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ABSTRACT

This is the second of two papers on the buoyancy of convective vertical motions in the inner core of
intense hurricanes. This paper uses extensive airborne radar, dropwindsonde, and flight-level observations
in Hurricanes Guillermo (1997) and Georges (1998) to illustrate typical azimuthal distribution of buoyant
convection and demonstrate that the low-level eye can be an important source region for buoyant eyewall
convection.

In both hurricanes, eyewall vertical velocity and radar reflectivity are asymmetric and exhibit persistent
relationships with the direction of the environmental vertical wind shear. Mesoscale vertical motions exhibit
a wavenumber-1 structure with maximum ascent downshear and weak descent upshear. The mesoscale
reflectivity maxima are located left-of-shear. Buoyant eyewall updraft cores and transient convective-scale
reflectivity cells are predominantly downshear and left-of-shear. Most eyewall downdraft cores that trans-
port significant mass downward are located upshear. Negative buoyancy was most common in left-of-shear
downdrafts, with positive buoyancy dominant in upshear downdrafts. Inward-spiraling rainbands located
outside the eyewall exhibit upband/downband asymmetries. Upband segments contain more convective
reflectivity cells and buoyant updraft cores than the more stratiform downband segments. Equal numbers
of downdraft cores are found upband and downband, but the majority exhibit negative buoyancy.

Several buoyant updraft cores encountered in the midlevel eyewall exhibit equivalent potential tempera-
tures (�e) much higher than the �e observed in the low-level eyewall, but equivalent to the �e observed in
the low-level eye. Asymmetric low-wavenumber circulations appear responsible for exporting the high-�e

eye air into the relatively low-�e eyewall and generating the locally buoyant updraft cores.
Implications of these results upon conceptual models of hurricane structure are discussed. Three mecha-

nisms, whereby an ensemble of asymmetric buoyant convection could contribute to hurricane evolution, are
also discussed.

1. Introduction

An understanding of how hurricane convection be-
haves, organizes, and influences storm evolution is im-
portant. Convection directly provides the latent heat
release and vertical transport of mass and energy re-
quired to maintain the warm core. The organization of
this convection is influenced by internal dynamics as
well as large-scale environmental forcings and ocean–
atmosphere interactions. Any organizational change
can feed back upon the local environment to influence
subsequent convection and storm evolution. These pro-

cesses must be better understood before significant ad-
vancements in hurricane intensity prediction can be
achieved (Elsberry et al. 1992). Numerous observa-
tional studies have documented the structure and orga-
nization of hurricane convection (e.g., Barnes et al.
1983; Jorgensen 1984a,b; Willoughby 1990; Marks et al.
1992; Black et al. 2002), but many fundamental prop-
erties, such as buoyancy, remain undocumented.

This paper is the second of two papers discussing the
buoyancy of convective-scale vertical motions in the
inner core of intense hurricanes as observed from re-
search aircraft. In the first paper (Eastin et al. 2005,
hereafter Part I), a statistical summary of total buoy-
ancy was presented for convective vertical velocity
events called cores. To review, flight-level data from 14
intense hurricanes were initially filtered to separate the
slowly evolving (or balanced) mesoscale structure from
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any transient (or unbalanced) convective structure. Up-
draft and downdraft cores were then defined from the
convective vertical velocity (|wc | � 1.0 m s�1 for at least
0.5 km). The total buoyancy (B) was defined from the
convective virtual potential temperature, pressure, and
liquid water content using the mesoscale structure as
the reference state. Most updraft cores were weak (�2
m s�1) and small (�2 km in radial extent). The mean
eyewall (rainband) updraft exhibited a small positive B
below 4 km (between 2 and 5 km) that was more than
adequate to explain the strongest of core magnitudes
(5–7 m s�1). Buoyant updraft cores occupied �5% of
the total inner-core area (within 150 km of the storm
center), but accomplished �40% of the total upward
mass transport. Most downdraft cores transporting
mass downward (i.e., not superimposed upon stronger
mesoscale updrafts) were similarly weak and small with
positive mean B, suggesting that downdraft cores are
more transient than updraft cores. In this paper, the
buoyancy characteristics of two hurricanes are exam-
ined in greater detail to illustrate the typical azimuthal
distribution of buoyant convection, demonstrate that
the low-level eye can be an important source region for
buoyant eyewall convection and provide evidence of
three physical links between buoyant convection and
storm evolution. Part I should be consulted for a more
detailed discussion of the dataset, analysis techniques,
and convective core statistics.

