and 1. Other

perturbation variables can be defined analogously. The total buoyancy (Houze 1993) is defined

as

0,'. t-(_c-1) _p0,1 q;B = g 0,.0 + 0 °'1 P0
(1)

where t¢=0.286, p is pressure, and q; is the perturbation hydrometeor mixing ratio

(wavenumbers 2 and higher). Lower wavenumber components of % are not included in (1) since

they contribute to hydrostatic balance between 0 °'_ and pO._. Strictly speaking, the definition of

buoyancy is based solely upon the perturbations from the reference state without regard to

whether the air rises by purely vertical ascent or by slantwise ascent.

The virtual potential temperature excess, 0", overlaid on the vertical velocity field at the

3.2-km level is shown in Fig. 18. Areas of positive 0" (-0.5-3.5 K) are present in the eyewall,

particularly on the western and eastern sides of the storm where updrafts are strongest and low-

level pressure perturbations are negative (Fig. 10). Cross sections through the convection on the

northwestern side of the storm in Fig. 19 depict the vertical structure of the reference state (pO._

and 0_°'_, with horizontal means P0 and 0v0 excluded), the higher wavenumber perturbations p'

and 0", and the buoyancy defined in (1). The reference pressure field (Fig. 19a) shows a strong

low pressure perturbation at low levels in the eye and relatively higher pressures outside the

eyewall. The vertical pressure gradient force is directed downward in the eye and eyewall and

upward outside of the eyewall and is in hydrostatic balance with the warm temperature anomaly
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in the eye_(Fig. 19b)and thelow wavenumberhydrometeorfields qO.1 (not shown). Closer in

scale to the convection, the higher wavenumber perturbation pressures (Fig. 19c) indicate

negative values (-3-4 hPa) underneath and just inside of the deep convection, maximum near the

surface and decreasing with height. The vertical gradients of both the reference state and

perturbation pressures are thus directed downward in the eyewall and, in contrast to Zhang et al.

(2000), do not appear to contribute to lifting of the low-level air. Areas of low-level positive p'

(Fig. 10) have upward directed perturbation pressure gradient forces, but tend to be characterized

by weaker updrafts or weak downdrafts at mid levels. The 0( values (Fig. 19d) are maximum in

the eyewall convection and reach values of up to 4 K. The effects of hydrometeor drag act to

reduce the buoyancy (Fig. 19e) associated with 0h'., but still indicate positive buoyancy in the

eyewall up to near 5 km with only weak buoyancy above.

The patterns shown in individual cross sections of the storm (Fig. 19) are not necessarily

representative of rising air parcels, however, since the rising air moves a significant distance

azimuthally around the storm during the time that it ascends from the lower to upper troposphere.

In order to examine the vertical accelerations of air rising in the eyewall, the perturbation

temperature 0_f, buoyancy, and vertical pressure gradient force have been calculated along

trajectory 3 (Fig. 17a) by subtracting the time-dependent reference values following the

trajectory (Fig. 20). Between 1-11 km, 0_ is 1-2 K resulting in buoyancy that is generally

positive except below 1 km and above 9.5 km. The vertical pressure gradient force largely

opposes the buoyancy force. The negative buoyancy below 1.5 km means that the air is initially

lifted out of the boundary layer by perturbation pressure forces, in relative agreement with Zhang

et al. (2000). However, above this level, the perturbation pressure gradient force is directed

In this depiction of the warm anomaly, the core of the anomaly is located much lower than is typically observed

(e.g., Hawkins and Imbembo 1976) because of the removal of a domain averaged value, which contains some

signature of the inner-core warming. When a reference profile characteristic of the large-scale environment outside

of the storm is subtracted from the inner-core potential temperatures, the core of the warm anomaly is located close

to 9-10 km. in better agreement with observations within hurricanes.
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downward so that upward accelerations are the result of the positive buoyancy. The vertical

velocity tendency, Aw/At, estimated from the 2-rain output along the trajectory, and the vertical

force balance [B+ (1/p)Op'/Oz, where p is the air density] along the trajectory (Fig. 20b) show

good agreement below 8 km and confirm the important role of positive buoyancy and not

upward directed pressure forces in accelerating the upward motion in the eyewall above the

boundary layer. The poor agreement between the two profiles in Fig. 20b between 8.5 and 10.5

km may be the result of two factors: 1) the coarser vertical resolution at these levels, which may

cause increased errors in the calculation of the vertical pressure gradient; and 2) the fact that

Aw/At is determined over 2-min intervals while the vertical force balance is an instantaneous

value.

