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aBSTraCT

A sequence of ground-based radar reflectivity images sampled in the 17 hours prior to, and during the landfall 
of Severe Tropical Cyclone Larry (2006) are presented and analyzed using Fourier and wavelet analysis tech-
niques.  A range of mesoscale convective anomalies were detected, with characteristics and behavior consistent 
with vortex Rossby wave initiation.  Cyclonically propagating eye-wall kinks, elongations and mesoscale reflec-
tivity maxima were all observed throughout the sampling period, along with intense inner spiral bands.  Vari-
ous deep convective maxima propagated within the eye-wall at speeds consistent with predictions derived by linear 
barotropic wave theory. Three eye-wall breakdown episodes were observed during the study period, along with corre-
sponding increases in storm-core asymmetric wave power and reductions in estimated storm intensity.  Vortex Rossby 
wave initiated radial flows are also suggested by the presence of a possible mesovortex within a broken section 
of the eye-wall during landfall, and the outward ejection of filaments of deep convection from an adjacent inner 
spiral band.  The possible influence of this wave activity upon the storm intensity and integrity is discussed.
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1. introduction
Eye-wall edges with distinct geometric shapes have been 

observed within intense tropical cyclones for over half a 
century.   As early as 1960, radar reflectivity data sampled 
during aerial reconnaissance showed hurricane Donna pos-
sessed a pentagonally shaped inner eye-wall, surrounded 
by a concentric outer eye-wall ring (Jordan and Schatzle, 
1961).  However this report focused on the concentric eye-
wall structure of that storm, and two decades would pass 
before a comprehensive study of polygonally shaped eye-
walls would be published.  Using radar reflectivity and 
photographic data, Lewis and Hawkins (1982) analyzed 
six hurricanes and observed that the eye-walls frequently 
had the appearance of either complete or partial hexagons, 
pentagons, squares or triangles.  These geometric shapes 
were found to remain well defined for tens of minutes and 
to rotate cyclonically with the storm's circulation, though 
occasionally they appeared to be stationary.  

Subsequent observational and numerical studies have 
documented further instances of irregular eye-wall shapes, 

often accompanied by inner spiral bands and cyclonically-
propagating mesoscale convective maxima embedded with-
in the eye-wall (e.g. Muramatsu 1986; Montgomery and 
Kallenbach 1997; Kuo et al. 1999; Schubert et al. 1999; 
Reasor et al. 2000; Kossin et al. 2000; Kossin and Schubert 
2001; Wang 2002b; Mashiko 2005; Corbosiero et al. 2006; 
Eastin et al. 2006, Montgomery et al. 2006, Aberson et al. 
2006).  

It was hypothesized that outward propagating hurricane 
bands were caused by gravity-inertia waves within some 
of the earliest investigations conducted during the 1960’s 
and 1970’s (summarized by Montgomery and Kallenbach 
1997).  A more recent numerical study attributed the de-
velopment of an inner spiral band within Hurricane Opal 
(1995) to Kelvin-Helmholtz instability induced by vertical 
wind shear (Romine and Wilhelmson 2006).  However the 
majority of the contemporary research has attributed the 
development of eye-wall kinks and inner spiral bands to 
the growth of potential vorticity (PV) anomalies within the 
eye-wall (summarized by Corbosiero et al. 2006).  These 
potentially potent waves, dubbed “vortex Rossby waves” 
by Montgomery and Kallenbach (1997), form when tur-
bulent or convective disturbances perturb an eye-wall pos-
sessing an intense, barotropically unstable radial vorticity 
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gradient (Montgomery and Kallenbach 1997; Schubert et 
al. 1999).  

When the requisite barotropic instability is present, 
vortex Rossby wave generation can be expedited by deep 
convective maxima, which are themselves stimulated by 
terrain, vertical wind shear or upper tropospheric system 
interaction (as summarized by Chen and yau 2001).  Ad-
ditionally, a recent numerical study attributed the develop-
ment of a persistent convective maximum within Cyclone 
Larry’s front-right quadrant to its rapid translation (~7.5 
ms-1), which the authors noted was consistent with sepa-
rate climatological studies of southern hemisphere storms 
(Ramsay et al 2009 and the references therein).  

Vortex Rossby waves travel on both sides of the vortic-
ity ring, in directions perpendicular to the radial gradient 
of PV.  The waves on the eye-wall’s inner edge (positive 
PV gradient) propagate downstream, whilst those on the 
outer rim (negative PV gradient) propagate upstream.  The 
wave propagations are counterbalanced by the system-scale 
winds of differing strength on either side of the eye-wall 
(weaker inside/stronger outside), and thus it is possible for 
the waves on either side of the eye-wall to attain the same 
angular velocity relative to the earth (Montgomery and Kal-
lenbach 1997; Schubert et al. 1999).  This “phase locking” 
is associated with exponential wave growth, and vorticity 
can subsequently pool in discrete regions along the eye-
wall edge.  It has been shown that these circulations, called 
eye-wall mesovortices, direct local air flows across the eye-
wall, thus distorting its shape and producing the polygonal 
appearance (e.g. Schubert et al. 1999; Kossin and Schubert 
2001; Wang 2002b).  As these features and their parent 
waves propagate cyclonically along the eye-wall edge, so 
too can the eye-wall kinks they produce. 

Beyond altering the eye-wall shape, it has been shown 
that vortex Rossby waves can introduce rapid and sub-
stantial modifications to the system intensity, storm track, 
updraft strengths and deep convective distribution (e.g. 
Schubert et al. 1999; Montgomery and Kallenbach 1997; 
Wang 2002a; Wang 2002b; Montgomery et al. 2006).  For 
example vortex Rossby wave activity has been attributed to 
the breakdown of the eye-walls of Hurricanes Olivia (1994) 
and Elena (1985) (Reasor et al. 2000 and Corbosiero et al. 
2006 respectively).  Furthermore local wind anomalies of 
20-30% and eye-wall pressures as much as 50 hPa below 
the eye’s central pressure have been either observed or 
simulated in numerical experiments (e.g. Black and Marks 
1991, Kossin et al. 2001, Braun 2002, Montgomery et al. 
2002, Aberson et al. 2006, Braun et al. 2006; Marks et al. 
2008).

Vortex Rossby wave activity has also been linked to the 
formation of deep-convective inner spiral bands outside 
of the eye-wall.  It has been shown that inner spiral bands 
possess localized vorticity and/or tangential wind maxima 
along their inner edges (Montgomery and Kallenbach 
1997; Wang 2002b; yau et al. 2004; Corbosiero et al. 2006; 

Romine and Wilhelmson 2006) and have the potential to 
possess horizontal winds stronger than those within the 
eye-wall itself (e.g. Willoughby et al. 1984).  Inner spiral 
bands are believed to form when vertical velocity is locally 
enhanced by outward propagating vortex Rossby wave 
activity (Montgomery and Kallenbach 1997; Chen and yau 
2001; Wang 2002b). 

The above studies demonstrate the need for the opera-
tional forecaster to anticipate the propensity for vortex 
Rossby wave initiated adjustments to the incident wind 
speeds and rainfall intensities.  As discussed, high-resolu-
tion numerical hindcasts have successfully replicated the 
observed features within a range of past events.  However 
vortex Rossby waves are mesoscale features (wavelengths 
of the order of 5-10 km; e.g. Montgomery and Kallenbach 
1997; Reasor et al. 2000; Wang 2002a), whereas most op-
erational forecasting models still operate over significantly 
greater horizontal resolutions  (16 – 27 km at the time of 
publication). Therefore the presence of vortex Rossby 
wave activity within any storm has the potential to be an 
additional source of forecast error due to the inability of the 
majority of the contemporary operational models to resolve 
the waves and the intense mesoscale enhancements they 
can produce.  

A high-resolution simulation of Cyclone Larry success-
fully replicated the storm track, the persistent convective 
maximum within the northern eye-wall, and the propensity 
for symmetric convective maxima to develop within the 
zonal quadrants (Ramsay et al 2009; see also section 4a).  
However the intensity trends derived from even the highest 
resolution configuration of the modeling (1 km) differed 
significantly from those estimated offshore, and those ob-
served immediately after landfall (Fig. 4b of Ramsay et al. 
2009).  Indeed the simulated eye pressure at the end of the 
rapid intensification period (~11 hours before landfall) was 
~20 hPa greater than that estimated from the satellite imag-
ery1.  Similarly both the 1 km and 3 km resolution simula-
tions were unable to replicate the higher eye center pres-
sure observed by instruments 20-50 minutes after landfall 
(955-957 hPa observed; compared with simulated values 
of 935-940 hPa) (Ramsay et al. 2009 and Otto 2012).  The 
discrepancies between the observed and simulated central 
pressures within Larry may not be typical, nevertheless 
they demonstrate that improvements to operational fore-
casts will not only come from increases in model resolu-
tion, but also from future research.  

