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1. INTRODUCTION 2. DATA AND METHODS

The formation of an eye has long been viewed as  To obtain the requisite structure and intensity param-
the hallmark of a storm that has reached hurricane ineters, a new data setas been synthesized from the Vor-
tensity. In addition to the observation that storms readtex Data Messages (VDMs) transmitted by routine air-
ily form eyes as they approach the hurricane thresholdgraft reconnaissance from 1989-2008. Over 5500 VDMs
several researchers have associated the formation of drave been compiled into a comprehensivesitu data
eye with a period of rapid intensificatioMalkus(1959  set of structure and intensity observations at a relatively
brought forward the idea that a storm’s intensity is lim- high frequency (fixes taken every 1.53& when a plane
ited to moderate tropical storm strengthtil the storm  was on station, with gaps between planes typically of
forms an eye. Mundell (1990 p. 26, 31) studied 119 4 to 12h). The data set provides not only the typical
rapidly intensifying typhoons in the western North Pa- intensity parameters such as the flight level maximum
cific from 1956-1987 and found that most (87.4%) of wind speed (FLvmax) and the minimum central pres-
these rapid intensifiers commenced their rapid rate of insure (pmin), but also the dynamically-important radius
tensity change when the central pressure was in the rangg maximum winds £max) and thermodynamic quanti-
of 987 t0962 mb. Mundell states that “this range of ini- ties such as the maximum eye temperature at flight level
tial intensities is significant because it closely approxi-(Teye), the minimum dew point temperaturéy(eyd and
mates the point at which a tropical cyclone develops aassociated dew pointtemperature depression at that loca-
central eye which is apparent on radar and satellite imtion (Tpep,eyd, and the horizontal temperature difference
agery {Veatherford and Gray 1938 Yet, the presence between the eye and just outside the eyewallewa)
of an eye is not a guarantee that the storm will achievewhich serves as a measure for the integrated baroclin-
a high intensity. Malkus (1958 points out that many ity across the eyewall. To compare these data to the
storms repeatedly attempt to form eyes, but do not sucBest Track, flight level wind speeds were reduced to sur-
ceed. face equivalent values using standard reduction factors

