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[1] In this study, the rapid intensification (RI) of tropical
cyclone is examined using a 72-h cloud-permitting prediction
of Hurricane Wilma (2005) with a record-breaking intensity
of 882 hPa. Results show the formation of an upper-level
warm core from the descending air of stratospheric origin in
the eye, which coincides with the onset of RI; it reaches the
peak amplitude of more than 18°C from its initial conditions
at the time of peak intensity. The descending air is associated
with the detrainment of convective bursts in the eyewall, and
it appears as (perturbation) cyclonic radial inflows above the
upper outflow layer and causes the subsidence warming
below. We hypothesize that the upper divergent outflow
layer favors the generation of a warm core by protecting it
from ventilation by environmental flows. Use of the hydro-
static equation shows that the warm core of stratospheric
origin contributes more than twice as much as the lower-level
warm column to the pressure change at the peak intensity of
Wilma. Results suggest that more attention be paid to the
magnitude of storm-relative flows and vertical wind shear in
the upper troposphere, rather than just vertical shear in the
typical 850–200 hPa layer, in order to reasonably predict the
RI of tropical cyclones. Citation: Zhang, D.-L., and H. Chen
(2012), Importance of the upper-level warm core in the rapid inten-
sification of a tropical cyclone, Geophys. Res. Lett., 39, L02806,
doi:10.1029/2011GL050578.

1. Introduction

[2] The rapid intensification (RI) of hurricanes, defined as
at least a 42 hPa day�1 drop in the minimum central pressure
(PMIN) [Holliday and Thompson, 1979] or a 15 m s�1 day�1

increase in the maximum surface wind (VMAX) [Kaplan and
DeMaria, 2003], is particularly challenging for operational
forecasts due partly to deficiencies in hurricane models and
partly to the poor understanding of the physical processes
leading to the generation of these rare events. Most of our
current understanding of RI is limited to environmental
conditions that can be examined from large-scale analyses
and satellite observations [Bosart et al., 2000; Kaplan and
DeMaria, 2003]. Favorable conditions for RI may include
anomalously warm sea surface temperatures (SSTs), high
relative humidity in the lower troposphere, weak vertical
shear of the horizontal wind (VWS), and weak forcing from
upper-level troughs with easterly flows aloft. In addition,
Kaplan and DeMaria [2003] find that a hurricane that is far
from its maximum potential intensity (MPI) has the greatest

chance of undergoing RI under the favorable conditions.
Hurricane Opal (1995) is a good example of RI that has
received much attention [Rodgers et al., 1998; Bosart et al.,
2000; Shay et al., 2000; Hong et al., 2000].
[3] More recent studies of RI begin to examine the possible

processes taking place in the inner-core regions of hurricanes
[Kaplan et al., 2010; Rogers, 2010]. Convective bursts
(CBs), loosely defined by previous researchers to imply
anomalous intense updrafts in a mesoscale convective sys-
tem, have been considered as a powerful candidate for RI.
Many observational studies show that CBs either preceded
RI or coincided with the onset of RI [e.g., Molinari et al.,
1994, 1999; Reasor et al., 2009; Heymsfield et al., 2001;
Fierro and Reisner, 2011]. However, little is known about
the roles of CBs in causing RI. Upward transport of enthalpy-
rich air by supergradient outflows in the eye boundary layer,
as first shown by Liu et al. [1999], has been hypothesized
as being favorable for the development of CBs [Kossin and
Eastin, 2001; Eastin et al., 2005; Braun et al., 2006; Braun
and Wu, 2007; Barnes and Fuentes, 2010]. Montgomery
et al. [2006] argue that this transport can result in a hurri-
cane exceeding its MPI. In addition, by analyzing 6 hourly
lightning data during the life cycle of 56 hurricanes, Price
et al. [2009] find that increased lightning activity preceded
the maximum intensities for all of these hurricanes, approx-
imately one day prior to the occurrence of peak surface
winds.
[4] In this study, we hypothesize that the formation of an