2. Selected cases

The case studies examined here in greater detail are
eastern Pacific Hurricane Guillermo on 2 and 3 August
1997 and Atlantic Hurricane Georges on 19 September
1998. Table 1 presents intensity, motion, and large-scale
environmental characteristics for each hurricane during
the inner-core observation periods. The cases represent
typical intense hurricanes embedded within environ-
ments generally favorable for maintenance or intensi-
fication. Despite such similarities, our findings are
markedly robust and representative of a larger group
of hurricanes. See Eastin (2003) for analyses of addi-
tional cases.

a. Hurricane Guillermo

The inner core of Hurricane Guillermo was first ob-
served by the two National Oceanic and Atmospheric
Administration (NOAA) WP-3D aircraft between 1800
UTC on 2 August and 0100 UTC on 3 August 1997.
Lawrence (1999) gives a detailed account of the history
of Guillermo. During this period, Guillermo was lo-
cated 850 km south-southwest of Puerto Vallarta,
Mexico, moving at 4.5 m s�1 toward the west. Sea sur-
face temperatures (SSTs) were above 29°C, and the
moderate vertical shear was oriented from north to
south. Guillermo was rapidly deepening with an aver-
age drop in minimum sea level pressure (MSLP) of 2.4
mb h�1. Maximum observed flight-level winds were 61
m s�1 at 3.0-km altitude, and the average MSLP was
950 mb. The lower aircraft (NOAA-42 or H) made 10
eye penetrations (20 radial legs) at 3.0-km altitude, and
the upper aircraft (NOAA-43 or I) made 6 eye penetra-
tions at 5.5-km altitude. All quadrants were well
sampled by each aircraft. Radiometric temperatures
were only available from the upper aircraft, and thus
analysis regarding convective core buoyancy was lim-
ited to the 12 radial legs at 5.5 km.

The two NOAA WP-3D aircraft returned to Guill-
ermo on the following day and observed the inner core
between 1900 UTC on 3 August and 0100 UTC on 4
August. During this period, Guillermo continued to
move westward at 5.5 m s�1 over SSTs � 29°C and
under the influence of moderate northerly vertical
shear. Storm intensity was relatively steady with maxi-
mum observed flight-level winds of 71 m s�1 at 3.0-km
altitude and a MSLP of 923 mb. The aircraft flew flight
patterns nearly identical to those of the first day at the
same altitudes. Analysis of convective core buoyancy
was again limited to the 12 radial legs at 5.5 km.

b. Hurricane Georges

The inner core of Hurricane Georges was observed
by the two NOAA WP-3D aircraft between 1900 UTC
on 19 September and 0100 UTC on 20 September 1998.
Pasch et al. (2001) provides a detailed account of the
storm history. During this period, Georges was located

TABLE 1. Summary of intensity, motion, and large-scale environmental characteristics for the hurricane cases examined
in this study.

Storm
Date

yr/mo/day

Storm
intensitya

(mb)

Intensity
changea

[mb (12 h)�1]

Storm
motiona

(m s�1/degrees)

200–850-mb
shearb

(m s�1/degrees)
SSTb,c

(°C)
MPId

(mb)

Guillermo 97/08/02 950 �28 4.5/100 8.3/355 29.9 881
97/08/03 923 �2 5.5/95 5.9/360 29.9 881

Georges 98/09/19 939 �10 7.0/100 6.6/310 28.9 907

a Obtained from the National Hurricane Center “best track” databases (e.g., Neumann et al. 1999).
b Extracted from the Statistical Hurricane Intensity Prediction Scheme (SHIPS) predictor databases (DeMaria and Kaplan 1994b,

1999).
c Derived from weekly SST fields (Reynolds and Smith 1993).
d MPI � maximum potential intensity, as defined by DeMaria and Kaplan (1994a) and using the Kraft (1961) relationship.
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1000 km east-northeast of St. Martin, moving westward
at 7.0 m s�1 over 28°–29°C SSTs, within a region of
moderate west-northwesterly vertical shear. Maximum
observed flight-level winds were 69 m s�1 at 4.2-km
altitude, and the MSLP was 939 mb. Georges was in-
tensifying with an average drop in MSLP of 0.8 mb h�1.
Both aircraft made eye penetrations at �4.2-km alti-
tude. The first aircraft (I) made three penetrations be-
tween 1900 and 2100 UTC, while the second aircraft
(H) made two penetrations between 2300 and 0100
UTC. All quadrants were sampled at least once by each
aircraft. Analysis of convective core buoyancy was lim-
ited to the four radial legs flown by the second aircraft.