While much qualitative association has been maddollowing Franklin et al.(2003. Eye temperature data
concerning the importance of the eye/eyewall structurevere also adjusted t@00 hPa to deconvolve the effect
to the underlying evolution of the storm’s intensity and of changing flight levels from fix to fix. Tpep,eye @and
structure, quantitative information has mostly been lack-ATeyewar did not need any adjustment since they offer a
ing thusfar. The purpose of this study is to quantitativelymeasure of the subsidence and baroclinity, respectively,
characterize the kinematic and thermodynamic changewithout regard to the specific flight level.
that occurred before, during, and after the initial eye for- ~ The keystone of this study is the use of reconnais-
mations of a broad set of Atlantic tropical cyclones. sance aircraft to establish whether an eye was present
" - ] . or not for all time periods. This aircraft-only approach
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1988 on the aircraft's forward-pointing 3-cm (X-band) 3. MAIN RESULTS
weather avoidance radar or is otherwise judged visually
by the flight meteorologist. If the eyewall feature com- ~ The full results are reported in chapters 5 and 6
pletely encircles the eye regioncsed eyés reported.  of Vigh (2010. These chapters will also be submitted
If the eyewall subtends at leas80° of the eye with no ~ shortly for publication inMonthly Weather Reviews
breaks, aropen eyds reported. If the eyewall feature Vigh et al. (20100 andVigh et al. (20109. The main
does not encircle at least half the central region, no ey&esults are summarized below.
is reported, but the flight meteorologishay put a men- Banding found to be a precursor to eye forma-
tion of partial eyewallin the remarks. As also described tion: Banding was often noted by aircraft before an
by Weatherford and Gray1989), to be considered an aircraft eye appeared and was observed in 43% of all
eyewall, the circular convective feature must also be disstorms. Of the storms which displayed banding, 79%
tinct from the adjacent spiraling bands. If the convectionwent on to form an aircraft eye. Clearly, banding is a
is not separate from these bands, the descrigpinal ~ Strong precursor to eye formation, but since it is only re-
banding(or simplybanding is often given. The time of ported some of the time, its usefulness to a forecaster
first IR satellite eye is reported when a closed warm spofnay be somewhat limited.
near or at the center first exceeds0°C or is at least Eyes are more frequently seen in satellites than
15 °C warmer than the surrounding convection. by aircraft : 59% of reconnoittorred storms reported an
Out of the 310 Atlantic tropical cyclones (includ- aircraft eye. Closed aircraft eyes (A2, 47%) were less
ing all named systems, tropical depressions, and dessommonly observed than open aircraft eyes (A1, 58%),
ignated subtropical depressions and storms) which ocas expected. 61% of all storms reported an eye in IR
curred from 1989 to 2008, 180 had sufficient data to besatellite imagery (IR3), but only 43% developed an IR
included in the VDM data set. The CIRA IR satellite im- eye which lasted longer tharh, and just 21% displayed
agery archive covers a shorter period from 1995 to 20082 strong eye (IR5). Out of the storms which were well
during which 204 storms occurred. Only 193 of theseobserved by both aircraft and satellite, eyes were more
storms had usable satellite data however, because siffequently observed by satellite (IR3, 67%) than by air-
nificant gaps in imagery occurred during key periods ofcraft (A, 58%). This result was unexpected since it has
some early storms. been generally thought that the convective ring of the
Intensity ranges were then determined for the timegdeveloping eyewall should be apparent before the eye is
when the eye/eyewall structure first appears in aircrafobserved by satellite. Itis unclear whether this statistic
radar and infrared satellite imagery. Changes about théimply due to the less frequent observations of aircraft,
time of eye formation have been examined for intensity,0r whether perhaps the indications of a forming eye are
the radius of maximum winds, the minimum Rossby ra-more apparent than previously thought.
dius of deformation, and the maximum temperature and ~ Storms which form aircraft eyes tend do so
dew point temperature depression in the eye. Finallyquickly after reaching tropical storm threshold: The
cases were stratified based on the persistence of the injemporal distribution of the observed eye formation
tial eye formation. The cases are (a) complete failurebaselines shows that most of the storms which form eyes
(an eye forms and then dissipates shortly afterwards witfwhether successful or not), tend to do so wthh of
no reformation attempt), (b) intermittant failure (an eye reaching tropical storm strengtBykt). This is some-
forms, dissipates, reforms, but never persists for longévhat quicker than the Dvorak model and seems to sug-
than24h), (c) delayed success (an eye forms initially gest that there is about d window during which a
and dissipates, then reforms and persits for at [a4kt ~ Storm which has recently undergone genesis can quickly
within 72 h of the initial formation), (d) complete suc- form an eye. If the environmental conditions are not fa-
cess (an eye forms and persists for at |€ddt without ~ vorable so that the initial attempt fails, the storm may
any observed gaps). The full methods are described iteke days and days to form an eye. But the failure of
chapter 4 otVigh (2010 and will be submitted shortly the initial eye is not necessarily detrimental — a sizable

for publication inMonthly Weather ReviemsVigh etal. ~ subset of storms form an eye which does not persist, but
(20103. upon reforming an eye within a day or so, continue on

a rapid development. This suggests that environmental
20n the AFRES aircraft, the flight meteorologist duties are conditions may play a key role in the success or failure
conducted by the Aerial Reconnaissance Weather Officer. 5 the eye. If adverse conditions improve, the storm de-
velopment can be rapid.
Many storms which form an eye begin doing so at
intensities substantially lower than hurricane inten-
sity: Eye formation often occurs at a significantly lower
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Figure T Temporal distribution of all Atlantic storms which formegies during the period of aircraft reconnaissance. Seddefdll description.
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intensity threshold than some of the mythological valuesrotates and rolls over the north side of the center. Some
that appear in the literature. For our 70-storm samplestorms will even display cold rings in the IR imagery,
both the ‘A’ eye and the IR3 eye appear at a mean BTbut it seems that these are local mesoscale features as-
intensity of 58 kt. This is considerably below some val- sociated with the deep convection that do not persist or
ues which have been reported, such as the oft-é8dd  have a strong dynamical influence on the resulting storm
from Shapiro and Willoughby1982 or the 65 to77kt  evolution.
given by the Dvorak mode{vorak 1983, Storms which form eyes successfully and main-
tain them intensify the most rapidly once a persis-
Range of FL v, for Each Stage of Eye Formation  tent eye has formed: These successful cases intensify
150 — the longest and reach the highest overall intensity. An
- interesting subset of success cases experience very rapid
- . intensifications. These are storms in which an eye forms,
120 — _ but then is stymied until a persistent eye can form later
i ! (usually about a day or so). Many of these rapid inten-
1 o sifiers seem to be late season tropical cyclones in the
90 = i 1 Caribbean which were held back by unfavorable envi-
‘ 1 ! ronmental conditions. Once the conditions improved,
o L | H | j development and intensification occurred rapidly.
| H H i Vertical wind shear is highly disruptive to eye for-
E H 1 mation: Preliminary analysis suggests that eyes gener-
oW i ally do not form if the vertical wind shear is abo2&kt.
Most eyes form when the vertical shear is between 10
and20kt. This results suggests that environmental in-
0 I I Y I Y B fluences to play an important role, so the possibility that
B A A1 A2 IR1 IR2 IR3 IR4 IR5 eye formation is a dynamical attractor of the system is
) ] ] _not precluded, although more analysis is needed.
Figure 2 Intensity ranges are obtained by interpolating BT rmads found to have an erroneous and sub-
the reduced Flvmax winds to the observational baseline - . . .
times. stantial high bias: Therma values contained in the best
track ‘bdecks’ and the extended best track data set are