The negative buoyancy and upward-directed pressure force at low levels are related to the

wavenumber 2 structure of the eyewall (Fig. 10). The wavenumber 2 pattern rotates around the

storm at about half the speed of the tangential flow so that low-level inflowing air moves through

the pattern. During the time that the buoyancy is negative and the pressure gradient force is

directed upward, the air parcel associated with trajectory 3 is moving through the wavenumber 2

positive pressure perturbation on the north side of the eyewall (Fig. 10). As the parcel rises above

the boundary layer, it moves through the wavenumber 2 pattern from the high pressure region to

the low pressure region and becomes positively buoyant while the pressure gradient force

changes to a downward direction to oppose the buoyancy. The wavenumber 2 disturbance thus

modulates the upward motion and precipitation development within the eyewall through its

impact on the buoyancy and pressure forces at low levels.

The average buoyancy along the trajectory below 12 km is approximately 80 m s -I hl,

yielding a CAPE of -445 J kg _ when water loading effects are excluded and -260 J kg l when

they are included. These values of CAPE are more than adequate for generating updrafts of up to

10 m s-I if one assumes that the maximum vertical velocity is given by w .... = (2.CAPE) _/=

(Weisman and Klemp 1986).
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The buoyancyis generallyachievedalongoutward slantedpathsalong which absolute

angular momentum (M = rV+ fr2/2, r =radius, f=Coriolis parameter) is nearly conserved,

although along some trajectories substantial variations in M can occur. Emanuel (1986) and

Rotunno and Emanuel (1987) have suggested that the mature hurricane eyewall is characterized

by a state of moist symmetric neutrality in which the saturated equivalent potential temperature,

0,_, and M surfaces are parallel. Zhang et al. (2000), in their simulation of Hurricane Andrew,

found that the azimuthal mean eyewall was near neutral or characterized by slight potential

symmetric instability (0,, and M surfaces nearly parallel). Figure 21a shows the azimuthal mean

distributions of M and 0_, for Hurricane Bob. Within the eyewall between 2-5 km MSL, the 0,,,

contours are nearly vertical while the M contours slope outward, so that c_O,,,/oaz.<O along the M

surfaces and the requirement for conditional symmetric instability is met. These results then

motivate the question, are the updrafts the result of symmetric instability?

A hypothetical air parcel rising out of the boundary layer along the thick solid line in Fig.

2 la starts with a relatively high value of 0_ that remains nearly constant during ascent (Fig. 2 lb;

here, trajectory 3 is used to depict the parcel 0, and environmental 0_,). If the azimuthally

averaged fields approximately represent the environment into which the parcel rises, then the

environmental 0_ decreases with height up to about 3 km and then increases above that height

(dashed line in Fig. 21b). The parcel 0_ exceeds 0e, of the environment up to a height of 10.5 km.

As a result, relatively large slantwise CAPE, or SCAPE, exists within the eyewall. Interestingly,

after the air parcel is "flung" outward by the low-level outflow (r-40 km, z-l.5 km in Fig. 21a),

its 0_ is sufficiently high that it could, in the absence of horizontal forces, rise vertically to the

upper troposphere without any further outward displacement, i.e., it is unstable to vertical

displacements. Of course, as shown by Zhang et al. (2001), supergradient forces arising from

upward angular momentum transport accelerate the rising air outward so that it continues along a

slantwise path. Recall that symmetric instability occurs only when an air parcel is stable to

purely vertical and horizontal displacements and unstable to slantwise displacements.

23



Consequently, after the initial outward displacement at low levels, the attribution of strong ascent

to symmetric instability is not justified since the air is unstable to further vertical displacements.

