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1. INTRODUCTION

Tropical Cyclone (TC) eyewall slope has
recently been analyzed observationally by
Stern and Nolan (2009, 2014), who
quantified the slope of the azimuthal mean
Radius of Maximum Winds (RMW) for
several TCs using airborne velocity data, and
Hazelton and Hart (2013), who analyzed
azimuthal mean slope of the 20 dBZ contour
for 15 different TCs using airborne radar
reflectivity data. However, neither of these
studies analyzed azimuthal variation in slope

There have been a couple of case studies
that have briefly looked at asymmetries in
eyewall slope across the eyewall due to shear.
Specifically, Halverson et al. (2006) noted an
apparent along-shear difference in slope
across the eyewall in Hurricane Erin (2001).
Rogers and Uhlhorn (2008) used flight-level
and SFMR data to calculate lower-
troposphere eyewall slope in Hurricane Rita,
and showed that the slope asymmetry across
the eyewall seemed to increase as shear
increased. However, neither of these studies
quantified shear-relative variation in slope
for multiple TCs, and only Rogers and
Uhlhorn (2008) briefly touched on the
connection between asymmetry and shear
magnitude.
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Accordingly, in this study, we make use
of airborne Doppler Radar reflectivity and
velocity data to analyze the azimuthal
variation of several metrics of TC eyewall
slope in a shear-relative framework, building
off of previous analysis of the structure of
sheared TCs.

2. DATA AND METHODOLOGY

In this study, we use the 3-dimensional
Doppler Radar composites from the NOAA-
P3. The horizontal resolution is 2 km, and the
vertical resolution is 0.5 km. Only cases with
sufficient azimuthal coverage around the
eyewall were included in the dataset.

For the shear magnitude and direction we
used the data from the SHIPS archive. The
shear vector is obtained from the Global
Forecast System (GFS) analyses by removing
the TC vortex and then averaging the 850-
200 hPa shear over a radius from 0-500 km
relative to the storm center, and is available
for the six-hourly synoptic times (00 UTC, 06
UTC, 12 UTC, 18 UTC).

Hazelton and Hart (2013) analyzed
azimuthal mean slope of the 20 dBZ contour,
while Stern and Nolan (2009) looked at
RMW slope and the slope of an angular
momentum surface. Here, we analyze
azimuthal variation in all three slope metrics.
The slopes of the RMW and M surface are
likely to show more variation due to the
influence of shear on vortex structure, while



dBZ slope likely shows more of the influence
of convection due to shear.

The cases in the radar dataset suitable for
this analysis were selected using the
following criteria:

1. Only TCs with wind speed greater
than 33 m/s (hurricane intensity)

2. Only TCs more than 50 km from land

3. Only cases with sufficient azimuthal
coverage in all 4 shear-relative
quadrants

4. Only cases where the 20 dBZ surface
and RMW were located at the same
eyewall (there were a few cases with
secondary eyewalls that had to be
removed for this reason).

The data used after these filters consist of 36
flights into 15 different TCs from 1997-2010.

3. RESULTS
a. Overall Shear-Relative Variation

Figures 1la-b show the azimuthal
variation of RMW and M slope for the 36
cases analyzed in the study. For RMW slope,
the two downshear quadrants have a mean
slope of 1.09, while the two upshear
quadrants have a mean slope of 0.38. This
difference is statistically significant (p =
0.01). For M slope, the USR quadrant is
more upright than the other three quadrants
(p < 0.05), however, the average difference
between upshear and downshear is not
significant. While individual cases can show
significant variation in the slope of the 20
dBZ contour, there is no statistically
significant differences in the mean.
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Figure 1: Average slopes and standard errors
for the 36 cases for a) RMW slope and b)
The slope of an M surface

