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ABSTRACT

A high-resolution numerical simulation of Hurricane Erin (2001) is used to examine the organization of
vertical motion in the eyewall and how that organization responds to a large and rapid increase in the
environmental vertical wind shear and subsequent decrease in shear. During the early intensification period,
prior to the onset of significant shear, the upward motion in the eyewall was concentrated in small-scale
convective updrafts that formed in association with regions of concentrated vorticity (herein termed meso-
vortices) with no preferred formation region around the eyewall. Asymmetric flow within the eye was weak.
As the shear increased, an azimuthal wavenumber-1 asymmetry in storm structure developed with updrafts
tending to occur on the downshear to downshear-left side of the eyewall. Continued intensification of the
shear led to increasing wavenumber-1 asymmetry, large vortex tilt, and a change in eyewall structure and
vertical motion organization. During this time, the eyewall structure was dominated by a vortex couplet with
a cyclonic (anticyclonic) vortex on the downtilt-left (downtilt-right) side of the eyewall and strong asym-
metric flow across the eye that led to strong mixing of eyewall vorticity into the eye. Upward motion was
concentrated over an azimuthally broader region on the downtilt side of the eyewall, upstream of the
cyclonic vortex, where low-level environmental inflow converged with the asymmetric outflow from the eye.
As the shear diminished, the vortex tilt and wavenumber-1 asymmetry decreased, while the organization of
updrafts trended back toward that seen during the weak shear period. Based upon the results for the Erin
case, as well as that for a similar simulation of Hurricane Bonnie (1998), a conceptual model is developed
for the organization of vertical motion in the eyewall as a function of the strength of the vertical wind shear.
In weak to moderate shear, higher wavenumber asymmetries associated with eyewall mesovortices domi-
nate the wavenumber-1 asymmetry associated with the shear so that convective-scale updrafts form when
the mesovortices move into the downtilt side of the eyewall and dissipate on the uptilt side. Under strong
shear conditions, the wavenumber-1 asymmetry, characterized by a prominent vortex couplet in the eyewall,
dominates the vertical motion organization so that mesoscale ascent (with embedded convection) occurs
over an azimuthally broader region on the downtilt side of the eyewall. Further research is needed to
determine if these results apply more generally.

1. Introduction

The National Aeronautics and Space Administration
(NASA) Tropical Rainfall Measuring Mission
(TRMM) satellite has proven to be a valuable tool for
the study of precipitation in hurricanes. Lonfat et al.
(2004) used rainfall estimates from the TRMM Micro-

wave Imager (TMI) to examine the climatological rain-
fall characteristics of hurricanes with emphases on the
variations with respect to storm intensity and location
(different ocean basins) and on asymmetries in rainfall
structure. Cecil et al. (2002) and Cecil and Zipser
(2002) examined TRMM radar, TMI, and lightning
data in hurricanes and found that the precipitation
characteristics were very similar to nonhurricane tropi-
cal oceanic precipitation. The hurricane outer rain-
bands produced more lightning per unit area than the
eyewall and inner rainbands, as well as other tropical
oceanic convection, and were proposed to be a pre-
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ferred region for the presence of supercooled liquid
water. Kelley et al. (2004, 2005) described the occur-
rence of tall convective towers in the eyewall and found
that the chance of intensification increases when such
towers are present. Pu et al. (2002) compared meso-
scale simulations of Supertyphoon Paka (1997) initial-
ized with global analyses that either included or ex-
cluded TRMM rainfall information and found that the
assimilation of the rainfall data significantly improved
the simulated intensity and kinematic and precipitation
structures of the storm. Braun (2006) used TRMM ra-
dar reflectivity data for validation of a numerical simu-
lation of Hurricane Bonnie (1998) and showed that the
model significantly overproduced precipitation, in part
because of water conservation errors associated with
the model numerics.

Key to understanding the precipitation distribution
in hurricanes is an understanding of factors determining
the distribution of vertical motion. While the tangential
wind field is dominated by its azimuthal mean compo-
nent (Fig. 1a shows an example from the simulation of
Hurricane Erin described in more detail in section 2),
which is more than an order of magnitude larger than
its higher wavenumber components, the vertical motion
field comprises large contributions from its higher
wavenumber components (Fig. 1b). For the case to be
examined in this study, the amplitudes of vertical mo-
tion associated with wavenumbers 1 and 4 and higher
are actually larger than the azimuthal mean component
for most of the simulation.

Significant wavenumber-1 contributions to vertical
motion frequently derive from the effects of storm mo-
tion and vertical wind shear.1 Shapiro (1983), using a
slab boundary layer model, showed that a translating
storm develops asymmetries in the pattern of frictional
convergence within the boundary layer such that the
maximum convergence, and implied low-level upward
motion, occurs in front of the storm. Several mecha-
nisms have been proposed by which vertical shear, in
the environment or from beta gyres, produces wave-
number-1 asymmetries in vertical motions. Readers are
referred to much more in-depth summaries in Jones
(1995, 2000), Wang and Holland (1996), Bender (1997),
Frank and Ritchie (1999, 2001), Corbosiero and Moli-
nari (2002), and Reasor et al. (2004). Briefly, the studies
can be summarized as follows.

• In adiabatic vortices, the vertical motion asymmetry
is related to vortex tilt and its associated temperature

perturbations. Initially, upward motion occurs in the
downtilt direction, but subsequently shifts to the right
of the tilt direction as the mean vortex flow moves
along the sloped isentropes associated with the vor-
tex tilt (Jones 1995; Wang and Holland 1996; Frank
and Ritchie 1999).