These results have implications for the development within hurricanes of convective

bursts (Steranka et al. 1986; Heymsfleld et al. 2001), which are episodes of prolonged deep

convection in or near the eyewall. Outside of the eyewall, sufficient CAPE may exist to support

deep convection, but within the eyewall the warm anomaly is often thought to eliminate any

CAPE required for deep convection. However, when the low-level outflow in the eyewall is

strong, the radial displacement can be adequate to allow for deep convection to develop even in a

mature hurricane.

The findings of significant buoyancy within the updraft cores and the fact that most of the

eyewall vertical mass flux is associated with small-scale updrafts that occupy only a fraction of

the eyewall area support the notion of the eyewall containing active "hot towers" (Riehl and

Malkus 1958; Simpson et al. 1998). An important question is, what is the dynamical role of the

hot towers? Are they just aberrations on the mean (symmetric) dynamics or are they the essential

components of the dynamics? The results of this study suggest that the concept of a

symmetrically rising current of air within the eyewall, while convenient for theoretical purposes,

is rather unrepresentative of actual processes in the eyewall since much of the eyewall upward

mass flux is occurring within isolated hot towers. However, it may be that development of the

mean vortex depends only on the amount of air rising within the eyewall rather than on how the

air rises. Since the upward motion is concentrated into small cores, the immediate impacts of the

convection (e.g., potential vorticity changes) must also occur on small scales but then feedback

to the mean vortex rapidly through axisymmetrization processes because of the preferential

decay of high wavenumber asymmetries (Smith and Montgomery 1995). A future study will

examine the role of vortex Rossby waves and axisymmetrization using this simulation.
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5. Conclusions

A simulation of Hurricane Bob (1991) is conducted using a grid spacing (1.3 km) typical

of many convective cloud models. While the simulation does not reproduce the highly

asymmetric precipitation structure of Bob, it realistically produces many features of observed

hurricanes.

The time-averaged structure is characterized by maximum low-level vertical motions and

inflow in the left-front quadrant relative to the storm motion and mean wind shear vectors and

maximum precipitation and tangential winds located to the left of these vectors. While the storm

motion is expected to produce maximum inflow in the right-front quadrant (Shapiro 1983), the

maximum inflow is shifted to the left-front quadrant by the effects of wavenumber 1

asymmetries associated with internal dynamics as well as by wavenumber 2 asymmetries

associated with deformation forcing. The deformation forcing is associated with a large-scale

environment in which the hurricane is located between an approaching short-wave trough to the

west and the subtropical high to the east, a pattern that is fairly typical of recurving storms.

The simulation produces a realistic eyewall and a single well-defined, long-lived

convective rainband that slowly moves outward from the eyewall. Other shorter-lived and

weaker rainbands are frequently shed from the eyewall and may be associated with outward

propagating gravity waves or vortex Rossby waves. Radial inflow is very intense near the

surface, but weakens rapidly through the boundary layer, transitioning to intense low-level

outflow near the top of the boundary layer within some portions of the eyewall. The low-level

structure is strongly modulated by a pronounced wavenumber 2 disturbance that creates an

elliptically shaped eyewall. The disturbance rotates around the eye at about half the speed of the

maximum tangential winds, consistent with theory for vortex Rossby edge waves. Other

potential source mechanisms for this wavenumber 2 disturbance include counter-propagating
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vortex Rossbywavesthat form in the regionof a barotropicallyunstablemeanradial vorticity

gradientandthelarge-scaledeformationforcing.

Examinationof theradial distributionof 0,, reveals that in the eyewall, tongues of high 0_

air extend upward from the boundary layer in the eye along the inner edge of the eyewall

updrafts instead of being collocated with the updrafts, as is seen in convection outside of the

eyewall. Trajectory calculations suggest that the air in these high 0,. tongues generally originates

from outside of the eyewall, with the highest 0e air coming from very near the surface, where it

picks up substantial heat and moisture, and penetrating furthest into the eye before rising,

allowing the parcels to reach lower pressures and possibly mix with high 0, air in the eye

boundary layer. Occasionally, high 0,, air within the eye is drawn into the eyewall updrafts.

