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1.2.1. Introduction

This report attempts to summarize the papers published during the last 4 years (from 2006 to
2010) on the subject of inner-core processes and the associated structure and intensity change
in Tropical Cyclones (TCs). There are many papers that have been published addressing
specifically topics associated with inner core changes of tropical cyclones. In addition, a
substantial number of papers have small pieces addressing this topic, and the task of
compiling all this information has been monumental. Here, we have attempted to summarize
the more substantial papers addressing the topic of inner core impacts on intensity and
structure. A more complete bibliography can be made available on request. The summary
will be organized as follows:

1. Inner-core impacts on Intensification (normal),

2. Inner-core impacts on Rapid Intensification,

3. Inner-core impacts on Super Intensity,

4. Inner-core impacts on Weakening, and

5. Inner-core structure

1.2.2. Summary of new results in the last four years
1.2.2.1 Inner-core Impacts on Intensification
a) The primary circulation

Recent research has suggested that convergence of absolute angular momentum above the
boundary layer (BL) spins up the outer circulation, which increases the vortex size but does
little to the intensity of the core. Instead, the inner core intensifies by radial convergence
within the boundary layer, where the flow becomes supergradient rather than being in
gradient-wind balance (Smith et al. 2009).

.Pendergrass and Willoughby (2009) consider the effects of spatial variations in static

stability, sloped eyewall heating of various shapes, and an independently varied continuous
tangential wind profile. The vortex heating efficiency is found to be most sensitive to the
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intensity itself, with wind tendency suddenly increasing for an intensity of between 35 to 40
m ™. The tilt of the heat source, the shape of the vortex, and the exponential decay outside
the eye are found to be less important than intensity and size by factors of 4-5.

Vigh and Schubert (2009) examined the role of diabatic heating in intensifying the storm
using Eliassen’s classic balanced vortex model. The location of the diabatic heating was
varied to be within and without the region of high inertial stability. Results show that diabatic
heating in the low inertial stability region outside the radius of maximum wind was
inefficient at generating a warm core, no matter how large the current storm intensity. In
contrast, diabatic heating in the high inertial stability region inside the radius of maximum
wind was efficient at generating a localized temperature tendency, and this efficiency
increased dramatically with storm intensity.

b) Barotropic Instability

Once the eyewall has formed, further intensification via the production of potential vorticity
in the eyewall may cause the storm to take on the structure of a hollow potential vorticity
tower. The radial and vertical motions associated with the diabatically-driven secondary
circulation lead to intense horizontal gradients of momentum, temperature, and moisture in
the vicinity of the eyewall. Eventually, these gradients can become so strong that the potential
vorticity ring becomes barotropically unstable and breaks down into discrete mesovortices.
The resulting advective mixing can cause a dramatic rearrangement of the inner core
kinematic and thermal structure. Barotropic instability is the most significant such instability.
Recent studies include both model and observsational studies of this mechanism (Modeling:
Hausman et al. 2006; Hendricks and Schubert 2009; Hendricks et al. 2009; Jansson et al.
2006; Jansson et al. 2007; Rozoff et al. 2009; Rutherford et al. 2010a,b; Wada 2009; and
Observational: Aberson et al. 2006a; Hendricks and Montgomery 2006; Aberson et al. 2006;
Aberson and Halverson 2006; Molinari and Vollaro 2008; Marks et al. 2008; Barnes 2008)

¢) Role of Intense Convection

Simulations of idealized hurricane-like vortices using MMS5 by Nguyen et al. (2008)
suggested that convectively-generated vortical hot towers were important in the
intensification of simulated tropical cyclones. During the integrations, deep convective
towers growing in the rotation-rich environment of the incipient core amplify the local
vertical rotation and were the basic coherent structures of the tropical cyclone intensification
process. This study found that the inner-core evolution was intrinsically unpredictable due to
the random nature of convection.

d) Helicity and intensification

Extreme helicity found in the boundary layer of Hurricane Bonnie (1998) seemed to be
associated with strongly rotating convective towers in the downshear left quadrant that were
similar to supercell-like convective structures (Molinari and Vollaro 2008). They
hypothesize that these cells were enhanced in strength because of their reduced entrainment
and quasi-balanced dynamics, and enabled the storm to resist the negative impact of strong
vertical wind shear. More generally, Molinari and Vollaro (2008; 2010a) showed that highly
sheared storms produced 30% larger area-averaged CAPE and double the area-averaged
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helicity versus relatively unsheared storms (Fig. 1). The vortex-scale increase in these
quantities apparently lessened the negative impact of large vertical wind shear on intensity.

e) Re-intensification After Landfall

Emanuel et al. (2008) simulated the reintensification of tropical cyclones over land in
Northern Australia (which they dub ‘agukabams’), in which the warm core structure was
retained after landfall. Large heat fluxes from hot, sandy soil that had been wetted by the
storm’s rainfall supported the redevelopment of eye and eyewall features.

