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1.2.1. Introduction 
 
The inner core of a tropical cyclone contains the strongest winds, and is therefore of considerable 
practical importance. Apart from the direct impact, it is here that the bulk of the sea-air energy flux that 
sustains the storm occurs, that much of the ocean response in the form of storm surge, waves and 
currents are generated, and that the processes that lead to intensity change take place. The 
considerable forecast challenge of intensity change depends on both the hard to observe and 
assimilate inner core processes, as well as on environmental forcing. In contrast, track forecasting, with 
the exception of small-scale trochoidal oscillations, depends on larger-scale processes in the 
environment that are easier to discern. 
 
The past few years have seen huge improvements in our ability to observe the inner core, both through 
in situ means, and by remote sensing. Examples include the GPS dropsonde, step frequency 
microwave radiometer, aircraft (now deployed by Taiwan and Canada as well as the USA), Doppler and 
conventional radar, passive microwave sensors, satellite sounders, rapid-scan satellite imagers, 
scatterometers, and portable towers and profilers, to name just a few. 
 
Some substantial theoretical advances, coupled with the ability to learn from ever-higher resolution 
simulation, have complemented the observational increases. 
 
These improvements have also led directly to operational advances, including an enhanced ability to 
monitor the eyewall replacement cycle, and the ability of operational NWP to predict intensity change 
and genesis, albeit to a limited degree.  
 
This report will detail these advances, and is organised as follows. In section 1.2.2 we consider the 
boundary layer, which is important to understanding and ameliorating storm impact, to diagnosing 
storm intensity, to understanding the sea-air and land-air interactions that govern the energy supply to 
and dissipation of the storm, and to predicting the ocean response. Section 1.2.3 describes the 
symmetric and asymmetric structure of the eye and eyewall, including advances in our ability to 
monitor changes in this area. Section 1.2.4 considers the multiple types of spiral bands observed. 
Implications for forecasting are summarised in section 1.2.5, a summary of conclusions presented in 
section 1.2.6, and recommendations for research and operations made in section 1.2.7. 
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1.2.2. Boundary Layer 
 
It is less than a decade since the first operational deployment of a GPS dropsonde (Hock and Franklin 
1999) into a hurricane. This and other new observing technologies, coupled with theoretical advances, 
have resulted in an explosion in knowledge of the tropical cyclone boundary layer (TCBL), and the 
overturning of some long-established ideas and practices.  
 
1.2.2.1 Mean structure 
 
a) Observations 
Observed wind profiles in tropical cyclones (TCs) frequently show a marked low level wind maximum. 
This maximum typically occurs around 300 to 800 m height near the eyewall, and 1 to 2 km at larger 
radius, and has been observed by dropsonde (e.g. Franklin et al., 2003), wind profiler (e.g. Knupp et al., 
2000, 2005), and Doppler radar (e.g. Marks et al., 1999), although it has been the advent of the GPS 
dropsonde that has emphasised the frequent occurrence of this jet. The broad maximum is generally 
more-or-less obscured by smaller-scale fluctuations due presumably to turbulence, thus some form of 
averaging is needed to expose it clearly. For example, Fig 1.2.1 shows the observed mean normalised 
wind speed profile from the eyewall of seven hurricanes, in which this feature is clearly apparent. Below 
the jet, in the lowest 100 – 200 m, the wind speed increases nearly logarithmically with height, (Franklin 
et al., 2003; Powell et al., 2003), consistent with classical theory for a neutrally-stratified surface layer. 
 
A substantial amount of between-storm variability is obvious in Fig 1.2.1. The strength of the 
normalised maximum varies from 1.12 to 1.3, and its height from 300 to 800 m, while the strength of 
the normalised surface wind speed is between 0.82 and 0.96. Franklin et al. (2003) speak of the 
differing “character” between individual storms; we will return to this matter later. 
 
Along with variation between storms, there is substantial variation within each storm. The decrease in 
height of the low-level jet with decreasing radius becomes quite marked across the eyewall, and 
continues to the centre of the storm (Franklin et al., 2003; Kepert, 2002c, 2006a, b). Fig 1.2.2 shows 
the observed mean storm-relative wind profile in several annular regions in Hurricane Mitch (1998); it is 
clear that the depth of the frictional inflow layer and the jet height decrease towards the centre. 
Moreover, the azimuthal-wind maximum is generally near the top of, but within, the frictional inflow 
layer. Within the eye itself, both individual and mean soundings generally show little, if any, evidence of 
frictional retardation at the surface. 
 
This radial variation in wind structure is accompanied by a variation in the surface wind factor (SWF); 
that is, the ratio of the near-surface wind speed to that at some higher level. Franklin et al. (2003) 
showed that the widely used value of 0.8 is appropriate for the outer vortex, but that this increased to 
0.9 near the eyewall. They also found that the SWF varied with reference height, recommended higher 
values in the outer vortex near convection than in its absence, and noted higher values on the left of 
the storm track than on the right. These new values revised long-standing operational practice at the 
NHC, and were an important influence on the reanalysis of Hurricane Andrew’s landfall intensity to 
Saffir-Simpson category 5 (Landsea et al., 2004).  
 
The SWF has been analysed in individual storms by Kepert (2002c, 2006a,b) and Schwendike (2004). 
The increase towards the storm centre is clearly marked, and some storms display higher values on 
the left of track than on the right. However other factors, including proximity to land in the case of 
Hurricane Mitch (1998), can also produce a significant asymmetry. Surface wind data from the airborne 
step-frequency microwave radiometer (SFMR) usually shows an increase in SWF towards the centre, 
and often a left-right asymmetry as well (Mark Powell, personal communication, 2006). 
 
There is also a marked azimuthal variation in TCBL wind structure. Fig 1.2.3 shows the observed 
profiles in Hurricane Georges (1998). It is clear that a large part of the variability between profiles is due 
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to their position within the storm (Kepert, 2006a); this is especially striking as observations nearby in 
storm-relative space are not necessarily nearby in time. The height and strength of the low-level jet, 
and the depth and strength of the inflow layer, vary consistently around the storm. Analyses of 
Hurricanes Mitch (Kepert, 2006b), Danielle and Isabel (Schwendike, 2005) similarly show a consistent 
spatial variation of wind profile shape within each storm. 
 
Several of the theoretical studies, reviewed below, have predicted that the upper boundary layer jet is 
supergradient. Balance in this situation has been analysed by Kepert (2002c, 2006a,b) and 
Schwendike (2005). They found that Hurricanes Mitch (1998) and Isabel (2002) had azimuthal-mean 
jets that were ~15% supergradient, but that Georges (1998) and Danielle (1998) did not. These 
differences highlight the inter-storm differences mentioned above, and are discussed further below. 
 
Several studies have discussed boundary layer (BL) asymmetries due to proximity to land. Here, the 
higher roughness over land induces increased inflow, which is typically dryer, and produces a flow 
asymmetry that may extend into the eyewall. Analyses of these phenomena have been presented for 
Hurricanes Bonnie (Schneider and Barnes, 2005), Danny (Kepert, 2002a), Floyd (Kepert, 2002b) and 
Mitch (Kepert 2006b). This issue is discussed in more detail in topic 0.2. 
 
Boundary-layer thermodynamics was analysed along inflow trajectories in Hurricane Bonnie (1998) by 
Wroe and Barnes (2003). They found little increase in inflow θe to within about 1.5 times the RMW, 
despite surface fluxes of over 500 W m-2, since fluxes through the top of the BL, including those due to 
convective cells, remove moist entropy from the BL at the same rate as the sea supplies it. Inwards of 
this, the storm secondary circulation suppresses convection while the surface fluxes continue to 
increase, giving an increase in θe. To achieve balance, they found it was necessary to either allow for 
some entrainment throught the BL top, or for dissipative heating. The energetics of the BL are of prime 
importance, in light of the considerable sensitivity of storm intensity to the energy content of the BL air 
beneath the eyewall. 



 

82 

 

Figure 1.2.1. Mean observed eyewall 
wind speed profile in seven hurricanes, 
normalised by the wind speed at 700 
hPa. From Franklin et al. (2003). 

Figure 1.2.2. Observed wind 
profiles in Hurricane Mitch (1998). 
(a) Mean profiles of storm-relative 
azimuthal wind over radius ranges 
0 – 15 km (heavy) and 40 – 100 
km (light). (b) As for (a), over 
radius ranges 15 – 25 km (heavy) 
and 25 – 40 km (light).(c, d) As for 
(a,b), but for the storm-relative 
radial wind component. From 
Kepert (2006b). 
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Fig 1.2.3: Profiles of the storm-relative azimuthal and radial wind components observed by dropsondes 
(curves with small-scale fluctuations) and represented in the model (smooth curves) in and near the 
eyewall of Hurricane Georges (1998). The model values were interpolated from the model grid to the 
observed dropsonde trajectory. The storm-relative position of each sonde as it fell through a height of 1 
km and the storm motion are shown in the central panel. From Kepert (2006a). 
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b) Theory and Modelling 
 
A satisfactory theory of the TCBL is thus challenged to explain the structure variation between storms, 
and with radius and azimuth within an individual storm. Idealised models of the TCBL date back to the 
1960’s and beyond (see the review in Kepert 2002c, Chapter 1). Their dimension serves to broadly 
classify them: 1-D column (e.g. Moss and Rosenthal, 1975; Powell, 1980), 1-D depth-averaged 
axisymmetric (e.g. Smith, 2003), 2-D axisymmetric (e.g. Rosenthal, 1962; Kuo, 1971, 1982; Eliassen 
and Lystad, 1977; Mallett, 2002; Montgomery et al. 2001), 2-D depth-averaged (Shapiro, 1983), and 
3-D (Kepert, 2001; Kepert and Wang, 2001).  
 