Calculated eyewall trajectories possess strong vertical accelerations up to the melting

level, above which water loading significantly dampens the accelerations or reverses them until

precipitation falls out. To explain the vertical accelerations, buoyancy is diagnosed by

decomposing the thermodynamic fields into different azimuthal wavenumber components and

including wavenumbers 0 and 1 in the reference state. Results show considerable buoyancy in

the eyewall with virtual potential temperature perturbations up to 4 K. Buoyancy calculated

along a trajectory for an air parcel rising within the eyewall shows sufficient CAPE to account

for the simulated vertical velocities. Unlike the study of Zhang et al. (2000), which suggested

that dynamic pressure perturbations forced negatively buoyant eyewall air to rise through the

depth of the troposphere, the results here suggest that such pressure forces act only to lift the air

out of the boundary layer, after which positive buoyancy is responsible for the upward

accelerations.

The buoyancy in the eyewall is concentrated into small-scale regions of upward motion

in the eyewall. The statistical distribution of vertical velocity within the eyewall indicates that

the majority of the upward mass flux occurs within small cores of more intense vertical motions

rather than in a broader ring of more gentle upward motion. These results reaffirm the
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importanceof convective"hot towers"asthe main mechanismfor vertical transportof massin

theeyewall.

The buoyancy is most often achievedalong outward sloping pathsrather than along

purely vertical paths.Comparisonof azimuthalmeanfields of absoluteangularmomentumand

saturatedequivalentpotential temperaturereveala layer below the melting level in which the

requirementsfor conditional symmetricinstability aremet, therebysuggestingthat symmetric

instability is responsiblefor the buoyancyand accelerations.However,asboundarylayer air

rises,it is ejectedoutwardby the low-level supergradientoutflow. After just 1-2km of ascent

abovethesurface,theair hasmovedsufficiently far awayfrom theupper-levelwarm corethatit

is unstableto vertical displacementsthrough much of the rest of the troposphereeven if no

further outward displacementsoccur. Thus, the small-scale,intenseupdraftsare generally a

product of convective instability rather than symmetric instability. This finding implies that

idealizedmodelsof hurricanes(Emanuel1986,1999)that assumethat theeyewall is composed

of moregradualascentassociatedwith symmetrically neutralconditionsmay be assumingan

unrealistic representationof the buoyancyand vertical motions within the eyewall. Further

researchis required to assessthe impact of assumptionsabout the characterof the vertical

circulation in the eyewall (buoyant,localizedupdraftsversussymmetrically neutral,broader-

scaleascent)on theoriesandmodelingof the intensificationprocess.

This study has focused on the basic kinematic and thermodynamicstructuresof the

simulatedhurricaneusing a model grid resolution that is adequatefor resolving cloud-scale

processes.The highfrequencyof output(2 min) allows for detailedexaminationof theevolution

of bothvortex-scaleandconvective-scalefeaturesof thestormstructure.Researchis in progress

that focuseson theevolution of vortexRossbywaves,their relationshipto convectiveprocesses

in the eyewall, and their role in vortex intensification through eddy momentum and heat

transports.Toward this goal, calculationsof momentumandheatbudgetswill be presentedin

futurestudies.
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FIGURE CAPTIONS

Figure 1. (a) Time series of the meridional (thick lines) and zonal (thin lines) components of the

storm motion (Us, Vs, dashed lines) and the vertically integrated environmental steering flow

({ UE}, {VE}, solid lines), where the brackets { } indicate a vertical average. (b) Hodograph of

the storm-relative environmental flow. Diamonds indicate values at the given model height level

(kin).

Figure 2. Time series of minimum sea-level pressure from observations (thick solid line), the 4-

km simulation (thin solid line), and the 1.3-km simulation (dashed line).

Figure 3. Simulated radar reflectivity patterns at 1 km MSL at 66 h (valid at 1800 UTC 18

August 1991) for (a) the 4-kin simulation and (b) the 1.3-km simulation. Panel (a) shows only a

subset of the 4-km domain while panel (b) shows the entire 1.3-km domain. Tick marks are

drawn every 8 km with large tick marks every 40 km.