1.2.2.2 Rapid Intensification
a) Eye-Eyewall Mixing

There are a number of recent modeling and observational studies that support the concept of a
mixing of eye and eyewall air through strong convective hot towers and their associated
eyewall mesovortices (e.g., Fig. 2). These include: Braun et al. (2006) who simulated
Hurricane Bonnie (1998); Braun and Wu (2007) who simulated Hurricane Erin (2001);
Reasor et al. (2009), who used airborne Doppler radar to examine the asymmetric rapid
intensification of Hurricane Guillermo (1997); and Marks et al. (2008) who analyzed aircraft
data from Hurricane Hugo (1988) and provided additional evidence for strong mixing by
eyewall vorticity maxima.

Cram et al. (2007) further analyzed the simulation of Hurricane Bonnie (1998) of Braun et al.
(2006) to investigate the transport and mixing characteristics in this vertically sheared storm.
They found that there was transport and mixing of relatively high 0.-air from the low-level
eye to the eyewall, which enhanced the efficiency of the hurricane heat engine. A portion of
the low-level inflow of the hurricane bypassed the eyewall to enter the eye, and this air both
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Fig. 2: (a)—(d) Absolute vorticity
(colors), vertical velocity (contours,
updrafts only), and storm-relative
asymmetric wind vectors averaged
over the 1-4-km layer for a
simulation of Hurricane Bonnie
(1998) during a simulated eyewall
breakdown event. For details, see
the referenced paper.

[Adapted from Figure 16 of Braun
et al. (2006) J. Atmos. Sci.]

replaced the mass of the low-level eye and lingered for a sufficient time (order 1 h) to acquire
enhanced entropy characteristics through interaction with the ocean beneath the eye.

Sitkowski and Barnes (2009) also analyzed Hurricane Guillermo as it rapidly deepened. They
find that the deepening was correlated with an asymmetric spiraling inward of the eyewall
which reduced the eyewall diameter by 10 km. They suggest that mixing between lower eye
and eyewall air triggered this reduction and may have been a key first step in the
intensification process.

b) Role of Convection in Rapid Intensification

Guimond et al. (2010) present a unique, ultra-high-resolution, multiscale observation dataset,
of the development of convective hot towers and their coupling to the parent vortex.
Convective bursts were observed during the mature stage and prior to a period of rapid
intensification of Hurricane Dennis (2005). Significant downdrafts occurred on the flanks of
the updrafts, with their accumulative effects hypothesized to result in the observed increases
in the warm core. It was hypothesized by the authors that the subsidence was transported
toward the eye by an inflow occurring over a deep layer from the convective core to the eye-
eyewall interface. However, with the reported strength of the downdrafts (in the order of 10-
12 ms™), it seems likely that these downdrafts were driven by evaporative cooling and their
contribution the development of the warm core is questionable.

A more traditional view of the role of deep convection in intensification of tropical cyclones
is provided by a 1.67 km simulation of Hurricane Dennis (2005) (Rogers 2010). In this
study, rapid intensification was associated with a significant increase in the low level updraft
mass flux, which was driven by heating from the convective bursts. The total updraft mass
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flux enhancement resulted in amplification of the secondary circulation and inertial stability,
which lead to a rapid intensification phase.