An additional challenge is presented to research and 
operational meteorologists alike by the complexity of 
the interactions between vortex Rossby waves of various 
wavenumbers, and between the waves, their parent vortex 
and the convection they are coupled with.  After they have 
developed, vortex Rossby waves can be maintained by the 
convection they generate, which in turn leads to more wave 

1Dvorak (1984) eye-temperature analysis combined with the pressure-
wind relationship of Crane (1985).
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development within a positive feedback process (Wang 
2002b).  Thus the wave growth can become exponential, 
and the waves can last for minutes or hours, depending on 
the ability of the environment to support the mesoscale 
deep convective anomalies that the waves attempt to gener-
ate.  Therefore deficiencies in model initialization or phys-
ics can be readily multiplied throughout the simulation, and 
a need therefore remains to confirm the simulated output 
with observational evidence.  However, as noted by Cor-
bosiero et al (2006), the majority of research into vortex 
Rossby wave activity has focused on simulated output.  Ac-
cordingly, the first aim of the following report is to examine 
Larry’s observational data for evidence of vortex Rossby 
wave activity.  

Very few of the available observational studies have con-
sidered the influence of the vortex Rossby wave activity 
immediately prior to, or during landfall, and how the waves 
may have adjusted the severity of the phenomena experi-
enced during landfall (as in Wakimoto et al. 1994).  An op-
portunity therefore exists to quantify the additional hazard 
that vortex Rossby waves may present to coastal communi-
ties.  As such wave activity is well coupled to convective 
features (Reasor et al. 2000; Corbosiero et al. 2006), the ra-
dar samples of Severe Tropical Cyclone Larry present one 
such opportunity.

Larry was captured by up to 4 radar sites for over a ~24 
hour period leading up to, and including its landfall, and 
exhibited numerous transient and prolonged reflectivity 
anomalies during this time.  Thus the second aim of this 
study is to document the range of convective features ob-
served during, and prior to its landfall, and to investigate 
their possible origin and significance.

2. storm history and impact
Severe Tropical Cyclone Larry formed in the Coral Sea, 

developing into a tropical cyclone2 at 1800 UTC on the 17 
March 2006.  The storm strengthened quickly after forma-
tion, reaching hurricane strength in 18 hours.  Thereafter 
the system continued to intensify rapidly3 as it moved di-
rectly and steadily (~7.5 ms-1) towards the northeast coast 
of Australia, before maintaining a more stable (satellite-
based) estimated “current intensity” (CI) (as defined by 
Dvorak 1984) of 6.5.  Using the pressure-wind relationship 
of Crane (1985), a CI of 6.5 equates to a maximum azi-
muthal (10-minute) mean tangential wind (Vmax) of 60 ms-1, 
and this “current intensity” persisted from 0833 UTC (19 
March 2006) until landfall 12 hours later (Fig. 1).  

Whilst the Dvorak “current intensity” is the result used 
for operational forecasts, the instantaneous “data T” inten-
sity estimates fluctuated during Larry’s last 12 hours before 

2Australian definition: possessing organized convection with a 10-minute 
mean wind speed ≥17.5ms-1 extending >50% around the center and 
persisting ≥6 hours.

3Maximum azimuthal-mean tangential winds increasing by 3 ms-1/hour 
from 01:45-08:48 on 19 March.

landfall (up to 4 ms-1/hour; Fig. 1).
Larry contracted as it strengthened, and by the evening 

of 18 March 2006 had a radius of maximum winds of ~30 
km and was sufficiently compact to meet the Joint Typhoon 
Warning Centre’s definition of a "midget"4 cyclone (Joint 
Typhoon Warning Center 1997, App. A).  The eye-wall 
contracted further over the following 30 hours leading up 
to landfall, and Larry struck the coast with an eye-wall ra-
dius of ~18 km (Fig. 2).

The eye crossed the coast near the town of Innisfail soon 
after sunrise on 19 March 2006, damaging or destroying 
over 10,000 buildings in that and nearby towns, and caus-
ing major losses to the agricultural and tourism sectors.  
The total coast of damage was $1.3 billion USD (Munich 
Reinsurance Group 2007). Substantial damage was also 
reported well inland, including at the town of Ravenshoe, 
~65 km from the coast on an inland plateau (Fig. 3). 

A resident of a camping park near Innisfail died of a 
heart attack either just before, or during Larry’s landfall 
(Australian Broadcasting Commission, 2006).  no other 
deaths were recorded.

3. data and Method
a.  Radar data

The radar network in the vicinity of the storm’s path 
comprised one offshore radar installation (Willis Island) 
and three mainland radars situated along the coast (Fig. 3).  
none of these radars have Doppler wind-finding capability. 
A 10-minute radar scan strategy is employed in Australia. 

Composite, constant-altitude ground-based radar images 
were used almost exclusively due to their ability to sample 
reflectivity maxima on either side of the eye.  However 

4Radius of outer closed isobar <2°

Fig. 1. Dvorak and damage inferred Vmax estimates, average el-
lipse rotation speed at landfall, and wavenumber-2 propagation speeds.  
The wave, band and ellipse derived propagation speeds bear a close 
resemblance to the estimated Vmax values; particularly those derived 
from the Dvorak data T estimates. The Hovmöller outlier was not used 
for the polynomial fit, and data T derived wind estimates were not 
plotted where the convective signal was contaminated by land interac-
tion.
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single-radar scans (constant altitude, 1500m) from the 
Cairns Airport radar were used to track kinks and elonga-
tions within the eye-wall while the storm was making land-
fall (2020 – 2050 UTC).  Single-radar scans were preferred 
for the eye-wall perturbation tracking as the compositing 
process has the potential to spatially and temporally aver-
age out fast moving features wherever the component scans 
are not contemporaneous.  The only other time single scans 
were used was in the development of three-dimensional ra-
dar reflectivity reconstructions (“3DTops” images), as only 
one instrument stored a full complement of vertical scans 
(the Saddle Mountain radar near Cairns).  These “3DTops” 
images were generated for reflectivity >1 dBZ, and whilst 
informative, they suffer from radar signal attenuation on 
the southern flanks of the storm during landfall, as the radar 
was located to the nnW of the eye.

The Cairns Airport radar did not contribute to the com-

Fig. 2.  The eye-wall radius determined from radar reflectivity com-
posites.  The mean eye-wall thickness was ~5 km during this period, 
and so the Hovmöller and band radii used for velocity calculations 
were all derived from within the eye-wall.  Periods A and B are also 
shown (section 3g), where the average radius was ~24 and ~18 km re-
spectively.  The Hovmöller derived propagation speed outlier at 1500 
UTC occurred over the same time period and at the same radius as the 
rotating convective band.

Fig. 3. Cyclone track and radar coverage at Cairns Airport (elevation 3m), Cairns (Saddle Mountain, elevation 
652m), Townsville (Mount Stuart, elevation 580m) and Willis Island (elevation 8m).

posite radar sampling during 6-hourly rawinsonde flights5, 
and also missed more isolated scans closer to landfall (at 
1950 - 2010 and 2040 UTC).  Additionally, artificial short-
term variations in composite reflectivity and wave-power 
are likely when Larry was near the single offshore radar 
(higher wavenumber-1 at ~0400-0600 UTC) and when 
located between the offshore and coastal facilities (higher 

5Flights of ~2 hours duration

wavenumber-2 at ~1300-1500 UTC) (also see section 3g).  
The impact of these artificial variations was moderated by 
selecting a wavelet convolution intensity scale that varied 
with the maximum intensity sampled at that time interval, 
and by replacing the wave-power time-series results at the 
isolated scan failure times near landfall with linearly inter-
polated values.  