• In diabatic vortices, upward motion occurs in the
downshear direction or somewhat to the left of the
shear vector, while precipitation occurs downshear
left (Wang and Holland 1996; Frank and Ritchie
1999, 2001). While asymmetries can occur in the ab-
sence of significant vortex tilt (Reasor et al. 2000),
when significant tilt exists, the upward vertical mo-
tion is frequently aligned in the tilt direction (Rogers
et al. 2003; Braun et al. 2006; Wu et al. 2006).

• Both real-case and idealized studies have found a
consistent relationship between the storm-relative
asymmetric flow and the eyewall vertical motion
asymmetries (Bender 1997; Frank and Ritchie 1999,
2001; Braun et al. 2006; Wu et al. 2006). Where the
relative flow is directed inward (outward) in the eye-
wall, the negative (positive) vorticity advection is ap-

1 Other contributions can be associated with beta gyres (Wang
and Holland 1996; Bender 1997) and air–sea interaction (Wu et al.
2005).

FIG. 1. Time series of the amplitude of various wavenumbers of
the (a) tangential velocity near the top of the boundary layer (0.7
km) and (b) vertical velocity at 5.5 km averaged over the radial
band between 20 and 70 km for the simulation of Hurricane Erin
described in section 2. The amplitudes of wavenumbers 0 (thick
solid line), 1 (dashed line), 2 (dotted line), 3 (dash–dotted line),
and 4 and higher (thin solid line) are shown. These components
were obtained by interpolating the model fields to a cylindrical
coordinate system centered on the storm. FFTs were applied at
each radius to obtain the different azimuthal wavenumber contri-
butions. Labeling on the abscissa shows the forecast hour as well
as the time and date (i.e., 00/08 represents 0000 UTC 8 Sep 2001).
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proximately balanced by vortex stretching (shrink-
ing) associated with convergence (divergence). For a
vortex in unidirectional shear, low-level inflow and
upper-level outflow occur on the downshear side of
the vortex, thereby producing low-level convergence
and upper-level divergence and a deep layer of up-
ward vertical motion. The opposite occurs on the up-
shear side of the vortex.

The contribution to vertical motion from wavenum-
bers 4 and higher is generally associated with convec-
tive-scale features in the eyewall. Both observations
and modeling show that convective updrafts only oc-
cupy a small percentage of the eyewall area, but con-
tribute a major portion of the vertical mass flux (Riehl
and Malkus 1961; Jorgensen et al. 1985; Black et al.
1996; Braun 2002; Eastin et al. 2005). Braun (2006),
using a high-resolution simulation of Hurricane Bon-
nie, found that about 75% (50%) of the eyewall con-
densation occurred in updrafts stronger than 2 m s�1 (4
m s�1), indicating the important role of convective tow-
ers in eyewall precipitation production. Black et al.
(2002) described the structure of eastern Pacific hurri-
canes Jimena (1991) and Olivia (1994) using aircraft
radar and flight-level in situ data. In both cases, shear
produced a wavenumber-1 distribution of convection
with the highest reflectivities in the semicircle to the left
of the shear direction. The convective cells composing
this reflectivity asymmetry were periodic, with echoes
forming on the downshear side of the eyewall, growing
and maturing on the left side of the shear vector, and
often dissipating on the upshear side. In some cases,
clusters of cells were observed to move around the eye-
wall multiple times, initiating new bursts of convection
as they moved again into the downshear portion of the
eyewall. Braun et al. (2006) described a similar behav-
ior of convective updrafts in their simulation of Hurri-
cane Bonnie. They showed that, in that simulation, the
updrafts were typically associated with relatively long-
lived eyewall mesovortices that moved around the eye-
wall. As the mesovortices moved into the downshear
side of the eyewall, updrafts often formed where the
cyclonic outflow associated with the mesovortices en-
countered the low-level storm-relative inflow associ-
ated with the vertical wind shear. The updrafts dissi-
pated when the mesovortices subsequently moved into
the upshear side of the eyewall. In some examples, the
mesovortices continued around the eyewall and later
initiated subsequent episodes of convection upon reen-
tering the downshear side of the eyewall.

The purpose of this study is to examine the organi-
zation of vertical motion in a simulation of Hurricane
Erin (2001) and compare the results to those for Hur-

ricane Bonnie described by Braun et al. (2006). Wu et
al. (2006) described the simulation of Hurricane Erin,
including validation against available observations, and
examined the role of vertical shear in the overall evo-
lution of the storm. Here, we specifically focus on the
impacts of shear on the organization of vertical motion
and determine what role eyewall mesovortices play in
this organization. Section 2 provides a summary of the
numerical model configuration, physics options, and
initial conditions. Section 3 provides a description of
the simulated intensity and evolution and their relation-
ship to changes in vertical wind shear, while section 4
examines the organization of vertical motion. A brief
comparison to the simulation of Hurricane Bonnie is
provided in section 5 and conclusions are given in sec-
tion 6.