Using GPS dropsonde observations, Barnes and Fuentes (2010) examined the potential role
of the high 0. reservoir in the rapid intensification of Hurricane Lili (2002), but find that the
small volume of eye excess energy was not sufficient to sustain rapid intensification; rather, it
may have provided a boost to episodic convection that may have in turned initiated the rapid
intensification.

c) Observations of Eyewall Contraction

Lee and Bell (2007) used WSR-88D radar observations to measure axisymmetric wind fields,
vertical vorticity, perturbation pressure, and reflectivity during the rapid intensification and
eyewall contraction phase of Hurricane Charley’s (2004). Their analyses showed that as the
storm rapidly intensified, the vorticity ring evolved into a monopole—the first time this
process has been observed by ground-based radar. Central pressure deficits showed a 33 hPa
drop from over this 3-h period as the inner eyewall contracted from 13 km to 8 km. A
secondary eyewall formed by the end of the 3-h period, though a secondary wind maximum
was not immediately apparent in their axisymmetric wind analysis.

1.2.2.3 Superintensity

Bryan and Rotunno (2009) examine the magnitude of the super intensity mechanism in an
axisymmetric hurricane model. By turning off the coefficient of heat exchange within the
radius of maximum winds, they effectively eliminate the super intensity mechanism by
preventing the buildup of a reservoir of high 0. air in the eye. These simulations show that
the area-integrated latent heat fluxes are the important driver of storm intensity, and that
surface fluxes radially far from the eyewall have an important contribution to the storm’s 0.
budget.

Several recent papers (Montgomery et al. 2006; Aberson et al. 2006; Bell and Montgomery
2008) presented observations from Hurricane Isabel showing that Isabel maintained an
intensity significantly above the theoretically predicted maximum potential intensity on three
separate days as it crossed the cold wake left behind by Hurricane Fabian a couple weeks
previously. Isabel featured striking examples of mesovortices in the eye and eyewall during
this period (Fig. 3), which must necessarily have mixed eye air into the eyewall.

1.2.2.4 Weakening
a) Asymmetric Warm Core Structure

Halverson et al. (2006) mapped out the three dimensional structure of the warm core in
Hurricane Erin (2001) as it weakened due to lowering SSTs and southerly vertical shear. Erin
displayed a classic wavenumber-1 vertical shear pattern, with the strongest convection
initiating downshear and to the left of the shear vector similar to previous studies. A
maximum warm core anomaly of +11°C was observed during the weakening phase. In
addition, the warm core was asymmetric, with a significant thermal ridge at 850 hPa
extending towards the weak echo quadrant. At 500 hPa, the warm core was biased toward the
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Fig. 3. Satellite and airborne radar
imagery of Hurricane Isabel on 13
September. (a) Special Sensor
Microwave Imager (SSM/T) 85-
GHz brightness temperature at
2218 UTC (courtesy of
NRL/Monterey); (b) visible image
at 1745 UTC from GOES super-
rapidscan operations; and (c)
radar reflectivity (dBZ) from
lower-fuselage (5 cm) radar
onboard NOAA aircraft while
flying inside the eye at ~2 km
altitude. The mesovortices within
the eye in (b) and the pentagonal
’.", ““i L shape of the high reflectivity in

L the eyewall in (c) are particularly
striking features.
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[Adapted from Montgomery et al.
(2006), Bull. Amer. Meteor. Soc.]

maximum convection and latent heating. Dry, warm air was located southeast of the storm
with an inversion, which likely impacted the convection in the eyewall.

b) barotropic instability

Peng et al. (2009) investigate the role of barotropic instablity at the outer wind profile using a
combination of linear and nonlinear barotropic models, and a three-dimensional version of
WRF model. In their simulations, asymmetries at outer radii (near 600 km radius) induce
asymmetries at inner radii (near 300 km). In the case of the unstable mean vorticity profile,
both of these asymmetries grow due to a positive feedback process. In addition, these results
are not sensitive to the location of the initial asymmetries, but dependent on the basic-state
vorticity profile. The authors conclude that the existence of barotropic instablity at outer radii
can cause a significant weakening of the basic-state vortex.

c) Role of convection in weakening

Cecil et al. (2010) studied the intense convection that occurred in the eyewall of Hurricane
Emily (2005) after the storm had reached peak intensity. The severe convection caused
surprising turbulence for the ER-2 aircraft at 20 km height 8-10 hours after peak intensity had
been reached and substantial filling had taken place. A peak updraft of 24 m s was
measured, with a nearby downdraft of 20 ms™. Very high electrical activity was measured.
The authors surmise that the asymmetric convection (associated with moderate vertical wind
shear) may have contributed to Emily’s weakening.
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1.2.2.5. Inner-core Structure
a) Eye Formation

An idealized modeling study by Zhang and Kieu (2006) found that the secondary circulation
forced by latent heating in the eyewall can oppose the shear-forced vertical tilt lessening the
detrimental effects of the environmental vertical shear by up to 40%. The authors also
suggested that the subsidence warming that leads to eye formation results from detrainment
of ascending air in the eyewall.