OTTO and SOderhOlmMay 2012 147

b. Radar data processing
Spectral analysis techniques were employed to separate 

the components of the composite reflectivity plots, isolating 
the presence, propagation and intensity of the convective 
signatures of various wavenumbers. Hovmöller and convo-
lution plots of spectral power were generated using wavelet 
analysis techniques. Decomposing the azimuth series into 
the azimuth-frequency space using this methodology al-
lows for an identification of the dominant wavenumbers 
within the data and their azimuth variability. In order to 
analyze specific wavenumbers, the wavelet power spectrum 
from the associated azimuth was extracted and plotted as a 
Hovmöller diagram or in polar coordinates as a convolution 
diagram.

The wavelet methodology applied to the radar imagery 
was developed by Torrence and Compo (1998) and imple-
mented using the MATLAB programming language. This 
procedure applies the Morlet wavelet function to analyze 
the power spectrum for scales between twice the nyquist 
frequency (1 degree) and half the azimuth domain (180 de-
grees). In order to widen the cone of influence and extend 
the analysis domain of the wavelet analysis, the dataset was 
used to pad itself continuously.

To calculate the average power over a ring for the time-
series data, a discrete Fast Fourier Analysis was performed 
using the 1-dimensional Fast Fourier Transform function in 
MATLAB. The power for the required wavenumbers was 
calculated for a radial section in steps of 600 m from the 
minimum radius.

Wavelet analysis is a common tool for exploring the lo-
calized variations of the power spectrum within time-series 
data. Decomposing the time-series into the time-frequency 
space using this technique allows for an identification of 
the dominant cycles within the data and their temporal vari-
ability.

c. Observation types
Official eye pressure readings were recorded on baro-

graphs at Innisfail, Babinda, and an Automatic Weather 
Station (AWS) at South Johnstone. The AWS sampled in-
stantaneous pressure readings every 10-minutes, and was 
the only official instrument of its type in the area.  The 
AWS is located 200m to the north of a 250m high, thickly 
forested hill, and so the instrument’s readings of southerly 
winds (including from the leading eye-wall) are likely to 
have an artificial low bias, as are winds inferred from dam-
age to nearby structures (Otto 2012).

The pseudo-equivalent potential temperature (θe) was 
calculated from the AWS data using the relation described 
by Bolton (1980).  Employing the method used by Cione 
et al. (2000), wet-bulbing may have occurred well before 
landfall (between 1450 and 1620 UTC).  There was no evi-
dence of wet-bulbing after this time. 

no aerial reconnaissance is performed in the southern 

hemisphere.

d. Vertical wind shear
Reanalysis data from the European Centre for Medium-

Range Weather Forecasts (ECMWF) ERA-Interim project 
were used to calculate the vertical wind shear of the envi-
ronmental winds.  The data has a 1.5° by 1.5° horizontal 
resolution, and was derived using the 4D-Var analysis tech-
nique (Dee et al. 2011). 

The environmental vertical wind shear was calculated us-
ing winds at the 200 and 850 hPa levels, averaged over a 5° 
by 5° box centered on the eye of the cyclone, as determined 
by radar evidence.  Ramsay et al. (2009) used the same do-
main and levels to calculate the environmental wind shear 
from their simulations of cyclone Larry.  

e. Satellite imagery and estimated storm intensity
Geostationary visible and infrared satellite images sam-

pled by the Japanese Meteorological Agency’s Multi-func-
tional Transport Satellite (MTSAT-1R) were used; along 
with US navy Research Laboratory microwave scans and 
high-resolution (0.5km) visible and infrared imagery dur-
ing landfall from the Operational Linescan System (OLS).  
The MTSAT-1R imager scans across northern Australian 
latitudes ~15 minutes after the nominal timestamp, so im-
age times were adjusted by this interval.  Similarly the OLS 
images were marked with 1958 and 1959 UTC timestamps, 
however the scans were actually both taken at ~2024 UTC.  

All of the satellite derived storm intensity values were 
determined by applying the Dvorak (1984) method to the 
MTSAT-1R data, and the pressure-wind relationship of 
Crane (1985).  It should be noted that the Dvorak method 
recognizes that convection in some weakening tropical cy-
clones can decay faster than the peak winds within the eye-
wall (Velden et al. 2006).   Accordingly the Dvorak (1984) 
“current intensity” rules, and subsequent regional modi-
fications, require the persistence of any weakening trend 
for 6-12 hours for it to be confirmed (Velden et al. 2006).   
nevertheless a key interest in the following report will be 
the shorter-term (1-2 hour) structural variations within Lar-
ry.  Therefore, out of necessity, the Dvorak “data T” values 
derived from single satellite pictures (hereafter referred to 
as “instantaneous”) will be referred to as possible evidence 
of short-term intensity fluctuations. 

f. Hovmöller transects
A persistent maximum in deep convection lay within 

Larry’s northern sector during the earliest hours of the 
study period (0400-1100 UTC; Fig. 4).  The convective 
maximum then shifted into the eastern sector before weak-
ening (from 1450 UTC; Fig. 4), and then redeveloping 
and persisting within the northern flank from 1920 UTC 
(~1.5 hours before landfall).  The corresponding satellite 
imagery confirms this evolution (not shown), and recent 
studies of this storm replicated the observed wavenumber-1 
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Fig. 4. Composite radar reflectivity series showing:  the polygonal appearance with mesoscale eye-wall convective 
maxima (dotted ellipses) embedded near some vertices at 0720 (a), the more circular eye-wall at 0920 (b), a partial eye-
wall breakdown (southern sector) and outer banding at 1120 (c), the weak reflectivity band outside the western eye-
wall 1320 (d), the zero reflectivity wedge and eye-wall breakdown (1520 and 1720; e and f). The scale circles are at 30, 
60 and 80 km.

maximum within the northern sector, along with zonally 
oriented wavenumber-2 maxima (Ramsay et al 2009).  

As vortex Rossby waves are generated by, and coupled 
to convection (Reasor et al 2000; Wang 2002b) it may 

be instructive to further examine persistent convective 
maxima for signs of associated inner spiral band formation.  
Accordingly Hovmöller reflectivity and wave convolution 
plots were generated along the northern (wavenumber-1) 
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Fig. 5.  Radius-time Hovmöller for wavenumber-1 (a) and wavenumber-2 (b) from transects taken from due north and east 
respectively.  The 30 km radius is shown (dashed line) to illustrate the usual outer limit of eye-wall deep convection.

Fig. 6.  Raw radar Hovmöller plots for the northern transect (a) and the eastern transect (b).

and eastern transects (wavenumber-2) (Fig. 5; Fig. 6).

g. Definition of regions and reliability of results
The mean radius of the eye-wall was ~30 km in the ear-

lier part of the radar coverage, however it subsequently 
contracted and averaged within the 18-24 km range from 
04 UTC until landfall (21 UTC) (Fig. 2).  The study covers 

this period of more stable eye-wall radii.   
Larry’s eye-wall was within ~240 km of at least one 

instrument at any given time during the study period, and 
thus remained within the effective sampling range for high 
precipitation features (~300 km; Australian Bureau of Me-
teorology).  nevertheless false contributions to the wave-
number-1 signal were expected within the periphery while 
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the storm was close to the only offshore radar (Willis Island 
from 04 - 06 UTC). However the corresponding infrared 
and microwave imagery confirms the presence of a strong 
and broad reflectivity maximum within Larry’s northern 
regions throughout the storm’s journey near the Willis Is-
land facility (not shown), corroborating the wavenumber-1 
maximum detected by the radar (Fig. 5a and Fig. 6a).

Radius-time Hovmöller depictions of both the raw ra-
dar imagery (Fig. 6b) and the wavenumber-2 reflectivity 
component (Fig. 5b) show intermittent maxima inwards of 
the 30 km radial, along with outwardly-propagating wave-
number-2 features between 30 km and an apparent outer 
limit of outward propagation in most cases of 70-80 km.  
This outer propagation range is approximately 3 times the 
radius of maximum winds, which is equivalent to the scale 
simulated and observed for other events by Montgomery 
and Kallenbach (1997) and confirmed by subsequent stud-
ies (e.g. Wang 2009 and the references therein).   Thus for 

this investigation the eye-wall or “core” region was defined 
as 10 – 30 km, the “inner band” area between 30 – 80 km, 
and the “outer band” from 80 km to an arbitrarily chosen 
120 km outer limit.  Area averaged wave power plots were 
constructed for each of these three regions (Fig. 7).