Several of the 2-D axisymmetric models, and the 3-D models, display low-level wind maxima. These 
have much in common with the observations; the azimuthal maximum is contained within the frictional 
inflow layer, the maximum becomes more marked towards the centre of the storm, and the depth of the 
BL decreases towards the centre of the storm. This last property is because the BL depth varies 
inversely with the square root of the inertial stability (Rosenthal, 1962; Eliassen and Lystad, 1977; 
Kepert, 2001). These authors show that the TCBL is a modified Ekman spiral, in which the inertial 
stability parameter I replaces the Coriolis parameter f, and the spiral is “stretched” in the cross-stream 
direction by a factor ((f + 2V/r)/(f + V/r + dV/dr))1/2. Here, the upper-BL wind maximum is similar to that 
in the Ekman spiral, and a few percent supergradient in these simple models. 
 
These simpler models ignore the influence of vertical advection; including this process gives a 
markedly more supergradient wind maximum. Analysis of the momentum budget equations shows that 
the supergradient flow is generated by inwards advection of absolute angular momentum. The inflow is 
ultimately frictionally generated, but is maintained at the jet height against the outwards acceleration 
due to gradient imbalance by diffusive and advective transport from below; thus it is stronger in a model 
that contains vertical advection (Kepert and Wang 2001). Kepert (2006b) further relates this effect to 
the Ekman-like solution. If the vertical advection is zero or neglected, the oscillation and decay 
length-scales in the Ekman-like solution are equal. Introducing vertical advection makes these scales 
unequal; in an updraft, the oscillation scale is longer than that for decay, while in a downdraft the 
opposite applies. Thus the height-variation of the flow will exhibit larger oscillations near the BL top in 
an updraft than in a downdraft. This effect is strongest where upwards motion is strongest, so the BL jet 
is most marked beneath the eyewall and near rainbands.  
 
The height-resolving 2-D and 3-D models generally show an increase in the SWF towards the centre of 
the storm; in fact, such predictions preceded the observations of this phenomenon. The 
depth-averaged axisymmetric and 2-D models show a similar increase in the relative strength of the 
BL-mean wind towards the centre. In both cases, this is due to advection of angular momentum by the 
frictional inflow maintaining relatively stronger near-surface winds than in BLs with straight flow, and the 
effect is strongest where both the inflow and radial gradient of angular momentum are strong; that is, 
near the eyewall (and possibly also near strong convective updrafts). It is important to note that these 
models do not include any enhancement of the turbulent transport by moist convection, but that the 
effect is purely dynamical. Thus Franklin et al’s (2003) explanation for the reason for the observed 
SWF increasing towards the core and in areas of convection is likely incorrect. 
 
Having established that radial advection plays an important role in shaping the structure of the 
axisymmetric BL, it is perhaps not surprising to learn that azimuthal advection also has a strong 
influence. Kepert (2001) showed that the motion-induced asymmetry has the horizontal structure of a 
wavenumber-1 inertia wave. Such waves normally propagate, with the phase speed varying rapidly 
with radius and are not observed. However, the effect of vertical diffusion is to retard the wave 
propagation: the vertical tilt (in azimuth) of the phase lines and decay of the wave amplitude adjust so 
as to bring the wave to a halt, locked in position with the asymmetric friction forcing it at the surface. 
There are two such waves, corresponding to the anticyclonically- and cyclonically-propagating inertia 
waves, but the stalled version of the anticyclonically-propagating one dominates. It rotates 



 

85 

anticyclonically with increasing height, and has a depth scale several times that of the symmetric 
component. Kepert and Wang (2001) used a numerical model to relax some of the assumptions in 
Kepert’s (2001) analytical model, and also presented budget analyses that emphasised the role of 
horizontal advection in creating the spatial variation in BL wind structure. The inclusion of nonlinear 
processes, including vertical advection, tended to strengthen the jet, as in the axisymmetric case. 
 
This stalled wave structure, when combined with the symmetric component, is able to explain several 
well-known features of the TCBL. In the northern hemisphere, the surface earth-relative wind maximum 
is in the right forward quadrant, and the inflow angles are greatest on the right of track and least on the 
left. It also predicts the more recent observational findings, including that the BL jet is more marked, 
more strongly supergradient, and closer to the surface on the left of track, and that the SWF is higher 
on the left than on the right.  
 
These higher-dimension models demonstrate an important fact: that the TCBL, unlike much of the rest 
of the atmospheric BL, cannot be satisfactorily understood by 1-D, horizontally homogeneous (i.e., 
column) models. Rather, radial advection of angular momentum by the frictional inflow and asymmetric 
frictional forcing play a crucial role in determining the BL structure and depth. 
 
Variations in angular momentum advection play an important role in determining the spatial variation in 
TCBL wind profile structure. The radial gradient in angular momentum varies greatly between storms – 
some storms have relatively “flat” radial variation in the wind strength, or equivalently, are inertially 
stable and have a radial gradient of angular momentum throughout, while others have “peaked” profiles, 
and are inertially near-neutral with weak angular momentum gradient outside the RMW. Kepert and 
Wang (2001) presented model calculations of the resulting BL structure for these extremes. The “flat” 
case had a weakly (5 – 10%) supergradient jet extending from the RMW to large radii, while the 
“peaked” one had a strongly (25%) supergradient jet confined to the vicinity of the RMW. The frictional 
inflow and eyewall updraft are also relatively stronger in the “peaked” case. Observational confirmation 
of these differences has been provided by Kepert (2006a,b) and Schwendike (2005), who found that of 
four storms analysed (Danielle, Georges and Mitch of 1998, and Isabel of 2002), two had markedly 
supergradient flow in the upper BL beneath the eyewall, and two were indistinguishable from balance. 
The difference in the structure of these storms is as predicted by Kepert and Wang (2001): the 
“peaked” storms had supergradient flow, while the “flat” ones didn’t. Fig 1.2.3 contains the modelled 
wind profiles in Georges corresponding to the dropsonde observations, and shows that the model is 
able to reproduce much of the around-storm variation in structure, in both the azimuthal and radial flow 
components. Thus these analyses provide strong confirmation of the theoretical predictions, being able 
to explain not just the general features, but also the differences between storms. 
 
Further evidence of the ability of these models to predict the differences between storms was provided 
by Kepert’s (2004) preliminary analysis of the eyewall wind profiles discussed by Franklin et al. (2003). 
The Kepert and Wang (2001) model, forced by aircraft observations of radial storm structure, and 
combined with a crude calculation of the baroclinic warm core effect, was able to largely reproduce 
these differences. Thus the difference in “character” of eyewall wind profile between storms noted by 
Franklin et al. (2003), is seen to have a dynamical cause. 
 
c) Stability Effects 
Stability is known to have a profound influence on the atmospheric BL. Richardson number-based 
arguments show this effect will be smaller in the TCBL than elsewhere, but not absent. Powell and 
Black (1990) demonstrate that it is indeed important, producing a variation in the observed SWF of 
~0.1, of similar magnitude to the dynamical variations discussed above. Little further work has been 
done on this factor, but it is clearly important to a complete understanding, and the ability to accurately 
predict, the TCBL flow. 
 
d) Operational Implications 
Theoretical predictions of spatial variation in the SWF, supported by observational analyses, have led 
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to changes in the way aircraft-observed winds are used to estimate the surface wind. This has resulted 
in an increase in the estimated intensity of storms with aircraft reconnaissance, and to the reanalysis of 
historical storms to higher intensity, such as Hurricanes Andrew (Landsea et al., 2004) and Donna 
(Dunion et al., 2003). This increased knowledge will also impact in storm analysis when aircraft 
reconnaissance is not available, since analysis of such storms rests heavily on the Dvorak technique 
(see Velden et al. 2006 for a review), which is calibrated against aircraft data. 
 
There are also implications for areas such as central pressure – maximum wind relationships, and the 
formulation of parametric wind models used for forcing storm surge and wave models, and for 
engineering and insurance risk analyses. 
 
One missing factor in such applications is the effect of eyewall slope. The eyewall is approximately an 
angular momentum surface, thus the maximum gradient wind will vary little with height along a 
near-vertical eyewall, but will increase towards the surface when the eyewall is sloped away from the 
vertical. Little information is available about the impact of this, although Dunion et al. (2003) present a 
statistical scheme that includes this effect. Kepert (2004) shows how to calculate the slope of the 
angular momentum surfaces from flight-level wind and temperature data under certain assumptions 
and uses this to calculate the surface pressure field. The derived surface pressure field (and storm 
motion) may then be used to force the Kepert and Wang (2001) model to account for the effect of 
friction. 
 