Nolan (2007) conducted an idealized modeling simulation in which a strong convective cell
was observed to move very near the broad vortex of a tropical cyclone undergoing genesis.
After just a couple of hours of intense vortex stretching and diabatic heating, this cell resulted
in the rapid spin-up of a smaller scale vortex which then dominated the larger storm
circulation and sometimes went on to form an eye. Such a process might be one particular
mode by which convective hot towers may promote the rapid intensification of a storm.

Wirth and Dunkerton (2009) have investigated the dynamics of eye formation in diabatically-
forced vortices by using a simple model which includes a thermal relaxation towards an
equilibrium temperature and surface friction. They found that eye formation was a robust
feature of strongly diabatic vortices, was governed by the ratio of the thermal forcing to
frictional forcing, and occurred suddenly across a narrow range of the parameter space.

Heymstfield et al. (2006) found that the presence of strong environmental vertical wind shear,
which forced asymmetric low-level convergence, lead to the formation of intense mesoscale
convective systems away from the vortex center. By possibly forcing multiple regions of
inner core subsidence, these mesoscale convective systems apparently disrupted the eye
formation process. However, Shelton and Molinari (2009) found a case where, shear-induced
subsidence near the core appeared to support a short-lived, hurricane-strength vortex.

b) Secondary eyewall formation — moat regions

Although the occurrence and behaviour of eyewall replacement cycles is well documented,
the formation mechanisms are still debated with widely diverse explanations available. A
comprehensive review on the different mechanisms for the secondary eyewall formation was
recently given by Terwey and Montgomery (2008). They found that the secondary eyewall
formed when there was an enhanced region of outer vorticity called a beta skirt around the
tropical cyclone.

Rozoff et al. (2006) suggested that the formation of moat regions, which are present between
the inner and the outer eyewall, may be associated with the rapid filamentation zones where
the flow was dominated by strain. In these regions, the development of deep moist convection
could be significantly distorted and even suppressed. However, Rozoff et al. (2008) later
showed that the subsidence and warming temperature in the moats were governed by
enhanced inertial stability associated with a strengthening outer eyewall.

Using a three-dimensional full-physics tropical cyclone model, Wang (2008a) came to a
similar conclusion as Rozoff et al. (2008) on the secondary role of the rapid filamentation
zones in the formation of moats. This author suggested that the moat was mainly controlled
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by the subsidence associated with the overturning flow from eyewall convection and
downdraft from the anvil stratiform outside of the eyewall. Instead, the rapid filamentation
zones were proposed by Wang (2008a) as a favorable environment for the organized inner
spiral bands, which have a typical time scale of several hours.

c) Tropical cyclone spiral bands

Modeling studies further investigate both the idealized nature of vortex Rossby waves and
spiral bands (e.g., Schecter and Montgomery 2006; 2007) and real-case examples (Franklin et
al. 2006; Braun et al. 2006).

Observational evidence of vortex Rossby waves was found in Hurricane Elena, 1985 using
radar reflectivity (Corbosiero et al. 2006). Outside the eyewall, individual peaks in the wave-
number 2 convective asymmetries were associated with repeated instances of cyclonically
rotating, outward-propagating inner spiral bands at speeds consistent with vortex Rossby
wave theory.

d) Hub Clouds

Schubert et al. (2007) examined the central hub cloud and surrounding clear-air moat that are
sometimes observed in the lower eye of a tropical cyclone. An analytical solution of the
Sawyer-Eliassen transverse circulation equation was derived and the dimensional dynamical
eye size was found to be the crucial parameter in controlling the radial distribution of
subsidence in the eye. When the eye size was small, the subsidence was nearly uniform, with
less than 10% variation across the eye. When the eye size was large the subsidence rate at the
edge of the eye was more than twice that at the center. Such a distribution of subsidence
should result in a warm ring structure, rather than a warm core structure.

e) Slope of the Radius of Maximum Winds

Stern and Nolan (2009) analyzed Doppler-derived wind data from aircraft observations in
multiple storms and found that the slope of the radius of maximum winds varies nearly
linearly with radius so that a greater slope outward of the radius of maximum wind occurred
for larger radii. In contrast to previous studies, they find very little relationship between slope
and intensity. Another key finding was that there is almost no relationship between intensity
and radius of maximum wind. While a relationship between intensity and radius of maximum
wind often existed for an individual storm as its eyewall contracted, a strong relationship was
not apparent when looking across data from multiple storms. Slope was less sensitive to
higher sea-surface temperatures.