Azimuth-time Hovmöller plots were generated for radii 
within the core and inner spiral band regions (Fig. 8).  A 
radius of 60 km was arbitrarily chosen to represent the in-
ner band region, whilst the core Hovmöller was assembled 
using radii which changed as the eye-wall radius evolved 
within the study period (24 km in “period A” from 0400-
1310 UTC, and 18 km in “period B” from 1320 UTC; see 
Fig. 2).

For simplicity, the core region for the areal integration 
for Fig. 8 was held fixed, even though the eye radius var-
ied.  Accordingly an anomalous component to variations 
in the area-averaged wave-power is expected for all wave-
numbers within the core region because the storm occupied 
varying amounts of space within the chosen range. Howev-
er with the exception of an eye-wall breakdown episode (at 
~1700 UTC; Fig. 2) and the rapid contraction after landfall 
(2100-2200 UTC), the time span of the radius variations 
(~4-6 hours; Fig. 2) was over twice that of the core-region’s 
transient wave-power oscillations (1-2 hours in wavenum-
bers ≥ 1; Fig. 7a).  This relatively gradual evolution of the 
eye-wall radius thereby limited the anomalous influence the 
changing storm size had upon the shorter-term core region 
wave power trends in wavenumbers ≥ 1.

It will be demonstrated also in the following section that 
many of the core-region wave signal peaks were registered 
despite the attenuation of the eye-wall’s radar signature by 
surrounding convective bands.   Furthermore, it shall also 
be shown that many of the wave signal oscillations coincid-
ed with additional features that have been linked to vortex 
Rossby wave activity in other studies.

4.  Convective Features observed offshore
a. A rapid intensification

A Hovmöller analysis of the raw radar reflectivity and 
wavenumber-1 components shows Larry possessed inter-
mittent maxima within its northern eye-wall during its rap-
id intensification (0400-1000; Fig. 5a; Fig. 6a).  Associated 
peaks in the azimuthally integrated wavenumber-1 signal 
were also observed within the eye-wall during these earlier 
hours of the study period, along with maxima in wavenum-
bers 2-4 (Fig. 7a).  The presence of storm core maxima 
within the wavenumber 1-4 range is consistent with the 
eye-wall possessing a cyclonically-propagating polygonal 
structure, along with mesoscale reflectivity maxima embed-
ded near the apex of some of the eye-wall kinks (Fig. 4a).  

Whilst the wavenumber 1-4 maxima were significant in 
the sense that they were associated with variations in the 
eye-wall shape and convective distribution, more substan-
tial wave power peaks were observed later in the study 
period.  For example the wavenumber-1 maxima during 

Fig. 7. Wavenumber-0 reflectivity and power in wavenumbers 1-6 
averaged over radial bands 10-30 km (a), 30-80 km (b) and 80-120 km 
(c).  The satellite derived instantaneous tropical cyclone intensity esti-
mates are anti-correlated with peaks wavenumber-1 in the core region (a).
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the first 6 hours of the study period (up to 1000 UTC) were 
generally ~200 dB, whilst three peaks within the 350-400 
dB range were observed between 1100 and 1700 UTC (Fig. 
7a).   Similarly wavenumber-2 peaks of ~100 dB were ob-
served between 0400 and 1000 UTC, whilst values two to 
three times higher were detected from 1800 UTC (Fig. 7a) 
(though the proximity of the storm to only one radar would 
also contribute to lower power in wavenumbers ≥ 2 dur-
ing the earlier period).  Indeed despite the relatively minor 
peaks in wavenumbers 1-4 during the earliest six hours of 
the study period, the eye-wall nonetheless maintained its 
strongest symmetric (wavenumber-0) component during 
this time (Fig. 7a).  Accordingly the (instantaneous) satel-
lite derived intensity estimates, which are dependent upon 
the symmetry of eye-wall convection (Dvorak 1984 and 
Velden et al. 2006) depicted an intensification over this 
interval (with the “instantaneous” Vmax strengthening by 
~48%, or 21 ms-1 between 0448 and 0948 UTC).

b. The peak intensity and subsequent weakening
By 0920 UTC Larry possessed strong reflectivity within 

all eye-wall sectors (0920; Fig. 4b), and from 0930 UTC 
the power in eye-wall wavenumbers ≥ 2 momentarily stabi-
lized at lower levels (for ~1 hour).  Larry attained its peak 
estimated (instantaneous) intensity ~20 minutes later (Vmax 
= 64 ms-1 at 0948 UTC; Fig. 7a).  The same strength was 

inferred from satellite imagery at 1048 UTC.  
The highest eye-wall wavenumber-1 peak of the study 

period occurred ~40 minutes after the intensity peak at 
1048 UTC, along with corresponding peaks in wavenum-
bers 2-4, and a simultaneous drop in wavenumber-0 (Fig. 
7a).   

A brief eye-wall breakdown occurred as the wavenum-
ber-1 peak was commencing (at 1120 UTC; Fig. 4c), how-
ever its possible impact on storm intensity could not be 
estimated, as no satellite scans were conducted during this 
hour.  nevertheless a similarly high wavenumber-1 peak 
occurred an hour later, and coincided with an apparent re-
duction in storm strength (instantaneous Vmax estimates of 
57-60 ms-1 from 1215-1250 UTC), consistent with estab-
lished empirical relationships between eye-wall symmetry 
and storm intensity (Dvorak 1984 and section 4a).  

Wang (2002b) showed vortex Rossby wave amplifica-
tion within the eye-wall preceded a temporary stabilization, 
or even a slight reduction in the maximum wind speeds of 
a simulated tropical cyclone, and the correspondence be-
tween the eye-wall wavenumber-1 peaks and the estimated 
intensity reduction suggests this was the case within Larry 
as well.   Wang (2002b) hypothesized that the wave ampli-
fication was initiated by the incursion of an inward spiral-
ing outer rainband into the eye-wall, and such a feature is 
evident wrapping around Larry as the eye-wall broke down 

Fig. 8.  Azimuth-time Hovmöller diagrams of the wavenumber-2 asymmetries for the eye-wall (a) and storm 
periphery (at 60 km; b).  The eye-wall figure was constructed from a radius of 24 km (section “A”), then 18 km (section 
“B”) to match the approximate average eye-wall radius during those periods. Persistent maxima lasting ≥20-minutes 
within the eye-wall were tracked (black lines) and an average cyclonic speed determined.  An eye-wall outlier is also 
shown (gray lines).  The lines from the core were copied across to the periphery plot to indicate the correspondence or 
otherwise of core and periphery band maxima.



VOluMe 1, nO. 2152 TROPICAL CyCLOnE RESEARCH AnD REVIEW

(1120 UTC; Fig. 4c).  Indeed both inner and outer spiral 
bands were observed to encircle the southern and western 
flanks of the storm from ~1120 UTC (Fig. 4c), and thereaf-
ter merged into one relatively broad band outside the 60 km 
radial (by 1320 UTC; Fig. 4d).  Strong banding remained 
anchored in Larry’s eastern periphery during this time (Fig. 
4c,d), and rapid and substantial increases in the wavenum-
ber-0 signal were observed in both the inner (~20% over 
10-minutes) and outer band regions (40% in 40-minutes) 
from 1120 UTC (Fig. 7b and Fig. 7c).