3. Azimuthal distribution of buoyant convection

Numerous studies have investigated the impact of
environmental vertical wind shear on the azimuthal dis-
tribution of eyewall convection. Using idealized nu-
merical models with only balanced dry dynamics, Jones
(1995) and DeMaria (1996) showed that the tilting of a
vortex by vertical shear will induce a compensating
transverse circulation in an attempt to bring the vortex
back toward a vertical orientation and maintain bal-
anced flow. This circulation, which comprises down-
shear upward motion and upshear downward motion,
creates a cold (warm) potential temperature anomaly
downshear (upshear) of the storm center. Subsequent
flow along the distorted isentropes will induce en-
hanced upward motion in the downshear-right quad-
rant. In full-physics numerical simulations, however,
Frank and Ritchie (1999, 2001) showed that condensa-
tional heating effectively removes the downshear cold
anomaly, and the updraft maximum shifts to the down-
shear-left quadrant.

Observational studies of hurricane eyewalls embed-
ded within moderate to strong vertical shear (�5 m s�1)
show a relatively consistent picture. The mesoscale ver-
tical motion and composite radar reflectivity exhibit a
pronounced wavenumber-1 asymmetry with the ascent
(decent) maximum downshear (upshear) and the re-
flectivity maximum left-of-shear (Marks et al. 1992;
Franklin et al. 1993; Reasor et al. 2000; Black et al.
2002). Convective updrafts tend to develop downshear
at low levels, advect cyclonically around the eyewall at
speeds slower than the azimuthal mean wind, and ap-
proach the tropopause upshear. Convective downdrafts
are most common upshear. Black et al. (2002) attrib-
uted updraft (downdraft) accelerations to buoyancy
(water loading), but no direct estimates of buoyancy
were presented. Here, we examine the buoyancy and
vertical velocity characteristics of each case’s eyewall
with respect to the environmental vertical wind shear
vector.

Observational studies of hurricane rainbands have
noted distinct asymmetries. In particular, the upwind
(or upband) segments tend to be more cellular in radar

structure with many strong convective updrafts, while
the downwind (or downband) segments are more strati-
form with relatively few strong updrafts (Barnes et al.
1983; Powell 1990; Barnes et al. 1991). Barnes et al.
(1991) attributed these asymmetries to downband
sounding stabilization [i.e., a reduction in convective
available potential energy (CAPE)] induced by the
melting and evaporation of hydrometeors transported
from upband regions. Furthermore, numerous studies
have argued that cool, dry (i.e., negatively buoyant)
convective downdrafts within rainbands were respon-
sible for an overall thermodynamic modification of the
boundary layer and the subsequent suppression of deep
convection at inner radii, including eyewall convection
(Cione et al. 2000, and references therein). Here, we
also examine the buoyancy characteristics of each
case’s rainband cores within the context of these previ-
ous rainband studies.

a. Hurricane Guillermo on 2 August 1997

Figure 1 shows horizontal single scans of radar re-
flectivity obtained from the upper aircraft lower-
fuselage (LF) radar during each eye penetration. The
radar data were mapped into a storm-relative coordi-
nate system using an objectively constructed track from
flight-level winds (Willoughby and Chelmow 1982). Su-
perimposed upon the reflectivity fields are the radial
legs that compose each penetration. Initially at 1859
UTC (Fig. 1a), the eyewall was elliptical and asymmet-
ric with enhanced convection (�30 dBZ) left-of-shear.
By 1935 UTC (Fig. 1b) the primary eyewall band had
rotated cyclonically to the upshear-left quadrant and
propagated radially outward. Furthermore, several iso-
lated convective cells had developed in each quadrant
as the reflectivity interface between the eye and eyewall
acquired a higher-wavenumber appearance. Recent
studies (e.g., Schubert et al. 1999; Reasor et al. 2000;
Kossin and Schubert 2001) have suggested that such
reflectivity structure and evolution is evidence of vortex
Rossby waves and mesovortices embedded within the
eyewall. Upon the third eye penetration at 2115 UTC
(Fig. 1c), the eyewall consisted of an asymmetric in-
ward-spiraling band with enhanced convection left-of-
shear. The eyewall maintained this wavenumber-1
structure and general orientation throughout the re-
maining 3 h of inner-core observation. Surrounding the
eyewall were several convective and stratiform rain-
bands.