Figure 4. Time averaged (a) rain mixing ration, (b) tangential velocity, and (c) radial velocity at

the lowest model level (42 m). Shading indicates 1.5-km level vertical velocity with contours

drawn at 1 and 2 m s1 (light and dark shading, respectively). In (a), contours are drawn at

intervals of 0.5 g kg 1, starting at 0.5 g kg j. The dark arrow indicates the storm motion, the light

arrow the direction of the surface to 8-km wind shear vector. In (b), contours are drawn at 5 m s-_

intervals, with the 35 m s-_ contour highlighted by a dashed line. In (c), contours are drawn at 5

m s-_ intervals. Unless mentioned otherwise, positive (negative) values are indicated by solid

(dashed lines) in all figures.
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Figure 5. Isotachsof radial velocity andtotal wind vectorsat the lowestmodel level (42 m) for

(a) the wavenumber1componentof the storm-relativeflow; (b) as in (a), but with the mean

environmental flow removed; and (c) the wavenumber2 componentof the flow. Shading

indicatesthe bandof wavenumber0 inflow greaterthan 20 m s_. In (a) and (b), the contour

interval is 2 m st. In (c), contoursaredrawnat+0.5, 1.5, and 2.5 m s -_. The vector scale is shown

in the upper-right corner of each panel. The bold arrow in the lower-right corner of (a) indicates

the direction of the 42-m level storm-relative flow (Fig. i b).

Figure 6. Schematic diagram illustrating the synoptic flow pattern in the environment of

Hurricane Bob. Dark lines indicate the ground-relative flow while lighter lines indicate the

storm-relative flow. Thicker (thinner) lines indicates stronger (weaker) flow. The circle

represents the hurricane and the small arrow indicates the direction of its movement. The letters

"H" and "L" indicate regions of higher and lower synoptic-scale pressure.

Figure 7. Simulated radar reflectivity patterns at l km MSL at (a) 64 h, (b) 65 h, (c), 66 h, and

(d) 67 h. Tick marks are drawn every 8 km with large tick marks every 40 km. Solid lines in (c)

show the locations of radial cross sections.

Figure 8. Tangential velocity at 500 m at 66 h. The contour interval is 5 m s -t. Tick marks are

drawn every 8 km with large tick marks every 40 km.

Figure 9. Radial velocity at 66 h at (a) 100 m, (b) 500 m, and (c) 1500 m. The contour interval is

5 m s -z. Tick marks are drawn every 8 km with large tick marks every 40 km.
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Figure 10.Wavenumber2 pressureperturbationandwind vectorssuperimposedon the radial

velocities(shading).Thepressureperturbationiscontouredat _+0.5and 1.5hPa.Thevectorscale

is shownabovetheupper-leftcorner.

Figure 11.Vertical velocity (thin contoursandshading)andradarreflectivity (bold contours)for

radial crosssectionsstartingat stormcenterandextendingto the (a)northeast,(b) northwest,(c)

southwest,and (d) southeastof the storm. Crosssection locations are indicated in Fig. 7c.

Vertical velocity contoursaredrawnat _+0,1,2, 4, 6, and8 m st. Reflectivity contoursaredrawn

at 15,30,and45dBZ.

Figure 12.As in Fig. 11,but for radial velocity, contour interval of 5 m s_, with light (dark)

shadingindicatingoutflow greaterthan5 m s-] 10m s-_).

Figure 13.Horizontal distribution of vertical velocity at 5.2 km MSL and 66 h. The contour

interval is 2 m s-_ with the zero contour excluded. Rings at 35 and 60 km radius indicate the

annular region used to compute statistics in the eyewall.