Whilst there is insufficient data to derive a conclusion, 
the correspondence between the more complete encircle-
ment of the eye-wall (from ~1120 UTC), the amplification 
of the core region’s waves (from 1130 UTC) and the ap-
parent intensity drop (from at least 1215 until 1248 UTC) 
is consistent with the behavior observed within a range of 
other storms.  Wang (2002b) noted that the eye-wall of a 
simulated tropical cyclone could be perturbed “remarkably” 
when strong outer rainbands exist, and such interaction 
could lead to a breakdown of the eye-wall and a weakening 
of the storm.  Similarly Willoughby et al. (1982) studied 
reconnaissance data of a series of hurricanes and noted that 
concentric deep convective rings usually appeared at the 
end of an intensification period, and went on to link the 
weakening of the eye-wall to the presence of an outer con-
vective band.  In a more contemporary study Wang (2009) 
demonstrated that atmospheric pressure falls beneath outer 
bands weaken the horizontal pressure gradient across the 
radius of maximum wind, resulting in the weakening of 
the eye-wall winds.  Other studies have linked the outflow 
of thermodynamically depleted rainband downdrafts to 
the downstream suppression of deep convection closer to, 
and within the eye-wall (Eastin et al. 2005; Wang 2002b).  
Thus we hypothesize a causal relationship existed between 
the azimuthal extension of Larry’s peripheral convective 
banding and the peak in Larry’s intensity, and suggest that 
this would be an interesting subject of future modeling 
research. It might also be useful for any such study to con-
sider a possible link between the storm’s structure and in-
tensity to changes in the vertical wind shear.  The ECMWF 
data indicates that the vertical wind shear reached its high-
est levels of the study period as the storm started to weaken 
and the outer banding formed (6.2 ms-1 from 130° at 1200 
UTC, compared with 3.8 ms-1 from 90° at 0600 UTC and 2.9 
ms-1 from 190° at 1800 UTC).

c. A brief recovery  
In the two hours following the lower intensity value (at 

1230 UTC), the eye-wall contracted by 13%, with the ra-
dius reaching ~18 km by 1430 UTC (Fig. 2).  As the storm 
contracted, the wavenumber-1 power within the eye-wall 
dropped markedly, and ultimately, yet briefly, reached a 
minimum of ~50 dB at ~1400 UTC, ~8 times lower than 
the peaks registered within the previous three hours (Fig. 
7a).  

The drop in wavenumber-1 within the storm core, and the 
simultaneous eye contraction, was coincident with an in-
tensity estimate indicating a recovery of the storm strength 
(to an instantaneous Vmax of ~63 ms-1 at 1348 UTC; Fig. 
7a).   This evolution is consistent with those simulated in 
other storms by Schubert et al. (1999) and Wang (2002b), 
where the redistribution of vorticity anomalies into a nearly 
monopolar circular vortex was associated with eye-wall 
contraction and reintensification.  

As discussed in section 4b, active convection within the 
outer band region has been shown to reduce storm intensity 
via dynamical adjustment of the radial pressure gradient.  
It is therefore prudent to consider if a reduction of outer 
banding may have contributed to Larry’s apparent rein-
tensification at 1348 UTC.  An examination of the radar 
evidence  demonstrates that the outer convective band pro-
gressively lost its annular appearance as the eye contracted, 
and the associated wavenumber-0 signal declined by ~20% 
in the 2-hour period leading up to the observed reintensifi-
cation at 1348 UTC (Fig. 7c).  We therefore speculate that 
a reduction in the intensity and azimuthal breadth of the 
outer banding, combined with a reduction in wave activity 
within the storm core may have allowed Larry to briefly 
reintensify by 1348 UTC.

d. Outer banding and intensity changes 
The rapid increase in inner and outer band symmetry and 

strength (from 1120 UTC) was accompanied by the radial 
expansion of a low reflectivity region (<15 dBZ) between 
the eastern eye-wall and the surrounding convective band.  
The low reflectivity region remained inwards of the inner 
convective banding as it, and the surrounding bands ex-
tended cyclonically around the storm, breaking down the 
southern eye-wall for 10-20 minutes (at 1120 UTC; Fig. 
4c and section 4b) before stalling within Larry’s western 
flanks from 1140 UTC.  Thereafter an inner spiral band and 
a weak reflectivity zone either surrounded, or penetrated 
the eye-wall for ~7 hours (Fig. 4c,d,e). 

The weak reflectivity zone remained outside of the eye-
wall in the hours leading up to, and during Larry’s estimat-
ed reintensification at 1348 UTC (section 4c), but by 1430 
UTC the southern eye-wall had again broken down, and 
Larry was only able to maintain a partial eye-wall over the 
following 4-hours.  As this prolonged breakdown evolved, 
the area of weak reflectivity expanded from ~25% to ~50% 
of the eye-wall, and at times registered no radar signal at 
all (Fig. 4e,f).  The raw radar Hovmöller plot provides an 
alternative perspective, with the breakdown clearly evident 
in both the northern and eastern eye-walls between ~1500 
and ~1800 UTC (Fig. 6).  

The eye-wall wavenumber-1 signal increased by ~130% 
as the eye-wall breakdown progressed (between 1430 and 
1700 UTC), whilst the storm core wavenumber-0 signal 
dropped to, and remained near, its lowest levels of the 
study period over the same duration (Fig. 7a).  A weaker 
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estimated (instantaneous) storm intensity was recorded 
near the end of this breakdown episode (~17% weaker than 
estimated at the previous satellite scan 3-hours prior6; Fig. 
7a).  Thus, as observed earlier in the study period (section 
4b), there is corresponding circumstantial evidence that 
outer band activity may have disrupted the integrity of the 
eye-wall, culminating in a brief reduction in the estimated 
(instantaneous) storm intensity (at 1648 UTC).

e. Another recovery  
As the prolonged breakdown evolved, a convective band 

persisted outside Larry’s southern eye-wall (Fig. 4e), result-
ing in a continuously elevated wavenumber-1 signal within 
the inner band region (Fig. 7b).  A wavenumber-2 convec-
tive anomaly was also observed propagating out from the 
eastern eye-wall at the start of the prolonged breakdown 
episode, ultimately reaching the outer band region ~2.5 
hours later (1430-1700 UTC; Fig. 5b).  Thereafter the 
wavenumber 1 and 2 signals within the inner band region 
weakened, albeit briefly (~1720-1820 UTC; Fig. 7b).

 The eye contracted rapidly in the hour after the inner 
band features weakened (from 1720 UTC; Fig. 2).  Mean-
while the eye-wall wavenumber-1 signal dropped by over 
50% over approximately the same time range (1700-1800 
UTC), and the storm core wavenumber-0 signal maintained 
a level higher than it had been during the storm’s weaken-
ing phase (Fig. 7a).  The reduction in storm core radius and 
asymmetry culminated in a recovery of the (instantaneous) 
estimated storm intensity (Vmax back to 60 ms-1 for 3 sepa-
rate scans from 1748-1848 UTC; Fig. 7a).  This recovery 
mechanism is again consistent with previously observed 
relationships between a decline in vortex Rossby wave 
activity and subsequent eye-wall contraction, resymmetri-
zation and reintensification (e.g. Wang 2002b and section 
4b), and with the eye-wall replacement cycles observed 
by Willoughby et al. (1982).  Furthermore, an accompany-
ing decline in outer band symmetry is consistent with the 
conceptual model of Wang (2009), where hurricane inten-
sity was found to vary inversely with outer wavenumber-0 
strength (section 4b).7 

The eye-wall contracted gradually after the apparent re-
covery (Fig. 2) while reinvigorated eye-wall convection ex-
tended clockwise around the eye, completely encircling it 
by 1840 UTC (not shown).  This convective evolution was 
reflected in a steady increase in core-region storm symme-
try in the hours before landfall (Fig. 7a).

f. Characteristics during the landfall
The eye-wall periodically broke down during the last 

two hours before the eye’s landfall (e.g. Fig. 6b), yielding 
increases in storm core wavenumber-1 power and lower 

6No scans were available between 1348 and 1648 UTC.
7Increases in wavenumber-1 in the outer extremities, such as those 

observed prior to ~1900 UTC, were found to be “unlikely contributors to 
storm core intensity changes (Wang 2009 and the references therein).  

instantaneous storm intensity estimates (Fig. 7a).  
During the landfall itself, an active inner spiral band 

was observed to wrap around a cyclonically propagating 
elongated eye-wall (Fig. 9b and Fig. 10b).  numerous other 
convective features associated with wave activity in other 
events were also observed, and these will be described in 
the following section.

5. Features of larry’s structure during landfall
a. Orbital speeds of reflectivity maxima

The wavenumber-2 convective signatures were seldom 
dominant within the storm core or inner band region (Fig. 
7a and Fig. 7b).  nevertheless the speed of motion of the 
wavenumber-2 reflectivity anomalies can be readily com-
pared to predictions derived from simple theoretical rela-
tionships as a rudimentary further test of the possibility of 
vortex Rossby wave activity.  Accordingly the tangential 
speeds of the eye-wall’s wavenumber-2 convective bands 
were calculated from the Hovmöller output.