1.2.2.2 Transients and Instabilities 
 
The TCBL supports a number of instabilities and transient structures. There is some overlap between 
this topic and that of general instabilities leading to spiral band structures. This section considers 
phenomena that are clearly part of the BL, chiefly rolls. There have also been several reported cases of 
fine-scale spiral bands reported in the TCBL, which are larger in scale than the above cases and so it is 
not clear that they are the same phenomenon. Examples include Gall et al. (1998), Kusunoki and 
Mashiko (2006), Kusunoki (2006). The reader should refer also to the discussion in section 1.2.4.2 for 
fine-scale spiral bands that occur partly within the BL. 
 
a) Boundary Layer Rolls - Observations 
Boundary-layer rolls are very common in the atmospheric BL (see e.g. Etling and Brown 1993 for a 
review).  Wind circulations associated with these rolls can produce highly organized and damaging 
surface winds (Wakimoto and Black 1994).  Wurman and Winslow (1998) presented the first Doppler 
radar evidence for their existence in tropical cyclones, indicating intense horizontal roll vortices with an 
average wavelength of 600 m roughly aligned with the mean azimuthal wind in Hurricane Fran near 
landfall.  The associated variation of wind speed was large: bands of 40 – 60 m s-1 flow alternated with 
15 – 35 m s-1. Several papers have since presented similar evidence.  Katsaros et al. (2002) 
examined SAR images of Hurricanes Mitch and Floyd and also found periodic kilometre-scale variation.  
More recently, Morrison et al. (2005) describe features that are significantly less streaky in appearance, 
to the extent that it is not entirely clear that they are the same phenomenon.  The different radar 
technology used by the groups may have contributed to this difference.  
 
Lorsolo et al. (2006) analyse the vertical structure of the rolls, find them to be coherent through the 
depth of the BL (~500 m), and compare radar- and tower-measured winds with good agreement, 
demonstrating that the roll circulation extends to the surface, albeit with other scales of motion 
superimposed.  
 
b) Boundary Layer Rolls – Theory 
Theoretical analyses of roll development in tropical cyclones were provided by Foster (2005) and 
Nolan (2005). Foster (2005) argues that the tropical cyclone BL is an ideal environment for roll 
development. His argument extends the classical theory of roll development as an inflection-point 
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instability of the frictionally-induced cross-isobar flow to the case of a tropical cyclone. Here, the 
cross-stream shear and hence instability are strong because the BL is relatively shallow, and the 
cross-stream component in analytical solutions is stronger than in classical Ekman-like solutions for 
straight flow (Kepert 2001). Nolan (2005) presents a stability analysis of a symmetric vortex, and finds 
both symmetric and asymmetric responses. The instabilities acquire some energy from the shear in the 
radial flow near the top of the BL, in which regard they are similar to Foster’s (2005) rolls. However, 
Nolan shows that the vertical shear of the azimuthal wind can also contribute energy to the instability, 
and that the relative importance of these mechanisms depends on the inertial stability of the storm and 
on the orientation of the mode. 
 
c) Turbulence and Gusts 
The GPS dropsonde has now been operational for close to a decade, and several thousands have 
been deployed in the eyewall of hurricanes. Extreme gusts have been reported in both horizontal and 
vertical wind components (Aberson and Stern 2006, Henning 2006, Stern and Aberson 2006). While 
these are (by definition) rare events, the steadily increasing sample is beginning to enable statistical 
characterization of their nature. 
 
Specially-deployed towers have been used in landfalling hurricanes for several years, and are yielding 
valuable data on the turbulence structure. Schroeder and Smith (2003) calculated a range of 
turbulence statistics from data taken during the landfall of Hurricane Bonnie, and found general 
agreement with established gust factor curves, but additional energy in the power spectrum at low 
frequencies. 
 
Wind averaging periods continue to differ between operational centres, with conversion and 
interpretation presenting problems. Problems include with the calibration of the Dvorak technique, 
usually taken to provide a 1-minute mean wind speed, for use in centres which employ 10-minute 
averaging. 
 
d) Other small-scale features in the boundary layer 
Analyses of dropsonde wind data in Hurricane Georges (1998), shown in Fig 1.2.4, reveal a distinct 
wavenumber 3 asymmetry in the flow near the eyewall below 1 km (Kepert 2006a), which was 
apparently not propagating and persisted for the period of the observations (6 hours). The lack of 
propagation and shallow depth rule out all known TC instabilities as a cause – in particular, these are 
distinct to the usual eyewall mesovortices discussed in section 1.2.3.2. A similar feature, except at 
wavenumber 2, was seen in the BL beneath the eyewall of Hurricane Humberto (2001) (S. Feuer, 
personal communication, 2003). 
 
e) Operational Implications 
Observations and theory show that BL rolls are common in TCs, and are associated with streaks of 
strong winds at the surface. The presence of these coherent structures implies that wind damage will 
be different to that expected in a “more random” turbulent field. They may also result in more efficient 
transport of heat, moisture and momentum than is presently assumed in numerical models of TCs. 
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Fig 1.2.4. Analyses of the storm-relative azimuthal (upper 6 panels) and radial (lower 6 panels) wind 
component at several levels in Hurricane Georges (1998). The contour interval is 5 m s-1 with heavy  
labelled contours at multiples of 20 m s-1. Darker shading corresponds to stronger winds (upper panels) 
and stronger inflow (lower panels). The white circle in the lower panels indicates the approximate RMW. 
From Kepert (2006a). 
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1.2.3. The eye and eyewall 
 
Tropical cyclone (TC) intensity change is governed by a number of known factors. The climatology of 
intensity change was documented by Dvorak (1984) and showed that an average tropical storm 
intensifies at a rate of a few m/s per day, and an average hurricane intensifies at a rate of about 12 – 13 
m/s per day. This mean intensity change typically continues for 3 – 5 days after the storm reaches 
tropical storm strength (18 m/s). After maximum intensity, weakening typically occurs at a slower rate. 
This was recently corroborated and expanded by Emanuel (2000) who showed that a storm that does 
not encounter land or decreasing sea surface temperatures, intensifies, on average, at a rate of about 
12 m/s per day for about 5 days, and then begins to weaken at a slower rate of about 8 m/s per day.  
 
In addition to the climatology of intensity change, we also know that environmental conditions play a 
key role – for example, if a storm moves over colder water or land, or if the ambient environmental 
vertical wind shear increases, weakening typically follows. Alternatively, an environment that is not 
conducive for intensification can become more favorable over time, and strengthening would typically 
occur. Ideally then, we would be able to explain the variance from climatology of hurricane intensity 
change in terms of the variance of the synoptic-scale storm environment. This is not the case however, 
and it is fairly typical for storms to strengthen or weaken, sometimes rapidly, without any 
commensurate changes in the external storm environment. Although the specific processes involved 
remain an open question, this behaviour is widely believed to result from internal vortex-scale 
processes that can have a profound effect on how storm intensity evolves, and this means that our 
ability to model and ultimately predict hurricane intensity change is dependent on our ability to 
simultaneously model a very broad range of spatial scales.  
 
The vortex-scale processes to be considered include PV redistribution resulting from dynamic 
instability of the eyewall and PV transport by mesovortices, eyewall replacement cycles, and 
mean-flow amplification via PV. 
 
1.2.3.1 Symmetric structure  
 
a) Eyewall Contraction, Expansion and Replacement 
The most remarkable eyewall process related to TC intensity change is the concentric eyewall and 
eyewall replacement processes (Willoughby et al., 1982). In this concentric eyewall model, as a TC 
and its primary eyewall intensifies, convection outside the primary eyewall becomes organized into a 
ring (the secondary eyewall) that encircles the inner eyewall and coincides with a local tangential wind 
maximum. As the second eyewall propagates inward and amplifies, the inner eyewall weakens and is 
eventually replaced by the outer eyewall. This eyewall replacement cycle is usually accompanied by a 
weakening and then a re-intensification of the TC; and thus producing a large fluctuation in TC intensity. 
While this process is well known, recent years have seen a substantial increase in our ability to monitor 
it, which we now review. 
 
Tropical cyclone (TC) eyewalls have been under sampled by visible/IR imagery due to persistent 
upper-level cloud obscuration.  However, satellite microwave sensors can “see through” non-raining 
clouds (Spencer et al., 1989) and thus have unraveled several TC inner-core secrets by providing 
“snapshots” depicting eyewall evolutions (Hawkins et al., 2006).  In addition, two new microwave 
imagers (SSMIS and WindSat) since IWTC-V have augmented the temporal sampling from these polar 
orbiter-based sensors and enhanced our knowledge of eyewall characteristics.   
 
The ability to “see through” non-raining clouds permits satellite analysts to more accurately monitor 
inner-storm structure that perplexes vis/IR imagery such as: a) early eyewall formation, embedded 
eyes, middle and upper-level shear and concentric eyewalls (Hawkins et al., 2001).  TC multiple 
eyewall characteristics have been outlined in a growing number of papers as noted by Hawkins et al. 
(2006), McNoldy (2004), Kodama and Yamada (2005), Hawkins and Helveston (2004), an excellent 
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summary by Simpson et al. (2003), Lee et al. (2002), and Velden and Hawkins (2002).  Each effort 
utilizes microwave data sets to view and infer eyewall configurations. 
 