2. Simulation description

The simulation examined in this study is similar to
that used by Wu et al. (2006), but is extended to higher
horizontal grid resolution to facilitate the study of more
well-resolved updraft structures. The model used is the
fifth-generation Pennsylvania State University–
National Center for Atmospheric Research (PSU–
NCAR) Mesoscale Model (MM5, version 3.4; Dudhia
1993; Grell et al. 1995). The original simulation of Wu
et al. (2006) used three grids with grid spacings of 36,
12, and 4 km. The 36-km mother domain (Fig. 2) had
145 � 175 grid points in the x and y directions, respec-
tively, and 27 vertical levels. An inner mesh with 12-km
horizontal grid spacing consisted of 196 � 175 grid
points while the 4-km nest had 151 � 151 grid points.
Simulation on the 36- and 12-km grids was started at
0000 UTC 7 September 2001 and run for 96 h while the
4-km grid was started 24 h into the simulation and run
for 72 h. Model output was saved every hour. Physics
options for this simulation included a modified version
of the Blackadar planetary boundary layer scheme
(Blackadar 1979; Zhang and Anthes 1982) in which sur-
face roughness calculations for momentum, tempera-
ture, and moisture follow Garratt (1992) and Pagowski
and Moore (2001). Cloud processes were represented
by the Betts–Miller cumulus parameterization scheme
(Betts 1986; Betts and Miller 1986, 1993; Janjic 1994) on
the 36- and 12-km grids and the Goddard Cumulus En-
semble Model cloud microphysics (Tao and Simpson
1993; McCumber et al. 1991) on all grids. Radiative
processes were represented by the cloud radiation
scheme of Dudhia (1989).

The initial and boundary conditions for the 36-km
domain were obtained from 12-hourly National Centers
for Environmental Prediction (NCEP) surface and up-
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per-air global reanalysis datasets. The sea surface tem-
perature (SST) data were derived from the NCEP
Reynolds SST analysis. The analysis fields, including
temperature, geopotential height, winds, and relative
humidity at mandatory pressure levels and with hori-
zontal resolution of 2.5° � 2.5° were interpolated hori-
zontally to model grid points and vertically to the
model vertical levels. No special observations were
available near the initial time and no bogus vortex was
included because of the weak and highly asymmetric
structure of the observed system. The initial conditions
for the nested 12-km domain were obtained by inter-
polating fields from the 36-km domain.

With 4-km grid spacing, deep convection is still
poorly resolved. Some improvement of the convective
structure can be obtained by reducing the grid spacing
to 2 km. Because of computational limitations (limita-
tions related to grid movement, available computer
memory, and computation time), a new simulation was
conducted by using the original simulation to drive the
initial and boundary conditions, via a one-way nesting
procedure, for higher-resolution grids. The new simu-
lation was conducted by using 1-h output from the 12-
km grid of the original simulation to provide initial and
boundary conditions for a 6-km grid (337 � 253 � 27
grid points; Fig. 2) and 2-km grid (250 � 250 � 27 grid
points) starting 24 h into the forecast to allow for some
model spinup on the 12-km grid. Note that the forecast

hours shown in the figures and included in the text are
relative to the starting time of the original simulation of
Wu et al. (2006) instead of the start of the 6- and 2-km
grids. The high-resolution grids were run for 72 h until
0000 UTC 11 September. The 2-km grid was moved
hourly to keep it centered on the storm. Model physics
were identical to the original simulation except that no
cumulus parameterization scheme was used and model
output was saved every 30 min.

For most applications, including computation of
storm motion and compositing of output fields to a
storm-relative grid, the storm center was determined, as
in Braun (2002), at every model output time using the
pressure field at the lowest model level. The horizontal
distribution of pressure was used to determine an ap-
proximate geometric center, or centroid, of the pres-
sure field. The location of the minimum pressure was
used as a first guess for the center. A variational ap-
proach was then used that adjusted the location of the
center until the azimuthal variance of the pressure field
at all radii between the center and the outer portion of
the eyewall (�100 km) was minimized. This methodol-
ogy worked well not only for identifying the centroid of
the pressure field but also the approximate centroid of
the ring of strong tangential winds and vorticity. Storm
motion was then computed from the identified center
locations. To compute the time-averaged fields shown
in section 3, model output fields at all heights were
transferred to a grid in which the storm’s surface center
was fixed with respect to time.

3. Simulated intensity, structure, and relation to
shear

The change in horizontal grid spacing from 4 km in
Wu et al. (2006) to 2 km in the present study produces
relatively minor impacts on the simulated storm inten-
sity and evolution. For a detailed description of the
storm evolution and verification against data from the
Fourth NASA Convection and Moisture Experiment
(CAMEX-4) field program, see Wu et al. (2006). Here,
we focus on specific aspects of the storm’s evolution
and its relationship to the environmental vertical wind
shear. Many different measures of the vertical wind
shear can be devised. Some studies average the shear
over regions within a few hundred (or less) kilometers
of the center (Marks et al. 1992; Black et al. 2002; Rog-
ers et al. 2003), while others use averages over larger
areas (Corbosiero and Molinari 2002; Zhu et al. 2004)
or for large annuli that exclude much of the storm (e.g.,
averages over radii from 200 to 800 km; Kaplan and
DeMaria 2003; Braun et al. 2006). In the present study,
we compute the shear between 850 and 200 mb using a

FIG. 2. Map showing the model domains. The outermost two
boxes correspond to the 36- and 12-km domains of the simulation
by Wu et al. (2006) while the innermost two boxes correspond to
the 6- and 2-km grids used in this study. The 2-km grid is gradually
moved northwestward over the course of the simulation, as indi-
cated.
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method similar to Rogers et al. (2003) except that the
wind components are averaged over a circle of radius
300 km rather than a box 200 km on a side. This method
provides a good measure of the near-core shear asso-
ciated with the environment and beta gyres, both of
which can impact storm structure and intensity (Wang
and Holland 1996; Bender 1997). Use of data at larger
radii tends to lower the peak values of shear, but does
not fundamentally alter the qualitative pattern. The re-
sults of Bender (1997) suggest that beta gyres can con-
tribute up to �5 m s�1 of shear, so any intensification of
the shear above that value is likely associated with the
environmental flow.