An increasing intensity trend is seen with improy- ~ Not actually ‘best tracked’ radius values — that is, they
ing structural organization: Storms intensify as they have not undergone the scrutiny and vetting that the in-
progress from the baselines associated with less strudensity values undergo in the post season. Rather, the
tural organization [such as open warm spots (IRlt), BT rmax values are simply what was given by the oper-
closed warm spots (IR25kt, and the first aircraft ob- ational forecaster, who is tasked with choosing a value
servation of banding (B30 kt)], to baselines associated Of the storm’s radius of maximum winds to initialize the
with more defined eye structure: the open aircraft eyenumerical models with. Since those best of those mod-
(A1, 56kt), the first satellite eye (IR358 kt, the first els has had a relatively low resolution 46 nmi until
closed aircraft eye (A268 kt), the first persistent satel- recently, it seems likely that this may be why forecast-
lite eye (IR4,77 kt), and finally, the first strong satellite ©rs were reluctant to assign smaller values i to a
eye (IR5,101 kt). given storm. If the FLrax Values are taken as “truth”

The lower bound intensity for eye formation is and no tilt of the vortex is assumed, the Bj.x values
near minimal tropical storm strength: The least in-  are biased high by 30 to 90%.
tense tropical cyclones to sport a bona fide eye was About half of the storms studied undergo a sub-
TD5 (1994) and Henri (2003), both of which were close stantial and rapid contraction in FL rmax starting
to minimal tropical storm strength with maximum sus- during the 24-h period before the eye forms In these
tained surface wind speeds of 303t®kt. eye-forming systems, Fkmax contracts frond0 nmi or

The upper bound intensity for eye formation is ~ 9reater to between 5 arx n mi by the time an aircraft
at least 80 to 85kt The most intense tropical cyclone €Ye€ is observed. The meagax at that time isl5 nmi.
in the data set to not form an eye was Hurricane Earl ~ Minimum FL rmay is reached at or soon after the
(1998), which was being disrupted by high shear andeye forms, supporting Kuo’s idea of a limiting radius
about to undergo extratropical transition. Storms whichStorms which continue to rapidly intensify may contract
do not form eyes at high intensity often display someslowly for some time after eye formation, but in many
of the commonly-observed precursors to eye formationStormsrmax is steady after eye formation until peak in-
such as a distinct ‘curl’ of a deep convective ‘blob’ as it tensity is reached:max experiences a substantial expan-

|
|
30~ ||
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Figure 3 BT wvmax and rFL vmax interpolated to vari-  Figure 4 Intensity curves for IR satellite baselines: IR2,
ous times before and after the first report of an open o0i1R3, IR4, and IR5.

closed aircraft eye (A). Each panel shows the individual

intensity curves of storms in the designated eye forma-

tion case type and the mean composite intensity of thosgal warming before eye formation, while others ex-
cases. Individual intensities of storms for that particula perience it considerably later. Because of the varied

baseline for both the BTmax (thin light blue lines) and . . . . .
the rFL umay (thin light pink lines). The mean intensities times in relation to eye formation, the overall composite

computed from the individual storms are also shown forméanTeye shows little change. The appearance of these
both the BTumax(thick blue line) and the rFlumax(thick  spikes supports the findings dbrdan(1961); Kossin
red line). Data from periods when a storm was over landand Eastin(2001) and the idea that a storm’s peak in-

are not included for the BTmax. For the reader’s conve- (gnsity is caused by a regime change in eye structure.
nience, a vertical reference line has been added at zero The appearance of a persistent (IR4) or strong

on the time coordinate to indicate the time when aircraft ' ;

first reported an eye. Similarly, a horizontal baseline hag!R5) satellite eyedoes have a strong correlation to

been added atmax = 60kt. Data from periods when the timing of the peak eye column warming 7eyerises

a storm was over land are not included for the 8.« an average of 2 té °C for these baselines, but individual

e et 2 S Susnsan 0TS show much greaer increases o 846C. The

g) complete,success. ' y ¢ strongest warming of ey begin right at the time an IR5
eye is observed. These storms experience their peak eye
temperatures between 12 ad@h afterward. Thus, the

sion in storms in which the eye formation failed. eye clearing and well-defined cold ring of eyewall cloud