Currently, a constellation of “operational” and research passive microwave imagers and sounders 
provide sufficient temporal coverage to capture many eyewall structure changes.  The four 
operational imagers include the Special Sensor Microwave Imager (SSM/I, Hollinger, 1989) and the 
Special Sensor Microwave Imager Sounder (SSMIS, Wessel et al., 2003).  A wealth of research 
instruments greatly aids these sensors:  the TRMM Microwave Imager (TMI), the Advanced 
Microwave Scanning Radiometer (AMSR-E), and the Coriolis WindSat polarimetric radiometer.  This 
suite of seven (7) microwave imagers will not likely be repeated for decades based on future global 
launches (National Research Council, 2004, 2006).  Coarser resolution microwave sounders also 
help map eyewall/rainband features: the Advanced Microwave Sounding Unit (AMSU-3) and the 
Microwave Humidity Sounder (MHS-1).  These four operational cross-track scanners are best at nadir 
and can assist with storms having normal or large eyewalls. 
 
TC eyewalls form as the result of rainbands spiralling into the system centre and eventually organize 
into a continuous circular-like band of enhanced convection.  The beginning eye diameter can have a 
huge range in values, but eyewall diameter typically decreases as the storm intensifies.  Eyewall 
contraction continues and reaches a “minimum” diameter at peak strength.  Many storms begin 
formation of a secondary eyewall at a larger radius once the inner eye reaches a critical diameter.  
This formation process most frequently occurs at 120 kts or higher.  The secondary eyewall 
completely encircles the inner eye, moisture and momentum flux to the inner eye declines and it 
decays, eventually leaving only the outer eye at a much larger radius than the first eyewall.  The 
secondary eyewall (now main eyewall) can contract inward and begin the process again (eyewall 
replacement cycle-ERC).  ERCs can continue for two or three times depending on environmental 
characteristics and are most likely to occur within western Pacific typhoons that form in the deep 
tropics near Guam and don’t encounter strong shear or cold SSTs (Hawkins et al., 2006). 
 
The eyewall replacement cycle was captured for Hurricane Wilma as illustrated in storm-centred 85 
GHz imagery in Fig 1.2.5 (Hawkins et al., 2006).  During a one week timeframe, the storm formed a 
single eyewall (Oct 20th) that transitioned to two eyewalls by Oct 21st as a major rainband spiralled in 
from the SW sector, and the small inner eyewall decayed by the 23rd as the outer eyewall become the 
remaining eyewall feature.  The new eyewall retained its large diameter as the storm raced across 
south Florida, largely explaining the extended area of high damaging winds. If favourable conditions 
persist (warm SSTs, weak shear, no trough interactions, etc) the process can repeat, but it was 
interrupted by landfall and a strong trough in Wilma’s case. 
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Studies of nine years of passive microwave data reveal that 40-80% of TCs reaching 120 kts or higher 
obtain double or concentric eyewalls (Hawkins et al, 2006).  The southern hemisphere has the lowest 
percentage (40%), eastern Pacific (50%), Atlantic (70%) and western Pacific (80%).  These values 
fluctuate markedly from year to year and basin to basin, but more intense storms (Cat 3 and higher) 
have the greatest chance to form and maintain double eyewalls.  The duration of double eyewall 
configuration can range from less than 12 hours to 2-3 days and is directly dependent on 
environmental conditions.  For example, shear can stop double eyewalls in short order. 
 
A few intense double eyewall storms do not follow the typical eyewall replacement scenario, but 
instead form a wider single eyewall with extremely cold cloud tops (IR) and brightness temperatures 
(Tb- microwave).  In addition, rainbands tend to dissipate or become significantly shortened as the TC 
takes on an “annular” outline (Knaff et al., 2003).  These annular storms exist in specific shear and 
SST regimes, and can maintain their intensity for multiple days with maximum sustained winds in 
excess of 120 kts.  Efforts are currently underway on automated methods to help predict which TCs 
will evolve into annular and concentric eyewall systems since they represent key forecast busts as the 
MSLP for annular storms are typically under forecast while concentric TCs are over forecast (Kossin et 
al., 2006; Cram et al., 2006). 
 
The initiation of concentric eyewalls has been studied in idealised models by Nong and Emanuel 
(2003), who show that the wind-induced surface heat exchange (WISHE) instability is necessary for 
their growth. They argue that a finite-amplitude, externally forced perturbation is necessary to trigger 
the instability, and that the growth is sensitive to the boundary-layer moisture. This will make prediction 
challenging, as this parameter is often poorly observed over the tropical oceans. Recently, Cangialosi 

 
Figure 1.2.5:  Time series of 85 GHz storm centered SSM/I imagery for Hurricane Wilma 
from Oct. 17-24, 2005.  Courtesy of the Naval Research Laboratory, Monterey, CA. 
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et al. (2006) and Ortt and Chen (2006) reported success in a couple of cases of outer eyewall 
formation prediction, using high-resolution NWP in research mode. 
 
b) Inner-core buoyancy 
Recent numerical studies (Zhang et al. 2000, Braun 2002) and aircraft flight-level data analysis (Eastin 
2002, 2003) show different results regarding the relative role of buoyancy and perturbation pressure 
gradient forces near the core and eyewall of tropical cyclones (TCs). In a numerical simulation of 
Hurricane Andrew (1992), Zhang et al. concluded that air in the eyewall was negatively buoyant and 
was forced upward by perturbation pressure gradient forces.  However, in a similar simulation of 
Hurricane Bob (1991), Braun found that eyewall updrafts are positively buoyant with respect to an 
environment that includes the vortex-scale warm-core structure.  Eastin examined the buoyancy of 
eyewall convective updrafts in hurricanes based on aircrafts flight-level reconnaissance data and found 
that eyewall updraft cores were positively buoyant relative to a background mesoscale environment.  
 
Smith et al. (2005) established a generalized buoyancy force with the basic state as a function of height 
and radial distance.  The buoyancy can be distinguished as one part related to the symmetric 
balanced vortex (system buoyancy) and the other part associated with cloud dynamics (local 
buoyancy).  They suggested that the discrepancy of the foregoing studies is mainly a result of different 
definition of the buoyancy, in particular, its reference states. In Zhang et al., a reference state that 
varies in time and space was obtained by performing a running mean of the numerical model output 
over four neighbouring grid points on a constant σ-surface. In contrast, Braun used Fourier 
decomposition into different azimuthal wavenumbers and selected wavenumbers 0 and 1 to define the 
reference state. These two representations are more akin to the local buoyancy defined by Smith et al. 
(2005). Eastin defined the reference state by applying a running low-pass (Bartlett) filter to data along 
the flight track.  This method corresponds more with the definition of the local buoyancy. Although the 
buoyancy force may be different when derived from different reference states, the sum of the buoyancy 
force and the perturbation pressure gradient is unique, and it is the sum that determines the vertical 
motion. In addition, results from both Braun and Eastin indicate that although the updrafts associated 
with positive buoyancy covers only a small portion of the eyewall area, they account for a majority the 
upward mass flux, consistent with the concept of “hot towers” (Hendricks. et al. 2004).   
 
Zhu and Smith (2002) explained the mechanism of shallow convection in stabilizing the core region of a 
TC.  The shallow convection transports air with low moist static energy from the lower troposphere to 
the boundary layer, stabilizing the atmosphere not only to itself, but also to deep convection and 
reduces the rate of heating and drying in the troposphere. Also it moistens and cools the lower 
troposphere. This reduced heating, together with the direct cooling of the lower troposphere by shallow 
convection, diminishes the buoyancy in the vortex core and thereby the vortex intensification rate.  
 
Regarding the structure of the buoyancy, Eastin et al. (2005a,b) further examined the buoyancy 
distribution in the inner core of Hurricanes Guillermo (1997) and Georges (1998) using airborne radar, 
dropwindsonde, and flight-level observations. Their results indicate that the low-level eye can be an 
important source region for buoyant eyewall convection.  It was observed that buoyant eyewall updraft 
cores and transient convective-scale reflectivity cells are predominantly downshear and left-of-shear. 
Most eyewall downdraft cores that transport significant mass downward are located upshear. Negative 
buoyancy was most common in left-of-shear downdrafts, with positive buoyancy dominant in upshear 
downdrafts. Some buoyant updraft cores were encountered in the midlevel eyewall exhibit equivalent 
potential temperatures much higher than in the low-level eyewall, but equivalent to the observed in the 
low-level eye. Asymmetric low-wavenumber circulations appear to be responsible for exporting the 
high-θe eye air into the relatively low-θe eyewall and generating the locally buoyant updraft cores. It was 
suggested that an ensemble of asymmetric buoyant convection could contribute to hurricane evolution 
possibly with three different mechanisms.  
 
While the “hot towers” concept is popular recently in explaining the development of TC through a 
two-stage process (Hendricks et al. 2004), it appears that more studies may be needed to understand 
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the asymmetric buoyancy distributions during a decaying as well as an intensifying stage to understand 
the thermodynamics associated with.   
 
c) Parametric Representation 
Many practical applications require a simple representation of the surface wind field of a TC, 
dependent on only a few parameters. Examples include storm surge modelling, risk analysis, and 
engineering design. Of the several extant, the parametric profile of Holland (1980) has been most 
widely used for such applications, usually with an ad hoc representation of the motion asymmetry and 
boundary layer friction added.  
 
The Holland profile has several deficiencies, including that the wind maximum is insufficiently sharp, 
and that the decay of wind speed at large radius may be incorrect (Willoughby et al., 2004). A new 
family of profiles (Willoughby et al. 2006) overcomes these problems, although at the cost of having 
more free parameters, and being less tractable mathematically.  
 