Figure 3 shows the evolution of the mean shear over
the simulated storm. The shear is generally weak prior
to 0000 UTC 9 September, increases rapidly up to 20
m s�1 by 0000 UTC 10 September, and then weakens
almost as rapidly to 5 m s�1 by 0000 UTC 11 Septem-
ber. The source of the vertical shear in this case is an
upper-tropospheric jet maximum located to the north
of the storm (Fig. 4) as well as strong winds associated
with an upper-level trough to the west [see Fig. 14 of
Wu et al. (2006) for a synoptic-scale view]. At 1200
UTC 8 September (Fig. 4a), Hurricane Erin is located
well south of the jet and the vertical shear is weak (Fig.
3). By 1200 UTC 9 September (Fig. 4b), Hurricane Erin
has moved to a position underneath the southern por-
tion of the jet and the shear is increasing rapidly. By
0000 UTC 10 September (Fig. 4c), the jet shifts north-
ward somewhat and weakens, but the storm is located
directly underneath the axis of peak winds ahead of the
upper-level trough. Subsequently, the winds aloft
weaken and Hurricane Erin moves northward of the
axis of strongest winds (not shown), so that the shear
weakens.

The strength of the shear at its peak is quite large.
Comparison of the model winds to corresponding
NCEP analysis wind fields (Figs. 4d–f) suggests that the
shear in the simulation may be too strong. At 1200
UTC 8 September (36 h into the simulation), the simu-
lated 200-mb winds compare well with the correspond-
ing analysis winds (Figs. 4a,d). At later times, however,
significant differences are apparent. In the simulation,
westerly flow of 10–20 m s�1 associated with an upper-
level trough is seen to the west of the storm at 1200
UTC 9 September (Fig. 4b) and is located over the
storm by 0000 UTC 10 September (Fig. 4c). In the
NCEP analyses (Figs. 4e,f), this upper trough is much
weaker and a ridge to the east of the storm is stronger
so that instead of strong southwesterly flow being
present, a southerly to southeasterly flow of 5–15 m s�1

is seen over and to the west of the analyzed storm.
Consequently, because the environmental shear in the

simulation is likely greater than that which actually oc-
curred with Hurricane Erin, the results to be presented
in the remainder of this study should be viewed with
some caution. However, even if the findings do not
strictly apply to Hurricane Erin, the general results may
be applicable to other hurricanes in strong shear.

One notable difference between the original 4-km
simulation and the newer 2-km simulation is seen in the
time series of minimum sea level pressure. In the 4-km
simulation (Fig. 2a of Wu et al. 2006), the minimum sea
level pressure decreases throughout the simulation pe-
riod, even after the onset of strong shear. In the 2-km
simulation (Fig. 3a), the minimum sea level pressure
decreases rapidly until the onset of strong shear near 60
h (valid at 1200 UTC 9 September), remains steady or
rises slightly for about 16 h, and then decreases further
with the weakening of the shear. In contrast, the maxi-
mum surface winds are very similar between the two
simulations, showing intensification until about 60 h
followed by a period of relatively steady or slightly
weakening winds. Wu et al. (2006), based upon studies
by Schubert et al. (1999) and Kossin and Schubert
(2001), argued that the steady decrease in minimum sea
level pressure and simultaneous decrease in the maxi-
mum winds seen in the 4-km simulation was a by-
product of the mixing of eyewall momentum into the
eye. The different behavior of the minimum sea level

FIG. 3. Time series of simulated (thin solid line) and observed
(thick line) (a) minimum sea level pressure and (b) maximum
wind speed at the lowest model level. The dashed line shows the
magnitude of the 850–200-mb vertical wind shear averaged over a
circle of radius 300 km. Labeling on the abscissa is the same as in
Fig. 1.

APRIL 2007 B R A U N A N D W U 1183



pressure in the 2-km simulation suggests that the
change in horizontal resolution perhaps modifies the
mixing of momentum.

The evolving shear impacts the precipitation and ver-
tical motion fields during the course of Hurricane
Erin’s life cycle. Early on, when the shear is weak, the
storm’s precipitation is relatively symmetric and the
vertical motion is relatively weak (Figs. 5a and 6a).
Shortly after the shear begins to increase, vertical mo-
tions begin to increase and the upward motion part of a
wavenumber-1 asymmetry becomes apparent on the
northeastern side of the storm (Fig. 6b). Reflectivities
also increase (Fig. 5b) and become more asymmetric,

with the maximum reflectivities slightly downstream of
the upward motion. When the shear is strong (Figs.
5c–e and 6c–e), both the precipitation and vertical mo-
tion are highly asymmetric. Precipitation is found pre-
dominantly on just one side of the storm, with nearly
precipitation-free portions of the eyewall evident at 72
and 84 h (Figs. 5d,e). The outer precipitation region
shifts from the northeastern side at 60 h (Fig. 5c) to the
western side by 84 h (Fig. 5e), consistent with shifts
seen in TRMM microwave imager data (see Wu et al.
2006). The upward motion is most intense during this
period of strong shear (Figs. 6c–e) and an adjacent re-
gion of strong downward motion is seen just down-

FIG. 4. (a)–(c) Simulated wind vectors and isotachs (shaded) at 200 mb and sea level pressure contours (solid lines, 8-mb intervals)
for (a) 1200 UTC 8 Sep, (b) 1200 UTC 9 Sep, and (c) 0000 UTC 10 Sep 2001 from the 6-km grid. (d)–(f) The same as in (a)–(c), but
from NCEP analyses over the region covered by the 6-km grid and with sea level pressure contours at 2-mb intervals.
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stream (in a cyclonic sense) from the updraft. This dis-
tribution of vertical motion is similar to observed
storms under the influence of shear (Marks et al. 1992;
Franklin et al. 1993; Black et al. 2002). As the shear
weakens, the vertical velocity asymmetry outside the
eyewall begins to decrease and the reflectivities become
more symmetric as the outer precipitation redevelops
and sweeps around the southern and eastern sides of
the storm.

