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OBSERVATIONAL ANALYSIS OF BUOYANCY IN INTENSE HURRICANE EYEWALLS
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1. INTRODUCTION

Eyewall convection has long been recognized to
play a crucial role in the evolution of hurricanes,
but the particular forces driving the convection are
widely debated. Malkus and Riehl (1960) first hy-
pothesized that a few isolated buoyant "hot tow-
ers” must accomplish a large fraction of the re-
quired vertical mass and energy transport. In con-
trast, Emanuel (1986) demonstrated that symmet-
ric hurricane-like vortices can be spun-up and main-
tained in a neutral environment. Zhang et al. (2000)
further argued that the symmetric eyewall is pri-
marily driven by the dynamically induced pertur-
bation pressure gradient force. Soundings obtained
near eyewall convection tend to support a near neu-
tral stratification. However, direct observations of
buoyancy within eyewall updrafts have been limited
due to instrument wetting errors and difficulty in
defining the appropriate background environment.
In this study, we effectively accounts for these limi-
tations and examine the buoyancy characteristics of
eyewall convective updrafts.

2. DATA AND METHODS

The data consists of 175 radial legs obtained
from 14 intense hurricanes at levels ranging from 850
to 500 mb. Each radial leg contains storm-relative
observations of three-dimensional winds in cylindri-
cal coordinates, temperature, dewpoint, geopoten-
tial height, and cloud water content partitioned in
0.5 km bins. The thermodynamic data was further
processed to effectively remove instrument wetting
errors (Eastin et al. 2002). Radial profiles of precip-
itation water content were derived from near-aircraft
tail radar reflectivity values.

Total buoyancy, as defined by Houze (1993), is
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B= TB + DB + WL (2)
where primes represent deviations from a back-
ground environment (overbars). The three terms
in (1) are referred to as thermal buoyancy (TB),
dynamic buoyancy (DB), and water-loading (WL),
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Figure 1: (a) Profiles of median @' and the upper
10 percent values, and (b) median TB, DB, WL,
and B for eyewall updraft cores. Note that vertical
accelerations have been converted to units of K by
dividing by g and multiplying by 6, .

respectively. The key to examining buoyancy is to
effectively separate the background balanced state
from any locally unbalanced state. Recognizing
that the hurricane’s symmetric mesoscale structure
is close to both hydrostatic and gradient balance,
and that low-wavenumber asymmetries are in hydro-
static balance, we apply a 20 km running Bartlett
filter to the thermodynamic data of each radial leg
in order to represent the background mesoscale en-
vironment. The same filter is also applied to the
vertical velocity data to remove the slowly-evolving
low-wavenumber component from the transient con-
vective features. Note that the perturbation total
liquid water content (cloud + precipitation) is used
in (1) since low-wavenumber components of ¢; con-
tribute to hydrostatic balance.

Convective updraft cores are defined from the
perturbation vertical velocity (w') as radial segments
with w' > 1 m/s for at least 0.5 km. A total of 351
cores were identified within the eyewall region, which
was subjectively determined from radar for each leg.
The altitude, diameter (DIAM), average vertical ve-
locity (w'), TB, DB, WL, and B were tabulated for
each core, and distributions of each parameter were
constructed for each altitude.

3. RESULTS AND DISCUSSION

The distributions of @' and DIAM at each level
(not shown) are linear on log-normal probability
plots, and distributions of TB, DB, WL, and B (not
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Figure 2: Profiles of eyewall observed median @’

(Wogs), and calculated @' from median B (Wg)
and TB (Wrpg) values.

shown) are roughly Gaussian in agreement with pre-
vious studies. The vertical profiles of the median and
upper 10% @' (Fig. 1a) indicate that typical eyewall
convective updrafts experience modest acceleration
at the lower and middle levels. The vertical profiles
of median TB, DB, WL, and B (Fig. 1b) suggest
that typical eyewall updrafts are slightly buoyant,
particularly at lower levels. Although the median B
values are small, one must remember that the dis-
tribution represents convection at all stages of its
life-cycle. Numerous updraft cores contain B values
in excess of 50 m s~ h=1 (4] ~0.5 K).

We can elucidate the role of buoyancy in driv-
ing typical eyewall convection by a simple updraft
model. If we assume an updraft experiences no lat-
eral mixing or forcing during its ascent the vertical
momentum equation can be written as
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where the first term inside the brackets is the ver-
tical perturbation pressure gradient force (VPGF).
To derive the vertical profile of expected w' from
buoyancy alone, we neglect the VPGF in (3) and in-
tegrate from z = 1.5 km upward, using the median
TB and B profiles. The median @' at z = 1.5 km is
used as a lower boundary condition. The resulting
profiles (Fig 2) have similar vertical structures as the
profile of observed updrafts, but indicate that buoy-
ancy itself will produce much stronger updrafts. One
can thus infer that the net VPGF typically acts to
decelerate updrafts. One can also infer that deceler-
ations by the VPGF and WL (profile from TB only)
are of the same order of magnitude. It is interesting
to note that a modest positive correlation (r = 0.33)
between @' and TB was found at 500 mb, suggest-
ing that the majority of strong convective updrafts
at this level have accelerated via buoyancy.

Table 1: Percentage of net upward mass transport
in the eyewall region accomplished by convective up-
drafts cores with certain characteristics.

Height (km) | @' >2.0 @ >30 [ B>0 B> 25
5.7 42% 24% 43% 31%
4.2 59% 28% 47% 25%
3.0 40% 22% 29% 13%
1.5 19% 13% 38% 20%
Mean 42% 23% 37% 21%

Next, we can elucidate the role of buoyant con-
vective updrafts within the hurricane’s secondary
circulation by the fraction of net upward mass trans-
port they accomplish. This fraction was calculated
by dividing the summed mass transport (pw'DIAM)
in the desired convective cores by the summed net
mass transport within the eyewall region of all legs.
The results for various core criteria (Table 1) in-
dicate that strong and buoyant convective eyewall
cores accomplish up to ~40% of the vertical trans-
port in the secondary circulation, and that the per-
centage tends to increase with height. It should be
noted that buoyant convective updrafts occupy only
5% of the total eyewall region area, and that strong
convective updrafts occupy a similar area.

The results presented here suggest that typical
eyewall convective updrafts are driven by buoyancy
forces, but are moderated by water-loading and ver-
tical perturbation pressure gradient forces. Further-
more, strong and buoyant updraft cores may occupy
only a small fraction of the eyewall region, but they
accomplish a significant fraction of the net vertical
transport. These results support the "hot tower”
hypothesis. How then can a symmetric representa-
tion of a hurricane-like vortex develop and maintain
itself without buoyancy? The answer likely lies in
either the azimuthal distribution of convective up-
drafts and downdrafts that comprise the mean eye-
wall, or how symmetric models account for asym-
metric processes. Results concerning the spatial dis-
tribution of strong and buoyant updraft cores, and
their source, will be presented at the conference.
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