There is no absolute value ofAr min that triggers top temperature associated with the strong eye ‘scene’ is

eye formation, but many storms undergo a sharp con-  strongly associated with warming in the lower eye.

traction in Agrmin in the 24 h before the eye forms A handful of storms exhibit substantial Tpep,eyeOf

The averagé\r min at the time of eye formation is just greater than 8°C before forming an eye, suggesting

26nmi, but a few storms form eyes at considerablythat the subsidence may not necessarily just be a sim-

higher values (30 t@5nmi). Ar min coOntinues to con- ple response to the establishment of an eyewalln

tract for storms that continue intensifying after form- some cases, signs of central subsidence precede the ac-

ing eyes, but increases rapidly for storms in which eyetual eye formation by 12 t24 h. Most storms experience

formation fails. Storms that form a strong (IR5) eye their greatesipep eyebetween 1 and d after forming an

Ar,min averageg0 nmi. eye.

Many storms undergo a ‘spike’ in the 700 hPa- The largest Tpepeye are always found at the

equivalent FL eye temperature which lasts between 700hPa level in storms with moderate-sized eyes

18 and 36 h, but this period of strong eye warming  This suggests that below this level, mixing with inflow-

is not well correlated with the time at which the air- ing eyewall air or modification through contact with the

craft eye is observed A few storms have strong cen- ocean air moistens the air — or perhaps that total sub-
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_ ) ) o Figure 8 BT and FLrmnax Stratified by eye formation case
Figure 5 Vertical wind shear (SHDC) for the ‘A’ base- type for the ‘A’ baseline: a) complete failure, b) inter-
line, stratified by eye formation case type. The composmittent failure, c) delayed success, d) complete success.
ite mean of the respective cases is indicated by the thickThe individual stormrmaare shown by thin lines for the
solid line. BT (light blue) and FL (pink) values, while the compos-

ite mean is shown by thick lines for BT (blue) and FL

red).
sidence is just not as strong at this lower level due to( )

air leaving the eye below00 hPa. Such eyewall mix-
ing undoubtedly occurs, so storms with smaller eyesand Easti2001) andRozoff et al.(2009.
(and therefore smaller eye volumes) are more strongly  The temperature difference across the eyewall
affected (and moistened). Storms with very large eyesindergoes a strong increase on average only for
also do not reach largkep,eyevalues because the subsi- the storms which are completely successful in their
dence tends to be confined near the eyewall boundary bgye formations, supporting to some degree the idea
the low value ofAr min. that eye formation involves a frontogenetic col-
While extraordinary dew point depressions of lapse Emanuel 1997. However, the strongest average
greater than 20°C are in some storms, by no means ATgyewalincreases occur later when the persistent (IR4)
is this a requirement for a storm to reach a high in-  and strong (IR5) eyes are observed. Thus, as just noted
tensity — many storms reach high intensity without  above, it seems that the ‘momentum diffusion pump’ be-
such signals of subsidencelt appears that onl[gome comes most relevant for the latter stages of eye forma-
storms experience strong warming in their lower eye re-tion. In this view then, the so-called ‘centrifugal effect’
gions, and that this is by no means required to have an inis the strongest mainly after the eye has already formed
tense storm. The greatest hydrostatic impact of warmingnd contributes to storm intensification up until peak in-
occurs when the warming is at high levels, so of coursdensity. More analysis is needed however to verify or
all storms which reach high intensity possess a signifi-disprove this idea.
cant warm core aloft. But for whatever reason, strong  Observations of the storms which experienced
warming is not always observed lower down. A possiblecomplete success in their eye formations support the
cause is that the proposed ‘momentum diffusion pump’idea that the dynamic efficiency of the eyewall heat-
(basically, the centrifugal effect) may only become sub-ing increases even as the physical scale of the efficient
stantial for the more intense storms. If so, then the mix-heating region shrinks This effect is important in al-
ing event which finally spins up the eye to solid body lowing a storm to continue intensifying, even as the di-
rotation would ‘break’ this pump, resulting in the peak abatic heating becomes ‘locked out’ of the high inertial
of maximum intensity and subsequent weakening. Elestability of the core. Efficiency gains in the eyewall ap-
ments of this idea are discussed in more detaiKbgsin ~ pear to more than counteract the reduction in total dia-
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batic heating that occurs as the eyewall contracts. 5. REFERENCES
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