intense warm core within the upper outflow layer, resulting
from the detrainment of CBs from the eyewall, is the key to
the RI of hurricanes. This hypothesis will be examined using
a successful 72-h (i.e., 0000 UTC 18 – 0000 UTC 21 October
2005) nested-grid (27/9/3/1 km), cloud-permitting prediction
of Hurricane Wilma with the Weather Research Forecast
(WRF) model at the finest grid length of 1 km (see Chen et al.
[2011] for more details). The 72-h period covers an initial
15-h spin up, a 21-h RI and a 36-h weakening stage (Figure 1,
bottom). Chen et al. [2011] show that Wilma’s RI occurred
in the presence of high SSTs and weak VWS, and that the
WRF model predicts about a 28 m s�1 increase in VMAX

and an 80 hPa drop in PMIN during the 21-h RI period, with
PMIN = 889 hPa and VMAX = 72 m s�1. The next section
shows the importance of an upper-level warm core in
determining the RI of Wilma in terms of drops in PMIN,
and section 3 explores how this upper-level warm core is
generated.

2. Importance of the Upper-Level Warm Core
in RI

[5] Figure 1 shows the time-height cross section of
perturbation temperatures [T ′(z, t)] in relation to the time
series of PMIN drops (P′) with respect to the mean vertical
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temperature profile [�T zð Þ] and PMIN at the model initial time
(i.e., t = 0), respectively, superimposed with storm-relative
flows, at the eye center. We see that the hurricane vortex
initially has a warm core of 4–5°C centered near z = 7 km.
After the initial 6–12 h spin-up, a shallow upper warming
layer of 6–8°C appears above a deep warming column in the
eye. For the sake of convenience in relating the results shown
in Figures 1 (top) and 1 (bottom), we use the word “warm-
ing” to imply a positive temperature change(s) with respect to
�T zð Þ at t = 0 in the storm-relative framework, although the
environmental temperature changes during the 72-h predic-
tion are small. Of importance is that this warming occurs in
the stratosphere, as indicated by larger vertical potential
temperature (q) gradient above z = 16 km. Since the model
top is set at 30 hPa [see Chen et al., 2011], with a mean
altitude of about z = 24 km, this warming is little affected by
the top boundary conditions. Of further importance is that the
isentropic surfaces in the upper warming layer (e.g., q = 370–
400 K) begin to displace downward at the onset of RI (cf.
Figures 1, top and 1, bottom). Because little diabatic heating
occurs near the eye center, this downward displacement
indicates subsidence warming associated with the descent of

lower stratospheric air in the eye [see Liu et al., 1999]. All the
isentropic surfaces in the vertical column descend to their
lowest altitudes with the peak warm core occurring at the
time of the peak storm intensity (i.e., t = 36 h). During this
21-h RI, the air at the tropopause, as indicated by q = 370 K,
descends from z = 16 to 9 km, leading to a strong warming
column of stratospheric origin with the peak amplitude of
more than 18°C near z = 14 km. This peak warming core is
similar in magnitude to but about 2 km higher than that found
in early observational studies of LaSeur and Hawkins [1963],
Hawkins and Rubsam [1968], and Hawkins and Imbembo
[1976]. Subsequently, the isentropic surfaces tilt upward
while the warming core shifts downward and weakens in
magnitude during the 36–45 h period when Wilma fills;
all these features occur more rapidly than those occurring
afterwards.
[6] Since RI is examined herein in terms of surface pres-

sure falls (i.e., P′), we wish to show, through the simple use
of the hydrostatic equation, that it is the warming core of
stratospheric origin that causes RI of Wilma. Of particular
relevance is that under hydrostatic balance warming at lower
temperatures aloft can produce much greater impact on