Inspection of animated radar reflectivity fields re-
vealed that the eyewall contained multiple distinct con-
vective cells (�30 dBZ, with diameters �10 km) that
predominantly formed on the downshear side and
moved cyclonically around to the upshear side. Like-
wise, most rainbands were composed of many isolated
convective cells embedded within a stratiform rain area
(e.g., the rainband located �60 km east of the center in
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Fig. 1f). Numerous convective cells were tracked1 to
provide a description of their life cycle. Most eyewall
cells were trackable for �120° from formation in the
downshear quadrants to dissipation in the upshear
quadrants. Cell lifetimes were typically 10–20 min,
which translates to orbital velocities of �47 m s�1 (at
25-km radius) or �85% of the azimuthal mean hori-
zontal wind in the 3.0–5.5-km layer. Rainband cells
were trackable for �30°–60°over 10–30 min, and
roughly moved with the local azimuthal mean layer
wind (25–35 m s�1). These cell characteristics are con-
sistent with previous observations (Parrish et al. 1984;
Black et al. 2002). While individual convective cells can
not be uniquely associated with individual updraft
cores, their spatial similarity suggests that such cells
may be manifestations of the cores.

It is interesting to note that during the first three eye
penetrations a few eyewall reflectivity cells �10 km in
diameter were trackable for �270° over 30–60 min.
These larger cells moved much slower, at �65% of the
azimuthal mean layer wind, which is consistent with
expectations for convectively excited vortex Rossby
waves (Montgomery and Kallenbach 1997).

Figure 2 shows representative flight-level data from
the fifth eye penetration between 2316 and 2339 UTC
(see Fig. 1e). The vertical lines denote convective-scale
updraft cores. In the downshear-left eyewall, the air-
craft encountered a �1.5 m s�1 mesoscale updraft upon
which two updraft cores and one downdraft core was
superimposed. The innermost updraft core exhibited
average convective vertical velocity (wc) � 3 m s�1 and
average total buoyancy (B) � 0.5 K, which exceed the
respective upper 10% values of each distribution dis-
cussed in Part I. The outer updraft core was weaker
(wc � 1.5 m s�1) and negatively buoyant (B � �0.70 K),
as was the downdraft core (B � �0.15 K). In contrast,

1 Convective cell identification and location (radius and azi-
muth) was determined using the sequential storm-relative LF re-
flectivity fields available every 30 s.

FIG. 1. Storm-relative radar reflectivity at �5.5-km altitude for Hurricane Guillermo on 2 Aug 1997 during each eye penetration at
(a) 1859, (b) 1935, (c) 2115, (d) 2155, (e) 2333, and (f) 0003 UTC on 3 Aug. The domain of (a)–(f) is 240 km � 240 km, and tick marks
are shown every 24 km. Solid lines denote the radial legs flown during each eye penetration. Leg number increments denote aircraft
heading during penetrations. The vertical wind shear vector is shown in the lower-left corner. Note that the eyewall was composed of
a persistent wavenumber-1 reflectivity field and many transient smaller-scale features throughout much of the flight.
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in the upshear-right eyewall the aircraft encountered
minimal mesoscale vertical motion, no convective-scale
cores, minimal buoyancy (positive or negative), and
little cloud or precipitation water content. Interestingly,
the equivalent potential temperature (�e) and relative
vertical vorticity (�)2 were much less asymmetric; both
radial legs exhibited �e and � maxima in the eyewall
region with depressed values inside the eye. Note that
the strong buoyant updraft core in the downshear-left
eyewall is collocated with both �e and � maxima.

The rainband encountered 90–110 km southeast of
the storm center (Fig. 2) contained a �2 m s�1 meso-
scale updraft upon which three updraft cores and two
downdraft cores were superimposed. Each updraft core

was positively buoyant (B � 0.3 K),and the downdraft
cores were negatively buoyant (B � �0.10 K). Elevated
values of �e and � were also located within the rainband.
Similar characteristics were observed during other rain-
band penetrations.