4. Organization of vertical motion

Our intent here is to examine the organization of
vertical motion in the eyewall and compare the results
from the simulation of Hurricane Erin with those of
Braun et al. (2006) for Hurricane Bonnie. In their
analysis, Braun et al. (2006) used layer-averaged values
to examine relationships between vorticity, vertical ve-
locity, and asymmetric horizontal flow velocities. They

chose a 3-km-deep layer (from 1 to 4 km) just above the
boundary layer because they wanted to highlight the
deeper low-level structures, but avoid the effects of a
shift in the mean wind direction across the top of the
boundary layer that obscured the features of interest.
In the present case, there is no comparable obscuration
problem and features are best represented by layer av-
erages between the surface and 3 km. Plots for three
representative times are shown in Fig. 7 corresponding
to periods with weak shear (�5 m s�1; Fig. 7a), strong
shear (�5 m s�1; Fig. 7b), and the return to weaker
shear near the end of the simulation (Fig. 7c).

For the weak shear period (Fig. 7a), the eyewall fre-
quently contains several areas of concentrated vorticity,
some possessing closed circulations in the asymmetric
flow field. We define these features as eyewall meso-
vortices. They form as a result of the vorticity dynamics
of the eyewall. Specifically, an axisymmetric annulus of
potential vorticity, representative of the distribution of
vorticity within the eyewall of a hurricane, satisfies the

FIG. 5. Simulated radar reflectivity structure at the lowest model level (38 m). Contours show the simulated radar reflectivity averaged
over the 6-h period ending at the indicated time. Arrows show the 6-h-averaged 850–200-mb vertical wind shear vector. Axis labels are
in km with the origin at the storm center.
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Charney–Stern condition for inflection-point (mixed
barotropic/baroclinic) instability (Montgomery and
Shapiro 1995; Ren 1999; Nolan and Montgomery 2002).
In the case of an unstable basic state, small perturba-
tions grow rapidly to form polygonal eyewalls and
mesovortices (Schubert et al. 1999; Kossin and Schu-
bert 2001). Most of the mesovortices in the simulation
also have attendant updrafts of varying magnitude, in
some cases collocated with the mesovortex, in others
somewhat trailing the mesovortex where outflow from
the eye occurs as part of the mesovortex circulation.
The movement of these relatively long-lived features
cyclonically around the eyewall is apparent in the Hov-
möller diagrams of vorticity and vertical motion in Fig.
8, although they are somewhat obscured by the strobe
effect caused by the 30-min output frequency. The
asymmetric flow within the eye is generally weak. As
the shear increases, but is not too strong, the updrafts
tend to shift to the downshear side of the eyewall where
low-level asymmetric inflow is found (not shown). This

relationship between updrafts and mesovortices is very
similar to that seen in the Hurricane Bonnie simulation
of Braun et al. (2006).

When the shear exceeds 5 m s�1 after 48 h (0000
UTC 9 September), a fairly rapid transition occurs to a
highly asymmetric state with a pronounced wavenum-
ber-1 asymmetry, as seen in Fig. 8. Initially, after the
onset of this stronger shear, the upward motion is con-
centrated on the eastern side of the eyewall (Fig. 8b),
but gradually shifts to the northern side of the eyewall
by 60 h and the northwestern side by �75 h. By 59 h
(Fig. 7b), the low-level structure is characterized by a
region of concentrated cyclonic vorticity in the north-
western part of the eyewall, very weak vorticity on the
eastern side, and an azimuthally broad region of up-
ward motion on the northern side of the eyewall,
slightly trailing (clockwise from) the cyclonic vortex.
The combined wavenumbers-1 and -2 asymmetric vor-
ticity, pressure perturbations, and flow vectors (Fig. 7d)
reveal a cyclonic–anticyclonic vortex couplet in the

FIG. 6. Simulated vertical motion (shading) at 5.5 km averaged over the 6-h period ending at the indicated time. Areas of significant
upward motion are highlighted by contours drawn at 0.5 and 1.5 m s�1. Arrows show the 6-h-averaged 850–200-mb vertical wind shear
vector. Axis labels are in km with the origin at the storm center.
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eyewall with strong flow across the eye from south to
north and relatively strong northeasterly flow outside
the eyewall. The asymmetric flow across the eye ap-
pears to feed into the eyewall updrafts and may there-
fore be providing high equivalent potential tempera-
ture air to the eyewall (Persing and Montgomery 2003;
Cram et al. 2007) to enable the strong convection seen
during this period (Fig. 6). Braun et al. (2006) and Cram
et al. (2007) suggested that, in the case of their Hurri-
cane Bonnie simulations, the eyewall behaved like a
“leaky” containment vessel that acted as a barrier be-

tween the eye air and the storm environmental flow,
but allowed some exchange to occur between the eye
and eyewall and between the eyewall and the environ-
ment. The asymmetric flow in the Hurricane Erin simu-
lation (Fig. 7b) indicates that when the shear-induced
wavenumber-1 asymmetry becomes sufficiently large,
significant low-level ventilation of the eye occurs on the
southeast side of the eyewall (i.e., a more direct ex-
change between the environment and the eye). Notice
also that the vorticity has increased significantly within
the eye, suggestive of strong vorticity mixing from the