Fig. 9. MTSAT-1R visible (a) and enhanced infrared (b) images (at 
~2045 UTC) with a mesoscale convective maximum evident in both 
images, and a spiral-shaped deep convective (white-grey) distribution 
in the latter. The inner end of this spiral extended clockwise around, 
and inwards before striking the coast in the 30 following minutes.  The 
infrared scale, and its relation to the grey-scales of Dvorak (1984) are 
shown on the bottom of the relevant image. 
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Fig. 10. Composite low-level radar (left) and wavenumber-2 convolution (right) during the landfall (both in dBZ) 
and the (obstructed) 10-minute mean wind speeds at the South Johnstone AWS (units: knots). no wavenumber-1 
convolution is shown, but such a maximum clearly persists in the northern eye-wall during the sequence. A high 
reflectivity filament (circled) broke off and orbited the storm, whilst the persistence of the southern inner spiral band 
over Bingil Bay (B), and the approach of the reinvigorated eye-wall into Etty Bay (E) are also shown. The inner and 
outer scale circles are at 30 and 60 km respectively, with convolution plots scaled according to peak values measured at 
that time.



OTTO and SOderhOlmMay 2012 155

A circular eye-wall was assumed for the calculations, 
with a radius as plotted on Fig. 2 (“”).  The mean speed 
for the most stable anomalies was determined by averag-
ing the speed along each extreme of the strongest maxima 
(black lines on Fig. 8).  Only anomalies lasting longer than 
3 scans (20-minutes) were chosen to prevent sampling er-
ror, and the analysis was restricted to features captured 
within the eye-wall (which extended ~5km radially out-
wards from the values presented in Fig. 2).

The results show that the mean Hovmöller derived wave-
number-2 eye-wall anomaly speeds were ~50% of the esti-
mated Vmax (“” on Fig. 1) throughout the study period.  
These observed speeds are consistent with predictions 
based upon the simple linear barotropic theory employed 
by Kuo et al. (1999), where a wavenumber-2 feature is ex-
pected to move at 50% of the Vmax.  

All of the wavenumber-2 features measured during the 
study period moved at rates consistent with the linear baro-
tropic theory except for one outlier (at ~1500 UTC; “” on 
Fig. 1).  However the outlier’s speed was contradicted by 
concurrent measurements of the rotation rate of an eye-wall 
extension (~28 dBZ) at approximately the same radius (“” 
on Fig. 1 and Fig. 2).  The speed of this convective band 
was calculated from the raw radar imagery, and found to be 
~50% of the Vmax at the time (“” on Fig. 1), consistent 
with the theoretical expectations for a wavenumber-2 fea-
ture.

Whilst the observed propagation rate for the Hovmöller 
derived band at landfall was also consistent with the theo-
retical expectations, there was substantial variability in 
the speeds of its leading and trailing edges (see vertical 
error bars on “” at ~2100 UTC on Fig. 1, and the bands 
themselves on Fig. 8a).  This high variability renders the 
Hovmöller derived wavenumber-2 speed at landfall an un-
reliable value, however a more specific calculation for an-
other reflectivity configuration during the coastal crossing 
is derived within the following subsection.

b. Ellipse orbital speed
The emergence of eye-wall elongations has been linked 

to the presence of unstable wavenumber-2 vortex Rossby 
waves, in turn leading to an associated pooling of vorticity 
into EMV pairs (e.g. Kuo et al. 1999; Reasor et al. 2000; 
Wang 2002b; Corbosiero et al. 2006).  Past studies have 
shown that axes of elongation typically propagate cycloni-
cally at rates consistent with the linear barotropic wave 
theory (i.e. 50% of Vmax; e.g. Kuo et al. 1999).  

A cyclonically-propagating elongated eye was observed 
for a 30-minute period during Larry’s landfall (2020-2050 
UTC; dashed line in the single-radar scans in Fig. 118).  
Whilst the southern limit of the elongated eye was sur-
rounded by a weak eye-wall (10-15 dBZ), the observed 

8Fig. 10 was derived from one radar, located to the north of the storm, 
and so the southern eye-wall, whilst actually weak, has not been fully 
sampled due to attenuation.

kinks are nonetheless a useful indicator of the location of 
the tangential flows across the eye-wall that are an intrinsic 
part of the eye-wall breakdown (as in Wang 2002b).  Fur-
ther evidence of tangential flows across Larry’s eye-wall at 
landfall was documented by Otto (2012) (see also section 
5e).

Initially the elongation was minimal9, however it was 
more pronounced 30-minutes later at 2050 UTC, when the 
major axis exceeded the minor axis by 30%.  The vertices 
of the major axis became indistinct after 2050 UTC.  The 
rotation speed of the eye-wall elongation was calculated 
from the single-radar scans (Fig. 11; see section 3a).  
Larry’s mean eye radius remained at 18.5 km during the 
life span of the elongation, and this value was used for the 
velocity determination (“” on Fig. 2).  Inaccuracies in 
the elongation rotation rate introduced by assuming a cir-
cular eye-wall were quantified using the rotation period of 
a Kirchhoff vortex (Kuo et al. 1999), and were calculated 
to be 2% at the time of maximum elongation (2050 UTC) 
(Table 1).  

The results (Table 1 and “” at 2045 UTC on Fig. 1) 
show Larry’s major axis moved at 49.5% of the Dvorak 
“current intensity” Vmax at landfall (59.7 ms-1), and 63.6% 
of a Vmax (46.4 ms-1) derived from applying an over-land 
gust factor of 1.4 to the highest available, reportedly ter-
rain-adjusted, damage-based wind gust estimates from the 
available damaged structures (Vmax = 65 ms-1; Henderson 
et al. 2006)10.  Thus the observed rotation speed was con-
sistent with wave related theoretical expectations.

c. Eye-wall wavenumbers during landfall 
The development of eye-wall elongations has typically 

been related to the activity of wavenumber-2 features with-
in the storm core (e.g. Kuo et al. 1999; Reasor et al. 2000), 
and polygonal eye-wall configurations have been attributed 
to the interaction between wavenumber-1 and wavenum-
ber-2 anomalies (e.g. Wang 2002b).  Thus the polygonal 
configuration of Larry’s elongated eye-wall during its land-
fall (red outlines in Fig. 11) suggests a possible interaction 
between wavenumbers 1 and 2, and an inspection of the 
eye-wall wave components provides evidence to support 
this hypothesis during the coastal impact (~20:30 to 2100 
UTC).  A wavenumber-1 maximum (Fig. 5a) within the 
storm’s northern eye-wall contributed to a corresponding 
peak in the azimuthally averaged power of that wave type, 
while the eye-wall wavenumber-2 power rivaled or exceed-
ed peaks observed earlier in the study period (Fig. 7a).  

An indeterminate component of the relatively high storm 
core wavenumber-2 signal is also attributable to the storm 

9Major axis 2% > minor axis at 2020 UTC.
10No qualifying structures were found on the coast beneath the eye-wall 

(Etty Bay) or inner spiral band (Bingil Bay). The (all southerly) damage 
based wind gust estimates at Innisfail were sampled beneath the front-right 
quadrant.  A sample from the lee of the forested hill at South Johnstone was 
rejected (Otto 2012). 
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Fig. 11.  Cairns airport 1500m fixed elevation PPI at 2020 (a), 2030 (b), 2050 (c) and 2100 (d) UTC (range rings are 
25km apart).  no scan was sampled by this radar at 2040 UTC.  The objectively determined major axis is marked with 
the white dashed line, and subjectively assigned polygonal edges are proposed (red line).  The “X” symbol denotes 
the same end of the major axis, and its propagation is followed by the surging of a strengthened eye-wall (~25 dBZ) 
immediately upstream. The elongation axis became indistinct at 2100 UTC. The townships of Mourilyan (M) and 
Innisfail (IFL) are shown, along with the (obstructed) 10-min mean wind speeds observed at the South Johnstone AWS 
(speed in knots).

Table 1. Cyclonic propagation speed of the major axis of Larry’s elliptical eye-wall during the coastal impact and their relationship to 
available mean vortex wind speed estimates (where CI = “current intensity” as defined by Dvorak 1984). 