Figure 3 summarizes the vertical velocity and core
buoyancy characteristics along all 12 radial legs flown at
5.5 km. The figure’s construction and utility are de-
scribed here in some detail because similar summary
figures are presented for each case. In Figs. 3a–c, radial
leg data were superimposed upon a single-scan hori-
zontal reflectivity field from a representative eye pen-
etration. Figure 3a highlights sections of each radial leg
in which the mesoscale vertical velocity (wm) exceeded
certain appreciable magnitudes (3, 1, and �1 m s�1).
Figure 3b depicts the locations of all identified updraft
cores stratified by their wc and B characteristics. The
stratification thresholds (wc � 2 m s�1 and B � 0.25 K)
were designed to isolate updraft cores with appreciable

2 Equivalent potential temperatures were computed following
Bolton (1980), and relative vertical vorticity was estimated from
the tangential wind profiles using a simple difference approxima-
tion of �(r) � 	(r
)/r	r.

FIG. 2. Storm-relative radial profiles of (a) total vertical velocity w, (b) total liquid water
content qc � qr, (c) total buoyancy B, (d) equivalent potential temperature �e, and (e) relative
vertical vorticity � for Hurricane Guillermo during the fifth eye penetration at �5.5-km
altitude between 2316 and 2339 UTC on 2 Aug 1997. The bold line in (a) denotes the
mesoscale vertical velocity wm estimated through application of a 20-km running Bartlett filter
to the w data. Differences between w and wm define the convective vertical velocity wc from
which updraft and downdraft cores were defined (|wc | � 1 m s�1 for at least 0.5 km). Vertical
lines denoted identified convective updraft cores.
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vertical motion or positive buoyancy. Within the con-
text of the distributions presented in Part I, the thresh-
olds isolate cores from the upper �33% of each distri-
bution. Figure 3c denotes the locations of downdraft
cores with average total vertical velocity (w) � �1 m
s�1 (i.e., stronger than 1 m s�1 downward) stratified by
their B characteristics (either positive or negative).
Downdraft cores with w � �1 m s�1 were excluded
since they do not contribute significantly to downward
mass transport (see section 3c in Part I for further dis-
cussion). The figures are utilized to depict gross azi-
muthal relationships between vertical velocity, buoy-
ancy, and radar reflectivity. Convective-scale features
are not directly comparable since the radial leg data
were collected over the course of several hours. How-
ever, the quasi-steadiness in the mesoscale structure
during each inner-core observation period should per-
mit comparison of gross features.

Mesoscale updrafts (Fig. 3a) in excess of 1 m s�1

dominated the downshear and left-of-shear regions of
the eyewall. Mesoscale descent ��1 m s�1 dominated
the upshear eyewall. The wavenumber-1 eyewall reflec-
tivity signature was rotated �60°–90° downwind of the
mesoscale updraft band, with the mesoscale descent
downwind of the reflectivity maximum. Previous stud-
ies (Marks et al. 1992; Reasor et al. 2000; Black et al.
2002) have shown similar azimuthal offsets that are
consistent with the cyclonic advection of hydrometeors
generated by the mesoscale (and convective-scale) up-
drafts. Appreciable mesoscale ascent was also encoun-
tered during several rainband penetrations.

A total of 49 updraft cores (Fig. 3b) were encoun-
tered at 5.5-km altitude within 120 km of the storm
center. The 32 updraft cores in the eyewall region were
evenly distributed about the center with 2–5 cores along
each leg. However, the six strongest and most buoyant
updraft cores (both wc � 2 m s�1 and B � 0.25 K) were
superimposed upon mesoscale ascent and collocated
with the higher radar reflectivities in the downshear
and left-of-shear quadrants. Roughly half of the rain-
band updraft cores (8 of 17) exhibited B � 0.25 K. All
such cores were encountered within rainband segments