Mallen et al. (2005) studied the radial profile of vorticity using aircraft data and showed that some 
parametric profiles are deficient, in that they may have an annulus of negative relative vorticity. Such an 
annulus is not present in observations, while Reasor et al. (2004) discuss theoretical reasons for its 
absence being important for the ability of the vortex to resist shear. Although Mallen et al. did not 
consider the Holland (1980) and Willoughby et al. (2006) profiles, the former always has this problem, 
while the latter may if parameter values are not carefully chosen.  
 
Many applications require near-surface winds, while the profiles deliver a gradient-level wind. Crude ad 
hoc parameterisations of friction and the motion-induced asymmetry are customarily used. The 
analytical boundary-layer model of Kepert (2001) would seem to offer advantages here, since it 
includes much of the relevant physics, but has so far not been widely adopted for this purpose. 
 
d) Radar Observations 
To be relevant, observations of the inner core region of a tropical cyclone need to be available at high 
temporal and spatial resolution. These requirements can be satisfied with radar. Doppler radar 
observations (ground-based or airborne) stand as powerful tools to capture the three-dimensional wind 
structure and reflectivity field. But the Doppler velocities can not be used immediately and need to be 
processed by some sophisticated algorithms to become interpretable. The VTD (velocity track display) 
method can retrieve the symmetric part of the tangential and radial wind (Lee et al., 1999; Lee and 
Marks 2000; Lee et al., 2000) and EVTD (extended velocity track display) method can determine 
wavenumber-0 and -1 components of tangential and radial wind; this last one was also extended to 
ground-based radar by Roux et al, 2004 (GB-EVTD: ground-based extended velocity track display). 
Recently, Liou et al. (2006) used two radars in a very similar method.  
 
The GB-EVTD technique has been applied to the intense cyclone Dina (Roux et al, 2004) when its 
elliptical cyclonically rotating eye passed closest (<130 km) to La Réunion island. The 
three-dimensional dynamical structure of the inner core region and structure of the rainbands is well 
seen and very instructive. The rotating maximum tangential wind is correlated to the presence of 
maximum reflectivity values. The steep orography of La Réunion affects the basic flow and the cyclone 
wind field as well which induces modifications in the internal structure of the cyclone. The maximum 
tangential wind migrates from east to south which can locally bring to very variable impact on such a 
small island; this information has therefore a great impact on the nowcasting. 
 
Nuissier et al (2005) used airborne Doppler radar data to define a specified vortex for model 
initialization. They removed the ill-defined, too weak and misplaced vortex in global analyses (Kurihara 
et al., 1993, 1995) and replaced it by a balanced vortex deduced from airborne Doppler radar data. 
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1.2.3.2 Asymmetries of and inside the eyewall  
 
a) Eyewall mesovortices 
The existence of small vortices, of ~10km scale, abutting the inner edge of the eyewall, has been 
known for some time, and is associated with the occasional occurrence of a markedly polygonal 
structure of the inner edge of the eyewall on radar reflectivity images (e.g. Muramutsu 1986). These 
polygonal eyewalls had typically between 3 and 6 sides, and rotated somewhat more slowly than the 
azimuthal flow. Aircraft observations (Marks and Black, 1990; Black and Marks, 1991) showed that in 
extreme cases, an eyewall mesovortex (EMV) could be associated with local wind and pressure 
perturbations of magnitude approaching that of the primary vortex core. Recently, new observations 
and improved physical understanding has shown that these EMVs are quite common, represent an 
additional hazard to humanity, and play a role in the overall dynamics of the storm. A spectacular recent 
example was the six EMVs observed in Hurricane Isabel, shown in Fig 1.2.6 (Kossin and Schubert, 
2005). 
 
Kossin and Eastin (2001) used aircraft data to show that the wind and thermodynamic structure of 
strong TCs evolve between two distinct regimes. In regime I, the radial profile of wind across the eye is 
U-shaped, with maximum angular velocity within the eyewall, and an annular ring of vorticity just inside 
of the RMW. The eye is typically warm and dry, with elevated values of θe in the eyewall and lower 
values within the eye. Regime II, in contrast, is characterised by a V-shaped wind structure within the 
eye, with vorticity and angular velocity maxima near the centre of the eye. The air in the eye is relatively 
moist, with a θe maximum near the vortex centre. Transitions from regime I to II can be very rapid, 
occurring in less than an hour. The simultaneous change in kinematic and thermodynamic variables 
suggests the sudden onset of intense horizontal mixing between the eyewall and the eye. This mixing 
appears to be caused by the onset of eyewall mesovortices (EMVs), consistent with the barotropic 
instability of regime I. Kossin and Schubert (2003) discuss how this mixing is distinct from a horizontal 
diffusion process. 
 
This barotropic instability is similar to that in other strongly sheared flows. The regime I hurricane is 
approximately a hollow tower of vorticity (located just inside of the RMW), with less vortical flow inside 
and out. Vortex Rossby waves can propagate on both high vorticity-gradient surfaces of the tower: on 
the inner face, the propagation is with (i.e. faster than) the flow, while on the outer face, it is against 
(slower). It is thus possible that the inner and outer waves can phase lock and mutually amplify, leading 
to exponential growth of the waves. This process was modelled in an unforced barotropic model by 
Schubert et al. (1999), who showed that the vortex ring could break down into several mesovortices, 
which subsequently merge to form a vortex monopole. Thus the wind profile went from U-shaped to 
V-shaped; precisely the change later noted in aircraft data by Kossin and Eastin (2001). 
 
A range of final vortex structures is possible, depending on the size, width and strength of the initial 
vortex ring. Kossin and Schubert (2001) explore the part of the parameter space relevant to TCs. The 
typical response is for the vortex ring to break into a relatively large number of mesoscale vortices, 
which subsequently merge. These mergers may proceed to give a single discrete vortex monopole, or 
to a quasi-stable “vortex crystal”, an asymmetric lattice of mesovortices rotating as a solid body. The 
flow associated with such a structure consists of near-straight line segments, making up a persistent 
polygonal shape. Such lattices can also undergo internal rearrangements – e.g. from a pentagon with a 
central mesovortex to a hexagon, and back again. The former of these structures is strikingly similar to 
the well-known instance of mesovortices in Hurricane Isabel (Fig 1.2.6). 
 
These dramatic rearrangements of vorticity are accompanied (in the model) by equally spectacular 
pressure changes. In the change from the U-shaped (vorticity hollow tower) to the V-shaped (vortex 
monopole) structures, the winds inside the eye accelerate dramatically, while the maximum wind 
decreases. Integrating the gradient wind equation inwards (or solving a nonlinear balance equation), 



 

95 

the net effect is that the central pressure falls substantially, even while the intensity as measured by the 
strongest winds decreases. 
 
Similar vortices have been produced in the laboratory. Montgomery et al. (2002) describe a water-flow 
apparatus which produces a curved shear layer, with primary and secondary circulations and aspect 
ratio similar to a hurricane. Two quasi-steady vortices, together with intermittent secondary vortices, 
form from shear instability of the curvilinear shear layer on the inner side of the “eyewall”. The peak 
tangential velocity occurred within the mesovortices, and was ~50% stronger than that of the parent 
vortex. 
 
An eye structure, intermediate between the Kossin-Eastin regimes, associated with TCs with an 
unusually high degree of axisymmetry, was identified by Knaff et al. (2003) and named “annular 
hurricanes”, also known as “truck tyres” from their appearance on IR satellite imagery. These storms 
apparently form from the asymmetric mixing of eye and eyewall, possibly by mesovortices, but the 
mixing does not proceed all the way to the monopole structure of regime II. Annular hurricanes form 
within certain specific and relatively rare environmental conditions, including weak SE’ly environmental 
shear (in the Northern Hemisphere) and favourable thermodynamics, as measured by the potential 
intensity (PI). As well as the large and symmetric eye, they are also unusually symmetric outside the 
eye, with little evidence of outer rainbands. Significantly for forecasting, they maintain intensity longer 
and weaken more slowly than other TCs, and are thus a significant source of intensity forecast error. 
 
Persing and Montgomery (2003) used an axisymmetric model to test the PI theory of Emanuel (1987, 
1995). They found that, when run at high resolution, the model predicted intensity averaging about 20 
m/s higher than PI, which they dubbed “superintensity”. The reason for this was that the model 
developed small-scale vortices, aligned with the mean flow, along the inner edge of the eyewall. These 
vortices efficiently mix the high-θe air from the eye boundary layer into the eyewall updraft, increasing 
the energy content of this air and hence the storm intensity. Although their model is axisymmetric and 
cannot generate EMVs, they argue that EMVs might similarly transfer high-θe air into the eyewall, a 
process that is absent from the derivation of the PI theory. In this context, Braun (2002) presented 
evidence of episodic mixing of eye air into the eyewall by EMV-like features, and also showed that θe 
was not constant along parcel trajectories in the eyewall, due to this mixing process. 
 