Figure 1. (top) Time-height cross section of temperature changes (T ′, shaded), superposed with potential temperature
(q, contoured at intervals of 10 K) and storm-relative flows (a full barb is 5 m s�1), at the eye center from the 72-h prediction
of Hurricane Wilma (2005) at the 3-km resolution and 30-min intervals, where T ′ are defined with respect to the (1000 km �
1000 km) area-averaged temperatures at the model initial time (�T). (bottom) Time series of PMIN drops (P′) reproduced from
the 72-h prediction (curve A), P′ estimated from the warm column above the q = 380-K surface (curve B), and from the warm
column beneath the q = 380-K surface (curve C), where P′ is defined with respect to PMIN at the model initial time.
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surface pressure falls than lower-level warming because of
the more exponential effects of the upper-level warming
[Malkus and Riehl, 1960; Zhang and Fritsch, 1988;
Hirschberg and Fritsch, 1993; Holland, 1997]. In addition,
the subsidence warming of stratospheric air tends to be
greater in magnitude than that of tropospheric air, as shown
in Figure 1 (top). Thus, the upper-level warming, especially
with stratospheric origin, is more effective than the lower-
level warming in reducing PMIN. Figure 1 (bottom), in which
the q = 380-K surface is used to separate contributions of the
warming from stratospheric and tropospheric origins to the
time series of P′, demonstrates this point. The three curves,
labeled as “A”, “B”, and “C”, in Figure 1 (bottom) are
obtained as follows: (i) the time series of the model output
PMIN, as shown in Figure 4 of Chen et al. [2011], is repro-
duced as P′ with respect to PMIN at t = 0 (curve A) by inte-
grating the hydrostatic equation from the model top downward
with the total temperatures [i.e., T = �T(z) + T ′(z, t)] in order to
ensure the absence of significant errors; (ii) repeat step (i)
except by setting T ′(z, t) = 0 in the layers below the q = 380-K
surface (curve B); and (iii) repeat step (i) except by setting
T ′(z, t) = 0 in the layers above the q = 380-K surface (curve C).
Since the q = 380-K surface originates from the lower
stratosphere (Figure 1, top), the results so obtained tend to
underestimate contributions of the upper-level warm core.
[7] It is apparent from Figure 1 (bottom) that curve B,

representing contributions from the upper-level warming
core, resembles in shape curve A including total contribu-
tions, and exhibits a 72-hPa fall in PMIN during the 21-h RI,
followed by a 76-hPa rise during the 21-h weakening stage. It
should be noted that such large variations are also highly
dependent on the warm column depth used in the calculations
because of the pronounced changes in the elevation of the q =
380-K surface during and after the RI stage (Figure 1, top). If
only the peak intensity at t = 36 h is considered, the warming
columns above and below the q = 380-K surface (located at
z ≈ 11 km) account for a drop in PMIN of 64 hPa (curve B)
and 24 hPa (curve C), respectively, from the initial intensity.
This indicates that the warming core of stratospheric origin
could contribute more than twice as much as the lower-level
warming column to pressure changes during the RI of
Wilma. Note that the sum of contributions from the warming
columns above and below the q = 380-K surface does not
equal the total PMIN deficit because of the exponential
dependence of PMIN on temperature changes in the vertical.
In the present case, the exponential dependence for the ver-
tical column below the q = 380-K surface more than doubles
the pressure difference obtained between steps (ii) and (iii) at
z ≈ 11 km (i.e., 19 hPa compared to 40 hPa at z = 0). Nev-
ertheless, the warming column below the q = 380-K surface
accounts mostly for the initial spin-up of Wilma (cf. curves C
and A). Without the upper-level warming, the storm may
cease deepening after 22–24 h into the prediction, and fail to
achieve the RI rate.

3. Formation of the Upper-Level Warming Core

[8] After showing the importance of the upper-level
warming core, one may ask: Why does it form near z = 14 km
in the present case? In particular, we have seen several
observational and modeling studies showing the develop-
ment of midlevel warm core structures [e.g., Liu et al., 1997;
Halverson et al., 2006]. To address the above question,

Figure 2 shows the radius-height cross section of deviation
temperatures, superimposed with in-plane flow vectors, and
upper radial inflows during the RI stage (i.e., at t = 30 h). In
addition to the typical in- up- and outward secondary circu-
lation of a mature hurricane, two relevant features are worthy
of discussion. First, the peak warming core is located in the
same (13–15 km) layer as the upper-level outflow in the outer
region. We emphasize the importance of this finding because
a strong divergent outflow at the scale of 200–400 km in
radius could help protect the warming core from being ven-
tilated by environmental flows. Although numerous studies
have examined the detrimental impact of VWS in a deep
layer on hurricane intensity through the downshear tilt and
horizontal ventilation of the core warmth [Wang and
Holland, 1996; Frank and Ritchie, 2001; Black et al.,
2002], little attention has been paid to horizontal wind
intensity and structures in the upper warm-core and outflow
layer. An analysis of the time series of vertical wind profiles
in the eye, as given in Figure 1 (top), reveals that changes in
the upper-level warming-core intensity are indeed correlated
with the magnitudes of storm-relative flows. Specifically, the
storm-relative flows in the eye are about 10–20 m s�1 in a
deep layer (i.e., z = 2–18 km) during the pre-RI stage,
although such large flows could be partly attributed to the
vertical tilt of the hurricane vortex. They decrease rapidly to
less than 5 m s�1 at the onset of RI, and achieve nearly a calm
condition at the peak intensity stage, especially in the upper
peak warming-core/outflow layer. The storm-relative flows
become large again as Wilma weakens rapidly after an eye-
wall replacement cycle (ERC) [see Chen et al., 2011]. The
increased storm-relative flows coincide with the weakening
of upper outflows as a result of forming a large outer eyewall
after the ERC. The above results indicate the importance of
storm-relative flows and VWS in the upper troposphere in
determining the RI of Wilma.
[9] The second feature of relevance is the presence of a

