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Introduction 
In general, tropical cyclones have been thought to have a warm-core 
structure; that is, the largest temperature anomalies occur at the center.  It 
has been observed on more than one occasion however, that large 
temperature anomalies can occur on the inner edge of the eyewall.  This 
warm-ring structure is observed in the lower troposphere of strong tropical 
cyclones. The presence of a warm-ring structure has been linked to the 
existence of a hub-cloud in the center of the eye, cascading pileus in the 
upper troposphere at the edge of the eye and a clear inner moat in the lower 
troposphere of the outer edge of the eye, all of which are associated with 
strong inertial stability in an eye of relatively large radius (Schubert, WH, 
Rozoff, CM, Vigh, JL, McNoldy, BD, Kossin, JP. 2007). 
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Warm-rings are present from these figures from two different tropical 
cyclones, where we can clearly see an actual rise in temperature outward 
from the center of the vortex. .   
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Figure 10. Radial profiles of 1 s flight-level tangential wind (solid
lines), temperature (dashed lines) and dew-point temperature (dotted
lines) from Hurricane Isabel on 13 September 2003 at (a) 3.7 km
altitude from 1948 UTC to 1956 UTC and (b) 2.1 km altitude from

1922 UTC to 1931 UTC.

2.1 km (Figure 10(b)) the average vorticity in the region
0 ≤ r ≤ 21 km is 1.1 × 10−3 s−1, while the average vor-
ticity in the region 21 km ≤ r ≤ 31 km is 5.8 × 10−3 s−1.
These values result in approximate Rossby lengths for
these two regions of 44 km and 8.5 km respectively.
The small Rossby length in the outer part of the eye
plays an important role in confining the large tempera-
ture anomaly to this region. Eye structures in which the
vorticity and potential vorticity are much smaller near the
circulation centre may be the result of a partial mixing
process in which high-potential-vorticity eyewall air is
advected inward but not completely to the centre of the
eye. In passing, we note that future work should attempt
to estimate temperature tendencies from large observa-
tional datasets over numerous storms to determine the
robustness of the proposed relationship between inertial
stability, eye subsidence and temperature tendency.

6. Conclusions

Assuming the eye can be fairly accurately characterized
by a single Rossby length, we have proposed the follow-
ing rules:

• There is less than 10% horizontal variation in the
subsidence rate in the eye when the ratio of the eye

radius to the Rossby length in the eye is less than 0.6.
This tends to occur with small eyes or eyes with low
inertial stability.

• The subsidence rate at the edge of the eye is more than
twice as strong as the subsidence rate in the centre of
the eye when the ratio of the eye radius to the Rossby
length in the eye is greater than 1.8. This tends to occur
with large eyes or eyes with high inertial stability.

An implication of these results is that the existence
of a hub cloud at the centre of the eye, cascading
pileus in the upper troposphere on the edge of the eye
(Willoughby, 1998), a clear inner moat in the lower
troposphere on the edge of the eye, and a warm-ring
thermal structure, are all associated with strong inertial
stability in the eye and a relatively large eye radius.
Thus, in some cases, careful inspection of the cloud field
can reveal certain aspects of a hurricane’s dynamical
structure. However, further research is needed to better
understand the relative importance of these dynamical
effects and the evaporative–sublimative cooling effects
studied by Malkus (1958) and Zhang et al. (2002).

In closing, important limitations of the idealized frame-
work used in this study should be pointed out. First, the
balanced model (Equation (1)), and hence the associ-
ated transverse circulation equation (8), filter transient
inertia–gravity waves. In real hurricanes and in both
hydrostatic and non-hydrostatic primitive equation mod-
els, high-frequency inertia–gravity oscillations can be
superimposed on the slower-time-scale motions that are
well approximated by Equation (1). An interesting exam-
ple can be seen in (Yamasaki, 1983, figure 15), which
shows 15-minute oscillations of the vertical motion field
in the eye of an axisymmetric non-hydrostatic model.
Such inertia–gravity oscillations have peak amplitudes
of vertical motion at the centre of the eye, in contrast
to the quasi-balanced motions associated with maximum
subsidence at the edge of the eye. Another interesting
feature of primitive equation model simulations is that
intense storms can produce a temperature field that has
a warm-core structure at upper levels but a warm-ring
structure at lower levels (Yamasaki, 1983, figure 10(a);
Hausman et al., 2006, figures 5 and 9). An explanation of
such a temperature field in terms of the Sawyer–Eliassen
equation would presumably involve relaxing some of
the assumptions that lead to the simplified equations (9)
and (10).
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Figure 8. Radial profiles at 700 hPa, from Hurricane Guillermo, of the
time-averaged (a) tangential wind on 2 August (light solid line) and
3 August 1997 (heavy solid line) and (b) temperature and dew-point
temperature on 2 August (light dashed and dotted lines respectively)
and 3 August (heavy dashed and dotted lines respectively). (c) The
corresponding three-region model’s estimate of Guillermo’s 700 hPa
tangential wind and temperature tendency on 2 August (light solid and
dashed lines respectively) and 3 August (heavy solid and dashed lines

respectively).

about 5 K persisted (Figure 8(b)), but apparent ‘cooling’
at r < 10 km between the two intensive observational
campaigns on 2 and 3 August leads to a warm-ringed
structure in the 3 August composite. With a saturated
eyewall adjacent to a dew-point depression of 3.2 °C near
the inner edge of the eyewall, the 3 August composite is
consistent with the results of Sitkowski et al. (2006). On
2 August, the dew-point depression exceeds 6 °C but is
uniform across Guillermo’s eye.