b. Wavenumber-1 Analysis

In order to quantify the wavenumber-1
asymmetry in eyewall slope due to shear, we
fit the slopes from each quadrant to a cosine
function. The resulting phase and amplitude
of the fit provided a measure of the
magnitude and direction of the asymmetry
due to shear. Figure 2 shows the distribution
of the phase for each slope metric. From this
figure, we can see that both RMW slope and
M slope have a peak in phase downshear,
particularly downshear left. This indicates
that this asymmetry in slope is a proxy for
vortex tilt, which has been shown to be



preferentially downshear-left in the mean
(e.g Reasor et al. 2004, 2013).
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Figure 2: Distribution of the phase of the
cosine fit for a) RMW slopes b) M slopes ¢)
20 dBZ slopes. In each figure, O degrees is
directly downshear, negative angles are left-
of-shear, and positive angles are right-of-
shear.

c. Separation by Shear Magnitude

Next, we compared the cases with high
environmental shear (greater than 7 m/s) vs.
cases with low environmental shear (less than
2.5m/s). A statistically significant difference
was found in the average amplitude of the
wavenumber-1 asymmetries between these
two sets for both RMW slope and M slope.
This indicates a tendency for the azimuthal
variance in eyewall slope to increase as the
magnitude of the vertical shear increases. In
addition, there was a statistically significant
correlation between asymmetry phase and
shear magnitude — the asymmetry tended to
be more directly downshear as the magnitude
of the shear increased, consistent with the
notion of a downshear vortex tilt. This is
shown for RMW slope in Figure 3 below.

To further illustrate the differences
between high shear and low shear cases,
composites of the wind data for each
quadrant were made for both sets (Figure 4).
The slope profiles overlaid on these
composite images highlight the tendency for
more variation in the high-shear set.
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Figure 3: Phase of wavenumber-1 asymmetry
(a possible proxy for vortex tilt direction) in
RMW slope vs. shear magnitude.
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Figure 4: Composites of tangential wind in each quadrant for a) Low-shear and b) High-shear
Cases. Also overlaid are the profiles of the RMW (solid), M surface (dashed), and 20 dBZ
surface (dot-dashed) used to calculate slope.




d. Intensifying vs. weakening/steady TCs

Finally, we compared eyewall slope in
intensifying TCs vs. that in weakening/steady
TCs, building off of the comprehensive
structural comparison in Rogers et al. (2013).
Similar to the definition used in that study,
intensifying TCs were defined as those where
the TC intensified by 10 knots or more in the
12 hours after the observation period.

This was one aspect of the analysis where
20 dBZ slope showed more signal than some
of the other metrics. In particular, the 20 dBZ
surface was more upright than the M surfaces
in the DSL and USL quadrants for
intensifying TCs (Figure 5).

4. SUMMARY AND DISCUSSION

The two major conclusions of this
analysis can be summarized as follows:

1. The shear-relative variation of slope
around the eyewall is most
pronounced for the RMW and M
surfaces. Analysis  of the
wavenumber-1 asymmetry due to
shear show a tendency for greater
slope downshear, with the asymmetry
increasing as shear magnitude
increases, potentially indicating that
this slope asymmetry is a proxy for
the tilt of the vortex. This is
illustrated in Figure 6.

2. The slope of the 20 dBZ surface, as a
proxy for the eyewall updraft, is more
upright than the slope of the M
surface in the left-of-shear quadrants
for intensifying TCs, while it is not
statistically different for
weakening/steady TCs. Since the M
surface is bounded to the RMW at z =
2 km, this result indicates convective

heating inside the RMW for
intensifying TCs, which, as discussed
in Rogers et al. (2013), is a favorable
configuration  for intensification.
This conclusion is summarized in the
schematic in Figure 7.
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Figure 5: Mean slopes of the 20 dBZ surface
(dashed) and M surface (solid) for a)
Intensifying cases and b) Weakening/Steady
cases.
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Figure 6: Modeled after Figure 4b of Rogers
and Uhlhorn (2008). Schematic illustrating
differences in RMW slope variation across
the eyewall for low-shear and high-shear
TCs.
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Figure 7:

Schematic illustrating the
difference between M slope and dBZ slope
for intensifying cases and weakening/steady
cases.
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