weak radial inflow layer of about 2–3 m s�1 above the upper-
level outflow layer. In the quasi-balanced framework, this
storm-scale inflow layer, which resides in the lower strato-
sphere, may be considered as being caused through mass
continuity by the upper-level convergence and subsidence in
the eye, based on the study of Zhang and Kieu [2006, see
Figure 3 therein]. Note that a similar radial inflow layer has
also appeared in previous modeling studies [e.g., Rotunno and
Emanuel, 1987; Liu et al., 1999] and even in a hurricane-like
vortex in a dry atmosphere [Mrowiec et al., 2011]. However,
in those studies, it develops in the upper troposphere, rather
than in the lower stratosphere, and generates a warm core
at relatively lower altitudes. Nevertheless, we have seen little
discussion in the literature on the relationship between
the upper-level inflow, mass sink in the eye, warm core and
outflow layers and surface pressure changes.
[10] For the above reason, Figure 3 shows the distribution

of horizontal perturbation wind vectors in the upper inflow
layer (i.e., at z = 17.5 km), i.e., after removing a subdomain-
averaged east-southeasterly flow of 6 m s�1. In contrast to
divergent outflows in the layers below, the perturbation
winds show a cyclonic inflow with weak winds in the (lower
pressure) core region (roughly within a radius of 30 km from
the eye center), although they are influenced by propagating
gravity waves [Liu et al., 1999]. Associated with the cyclonic
inflow component is the distribution of spirally banded cloud
hydrometeors, in the form of cloud ice and snow. The
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Figure 2. Radius-height cross section of temperature deviations (shaded) with respect to the (1000 km � 1000 km) area-
averaged temperatures at the model initial time, superposed with potential temperature (q, contoured at intervals of 10 K),
in-plane flow vectors (see the speed scales at the bottom right, m s�1), and the upper-level radial inflows (contoured at
0.5 m s�1) from the 30-h prediction of Hurricane Wilma (2005).

Figure 3. Distribution of cloud (ice and snow) hydrometeors (shaded, 10�3 g kg�1), superposed with perturbation horizon-
tal wind vectors, i.e., after removing the subdomain-averaged mean flow of 6 m s�1 (denoted by a red arrow) at z =17.5 km
over a subdomain of 200 km� 200 km from the 30-h prediction. A red circle denotes the radius of maximum wind (RMW) at
z = 11 km, and black and grey dots near the RMW indicate the distribution of convective bursts at 30 h, and 30 h 5min, respec-
tively. Line AB denotes the location of vertical cross section used in Figure 4.
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minimum temperature in the cloudy region at this level is
197 K, which is clearly in a stratospheric layer. These
stratospheric cloud hydrometeors must be produced by
overshooting CBs, which are defined herein as meso-beta-
scale convective systems consisting of updrafts of at least
15 m s�1 in the upper troposphere (i.e., above z = 11 km).
Houze et al. [2009] also analyzed such deep, intense con-
vective updrafts in Hurricane Ophelia (2005) from Doppler
radar data. One can see that the CBs, taken at the two times at
a 5-minute interval, develop in the vicinity of the radius of
maximum wind (RMW), where the highest equivalent
potential temperature in the eyewall is typically present [see
Liu et al., 1999, Figure 3 therein]. These CBs decrease in
intensity as they overshoot slantwise outward into the lower
stratosphere, leaving their footprints as the spiral cloud bands
aloft. Thus, the more pronounced converging inflows within
the inner-core region enclosed by spiral cloud bands are
indicative of the collective mass detrainment into the eye
from the CBs (and deep convection in general) in the eye-
wall. It is this horizontal convergence or inflow that is closely
related to the eye subsidence accounting for the formation
of a warm core within the upper outflow layer (cf. Figures 2
and 3).
[11] The vertical circulation characteristics of a single CB