1.2.3. Summary.

In summary, inner-core processes in TCs are a topic that has received a lot of attention in the
past four years. Although in this report there has been an attempt to separate out those
studies that dealt only with structural changes from those that dealt with intensity of tropical
cyclones, the delineation is somewhat artificial. However, the major fundings for each as are
follows.
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The role of convection in all aspects of tropical cyclone intensification and weakening has
been amply studied using both observational datasets and mesoscale models. The
organisation or lack thereof, of convection around the eye, appears to be extremely important
for later intensification or weakening as was shown previously and reported on in the last
IWTC report on environmental impacts on structure and intensity (Ritchie 2006). However,
there are more recent studies since that report that have studied in greater detail the
relationship between convective organisation and later intensity (or lack thereof). In addition,
the role of, and physical characteristics of the boundary layer air both near the eyewall and in
the nearby surroundings in spinning up strong convection has been examined. Less research
now appears to be occurring regarding vortex Rossby wave processes as mechanisms for
intensity or structure change.

Mechanisms for rapid intensification are obviously a very important topic. There are recent
studies that suggest that the mixing of eye and eyewall air through strong convective hot
towers and their associated eyewall mesovortices can be a precursor to rapid intensification
and there is also a possibility of a tropical cyclone reaching a so-called “super intensity” —
and intensity greater than the environmental conditions suggest can occur. However, we do
note that other studies suggest the same processes as a precursor to “intensification” rather
than “rapid intensification”, and so the mechanisms for one or the other need to be sorted out.

Another area of research that has received a fair amount of interest is that of secondary
eyewall formation. Proposed mechanisms for secondary eyewall formation are partially
environmental (and not covered here) and partially “inner-core”, and so the treatment of this
area of research may be disjointed. However, there is substantial evidence to suggest that
being able to understand (and finally predict) onset of secondary eyewall formation has
potential payoff for prediction of future intensity of the tropical cyclone.

Research into inner core structure of the tropical cyclone (separate from intensity change),
has been focused on four different areas: 1) the formation of the eye; 2) spiral bands and
maintenance of the “moat” regions between convective bands; 3) the phenomenon of “hub
clouds” in the eye; and 4) the slope of the radius of maximum winds in tropical cyclones. Of
these, the second and fourth sub topics are incremental additions of previous IWTC reports.
The topic of mechanisms of eye formation is very important in terms of better understanding
the transition from a weak tropical cyclone to a strong tropical cyclone. The topic of hub
clouds mechanisms is extremely interesting, although no linkage to potential useful
operational information exists yet.

1.2.4 Recommendations

Based on the state of research on inner-core mechanisms for tropical cyclone intensity and
structure, recommendations coming out of this report include the following:

1. Research in understanding the mechanisms that result in overall intensification of
the tropical cyclone primary circulation should continue.  The primary
mechanisms include: the role of convective organisation; the physical
characteristics of the eye-eyewall boundary-layer in developing very intense (hot
tower) eyewall convection; secondary eyewall formation; and formation of the
eye.
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2. Research in improving the understanding of mechanisms that either result in
weakening of the tropical cyclone primary circulation, or appear to appear to
offset anticipated weakening because of environmental conditions should
continue. Some of the current work includes: the diagnosis of helicity in
anticipating strong asymmetric convection that offsets environmental shear
weakening; and the asymmetric organisation of convection around the eyewall
that perhaps results in weakening,.

3. Research in understanding mechanisms associated with rapid intensification of
tropical cyclones, especially just prior to landfall should continue.

4. Research in understanding mechanisms of structure change associated with
intensification or weakening of tropical cyclones should continue. Some of these
mechanisms include: eye formation; organisation of convection; and the
development of secondary eyewall.
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