Time (UTC) Ellipse Position (°T) Mean Rotation Speed (ms-1) % of CI-based Vmax % of damage-based Vmax
2020 44/224 31.8 53.2 68.4
2030 103/283
2040*  29.3 49.1 63.2
2050 212/32   
 Average 30.1 50.5 64.9
 Corrected Average 29.5 49.5 63.6
* no scan was recorded at 2040 UTC

reaching its closest proximity to radar facilities located 
either side of the coastal crossing point.  However the pres-
ence of an elevated eye-wall wavenumber-2 signal at land-
fall is nonetheless consistent with the propagation rate of 
the elliptical eye configuration (section 5b) (as in Kuo et al. 
1999).

d. Properties of the eye 
Storm-hurricane force southerly wind gusts were record-

ed deep within the eye by the South Johnstone AWS (~15 
km inland from the coast).  The 3-second wind lull speeds 
were strong also within the eye, and were in fact similar to 
those recorded beneath the western and eastern eye-walls 
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(Fig. 11; Fig. 12).  The strong eye winds were sampled de-
spite the instrument being ~10m downstream of four build-
ings, and 200m downstream of a forested range of ~200-
250m height (Otto 2012).  

a θe maximum was also detected at the AWS within the 
eye, with readings exceeding those of the western and east-
ern eye-wall by ~6K and ~8K respectively (Fig. 12).   Simi-
lar θe maxima have been directly sampled in the eye during 
a number of past events (Kossin and Eastin 2001; Eastin et 
al. 2005; Aberson et al. 2006; Marks et al. 2008).  In each 
of these studies vortex Rossby wave activity was either ob-
served or proposed to have been present at the time the θe 
maximum was observed.  It has been reasoned that vortex 
Rossby wave initiated mixing across the eye-wall injects 
relatively humid air into the lower pressure environment 
of the center, increasing its thermodynamic energy (Kossin 
and Eastin 2001; Montgomery et al. 2006).  However the 
observed eye-center winds do not alone indicate the pres-
ence of such dynamics during Larry’s landfall.

Vertical tilting has been known also to produce winds 
inwards of the radar-detected eye-wall (e.g. Bluestein and 
Marks 1987).  However tilting is unlikely to be the sole ex-
planation for the eye-center winds in this case, as they were 
measured a relatively large distance (5 km) from the 1500m 
altitude radar eye-wall which, if due to tilting, would im-
ply a substantial 73° angle from the vertical axis (Fig. 11). 
This is a far greater tilt (30% greater) than was produced 
in a high-resolution simulation during the post-landfall pe-
riod (<1km/1500m, or 56° from the vertical; Ramsay et al. 
2009).

It is probable that part of the eye-wall flow was also 
deflected into the eye centre by the terrain south of the 
AWS, and it is hypothesized that an indeterminate fraction 
of the flow at the AWS was also enhanced by the strong 
core-region wave activity during landfall (Fig. 7a and Otto 
2012).  The latter possibility is supported by the consisten-
cy between the observed propagation rates and wave-based 
predictions (sections 5a, 5b).  Furthermore the behavior of 
other convective features is also consistent with the pres-
ence of vortex Rossby wave activity, and by implication as-
sociated flows across the eye-wall.  For example Schubert 
et al. (1999) proposed that wave-initiated outward vorticity 
mixing by spiral bands and filaments must be accompanied 
by air flows through the eye, and a more substantial inward 
vorticity mixing by asymmetric eye contraction.  The fol-
lowing subsection will describe the evidence of such an 
evolution during the landfall.

e. Evidence of radial flows
The high resolution visible satellite imagery shows that 

an EMV may have been present just before landfall (at 
2024 UTC) along the inner reaches of an active inner spiral 
band to the south of the storm (Fig. 13a).  The southern 
eye-wall was not discernable on either the visible or infra-
red OLS scans (Fig. 13), and the corresponding radar 

Fig. 12.  The ϑe and wind and gust factor measured at South John-
stone AWS.  The eye-walls passed over the site at approximately 2040 
and 2140 UTC, and a ϑe maximum is evident in the eye between those 
times.  note that the 10-minute mean winds in the western eye-wall 
were substantially obstructed (period denoted by gray shading).  From 
Otto 2012.

evidence confirms the weak nature of the southern eye-
wall at the time (reflectivity ≤ 15 dBZ; Fig. 10a, sampled 
15 minutes later).  Thus the appearance of a possible EMV 
signature is consistent with previously documented cases of 
a breakdown of the eye-wall vorticity ring into EMVs (e.g. 
Kossin and Schubert 2001; Corbosiero et al 2006), though 
no wind speed profiles are available to more completely 
confirm this hypothesis.  

Radial mixing is a natural component of the breakdown 
of the eye-wall into EMVs (Montgomery and Kallenbach 
1997; Corbosiero et al. 2006).  It has been demonstrated 
that the EMV initiated outward mixing can produce elon-
gated mesoscale vorticity maxima as the outbound flow 
converges with the winds outside of the eye.  The localized 
upward motion produced by this convergence results in 
convective signatures which appear as high reflectivity fila-
ments or inner spiral bands (Kuo et al. 1999; Schubert et 
al. 1999; Reasor et al. 2000).  At the same time the inward 
component of the EMV mixing has been shown to lead to 
an asymmetric contraction of the eye (Schubert et al. 1999).  

Both during, and immediately prior to Larry’s landfall, 
high reflectivity filaments were observed to break free of 
the deep convective banding (at 2000 – 2010 UTC and 
2040 – 2100 UTC; see circles in Fig. 10 for the latter ex-
ample).  These features propagated outwards and cycloni-
cally while the eye elongation formed, with azimuthal 
propagation speeds similar to those attributed to wave-
number-2 outbreaks in a study of Hurricane Elena (63% 
of the Dvorak (1984) CI Vmax between 2000-2010 and 
2040-2100 UTC in Larry, compared with 68% of Vmax in 
Elena - Corbosiero et al. 2006).  The latter filament episode 
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within Larry coincided also with the observations of strong 
wind flows through the eye (Fig. 10 and Fig. 12), though 
as discussed, a component of this eye-center flow is likely 
to have been directed inwards by the terrain near the AWS 
(section 5d and Otto 2012).  A clear inner spiral band was 
also present during the landfall of Larry (Fig. 9b), and the 
broken eye-wall contracted rapidly during the latter stages 
of the coastal crossing (Fig. 2).  Thus whilst no direct wind 
samples of the possible EMV are available, several distinct 
radar signatures provide corresponding support to the satel-
lite evidence of its possible existence, to the presence of 
associated radial mixing across the open eye-wall, and to a 
breakdown of the eye-wall vorticity during Larry’s landfall.

f. Convective tower formation and subsequent eye-wall 
reinvigoration

The 2041 UTC 3DTops reflectivity imagery (Fig. 14) 
portrays the sudden development of a mesoscale reflectiv-
ity tower in the nnE sector of the eye-wall during landfall, 
and the subsequent reinvigoration of the eye-wall down-
stream.  The corresponding 2048 UTC MTSAT-1R geosta-
tionary satellite images provide an alternative view of the 
tower, with the infrared channel depicting a minimum cloud 
top temperature of 184K (~17 km altitude) and a connec-
tion to an active inner spiral band (Fig. 9).  The presence of 
the convective tower within a polygonally configured eye-
wall (Fig. 11) is consistent with the results derived from a 
high-resolution simulation of Larry (Ramsay et al. 2009).  

The eye-wall of the simulated storm was observed to have 
a polygonal appearance in the hours leading up to landfall, 
and the northern sector intermittently possessed mesoscale 
convergence, updraft and rainfall maxima.   

Previous numerical and observational studies have linked 
the development of transient mesoscale convective tow-
ers to the injection of high θe air from the eye into the eye-
wall (Persing and Montgomery 2003; Eastin et al. 2005; 
Mashiko 2005; Aberson et al. 2006) or via localized EMV 
driven convergence (Wang 2002b; Braun and Wu 2007). 
Whilst these explanations differ, both conceptual models 
link the formation of the convective tower to airflow from 
the eye into the eye-wall.  no direct observations of such 
a flow are available in Larry’s case, however multiple dis-
crete, mesoscale pools of high θe were within the eye dur-
ing landfall in the simulations conducted by Ramsay and 
Leslie (2008), and a θe maximum was observed deep within 
the eye (section 5d).  