FIG. 7. (a)–(c) Absolute vorticity [shading, see grayscale bar below (c)], vertical velocity (contours, updrafts
only), and storm-relative asymmetric wind vectors averaged over the lowest 3 km at (a) 41, (b) 59, and (c) 96 h.
The contour interval for vorticity is 1 � 10�3 s�1 starting at 2 � 10�3 s�1. Contours of vertical motion are at 2 m s�1

intervals starting at 2 m s�1 with an extra contour at 1 m s�1. Asymmetric wind vectors are obtained by subtracting
the azimuthally averaged radial and tangential winds. The vector scale is indicated above the upper-left corner of
(a)–(d). (d) Combined wavenumbers-1 and -2 vorticity [shading, see grayscale bar below (d)], pressure (contours),
and asymmetric flow at 59 h. The contour interval is 1 mb for pressure and 1 � 10�3 s�1 for vorticity. Negative
pressure perturbations are indicated by dashed lines.
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eyewall to the eye (Schubert et al. 1999; Kossin and
Eastin 2001; Kossin and Schubert 2001).

When the shear drops below 5 m s�1 near the end of
the simulation (�90 h; Fig. 3), the wavenumber-1 asym-
metry in vertical motion becomes much weaker (Fig.
8b). The low-level structure at 96 h (Fig. 7c) shows an
annulus of vorticity, with various local maxima occur-
ring around the eyewall, suggesting a trend back toward
having the mesovortices and their attendant updrafts
being the dominant structures within the eyewall. The
asymmetric flow within the eye is weakening by this
time.

The transitions from the mesovortex-dominated
structure (Fig. 7a) to the vortex couplet and strong
wavenumber-1 asymmetry (Figs. 6c–e and 7b) and back
to a mesovortex structure (Fig. 7c) correspond closely
to the onset and decline of strong vertical wind shear
(cf. Figs. 3 and 8). The shear also causes a large tilt of
the vortex to develop. Figure 9 shows the estimated 1-h
average2 displacements of the vortex centers at 5.9 and
9.3 km above mean sea level from the surface center
location. The center positions at these heights were es-

timated using the same method as for the surface cen-
ter. However, at 9.3 km, during the period of strongest
shear, this method was less effective because of large
pressure asymmetries, so the center was adjusted sub-
jectively based upon the pressure pattern, wind speed,
and wind vectors, with an emphasis on the circulation
center, which was generally readily detectable. Dis-
placements are only shown for the period following 36
h since the storm was still organizing before this time
and the 9.3-km center position was much more variable.
At 42 h (1800 UTC 8 September), just prior to the onset
of strengthening vertical wind shear, the vortex tilt is
very small. As the southwesterly shear increases, the
vortex tilt shifts to the northeast of the surface center
(downshear) and increases in magnitude to about 10
km at 5.9 km and 18 km at 9.3 km by 54 h (0600 UTC
9 September). By 72 h (0000 UTC 10 September), near
the time of peak shear, the vortex tilt is to the north-
northwest (�55° to the left of the shear vector) and has
reached a maximum magnitude of about 18 km at 5.9
km and 43 km at 9.3 km. The fact that the tilt is to the
left of the shear direction is consistent with Reasor et al.
(2004) who found that, for initially upright tropical cy-
clone–like vortices in vertical shear, the existence of a
downshear-left tilt equilibrium occurs when the vortex
Rossby wave damping is nonnegligible. As the shear
decreases rapidly after 69 h, the vortex tilt also de-

2 We use a three-point average of the center positions using
data at a given time as well as at �0.5 h (the model output fre-
quency).

FIG. 8. Time–azimuth distributions of radially (16–50 km) and vertically (0–3 km) averaged
(a) absolute vorticity, contour interval of 0.5 � 10�3 s�1 starting at 1 � 10�3 s�1, and (b)
vertical velocity, contours at 0.6 m s�1 intervals starting at 0.3 m s�1. Labeling on the abscissa
includes two revolutions around the center. Labeling on the ordinate shows the forecast hour
as well as the corresponding time and date (i.e., 00/08 represents 0000 UTC 8 Sep 2001).
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creases rapidly, with the vortex essentially realigning by
the end of the simulation. During the period in which
there is appreciable tilt (approximately 48–90 h), the
strongest upward motions are always located in the
general direction of the vortex tilt (not shown). This
relationship between vortex tilt and eyewall upward
motion was noted previously for Hurricane Erin by Wu
et al. (2006) and for Hurricane Bonnie by Rogers et al.
(2003) and Braun et al. (2006).

The vertical structure of the storm near the time of
peak tilt (72 h) is shown in Fig. 10 in a cross section
oriented from south to north through the storm center
in the direction of vortex tilt. The large tilt of the vortex
is clearly evident from the isotachs of tangential veloc-
ity in the eyewall (Fig. 10a). Precipitation is found over
a widespread area on the north (downtilt) side and is
absent on the south (uptilt) side. The perturbation po-
tential temperature (Fig. 10b), derived as in Wu et al.
(2006) using a composite reference sounding from Hal-
verson et al. (2006), shows a well-defined warm core
sloping in the direction of vortex tilt. A relative maxi-
mum occurs at low to midlevels on the south side as a
result of subsidence warming, similar to results seen in
other simulations of hurricanes in shear (Ritchie and
Elsberry 2001; Zhu et al. 2004). Frank and Ritchie
(2001) suggested that shear can lead to lateral eddy
heat fluxes that weaken the warm core aloft. In the
present case, such a diminution of the warm core is
brief and relatively small, indicative of the remarkable
resiliency of the vortex despite the strong shear and
large tilt. Had the shear persisted longer, a more sub-
stantial weakening of the warm core probably would

have occurred. One factor likely contributing to the
resiliency of the vortex is that after the onset of strong
shear, the storm is located at relatively high latitudes
(�30°N). Jones (1995, 2000, 2004) and DeMaria (1996)
have demonstrated that the Rossby penetration depth
increases with latitude and more tightly couples the up-
per and lower vortices of a tropical cyclone so that it is
better able to resist the tilting effects of vertical shear.