Much of the interest in EMVs has been in highly symmetric storms with a clear eye in the cirrus 
overcast, since this facilitates their identification from satellite imagery. Recently, two studies (Braun et 
al., 2006; Halverson et al., 2006) have shown that they also exist in sheared storms, where the axis is 
tilted. A tilted axis is associated with enhanced low-level convergence and ascent on the downtilt side, 
leading to increased rainfall downtilt left (in the Northern Hemisphere). The opposite applies uptilt. 
These papers showed that EMV-like features may orbit the tilted eyewall, with their updraft and vorticity 
intensifying as they moved into the favourable downtilt area, and weakening as they leave it. Cyclonic 
advection of the enhanced convection in the EMVs lead, in the case of Hurricane Erin, to the coldest 
cloud tops being on the upshear side of the storm. 
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Figure 1.2.6: Defense Meteorological 
Satellite Program visible image of 
Hurricane Isabel at 1315 UTC 12 Sep 
2003. The six mesovortices - one at the 
centre and five surrounding it - cause 
the starfish pattern in the eye. 
 

 
b) Partial eyewalls 
Another eyewall process is the so-called partial eyewall replacement proposed and studied numerically 
by Wang (2002b). He argued that strong perturbation from an outer spiral rainband could amplify the 
vortex Rossby waves in the eyewall, causing a large distortion of the eyewall and partial eyewall 
breakdown accompanied by a weakening of the TC. The eyewall can later recover from breakdown 
through axisymmetrization, resulting in a re-intensification of the storm. Therefore the eyewall 
breakdown/recovery is accompanied by a weakening/intensifying cycle of the TC. This partial eyewall 
cycle is an asymmetric process, and hence is different from the symmetric eyewall replacement studied 
by Willoughby et al. (1982). The latter is possible only for highly symmetric, intense storms, while the 
former can happen to both symmetric and asymmetric, and both intense and weak, storms. 
 
1.2.3.3 Eye Tilt  
 
There are quite different processes that can cause the eye of a tropical cyclone to tilt. The vertical 
shear of environmental flow in which the tropical cyclone is embedded is frequently cited as the major 
factor (e.g., Jones, 1995; Wang and Holland, 1996c; Frank and Ritchie, 1999; see also subtopic 1.1 
report). Other processes include the so-called beta-effect (e.g. Wang and Holland 1996a, b), and 
interaction with another tropical cyclone or synoptic/mesoscale systems (e.g. Wang and Holland, 1995; 
Holland and Lander, 1993). The tilt of the inner core structure has many consequences. It complicates 
the interaction between the tropical cyclone and its large-scale environment because the tilted vortex 
involves self interaction between the upper and lower levels. Understanding the dynamics of a tilted 
vortex is thus as equally important as the interaction with large-scale environment. 
 
Since the atmosphere on the rotating earth is vertically stratified, any perturbation, such as a potential 
vorticity (PV) anomaly, on one layer can have an impact on the other through the so-called vertical 
penetration (Hoskins et al. 1985) or vertical coupling. As a result, a self interaction of a tilted vortex may 
be expected and the extent to which the interaction occurs depends strong on a so-called vertical 
penetration depth, which is a function of the horizontal scale of the vortex and the background 
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stratification and local rotation (Shapiro and Montgomery 1993). The first-order interaction of the tilted 
tropical-cyclone-like vortex is the mutual cyclonic rotation of the upper and lower vortex centres due to 
the vertical penetration flow associated with the inner-core PV anomalies. Given an initially tilted 
cyclonic vortex without any environmental flow on an f-plane, the surface vortex centre would 
experience a cyclonic looping motion (Smith et al., 2000; Reasor and Montgomery, 2001). Even with 
constant vertical shear forcing, the track wobbles or oscillations can be expected (Jones, 1995; Wang 
et al., 2004). However, for more realistic tropical-cyclone-like vortices that have an anticyclonic 
circulation in the upper troposphere, the interaction between the anticyclone aloft and cyclonic vortex 
below could cause a deflection of the surface track toward the left of the vertical shear vector (Wu and 
Emanuel, 1993; Wang and Holland, 1996c).   
 
A fundamental question is how a TC vortex can sustain a coherent vertical structure in vertical shear. 
Wang and Holland (1996c) found in a numerical study that the cyclonic portion of the TC could remain 
upright in a moderate vertical shear. The TC core undergoes successive downshear tilting during the 
first 24-h while realigning over a 72-h period. A quasi-steady tilt to the downshear left was found even in 
the case where the diabatic heating was not considered. To understand the vertical alignment of a tilted 
TC vortex, Reasor and Montgomery (2001) developed a new theory, which separates the mean vortex 
evolution from the evolution of the tilt asymmetry. From this new perspective, the vertically-averaged 
azimuthal mean component of a tilted vortex is defined as the mean, while the departure from this 
mean as the tilt perturbation. The subsequent evolution of the tilt perturbation was captured by a linear, 
dry vortex Rossby wave (VRW) mechanism. They found that the continuum modes in the dynamical 
system destructively interact with the VRW, leading to the decay of the VRW and hence the vortex tilt. 
Schecter et al. (2002) viewed the vertical alignment as a result of the damping of the VRW due to its 
interaction with the mean vortex circulation. Reasor et al. (2004) show further that the VRW damping 
mechanism provides a direct means of eradicating the tilt of intense TC-like vortices in unidirectional 
vertical shear, and that intense TC-like vortices are much more resilient to vertical shear than 
previously believed. Therefore, the VRW damping mechanism intrinsic to the dry adiabatic dynamics of 
the TC vortex may play a crucial role in maintaining the vertically coherent structure of TCs in moderate 
vertical shear. However, how the diabatic heating including both the symmetric and asymmetric 
components affects this dry dynamics is still unknown and serves as an important topic of future study. 
Wong and Chan (2004) showed that the secondary circulation and the associated diabatic heating 
reduce the vertical tilt and the weakening of the TC, but the precise mechanisms remains to be 
addressed. 
 
 
1.2.4. Spiral Bands 
 
Along with the eye of the storm, spiral bands are one of the most recognized features of tropical 
cyclones. While the largest, “outer” bands have been easily seen on low-resolution satellite images for 
many years, increases in observational technology have led to the identification of spiral bands and 
“band-like” features on increasingly smaller scales, down to just a few hundred meters in size. These 
very small “streaks” are almost certainly a feature of the tropical cyclone boundary layer alone and are 
discussed above in section 1.2.2.2a; here, we will focus on bands with widths and separations 
distances of 4 km and larger, that extend through and above the depth of the boundary layer. 
 
1.2.4.1 Ongoing studies of Inner-core bands 
 
While not easily seen in satellite images, inner-core bands are clearly and almost universally observed 
in radar images of tropical cyclones ranging from strong tropical storm to category-5 intensity. These 
bands are typically 10-40 km in width, separated from each other on similar and larger scales, and 
show distinct spiral patterns radiating outward from the inner core (although they are not always 
“attached” to the eyewall). 
 



 

98 

Considerable effort from many different investigators has been put into establishing a dynamical 
mechanism for these bands. The most widely evaluated mechanism is the vortex-Rossby wave theory 
of Montgomery and Kallenbach (1997), which postulates that the bands of precipitation are associated 
with waves of PV which propagate radially and vertically on the PV gradient of the symmetric vortex. 
For low-wavenumber (n=1 to n=2) bands, substantial support for this theory has been presented since 
the last IWTC report. Careful analysis of high-resolution (3-6 km) numerical simulations of both 
real-case and idealized storms have shown a high spatial correlation between precipitation, clouds, 
and PV in the bands, strongly suggesting that the bands are coupled to vortex-Rossby waves (Chen 
and Yau 2001; Wang 2002a, b). These results were further supported by the “empirical normal mode” 
analysis of Chen et al. (2003), who found that 70-80% of the wave activity of the n=1 and n=2 bands 
could be dynamically represented by vortex-Rossby waves. 
 
On the observational side, Reasor et al. (2000) found close correlation between n=2 bands of vorticity 
and reflectivity in pseudo-Dual-Doppler analyses of the inner core of Hurricane Olivia (1998). Very 
strong support for the predictions of vortex-Rossby wave theory in regards to the azimuthal and radial 
propagation of the bands was recently published by Corbosiero et al. (2006). They performed Fourier 
decompositions in the azimuthal direction of the radar features, relative to the centre of the storm. The 
n=2 components of the reflectivity were shown to propagate azimuthally (retrograding relative to the 
mean flow) and radially (outward) at speeds consistent with the phase and group speeds derived by 
Montgomery and Kallenbach (1997) and Moeller and Montgomery (2000).   
 
For higher azimuthal wavenumbers (n=3 and higher), PV features, convection, and precipitation 
become less satisfyingly correlated, and vortex-Rossby wave theory is less successful in predicting 
their behaviour. This may be for several reasons. First, on smaller scales, the dynamics of the waves 
may be more heavily influenced by their coupling to convection; that is to say, the PV may be a “slave” 
to the precipitating band, rather than the other way around. Secondly, the inherent noisiness of a highly 
nonlinear fluid dynamical system with embedded nonlinear physical processes may make the 
correlations difficult to establish on smaller space and time scales. Finally, smaller-scale bands may 
have a different dynamical mechanism. This will now be discussed. 
 
1.2.4.2 Smaller scale and “fine-scale” bands 
 
In a widely cited paper, Gall et al. (1998) presented detailed analyses of land-based Doppler radar 
observations of Hugo (1989), Andrew (1992), and Erin (1995). Along with the inner core bands, they 
also found considerable evidence for numerous, even prolific bands on still smaller scales of 2-10 km, 
mostly within close range of the eyewall (Fig 1.2.7a). Unlike the larger inner-core bands, they found 
very little propagation of these smaller bands relative to the mean flow (even less than would be 
predicted by vortex-Rossby wave theory). They referred to these features as “fine-scale” spiral bands. 
Very recently, Kusunoki and Mashiko (2006) presented new observations of fine-scale bands, very 
similar to those of Gall et al. (1998), from radar observations of Typhoon Songda (2004) during its 
landfall at Okinawa. 
 