Figure 14. (a) Curves show the cumulative percentage of the area occupied by all updrafts less

than the magnitude given on the abscissa. The dashed line shows the percentage of the total

eyewall area while the thick solid line shows the percentage of the total updraft area in the

eyewall (i.e., excludes the areas occupied by downdrafts). The thin solid line is similar to the

thicker line, but corresponds to the hypothetical updraft in panels (c) and (d). (b) The dashed line

shows the percentage of the upward mass flux associated with updrafts falling within 0.5 m s 1

bins centered on the indicated values of vertical velocity. The thick solid line indicates the

cumulative percentage of the upward mass flux coming from updrafts less than the indicated

value. The thin solid line corresponds to the hypothetical updraft. (c) The horizontal distribution
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of vertical velocity associatedwith a hypotheticalcircular updraftcore.Contoursaredrawnat 2

m s_ intervalswith anadditionalcontourat 1m s-_.(d)Theradial distributionof verticalvelocity

associatedwith the hypotheticalupdraft,wheretheradiusrefersto the distancefrom theupdraft

center.

Figure 15. (a) Vertical cross section of 0, (thin lines, shading) and radar reflectivity (bold

contours) for the northwest cross section (cf. Fig. 7c). The contour interval for 0e is 5 K, with

light (dark) shading indicating values greater than 345 K (355 K). Reflectivity contours are

drawn at 15, 30, and 45 dBZ. (b) 0_,(contours) and vertical velocity (shading) for a subset of the

region in (a). Light (dark) shading corresponds to vertical velocities greater than 1 m s l (4 m sl).

Trajectory locations are indicated by the dots with the numbers 1-4 identifying the trajectories.

Figure 16. (a) Profiles of trajectory radius versus height for the trajectories with initial positions

indicated in Fig. 15b. Only radii less than 100 km are shown. (b) Trajectory 0r versus height.

Only 0,, values greater than 350 K are shown.

Figure 17. Profiles of vertical velocity (solid lines) and total hydrometeor mixing ratio (qp,

dashed line) versus height for (a) trajectory 3 and (b) trajectory 4.

Figure 18. Horizontal cross section of vertical velocity (light shading > 1 m s _, dark shading > 3

m s-_) and perturbation virtual potential temperature (positive contours only, drawn at 1 K

intervals starting at 0.5 K) associated with wavenumbers 2 and higher at the 3.2 km level at 66 h.

The line indicates the location of the vertical cross sections in Fig. 19.

Figure 19. Vertical cross sections of (a) pO.] (2 hPa contour interval), (b) 0 °'_ (2 K interval), (c)

p' (wavenumbers 2 and higher, 0.5 hPa interval), (d) 0,' (1 K intervals starting at 0.5 K), and (e)
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buoyancyB (100 m s l h -_ intervals starting at 100 m s-I h-l). In (d, e), only positive values are

contoured for clarity.

Figure 20. (a) Vertical profiles of w (thick solid line), 0" (thin solid line),B (dashed line), and the

vertical perturbation pressure gradient force (dotted line) following trajectory 3. (b) Profiles of

the vertical velocity tendency (solid line) and the vertical force balance (dashed line).

Figure 21. (a) Radial cross section of the azimuthal mean 0,,_ (solid lines, 2 K intervals) and M

(dashed lines, 0.25x106 s-t intervals). The light shading indicates the area of the azimuthal mean

eyewall updraft while the thick solid line depicts a hypothetical air parcel trajectory in the radius-

height plane. (b) Profiles of environmental 0,_ (dashed line) and air parcel 0_ (solid line)

following an air parcel rising in the eyewall [obtained from trajectory 3, but intended here to

illustrate profiles along the bold line in (a)].
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Figure 1. (a) Time series of the meridional (thick lines) and zonal (thin lines)
components of the storm motion (U s, Vs, dashed lines) and vertically integrated

environmental steering flow ({UE}, {VE}, solid lines), where the brackets { }

indicate a vertical average. (b) Hodograph of the storm-relative environmental

flow. Diamonds indicate values at the given model height level (kin).
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Figure 2. Time series of minimum sea-level pressure from observations (thick
solid line), the 4-km simulation (thin solid line), and the 1.3-kin simulation

(dashed line).
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Figure 3. Simulated radar reflectivity patterns at 1 km MSL at 66 h (valid at 1800 UTC