←

FIG. 3. Summary of flight-level vertical velocity and core buoy-
ancy for Hurricane Guillermo between 1800 UTC on 2 Aug and
0100 UTC on 3 Aug 1997 at �5.5-km altitude. (a) Sections of each
radial leg in which the mesoscale vertical velocity wm exceeded
certain magnitudes. (b) Locations of convective updraft cores
stratified by their average convective vertical velocity wc and av-
erage total buoyancy B characteristics. (c) Locations of convective
downdraft cores with average total vertical velocity w � �1 m s�1

stratified by their B characteristics. The radial leg data in (a)–(c)
is superimposed upon a representative storm-relative radar reflec-
tivity field observed at 2333 UTC during the fifth eye penetration.
The domain of (a)–(c) is 240 km � 240 km, and tick marks are
shown every 24 km. The vertical wind shear vector is shown in the
upper-right corner. Dashed circles denote the approximate sepa-
ration radius between the eyewall and rainband regions.
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containing isolated convective cells. Clearly, the azi-
muthal distribution of buoyant updraft cores was highly
asymmetric, yet well correlated with regions of en-
hanced convection.

Table 2 summarizes the percent area occupied and
the percent total (convective and mesoscale) upward
mass transport accomplished by updraft cores as a func-
tion of region and core characteristics. The six strongest
and most buoyant eyewall cores occupied �2% of the
eyewall region but accomplished �25% of the total
transport. The most buoyant rainband updraft cores
occupied �3% of the rainband region but accom-
plished �30% of the total transport. Clearly, these few
buoyant cores significantly contribute to the total up-
ward mass transport.

A total of 21 downdraft cores with w � �1 m s�1

were encountered within 120 km of the storm center
(Fig. 3c). The majority of such eyewall downdraft cores
(10 of 12) were in the left-of-shear and upshear quad-
rants either collocated with or downwind of reflectivity
maxima. Eyewall cores in the upshear-left (upshear
right) quadrant tended to exhibit positive (negative)
total buoyancy, while most rainband downdraft cores (7
of 9) were negatively buoyant. Of all the downdrafts
with B � 0.0 K, most (8 of 12) exhibited average ther-
mal buoyancy (TB) � �0.25 K and average water
loading (WL) ��0.10 K in the presence of liquid
water, suggesting that the negative B were supported
primarily by hydrometeor evaporation.

b. Hurricane Guillermo on 3 August 1997

Guillermo’s radar reflectivity structure on 3 August
was strikingly similar to the structure observed on 2
August. The single-scan LF radar reflectivity fields ob-
tained during each eye penetration at 5.5 km (Fig. 4)
depict an asymmetric eyewall with enhanced convec-
tion in the downshear and left-of-shear quadrants. This
wavenumber-1 pattern of high reflectivity remained
relatively fixed with respect to the storm center during
the 6-h observation period. The convective-scale reflec-
tivity structure, however, exhibited much variability
from penetration to penetration. Surrounding the eye-
wall were several inward-spiraling rainbands. Isolated
convective cells tended to dominate the upwind portion
of each rainband, while downwind portions exhibited
more stratiform precipitation. Convective cell tracking
in animated radar imagery yielded results similar to
those of the day before.

Figure 5 shows flight-level data from the first eye
penetration between 1855 and 1923 UTC (see Fig. 4a).
In the downshear eyewall, the aircraft encountered a
strong mesoscale updraft �3 m s�1 and two convective-
scale updraft cores. The inner updraft core exhibited wc

� 4 m s�1, B � 0.4 K, and was superimposed upon the
mesoscale updraft maximum. The outer core (at 36-km
radius) was weaker (wc � 1.5 m s�1) but equally buoy-
ant (B � 0.5 K). In the upshear eyewall, the aircraft
encountered minimal mesoscale vertical motion, little

TABLE 2. Summary of radial legs and updraft core statistics for each case study examined here and all intense hurricanes examined
in Part I. Updraft cores are stratified by region, average convective vertical velocity (wc), and average total buoyancy (B). Core statistics
include number (N ), percentage of total area occupied, and percentage of total upward mass transport (MT) accomplished.