In a high resolution (2 km) simulation of Hurricane Andrew, Yau et al. (2004) found fine-scale bands 
with horizontal scales and vertical structures very similar to those shown by Gall et al. (1998) (Fig 
1.2.7b). The bands represented a high degree of, but not complete, correlation between PV, vertical 
velocity, precipitation, and low-level wind maxima. A budget analysis of the wind field showed that the 
wind streaks were caused by enhanced radial advection of the azimuthal wind field, in turn caused by 
enhanced vertical motion associated with latent heat release in the bands. However, an analysis of the 
propagation speed and evolution of these bands as compared to the predictions of vortex-Rossby 
wave theory was not presented in this study. 
 
Nolan (2005) proposed that at least some of these features are not caused by radiating PV waves, but 
instead are convective bands triggered by large rolls in the hurricane boundary layer. His linearised, 
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global stability analysis of an unstratified swirling boundary layer, modelled after tropical cyclones, did 
find unstable modes in the form of streamwise rolls with similar scales to the fine-scale bands, that 
could spiral either inward, outward, or not at all (Fig 1.2.7d,e). The dynamics of these modes are 
essentially the same as the more common rolls in the Ekman-like planetary boundary layer, but with 
enhanced instability due to the much larger cross-stream component of the flow (the radial inflow and 
its reversal above the boundary layer). Foster (2005) treated the problem locally, allowing for 
stratification and more realistic wind profiles, and also found streamwise rolls (Fig 1.2.7f,g) on a wide 
range of scales, from those of the fine-scale bands to much smaller rolls embedded in the lowest levels 
of the boundary layer, as discussed in section 1.2.2.2. 
 
In a further attempt to identify and understand the fine-scale bands, Romine and Wilhelmson (2006) 
analysed a very high resolution (1.1 km inner nest) simulation of Hurricane Opal (1995). The model 
reproduced the prolific small-scale bands in impressive detail (Fig 1.2.7c). Based on examination of the 
bands and larger flow field, Romine and Wilhelmson argue that the bands are a manifestation of 
Kelvin-Helmholtz instability associated with the strong low-level shear of the radial inflow, but modified 
by gravity wave dynamics and vertical variations of the stability parameter so as to acquire significant 
outward propagation. However, a more comprehensive analysis of the flow stability, as in Nolan (2005) 
or Foster (2005), or of the wave dynamics, as in Chen et al. (2003), will be required to validate this 
hypothesis. 
 
1.2.4.3 Band features and dynamics associated with gravity waves 
 
While some of the earliest theories of spiral bands attributed their existence to gravity waves 
embedded in a swirling flow (Diercks and Anthes 1976; Kurihara 1976; Willoughby 1978), such 
theories have not been supported by observations and simulations. The main disagreement is that 
spiral rainband features move quite slowly (or not at all) relative to the symmetric flow, while gravity 
waves propagate outward quite rapidly, with almost no interaction with the symmetric vortex (Nolan and 
Montgomery 2002). 
 
Nonetheless, radiating gravity waves are endemic to tropical cyclone simulations, as shown by Chow 
et al. (2002). They are radiated from the eyewall and inner-core region by either isolated convective 
events or by convective asymmetries propagating on the eyewall, which themselves are often 
associated with trapped vortex-Rossby waves or even unstable modes. Chow et al. attribute the 
moving outer spiral rainbands to these waves, while Wang (2002a, b) showed that the outer rainbands 
(outside of about three times of the RMW) couldn’t be explained by vortex-Rossby waves since the 
radial PV gradients become too weak to support them. Chow and Chan (2003) derived an 
Eliassen-Palm-Flux theory for radiating gravity waves in a shallow-water vortex, from which they 
estimated that gravity waves transport a large amount of angular momentum away from the core, as 
much as 10% per hour. However, this large loss of angular momentum cannot be reconciled with 
numerous other studies. Studies of the effects of asymmetric convection on tropical cyclones have 
found that virtually all of the dynamical effects are localized to the vicinity of the convective event, while 
any change to the wind field caused solely by the radiating gravity waves is insignificant in comparison 
(Nolan and Montgomery 2002; Nolan and Grasso 2003; Nolan et al. 2006). 
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Figure 1.2.7: Observed, simulated, and predicted structures of fine-scale bands in various recent 
publications: a) radius-height radar cross-section of bands in Hurricane Andrew (1992) from Gall et al. 
(1998); b) radius-height cross-section of simulated reflectivity in a high-resolution simulation of Andrew 
from Yau et al. (2004); c) vertical motion in a vertical cross-section of a simulation of Hurricane Opal 
(1995) from Romine and Wilhelmson (2006); d) vertical motion as seen in highly idealized simulations 
on a hurricane-like boundary layer from Nolan (2005); e) analyzed structure of the global, most 
unstable mode of the same simulation as d; f) analyzed along-roll velocity of a local unstable mode in a 
more realistic boundary layer (with stratification) from Foster (2005); g) vertical velocity of the same 
mode as f. 
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1.2.4.4 RAINEX 
 
In the Atlantic hurricane season of 2005, a very ambitious field project was undertaken by lead 
investigators from the University of Miami and the University of Washington, along with collaborators 
from NOAA/HRD, NCAR, and the U.S. Navy: the Rainband and Intensity Change Experiment 
(RAINEX). The goal of the project was the simultaneous observation of the eyewall, inner core, and 
inner core bands of mature tropical cyclones, with the purpose of trying to determine the role that 
rainbands play in tropical cyclone intensity changes. An ambitious aspect of the project was the use of 
three aircraft with on-board Doppler radars at the same time: the two NOAA P3 aircraft and the Navy 
P3 aircraft. Furthermore, real-time forecasts of the storms using an ensemble of mesoscale model runs 
(MM5 and WRF, run from various global model forecasts such as the GFS, NOGAPS, and CMC) were 
used to make daily decisions for flight operations. 
 
Thanks in part to the amazingly high activity of the 2005 hurricane season, the observational phase of 
the project was an outstanding success. In particular, rainbands in the cores of mature hurricanes 
Katrina, Ophelia, and Rita were sampled extensively and repeatedly by multiple aircraft. In some cases, 
bands were observed from both sides at the same time, while in others, simultaneous eyewall evolution 
and rainband evolution were documented. Some noteworthy examples of observed features are the 
variation of the convective structure along the length of the bands, with convective cells preferred 
upwind/outward and stratiform precipitation preferred downwind/inward along the band, and detailed 
wind fields, vorticity, and secondary circulations in the vicinity of a developing secondary eyewall. 
 
Analysis of the enormous reflectivity, Doppler wind, and dropsonde data sets from the RAINEX project 
have just begun. We expect that numerous publications will result between now and the next IWTC 
report. 
 
1.2.4.5 Rainband activity and organization in regards to the TC environment 
 
The organization of rainbands around the storm is known to be highly dependent on the surrounding 
environment. It as already well know that wind shear has a strong influence, with outer rainbands 
preferring the downshear right quadrant, often organizing into a single, long lasting “principal band” that 
leads the storm (Willoughby et al. 1984). Inner-core bands are also suppressed in the upshear 
quadrants. The organization of convective activity in regards to storm motion, vertical shear direction, 
and storm strength was documented by Lonfat et al. (2004) with composites of TRMM satellite rain rate 
observations from numerous storms around the world. 
 
Two very recent studies have independently identified the size and strength of the “moisture envelope” 
around the storm as playing a significant role in organizing the bands. Using RAINEX and global 
satellite data to compare Hurricanes Katrina (2005) and Rita (2005), Ortt and Chen (2006) found that a 
large envelope of above average moisture around Katrina caused rainband formation over a very large 
area around the storm. A smaller moist envelope around Rita, however, suppressed the outer rainband 
activity, allowing for a more focused region of more intense inner core band activity in close vicinity of 
the storm. This in turn led to multiple eyewall replacement cycles for Rita, while only one such cycle 
occurred for Katrina as it traversed the gulf.  
 
Similar changes in rainband organization were found by Kimball (2006) in mesoscale model 
simulations of the landfall of Hurricane Danny (1997). The specific humidity of the environment around 
the storm was modified with large and small-sized areas of enhanced and suppressed moisture. Larger 
and stronger moist envelopes led to enhanced rainband activity around the storm. The effects of these 
changes on storm intensity are discussed in the next section.  
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1.2.4.6 The effect of rainbands on hurricane intensity 
 
Does the existence of spiral rainbands make hurricanes stronger, weaker, or have little effect? This is 
the over-arching question in hurricane research that focuses on spiral bands. 
 
In past years spiral bands were seen as having a negative impact on intensity, as they steal some of 
the low level moist inflow into the eye of the storm, while simultaneously replacing that inflow with 
cooler, drier air from convective downdrafts (Barnes et al., 1983; Powell, 1990a, 1990b; Cione et al. 
2000; Wang, 2002c; Wroe and Barnes, 2003). However, the introduction of cooler and drier air allows 
for more heat and moisture to be extracted from the ocean by the storm. Nonetheless, this extra heat 
and moisture simply replaces what is released in the rainbands, and latent heat release well away from 
the storm centre is believed to have very little effect on intensity (Hack and Schubert, 1986; Nolan et al., 
2006). 
 