While admitting the three-region model’s inability to
capture the U-shaped structure within Guillermo’s eye,
we can still optimize the three-region model’s parame-
ters to estimate the temperature tendencies that should
result from the balanced circulation of Guillermo. For
2 August, we choose r1 = 22 km, r2 = 29 km, v(r1) =
39.3 m s−1 and v(r2) = 52.7 m s−1; for 3 August, we
choose r1 = 20 km, r2 = 26.5 km, v(r1) = 52 m s−1 and
v(r2) = 63 m s−1. Figure 8(c) shows the estimated tan-
gential wind curves. Incorporating the diabatic heating

constraint given by Equation (17) and using Equations
(25)–(27), we obtain the temperature tendencies shown
by the heavy and light dashed lines in Figure 8(c). On
3 August, there is a greater tendency for the storm to
produce a warm-ringed structure. However, the radius of
maximum temperature change is offset from the warm-
ringed structure observed on 3 August; this may perhaps
be explained by the analytical model’s simplified vortex
geometry, or by its lack of evaporative and sublimative
cooling.

Our second observational example is from Hurricane
Isabel, a category-5 Atlantic hurricane. Figure 9 is a stun-
ning photograph of the hub cloud in the eye of Isabel on
13 September 2003. On this date, the two NOAA WP-
3D aircraft collected high-resolution data from multiple
eyewall penetrations at altitudes of 2.1 km and 3.7 km.
In Figures 10 (a) and (b), we provide two radial pro-
files of 1 s flight-level tangential wind at 3.7 km alti-
tude from 1948 UTC to 1956 UTC and at 2.1 km alti-
tude from 1922 UTC to 1931 UTC, respectively. These
wind profiles reveal a large outward tilt of the radius of
maximum wind. (See also the cross-sections shown in
(Bell and Montgomery, 2007).) The associated tempera-
ture and dew-point temperature profiles exhibit evidence
of subsidence warming and drying inside the eye, par-
ticularly near the eyewall. Similar patterns appear in
nearly all 16 WP-3D sorties on 13 September. These
Isabel results imply that the warm-ring structure can
extend over a considerable depth of the lower tropo-
sphere. However, it is an open question whether it extends
into the upper troposphere or gives way to a warm-
core upper-tropospheric structure. These Isabel profiles
also reveal a vorticity structure more complicated than
was specified in the three-region model, which assumed
that the eye can be characterized by a single Rossby
length. The tangential wind profiles for Isabel exhibit a
striking U-shaped structure within the eye. In fact, the
azimuthal wind profiles shown in Figure 10 would be
more accurately characterized by a four-region model,
with two regions within the eye. For example, at z =

Figure 9. The eye of Hurricane Isabel on 13 September 2003. The
hub cloud (near the centre of the picture) is surrounded by a moat
of clear air or thin stratocumulus. Because of the large eye diameter
(60–70 km), the eyewall (12–14 km tops) behind the hub cloud (3 km
top) appears only slightly higher than the hub cloud itself. Photograph

courtesy of Sim Aberson.
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Beginning with the gradient wind, hydrostatic and thermal wind, we model the 
structures of the tangential wind, temperature, absolute angular momentum, 
potential temperature and potential vorticity of an vertically sheared tropical 
cyclone with an outward tilting radius of maximum wind and a U-shaped wind 
profile. 

•  By modifying equations and variables in thermal wind balance, a plot 
showing warm-rings was obtained. It was obtained for a reasonably 
strong tropical cyclone, indicating that modeling the warm-ring structure 
is possible, and with reasonable parameters. 

•  There is much work to be done in refining the model and showing more 
warm ring plots for different parameters.  Once these phenomena can be 
replicated more regularly within the model, we may begin to speculate 
more on the implications a warm-ring structure has on a tropical cyclone 
and what brings them about.  There will also be an effort to find more 
documented examples of a warm-ring structure through flight-data. 
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• On the left, we show a case of the most basic warm-core structure. This plot 
does not include a varying radius of maximum wind, or a U-shaped wind. 

• A plot showing a warm-ring temperature structure is shown on the right.  Values 
from a read-in GATE profile were used to plot the maximum velocites with 
height, as well as the values for temperature in our theta and temperature 
anomaly equations (Fulton, S. R. and W. H. Schubert, 1985).  Also, the radius of 
maximum wind is set to begin tilting at 6.5km above the surface and the 
variable functions of changing U-shaped winds and radius of maximum wind are 
restricted to 15 km. 
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The figure on the left are radial profiles of flight-level tangential wind (solid lines), temperature (dashed lines) ad 
dew-point (dotted lines) from Hurricane Isabel on 13 September 2003 at 3.7km (top) altitude from 1948 UTC to 1956 
UTC and 2.1km (bottom) from 1922 UTC to 1931 UTC.  The figure on the right shows radial profiles from Hurricane 
Guillermo of time-averaged temperature and dew-point (top, light dashed and dotted lines respectively) on 2 August 
and 3 August (top, heavy dashed and dotted lines respectively).  The corresponding three-region model’s estimate 
of Guillermo’s 700hPa tangential wind and temperature tendency on 2 August (bottom, light solid and dashed lines 
respectively) and 3 August (bottom, heavy solid and dashed lines respectively). 
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H , This gives our potential temperature
equation
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