The localized nature of the modeled θe pools is consis-
tent with the observed and simulated polygonal eye-wall 
configuration (section 5c and Ramsay and Leslie 2008), the 
evidence for radial mixing (section 5e), and the aforemen-
tioned mesoscale convergence and updraft maxima within 
the northern eye-wall of the simulated storm (Ramsay et 
al. 2009).  Furthermore the radar evidence inconclusively 
supports the possibility of an associated mesoscale outflow, 
with the eye-wall in the vicinity of the convective tower 
being ejected rapidly outwards (~18 ms-1) in the 10-minutes 

Fig. 13.  OLS visible (a) and infrared (b) scans at ~2024 UTC. A possible EMV is evident on the southern edge 
of the visible picture (circled in a) centered ~15km offshore of Bingil Bay (B). The infrared image (b) indicates this 
feature was along the inner edge of deep convection (scale in °C).  Etty Bay (E) is also shown.
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leading up to the tower’s development (not shown).
The convective tower collapsed within 20-minutes of 

forming, whilst a reinvigorated eye-wall surged cycloni-
cally from the remnants of the tower into the previously 
weak eye-wall and ultimately into Etty Bay (“E” on both 
Fig. 10 and Fig. 14).  Etty Bay experienced the most severe 
coastal damage of the event (albeit elevated), along with an 
unexpectedly high, localized storm tide peak.

6. discussion and conclusion
A wavelet convolution, Hovmöller and Fourier analy-

sis of ground-based coastal radar reflectivity samples of 
Severe Tropical Cyclone Larry was conducted using ~17 
hours of data, which included the landfall of the storm.  A 
considerable range of coherent evidence exists to indicate 
that vortex Rossby wave activity occurred within cyclone 
Larry.  Cyclonically propagating eye-wall kinks, elonga-

tions and mesoscale reflectivity maxima were all observed 
throughout the sampling period, along with intense inner 
spiral bands, mesoscale convective towers, eye-wall break-
downs and outwardly propelled reflectivity filaments (as 
also observed or simulated by Muramatsu 1986; Kuo et al. 
1999; Reasor et al. 2000; Wang 2001; Wang 2002a; Wang 
2002b; Mashiko 2005; Corbosiero et al. 2006; Braun 2007 
and many others).  

The propagation rates of numerous eye-wall features 
were also calculated and compared to simple wave-related 
theoretical expectations to further test the possibility of 
vortex Rossby wave activity within this storm.  The ob-
served propagation rates were consistent with the expecta-
tions derived from linear wave theory, as all bar one of the 
observed wavenumber-2 features moved at approximately 
50% of the estimated Vmax of the eye-wall winds (Fig. 1 
and sections 5a and 5b).  The observed propagation rate of 

Fig. 14. 3DTops radar reflectivity reconstructions from the Cairns (Saddle Mountain) radar. As this radar lay north 
of the cyclone, the southern inner spiral band signal is attenuated, however it can be seen making landfall at or near 
Bingil Bay (B) between 2040 and 2100 UTC. Closer to the centre, the reinvigorated eye-wall is evident approaching 
Etty Bay (E), apparently having extended cyclonically from the deep convective tower in the nnE sector at 2040 UTC. 
The range rings are 25 km apart.
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(50% of Vmax) is comparable also to the values reported by 
numerous authors for other events (e.g. Reasor et al. (2000) 
(50%), Wang (2002a) (~50%), Black et al. (2002) (56%), 
Braun et al. (2006) (≥56%) and Corbosiero et al. (2006) 
(53%)).  Simulations of this storm conducted outside of this 
study have demonstrated evidence of vortex Rossby wave 
activity also, along with a vorticity profile consistent with 
the conditions necessary for barotropic instability, localized 
regions of vorticity pooling, spiral banding, polygonal eye-
wall edges (squares and pentagons) and mesoscale maxima 
of high upward motion and precipitation (Ramsay et al. 
2009).  

As Larry endured episodes of vortex Rossby wave initi-
ated disruption to its structure in the lead up to landfall, 
its estimated (instantaneous) storm strength decreased/in-
creased as core-region wave activity peaked/dropped (par-
ticularly in the wavenumber-1 domain) (Fig. 7a), consistent 
with the behavior observed in other similarly affected 
storms (Schubert et al. 1999; Wang 2002b).  Additionally 
eye-wall breakdowns and reductions in estimated (instan-
taneous) storm intensity were inversely related to increases 
in the strength and azimuthal extent of wavenumber-0 outer 
convective banding.  This apparent inverse relationship 
is in agreement with the results of studies of other storms 
(Wang 2009 and the references therein), yet in contrast to 
less contemporary research linking the inward transfer of 
cyclonic PV anomalies within peripheral bands to increases 
in storm core intensity (as summarized by Kepert 2010). 

Despite the radar and satellite-derived evidence of dis-
ruptions to eye-wall integrity and fluctuations in estimated 
storm intensity, it is unclear if these variations actually 
manifested themselves as changes in the overall eye-wall 
wind strength.  A recent study of this storm documented 
corresponding, albeit circumstantial evidence that vortex 
Rossby wave initiated modifications may have lead to a 
system-scale weakening of Larry’s peak eye-wall winds 
during its landfall (Otto 2012).  nevertheless the author 
also describes how the interpretation of the observed and 
inferred wind speeds along the coast are complicated by the 
possibility of vortex Rossby wave initiated mesoscale wind 
enhancements.  In a more general sense, the convection 
within weakening storms is known to reduce faster than the 
storm’s peak eye-wall winds (Velden et al. 2006 and sec-
tion 3e), and accordingly the established and recommended 
operational practice is still to maintain the satellite derived 
“current intensity” (Vmax = 60 ms-1) within the first 6-12 
hours of an observed convective weakening.  Further-
more, Larry did not possess a classic Rankine-type vortex 
structure during the study period.  Indeed Larry’s eye-wall 
was often irregularly shaped, broken down, surrounded by 
convective banding and/or in possession of mesoscale con-
vective maxima, and thus the Rankine-based pressure-wind 
relationships used with the Dvorak technique will yield 
unreliable results (as noted by Kossin and Schubert, 2001).  
Unfortunately there is insufficient observational evidence 

to more precisely determine the actual intensity variations 
that may have been induced by the vortex Rossby wave 
activity, and this would be an interesting subject for further 
numerically based studies of this storm.

In the absence of aerial reconnaissance, Doppler winds, 
or nearby AWS data, there is arguably insufficient observa-
tional evidence to formally conclude that a mesoscale pool 
of high θe air fueled the deep convective tower observed 
during Larry’s landfall.  nevertheless there again is a range 
of corresponding evidence which shows this hypothesis 
is reasonable and worthy of further consideration, such a 
the observed presence of a θe maximum within the eye at 
the AWS (section 5d), and the high resolution simulations 
of mesoscale pools of high θe air just inside the eye-wall 
(Ramsay and Leslie 2008).  The eye-wall also made a rap-
id, local outward shift at the time of the tower’s formation, 
suggestive of an outward flow from the eye (section 5f), 
and consistent with the localized convergence, up-motion 
and reflectivity maxima noted within simulations near land-
fall (Ramsay et al 2009).  

The damage and storm tide observations at the impact 
sites of the eye-wall (Etty Bay) and the active inner spiral 
band (Bingil Bay) suggest a vortex Rossby wave initiated 
enhancement of the local incident wind strength, however 
in the absence of objective wind readings, representative 
storm surge modeling would at least be necessary to con-
firm the possibility (see also Otto 2012).  nevertheless the 
evolution from isolated convective outbreaks to convective 
banding with associated local vorticity or tangential wind 
maxima has been observed in numerous other investiga-
tions of hurricanes possessing vortex Rossby waves (e.g. 
Montgomery and Kallenbach 1997; Wang 2002b; Corbosi-
ero et al. 2006).  Similarly Willoughby et al. (1982) noted 
active convective rings often possess a local tangential 
wind maximum.  A connection between convective banding 
and vorticity maxima was also established in the modeling 
studies of Romine and Wilhelmson (2006) and yau et al. 
(2004).  A similar deep convective band was observed also 
to strengthen as it extended into the northeastern sector of 
Larry’s eye-wall in the lead up to landfall in simulations by 
Ramsay et al. (2009). 

The present authors commend the significant progress 
made in the past decade towards understanding how vortex 
Rossby wave induced modifications can adjust the structure 
and intensity of intense hurricanes.  It is hoped that future 
research can enable forecasters and modelers to incorporate 
these additional hazards into the “worst-case scenario” as-
sessments required by emergency managers, even if it is 
only practical to restrict such attempts to statistical factors 
or forecast ensembles.
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