18 August 1991) for (a) the 4-km simulation and (b) the 1.3-km simulation. Panel (a)

shows only a subset of the 4-km domain while panel (b) shows the entire 1.3-km
domain. Tick marks are drawn every 8 km with large tick marks every 40 km.
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Figure 4. Time averaged (a) rain mixing ratio, (b) tangential velocity, and (c) radial veloc-

ity at the lowest model level (42 m). Shading indicates 1.5-km level vertical velocity with

contours drawn at 1 and 2 m s -] (light and dark shading, respectively). In (a), contours are

drawn at intervals of 0.5 g kg -1, starting at 0.5 g kg -1. The dark arrow indicates the storm

motion, the light arrow the direction of the surface to 8-km wind shear vector. In (b), con-
tours are drawn at 5 m s -1 intervals, with the 35 m s-I contour highlighted by a dashed

line. In (c), contours are drawn at 5 m s -] intervals. Unless mentioned otherwise, positive

(negative) values are indicated by solid (dashed) lines in all figures.
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Figure 5. Isotachs of radial velocity and total wind vectors at the lowest model level (42
m) for (a) the wavenumber 1 component of the storm-relative flow; (b) as in (a), but
with the mean environmental flow removed; and (c) the wavenumber 2 component of

the flow. Shading indicates the band of wavenumber 0 inflow greater than 20 m s -l. In

(a) and (b), the contour interval is 2 m s -1. In (c), contours are drawn at +/- 0.5, 1.5, and

2.5 m s-i. The vector scale is shown in the upper right corner of each panel. The bold

arrow in the lower-right comer of (a) indicates the direction of 42-m level storm-relative

flow (Fig. lb).
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Figure 6. Schematic diagram illustrating the synoptic flow pattern in the envi-
ronment of Hurricane Bob. Dark lines indicate the ground-relative flow while

lighter lines indicate the storm-relative flow. Thicker (thinner) lines indicate

stronger (weaker) flow. The circle represents the hurricane and the small arrow
indicates the direction of its movement. The letters "H" and "L" indicate

regions of higher and lower synoptic scale pressure.
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Figure 7. Simulated radar reflectivity patterns at 1 km MSL at (a) 64 h, (b) 65 h, (c) 66

h, and (d) 67 h. Tick marks are drawn every 8 km with large tick marks every 40 km.

Solid lines in (c) show the locations of radial cross sections.
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Figure8.Tangentialvelocity at 500m at 66h. Thecontourinterval is 5 m s-I
Tick marksaredrawnevery8 km with largetick marksevery40km.
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Figure 9. Radial velocity at 66 h at (a) 100 m, (b) 500 m, and (c) 1500 m. The contour
interval is 5 m s-l. Tick marks are drawn every 8 km with large tick marks every 40 km.
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Figure 13. Horizontal distribution of vertical velocity at 5.2 km MSL and
66 h. The contour interval is 2 m s -n with the zero contour excluded. Rings

at 35 and 60 km radius indicate the annular region used to compute statis-

tics in the eyewall.
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Figure 14. (a) Curves show the cumulative percentage of the area occupied by all

updrafts less than the magnitude given on the abscissa. The dashed line shows the

percentage of the total eyewall area while the thick solid line shows the percentage

of the total updraft area in the eyewall (i.e., excludes the areas occupied by
downdrafts). The thin solid line is similar to the thicker line, but corresponds to the

hypothetical updraft in panels (c) and (d). (b) The dashed line shows the percentage
of the upward mass flux associated with updrafts falling within 0.5 m s-I bins cen-

tered on the indicated values of vertical velocity• The thick solid line indicates the

cumulative percentage of the upward mass flux coming from updrafts less than the

indicated value• The thin solid line corresponds to the hypothetical updraft. (c) The

horizontal distribution of vertical velocity associated with a hypothetical circular

updraft core. Contours are drawn at 2 m s -_ intervals with an additional contour at 1

m s-I. (d) The radial distribution of vertical velocity associated with the hypothetical

updraft, where the radius refers to the distance from the updraft center.
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Figure 15. (a) Vertical cross section of 0e (thin lines, shading) and radar