are given in Figure 4, which shows a deep layer of an intense
updraft with a radial width of about 10 km (also see Figure 3),
and a peak magnitude of more than 18 m s�1 near z = 11 km;
its cloud top reaches an altitude of about 18 km. Typically,
it has an azimuthal scale of several tens of kilometers
(Figure 3). The life time of the CB, traced at z = 11 km
from its initiation to dissipation at a nearly vanishing inten-
sity, is about 30 minutes (not shown). Of particular interest is

that the CB-induced compensating subsidence, characterized
by its peak amplitude of more than 5 m s�1 and a depth of
more than 10 km, is mostly inward, accounting for the
downward tilt of isentropic surfaces in the core region. Such
strong subsidence has been observed in Hurricane Bonnie
(1998) by Heymsfield et al. [2001]. More intense subsidence
occurs in the cloud region, suggesting the possible enhanced
effects of sublimative cooling of cloud hydrometeors and
(long-wave) radiation-cloud interaction, as shown by Liu
et al. [1999]; this can also be seen from the general con-
verging flows in the vicinity of the spiral cloud bands. Nev-
ertheless, the CB-induced subsidence in the cloud-free region
can be as strong as 2–3 m s�1 and extend to z = 19 km. Note
that this subsidence tends to propagate cyclonically down-
stream in the eye, as shown by Liu et al. [1999]. This is why
the vertical cross section used in Figure 4 is not radially
taken. Note also that the CBs occur mostly on the upshear
quadrant of the eyewall, even though the VWS is weak
(cf. Figures 3 and 1, top); these CBs propagate cyclonically
in the eyewall at the rates slower with the mean flow. This
is consistent with the observational findings of Reasor et al.
[2009] for Hurricane Guillermo (1997).

4. Concluding Remarks

[12] In this study, CBs, the upper-level warm core and
flow structures in relation to the RI of a tropical cyclone
are examined using a 72-h nested-grid, cloud-permitting
prediction of Hurricane Wilma (2005). Results show the
formation of an upper-level warming core, coinciding with
the onset of RI, due to the descent of stratospheric air. An
isentropic analysis reveals more than 7-km descent of the
stratospheric air, causing a warming core of more than 18°C
in the eye that is located in the same layer as the upper out-
flow during the RI stage. It is found that the warm core in the
eye results from the detrainment of CBs that occur mostly in
the vicinity of the RMW where higher equivalent potential
temperature is located. Then, the CBs’ detrainment enhances
collectively cyclonic radial inflows above the upper-level
outflow layer that are associated with the mass sink in the
eye, leading to the subsidence warming below with the peak
intensity occurring in the same layer as the upper-level out-
flow. This finding confirms our hypothesis that a strong
divergent outflow in the outer region helps protect the warm
core from ventilation by environmental flows. Based on a
hydrostatic argument, we conclude that the upper-level
warming in the eye, especially with stratospheric origin,
is more effective than the lower-level warming in causing
surface pressure falls, and recommend that more attention
be paid to the magnitude of storm-relative flows and VWS
in the upper troposphere, rather than just VWS in the typical
850–200 hPa layer, in order to reasonably predict the RI of
tropical cyclones.
[13] In a forthcoming journal article, we will show that the

development of CBs, the intensity and evolution of the
upper-level warming core as well as the RI of Wilma, depend
critically on the magnitude of SSTs and the vertical resolu-
tion of the WRF model. RI of the boundary-layer rotational
flows in relation to rapid drops in PMIN and contraction of the
RMW will also be explored. Furthermore, more RI case
studies need to be conducted to examine the validity of the
above-mentioned hypothesis.

Figure 4. Vertical cross section of cloud (ice, snow and
graupel) hydrometeors (shaded, g kg�1), superposed with
in-plane storm-relative flow vectors (see the speed scales at
the bottom right, m s�1) and vertical motion (downward
motion by dashed lines in blue at intervals of 1 m s�1 and
upward motion by solid lines in red at intervals of 3 m s�1)
along line AB given in Figure 3. The null vertical motion
contour is omitted.
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