As mentioned earlier, the results of the Hurricane
Erin simulation must be viewed with some caution be-
cause the simulated shear is too strong, which leads to
a degree of asymmetry that is somewhat greater than
observed. For example, the simulation produces a
cloud- and precipitation-free portion of the eyewall
during the time of peak shear. Observations from
TRMM (see Figs. 6 and 7 of Wu et al. 2006) and geo-
stationary infrared satellite data (not shown) indicate a
high degree of asymmetry in the precipitation and
cloud-top temperature fields, but neither supports a de-
gree of asymmetry great enough to indicate a cloud-
and precipitation-free region or a large tilt of the storm.
While these aspects of Erin have been exaggerated by
the excessive shear in the model, many hurricanes do
attain such large degrees of precipitation asymmetry, so
the results presented here likely have some relevance to
those cases.

5. Comparison with Hurricane Bonnie

In the simulation of Hurricane Bonnie by Braun et al.
(2006), the environmental shear was approximately 10–

FIG. 9. Displacement of the storm centers at (a) 5.9- and (b) 9.3-km altitudes from the
surface center. Time (model hour) is indicated by the asterisks and numbers while the line gets
lighter with time.
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12 m s�1 between 850 and 200 mb for much of the
simulation. While the vertical motion was characterized
by a well-developed wavenumber-1 asymmetry, a large
fraction of the upward motion occurred in convective
updraft towers (Braun 2006) that were associated with
eyewall mesovortices. The updrafts formed when the
mesovortices moved into the downshear (downtilt)3

side of the storm and dissipated on the upshear (uptilt)
side. Despite the roughly constant moderate to strong
shear, the storm was characterized by relatively weak
tilt (�10 km between the surface and 8 km) during its
mature stage (see Fig. 11 of Braun et al. 2006).

In the Hurricane Erin simulation, prior to the onset

of significant shear, the eyewall upward motion organi-
zation was also dominated by isolated updrafts and eye-
wall mesovortices. However, as appreciable shear de-
veloped (e.g., after 48 h in Fig. 8), the vertical motion
quickly organized into a prominent wavenumber-1 pat-
tern in which the upward motion occurred within
larger, more contiguous areas of ascent (Fig. 7b) on the
downtilt side of the eyewall. The shear exceeded 10
m s�1 for �36 h (and peaked at 20 m s�1), during which
time the tilt exceeded 10 km between the surface and
9.3 km and reached a maximum value of �40 km. The
magnitudes of the asymmetries in Fig. 7d were more
than twice those in the Hurricane Bonnie simulation
(not shown).

Figure 11 shows a time series of the different wave-
number components of vertical motion from the Hur-3 The shear and the tilt directions were approximately the same.

FIG. 10. Vertical cross sections aligned in the direction of vortex tilt at 72 h (0000 UTC 10
Sep 2001) showing simulated radar reflectivity (shading) and (a) tangential velocity contours
at 5 m s�1 intervals starting at 15 m s�1, and (b) potential temperature perturbation contours
at 2-K intervals, with negative values indicated by dashed lines and the zero contour by dotted
lines. The potential temperature perturbation is obtained by subtracting a reference profile,
described in the text, from the full potential temperature.
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ricane Bonnie simulation similar to that shown in Fig.
1b for Hurricane Erin. In the case of Hurricane Bonnie,
the dominant contribution was from wavenumbers 4
and higher, indicating the large role of convection. The
wavenumber-1 contribution was somewhat larger than
the azimuthal mean, but much smaller than that from
the highest wavenumbers. With the exception of the
large values at 10–11 h when the storm was undergoing
some spinup after initialization of the 2-km grid, the
wavenumber-1 component was strongest during the

time when the vortex tilt was largest or rapidly realign-
ing (approximately 16–24 h, see Fig. 11 of Braun et al.
2006) and decreased somewhat after realignment. In
the Hurricane Erin case (Fig. 1b), the highest wave-
number components dominated during the early stages
when the shear was weak (prior to 48 h), but following
the onset of strong shear, the wavenumber-1 compo-
nent increased rapidly and attained a magnitude com-
parable to the highest wavenumbers. Clearly, the oc-
currence of much stronger shear and development of
larger tilt in the Hurricane Erin case is a major factor in
the differences between the two cases.