reflectivity (bold contours) for the northwest cross section (cf. Fig. 7c). The

contour interval for 0 e is 5 K, with light (dark) shading indicating values

greater than 345 K (355 K). Reflectivity contours are drawn at 15, 30, and

45 dBZ. (b) 0 e (contours) and vertical velocity (shading) for a subset of the

region in (a). Light (dark) shading corresponds to vertical velocities greater

than 1 m s-1 (4 m s-l). Trajectory locations are indicated by the dots with the

numbers 1-4 identifying the trajectories.
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Figure 18. Horizontal cross section at 3.2 km MSL and 66 h of vertical velocity (light

shading > 1 m s-l, dark shading > 3 m s -1) and perturbation virtual potential tempera-

ture (positive contours only, drawn at 1 K intervals starting at 0.5 K) associated with

wavenumbers 2 and higher. The line indicates the location of the vertical cross sec-

tions in Fig. 19.
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Figure 19. Vertical cross sections of (a)pO.1 (2 hPa contour interval), (b) 0_°'1(2 K

interval), (c) p (wavenumbers 2 and higher, 0.5 hPa interval), (d) 0v (1 K intervals

starting at 0.5 K), and (e) buoyancy B (100 m s-' h-' intervals starting at 100 m s-' h').

In (d, e), only positive values are contoured for clarity.
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Figure 20. (a) Vertical profiles of w (thick solid line), 0(, (thin solid line), B

(dashed line), and the vertical perturbation pressure gradient force (dotted line)

following trajectory 3. (b) Profiles of the vertical velocity tendency (solid line)
and the vertical force balance (dashed line).
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Figure 21. (a) Radial cross section of the azimuthal mean 0es (solid lines, 2 K

intervals) and M (dashed lines, 0.25x 10 6 s-I intervals). The light shading indicates

the area of the azimuthal mean eyewall updraft while the thick solid line depicts a

typical air parcel trajectory in the radius-height plane. (b) Profiles of environmen-

tal Oes (dashed line) and air parcel 0e (solid line) following an air parcel rising in

the eyewall [obtained from trajectory 3, but intended here to illustrate profiles

along the bold line in (a)].
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Figure 12. As in Fig. 11, but for radial velocity, contour interval of 5 m s-1, with

light (dark) shading indicating outflow greater than 5 m s l (10 m s-l).



A cloud-resolving simulation of Hurricane Bob (1991): Storm structure and eyewall buoyancy

Scott A. Braun

Summary

A computer simulation of a hurricane is conducted using a model with a horizontal grid

spacing that is capable of resolving individual clouds. The model produces a realistic hurricane

that intensifies slowly during the period of simulation. When averaged over time, tile results

reveal the effects of storm motion and vertical and horizontal variations in the environmental

wind on the structure of inflow into the storm, rising motion in the wall of thunderstorms that

surrounds the eye (known as the cyewall), and the associated precipitation. Instantaneous model

fields show that inflow into the eyewall is very intense and shallow and transitions to strong

oufward flow just above the bases of the clouds in the eyewall. Statistical calculations indica,c

that the most of the upward motion in the hurricane eyewall is associated with a small number of

intense but isolated thunderslorrn updrafts instead of at broader region of more gentle ,__pward

motion, consistent with the concept of hot cloud towers.

Tongues of warm. moist air are seen along the inner edge of the eyewall updraft aml

within the low-level outxvard flow. This air originates primarily from outside of the eyewall at,d

comes from the layer closest to the surface after penetrating closest to the storm center. The eye

of the hurricane contains very warm air at upper levels that is generally believed _o ,ech_ce or

prevent the release of in,_abilities that produce thunderstorins. Some hypotheses suggest tl_al the

instability, rather than being released in the vertical direction, is instead released oni\ _!ong a

slanted path outward and _pward. This study shows that the low-level outward flow dispt_,ccs tl_c

risip_.g air sufficiently far away from the warm air in the eye so that the instability can be :elcased

in the vertical ciirection to produce thunderstorms rather than requiring that the air rise alop.g _

slanted path.