From another thermodynamic point of view, however, rainbands may help maintain storm intensity in 
the face of shear and/or dry air associated with approaching troughs or jets. It is widely believed that 
“large” storms can resist the effects of shear and dry air for a longer time before the storm begins to 
weaken. This is in agreement with the simulations of Kimball (2006) described above. Kimball also 
observed that a “large-moist-envelope” storm with enhanced rainband activity intensified more slowly. 
Thus, the thermodynamic effect of rainbands on a tropical cyclone likely depends on the stage of 
development of the storm. 
 
There is ongoing research about the effects of rainbands on cyclone intensity from a fluid dynamical 
point of view. Spiral bands of convection seem to both be caused by, and to generate, spiral bands of 
PV. These spiral features are examples of vorticity perturbations that are tilted “downshear” in a stable, 
sheared flow. Such perturbations are universally associated with an “upgradient” (in this case, inward) 
transport of angular momentum, leading to a small increase in the intensity of the storm (Carr and 
Williams 1989; Montgomery and Kallenbach 1997; Nolan and Farrell 1999b; Moeller and Montgomery 
1999, 2000; May and Holland 1999; Chen et al. 2003). However, recent results by Nolan and Grasso 
(2003) and Nolan et al. (2006) suggest this conclusion may be incomplete. By simulating the 
generation of vortex-Rossby waves from isolated convective events embedded in a vortex, they found 
that while the waves themselves cause an intensifying effect on the vortex, the adjustment process 
whereby the bands were created had an even larger negative effect. In any case, the net effect of the 
“asymmetric” dynamics was trivial compared to the effect of the azimuthally averaged heating. Thus, 
while spiral rainbands may be associated with inward transport of angular momentum and vorticity, 
their net effect on the storm is more likely dominated by the azimuthally averaged secondary circulation 
generated by their associated convection and latent heat release. 
 
As before, then, the overall impact of spiral rainbands on tropical cyclone intensity cannot be stated in 
generalities. Recent advances, however, are leading to a broader understanding from which the effects 
of rainbands can be inferred on a case-by-case basis. 
 
 
1.2.5. Implications for Forecasting 
 
Our ability to accurately forecast hurricane motion (track) has improved dramatically in the past 20 
years, largely because of the improving ability to capture evolving synoptic-scale fields with present 
numerical guidance. The track is controlled almost entirely by the environmental steering flow in which 
the storm vortex is embedded, and which is increasingly well depicted in global- and regional-scale 
NWP. In contrast, our ability to forecast hurricane intensity change has shown quite limited progress in 
the past 20 years and again it is widely believed that this is due to our present inability to model 
small-scale internal processes in hurricanes. Here, we discuss the implications of the recent gains in 
our knowledge of inner-core structure and dynamics, as reviewed in previous sections, on the 
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forecasting of intensity and track. 
 
1.2.5.1 Inner core influences on forecasting intensity and intensity change 
 
Intensity, when measure in terms of near-surface wind speed, is determined partly by the properties of 
the boundary layer. The boundary layer has been shown by theory, models and observations to be very 
inhomogeneous, particularly in the vicinity of the eyewall. The most direct impact of this for intensity 
estimation and forecasting is that the surface wind factor is higher beneath the eyewall than at larger 
radius (0.9 instead of 0.8), and is frequently higher on the weak (left in the Northern Hemisphere) side 
of the storm.  
 
Measurements of near-surface turbulence have tended to confirm existing gust factors. Strong 
evidence for boundary layer rolls explains the observed streakiness of damage in some storms, and 
may indicate higher risk than has hitherto been supposed. 
 
The eyewall replacement cycle has been known for decades, but satellite microwave observations 
continue to improve our ability to monitor it, and to make short-term predictions by extrapolation. Such 
ability is particularly high at the moment, due to the large number of satellites in operations, and 
unlikely to be sustained. 
 
Mesoscale vortices on the inner edge of the eyewall have been shown to be associated with locally 
enhanced winds. They thus present an additional hazard, as well as playing a key role in cyclone 
dynamics. While observations have generally been in very vertical storms, there is some evidence that 
they also occur in tilted systems. Their hypothesised role in the formation of “annular hurricanes” is 
significant to forecasting, since such storms have been shown to decay at significantly less than the 
climatological rate. Moreover, the fact that they can cause significant rearrangements of the inner core 
structure, including weaker winds with lower central pressure, casts doubt on the long-established 
practice of regarding maximum wind and central pressure as quasi-equivalent measures of storm 
intensity. 
 
Rainbands continue to have an uncertain impact on TC intensity: they consume some of the 
energy-rich low-level moist inflow, but may protect the inner core from environmental shear, and also 
produce intensification through the transport of angular momentum into the storm centre.  
 
Numerical weather prediction (NWP) of these changes remains challenging. Many of the relevant 
features are short-lived and evolve rapidly. Their initiation may depend on small-scale, poorly-observed 
features in the storm. The dynamics may be so different to much of the rest of the atmosphere, and the 
physics of the observations so complicated (e.g. ice scattering in passive microwave satellite imagery) 
that data assimilation systems are stretched to interpret it. The time-scale may also be much less than 
the traditional 6-hourly NWP cycle. Nevertheless, a few encouraging preliminary results have been 
achieved. 
 
Intensity change is also strongly influenced by external forcing, either from the atmospheric 
environment surrounding the storm, from the ocean, or from nearby land and orography. These are 
covered in detail in subtopics 1.1 and 1.3. Subtopic 1.5 focuses directly on the operational forecasting 
of structure change. 
 
1.2.5.2 Inner core influences on forecasting track 
 
In contrast to intensity, the influence of the inner core on forecasting track is modest. Small-scale 
asymmetries can give rise to a trochoidal oscillation (e.g. Muramatsu, 1986; Nolan et al., 2001), but the 
small amplitude relative to the scale of the storm, and short time-scale of the oscillation relative to 
operational cycles, means that this will have only slight operational significance.  
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1.2.6. Conclusions 
 
Better observations and theoretical advances have resulted in significant improvements in 
understanding. A short summary of the highlights follows: 
 

• There have been significant advances in knowledge and understanding of surface winds on 
several scales: the mean, coherent boundary-layer structures, and turbulence. 

• The winds in the upper boundary-layer are supergradient in some storms. 

• Multiple satellites and radars are providing an unprecedented view of the eyewall replacement 
cycle, shedding new light on its occurrence and importance in storm dynamics. These 
observations are informing operational forecasts of intensity change, on occasion. 

• Eyewall mesovortices provide an added hazard in some storms, and play an important role in 
storm dynamics and intensity change. 

• Vortex Rossby waves explain observations of inner-core spiral bands, and play an important 
role in the storm dynamics, including in genesis, resistance to shear, and intensification. 
Fine-scale bands may be from other causes, including boundary layer instabilities. 

 
1.2.7. Recommendations for Research and Operations  
 
Boundary layer winds. How much of the inter- and intra-storm variability in surface wind factor is 
predictable? How does this compare with other sources of uncertainty in intensity estimation? How 
important is stability? What are suitable gust factors over the sea/land/beneath the eyewall/at larger 
radius? Is it necessary/possible to predict the occurrence/intensity of rolls? 
 
Wind-field expansion. This is clearly operationally important (e.g. H. Katrina’s surge) but little (nothing?) 
is known of the dynamics. How well can we predict this?  
 
Eyewall mesovortices. How prevalent are these? In vertical/tilted storms? How often are they 
sufficiently intense to represent a significant additional hazard? Can their formation be predicted (for 
application to intensity change, annular hurricanes)? 
 
Spiral bands. In the inner core, vortex Rossby waves are an important, but not the sole, influence. But 
at larger radius? What is the role of gravity waves? And the implication for numerical modelling? Do the 
wind perturbations associated with fine-scale inner bands matter for risk estimation? Do spiral bands 
intensify or weaken the storm, or does it depend on the situation? If so, how? 
 
Numerical Weather Prediction. Which of these small-scale features can be predicted? How far ahead? 
What are the issues for assimilation of various data types in tropical cyclones? Do assimilation systems 
contain the right balances for tropical cyclones?  
 
Empirical Prediction. How can knowledge of these processes improve forecasts? Especially in the last 
few hours before landfall when they may be visible on radar as well as satellite? Can Doppler radar 
algorithms (e.g. EVTD) be used in real-time? How can these be shared around the world? How will 
emergency services respond to such “last-minute” information? What are the limits on 
intensification/decay rates? What are the precursors of intensification/decay on various types of 
satellite imagery? How close must land/islands be before they start to affect structure? 
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Acronyms 
AMSR-E Advanced Scanning Microwave Radiometer for EOS 
BL Boundary-layer 
EMV Eyewall mesovortex 
ERC Eyewall replacement cycle 
EVTD Extended Velocity Track Display 
IR Infrared 
MHS-1 Microwave Humidity Sounder 
NHC National Hurricane Center 
NRC National Research Council 
PI Potential intensity 
PV Potential vorticity 
RMW Radius of maximum (tangential?) wind speed 
SFMR Stepped-frequency microwave radiometer 
SSM/I Special Sensor Microwave Imager  
SSMIS Special Sensor Microwave Imager/Sounder 
SST Sea surface temperature 
SWF Surface wind factor 
TC Tropical cyclone  
TCBL Tropical cyclone boundary layer 
TMI TRMM Microwave Imager 
TRMM Tropical Rainfall Measuring Mission 
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