Storm
Date

yr/mo/day

Flight
altitude

(km)
No. of

legs Updraft cores

Eyewall region* Rainband region**

N
% of
area

% of total
up MT N

% of
area

% of total
up MT

Guillermo 97/08/02 5.5 12 All 32 10.4 49 17 5.3 40
B � 0.25 K 9 4.0 31 8 3.2 28

wc � 2 m s�1 9 4.9 33 2 1.0 14
Both B � 0.25 K 6 2.3 24 2 1.0 14

wc � 2m s�1

97/08/03 5.5 12 All 41 18.3 62 30 5.9 46
B � 0.25 K 17 9.8 42 13 2.6 28

wc � 2 m s�1 15 9.2 45 6 2.0 22
Both B � 0.25 K 10 6.1 36 5 1.8 18

wc � 2 m s�1

Georges 98/09/19 4.2 4 All 6 10.0 54 11 6.7 41
B � 0.25 K 2 3.1 22 6 5.8 30

wc � 2 m s�1 5 9.8 53 2 0.8 13
Both B � 0.25 K 2 3.1 22 2 0.8 13

wc � 2 m s�1

All intense hurricanes 175 All 351 9.9 64 269 2.9 51
from Part I B � 0.25 K 120 3.7 25 125 1.6 27

wc � 2 m s�1 107 5.1 42 40 0.9 20
Both B � 0.25 K 51 2.1 20 27 0.6 15

wc � 2 m s�1

* Eyewall region located between r � 15–45 km on average.
** Rainband region located between r � 45–115 km on average.

JANUARY 2005 E A S T I N E T A L . 215



cloud or precipitation water content, two strong down-
draft cores (wc � �2 m s�1�, and four weak updraft
cores (wc � 2 m s�1). The inner downdraft core (at 25
km) contained �0.15 g m�3 of liquid water and was
negatively buoyant, while the outer downdraft core (at
38 km) contained �0.05 g m�3 of liquid water and was
positively buoyant. Of the updraft cores, only the inner
two exhibited positive buoyancy (B � 0.3 K�. The �e

and � structures were, again, much less asymmetric with
maxima in the eyewall and depressed values inside the
eye. Thus, the upshear–downshear radial structure ob-
served during the first eye penetration was qualitatively
similar to the upshear–downshear structure observed
�20 h prior on 2 August at the same altitude (see
Fig. 2).

This general wavenumber-1 pattern in eyewall reflec-
tivity and vertical velocity persisted during the 6-h ob-
servation period, but the �e and � radial profiles under-
went significant structural changes. Figure 6 shows the
flight-level data from the fifth eye penetration between
2333 and 2359 UTC (see Fig. 4e). As before, the aircraft
encountered a strong mesoscale updraft and two buoy-
ant updraft cores in the downshear-left eyewall, while a
mesoscale downdraft and several relatively weak and

near-neutral (|B | � 0.1 K) convective cores were en-
countered on the upshear-right side. However, in con-
trast to the first eye penetration, the �e and � profiles
exhibited pronounced mesoscale maxima in the eye,
rather than in the eyewall. Such dramatic transitions in
the �e and � radial structure have been attributed to
horizontal mixing associated with vortex Rossby waves
and mesovortices (Kossin and Eastin 2001).

Figure 7 summarizes the vertical velocity and core
buoyancy characteristics for all 12 radial legs at 5.5 km.
Many characteristics evident on 3 August are strikingly
similar to those observed on 2 August. Mesoscale up-
drafts (Fig. 7a) in excess of 3 m s�1 dominated the
eyewall’s downshear quadrants, while mesoscale down-
drafts (of which a few exceeded �1 m s�1) were pre-
dominant upshear. Again, the strong mesoscale up-
drafts were located �90° upwind of the reflectivity
maximum (in the left-of-shear quadrants), which was
upwind of the mesoscale downdrafts. No appreciable
mesoscale downdrafts were encountered during rain-
band penetrations, but several mesoscale updrafts
were.

A total of 71 updraft cores (Fig. 7b) and 33 down-
draft cores with w � �1 m s�1 (Fig. 7c) were encoun-

FIG. 4. As in Fig. 1, but on 3 Aug at (a) 1912, (b) 1949, (c) 2125, (d) 2204, (e) 2351, and on 4 Aug of (f) 0029UTC.
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tered within 120 km of the storm center. The 41 eyewall
updraft cores were again evenly distributed about the
center, but the 10 strongest and most buoyant updraft
cores were limited to the downshear and left-of-shear
quadrants. Roughly 45% of rainband updraft cores (13
of 30) exhibited B � 0.25 K and were encountered
within more cellular rainband segments. The most
buoyant updraft cores of each region occupied �10%
of the total area but accomplished �30%–40% of the
total upward mass transport (see Table 2). The majority
of eyewall downdraft cores (18 of 26) were located up-
shear, downwind of the reflectivity maxima. Of the 20
downdraft cores with negative B, over 70% exhibited
TB � �0.25 K and WL � �0.10 K in the presence of
liquid water.