6. Conclusions

The organization of vertical motion in a high-
resolution simulation of Hurricane Erin has been ana-
lyzed and compared with similar results from a simula-
tion of Hurricane Bonnie by Braun et al. (2006). The
results of these simulations, both representing hurri-
canes of moderate intensity (i.e., categories 2 and 3 on
the Saffir–Simpson scale) and large size (i.e., radius of
maximum winds of about 35–45 km), suggest an orga-
nization of eyewall updrafts as depicted in Fig. 12, de-
pending on the strength of the vertical wind shear. In
the Hurricane Bonnie simulation, moderate shear (�10
m s�1) produced a wavenumber-1 asymmetry in the

FIG. 12. Schematic diagram summarizing (a) the interaction between eyewall mesovortices
and the low-level inflow associated with weak-to-moderate environmental wind shear; (b)
similar to (a), but for strong shear. The elongated semicircular areas indicate where shear
effects favor low-level convergence (light shading) and divergence (cross hatching). The low-
level storm-relative flow associated with the environmental shear is indicated by the straight
arrows. In (a), the mesovortices and their local cyclonic circulations are indicated by darkly
shaded circles and curved arrows. In (b), a cyclonic–anticyclonic vortex couplet is indicated by
the dark–light shaded ovals and their associated circulations by curved arrows. The semitrans-
parent, lightly shaded ovals represent areas of enhanced low-level convergence and upward
motion. The orientation of the low-level eyewall convergence–divergence asymmetry associ-
ated with the sheared flow is held fixed in this figure and may not necessarily match that of
the simulations.

FIG. 11. Time series of the amplitude of the vertical velocity at
5.3 km averaged over the radial band between 30 and 80 km from
the simulation of Hurricane Bonnie by Braun et al. (2006). The
lines correspond to wavenumbers 0 (thick solid line), 1 (dashed),
2 (dotted), 3 (dash–dotted), and 4 and higher (thin solid line).
Labeling format on the abscissa is the same as in Fig 1.
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vertical motion with upward motion in the downtilt di-
rection. Superimposed upon this asymmetry was an
evolution of eyewall updrafts in which the updrafts
were closely linked to the formation and movement of
eyewall mesovortices, as depicted in Fig. 12a. The
mesovortices moved around the eyewall at a speed
somewhat less than that of the maximum tangential
winds and, as they moved into the downtilt side of the
hurricane eyewall, the interaction of the mesovortex
circulations with the storm-relative environmental flow
led to the formation of updrafts collocated with or
slightly trailing the mesovortices. As the mesovortices
moved into the uptilt side of the eyewall, the updrafts
generally weakened or dissipated.

In the simulation of Hurricane Erin, similar charac-
teristics were seen, but their evolution depended on the
magnitude of the shear and the resultant tilt of the
hurricane vortex. In the early parts of the simulation
period, the shear was very weak. Eyewall mesovortices
were evident on all sides of the eyewall and were fre-
quently associated with convective-scale updrafts. As
the shear increased, the updrafts formed preferentially
on the downshear side of the eyewall (Fig. 12a). As the
shear continued to increase, the tilt of the hurricane
vortex increased substantially and led to a transforma-
tion of the eyewall structure as depicted in Fig. 12b.4

During this time, the eyewall was dominated by a cy-
clonic–anticyclonic vortex couplet, with the cyclonic
vortex located in the downtilt-left part of the eyewall.
In contrast to the period of weaker shear, in which the
flow within the eye was generally weak, during the pe-
riod of strong shear, the vortex couplet produced a sub-
stantial flow across the eye and considerable mixing of
eyewall vorticity into the eye. An azimuthally broad
area of ascent occurred in the downtilt direction where
the low-level inflow associated with the shear con-
verged with the outflow from the eye associated with
the vortex couplet. The upward motions were most in-
tense during this time of strong shear and large vortex
tilt, with the largest updraft velocities concentrated
closer to the cyclonic vortex (Fig. 7b). As the shear
weakened, the vortex tilt decreased so that the vortex
eventually realigned, by which time the vertical motion
organization was returning to a pattern similar to that
depicted in Fig. 12a. The shear in the Hurricane Erin
simulation was stronger than that indicated by NCEP
analyses, suggesting that the tilt and related processes
may have been more pronounced than what was real-
istic for this case, but the results likely have application

to other storms occurring in environments with strong
vertical wind shear.

Both storms were of comparable intensity and size,
which likely played a role in their similar organization
in the presence of shear. Schubert et al. (1999) and
Kossin and Schubert (2001) showed that, depending on
the initial characteristics of the annulus of vorticity, the
mesovortices may mix into the center and coalesce to
form a vortex monopole or they may form a set of
long-lived mesovortices whose number may vary (Kos-
sin and Schubert 2001; Montgomery et al. 2002). Kossin
and Schubert (2001) found that monopoles are more
likely to form from smaller or radially broader initial
vorticity annuli, while stable mesovortices are more
likely to form from larger and radially thinner vorticity
annuli. The relatively large radii of the simulated
Bonnie and Erin storms may have favored the devel-
opment of the eyewall mesovortices. An important
question for future study is what happens in storms
with much smaller radii that may not be capable of
supporting eyewall mesovortices or that produce vortex
monopoles? Will the upward motion still be organized
into localized areas of ascent or will it occur in an azi-
muthally broader skirt of ascent? Clearly, to generalize
the results presented herein or to characterize other
forms of updraft organization, a greater diversity of
simulations reflecting a greater range of sizes and in-
tensities is needed.

The precipitation distribution is determined by the
distribution of vertical motion, which itself is related to
the dynamics of the eyewall/eye and the interaction
with the environmental shear. To the extent that these
same processes play roles in intensity change, it is pos-
sible that better monitoring of the precipitation inten-
sity and organization may provide hints to present or
future changes in storm intensity. Indeed, Kelley et al.
(2004, 2005) have shown that deep convective towers
observed by TRMM and by coastal radars are often
precursors to intensification. Cecil and Zipser (1999)
have noted some correlation between ice-scattering sig-
natures from microwave remote sensors and current
and future intensity change. These results suggest that
utilization of remote sensing of precipitation, combined
with increased understanding of the processes relating
precipitation organization to the hurricane dynamics
and intensity change, could lead to improved monitor-
ing and forecasting of hurricane intensity change.
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