c. Hurricane Georges on 19 September 1998

In contrast to Guillermo, the single-scan LF reflec-
tivity fields from the five eye penetrations of Georges at
4.2-km altitude (not shown) exhibited a more closed
and nearly symmetric eyewall (i.e., continuous ring of
reflectivity �30 dBZ) at �25-km radius. However, con-
sistent with Guillermo, the vertical velocity and core

buoyancy characteristics (Fig. 8) were highly asymmet-
ric. Mesoscale updrafts �1 m s�1 dominated the down-
shear and left-of-shear eyewall, while weaker meso-
scale ascent (and descent) was predominant upshear
and right-of-shear. A total of six updrafts cores and five
downdraft cores with w � �1 m s�1 were encountered
in the eyewall region by the second aircraft. While azi-
muthal relationships are difficult to ascertain from such
little data, two noteworthy characteristics are evident.
First, only two of the five strongest updraft cores were
positively buoyant. However, both cores exhibited B �
0.25 K and were located left-of-shear along the inner
eyewall edge. Second, the four downdraft cores located
just outside the eyewall reflectivity maximum exhibited
negative B with significant contributions from both TB
and WL.

Multiple inward-spiraling convective and stratiform
rainbands surrounded the eyewall. As in Guillermo,
isolated convective cells tended to dominate the up-
wind portion of each rainband with stratiform precipi-
tation dominant downwind. No appreciable mesoscale
downdrafts were observed in rainbands, but several
mesoscale updrafts were. A total of 11 updrafts cores

FIG. 5. As in Fig. 2, but during the first eye penetration between 1855 and 1923 UTC on
3 Aug.
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and 2 downdraft cores with w � �1 m s�1 were en-
countered by the second aircraft. Roughly half of the
updraft cores (6 of 11) exhibited B � 0.25 K. Both
downdraft cores were negatively buoyant.

d. Synthesis

The three cases exhibited several striking similarities
in azimuthal eyewall organization consistent with the
conceptual model of Black et al. (2002; Fig. 9). Meso-
scale vertical motions and gross radar reflectivity ex-
hibited persistent wavenumber-1 asymmetries with
maximum ascent (decent) downshear (upshear) and the
precipitation maximum left-of-shear. Moreover, the
buoyancy characteristics of convective cores exhibited
consistent asymmetric relationships with respect to the
vertical shear vector. In order to quantify these rela-
tionships, the radial legs in each case were rotated
around the storm center so that the shear vector for the
case was pointing due north. The eyewall area was di-
vided into four regions with respect to the vertical shear
vector: downshear right and left, and upshear right and
left. The number of updraft and downdraft cores per
100 km of total eyewall region leg length was then de-
termined for each quadrant. The normalization by total

leg length was employed to account for inequalities in
leg numbers per shear-rotated quadrant.

Figure 10 clearly shows that the strongest and most
buoyant eyewall updraft cores were most often encoun-
tered in the downshear-left quadrant, but were rarely
encountered in the upshear-right quadrant despite a
nearly equal number of total updraft cores. Over 60%
of downshear-left updrafts exhibited wc � 2 m s�1 and
�55% contained B � 0.25 K. In contrast, less than 15%
of upshear-right updrafts exhibited either B � 0.25 K or
wc � 2 m s�1. Also note that the majority of the most
buoyant updraft cores (�65%) were located in the
downshear quadrants, while most of the strongest up-
drafts (�75%) were encountered in the left-of-shear
quadrants. This cyclonic shift in the preferred quad-
rants is consistent with the typical updraft core evolu-
tion envisioned by Black et al. (2002): buoyant updraft
cores originate at low levels in the downshear quad-
rants and begin to accelerate upward while being ad-
vected cyclonically around to the left-of-shear quad-
rants by the primary circulation. The convective cell
activity observed in the Guillermo LF radar animations
further supports this notion.

Figure 11 shows the normalized number of down-

FIG. 6. As in Fig. 2, but during the fifth eye penetration between 2333 and 2359 UTC on
3 Aug.
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