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ABSTRACT 

Forty-four Global Positioning System (GPS) dropwindsondes (sondes) were 

deployed in the eye ofLili (2002) over a period of 4.5 days in late September into early 

October. This period encompassed periods of rapid intensification (Rl), extreme rapid 

decay and steady state conditions while entirely over water. Forty-two of the forty-four 

sondes were deployed within 4 km of the circulation center and provide vertical profiles 

of temperature and moisture while flight level data, mostly at 700 hPa, provided radial 

profiles across the eye and eyewall. 

The vertical and radial thermodynamic profiles were used to construct a view of 

the evolution of the thermodynamic structure of the lower eye and eyewall. Equivalent 

potential temperature (9.) was found to increase throughout the lower eye as Lili matured 

into a category four hurricane and continued to increase even as Lili underwent extreme 

rapid decay. This increase in 9. in the lower eye is believed to be a result of episodic 

exchanges between the lower eye and eyewall which also impact the observed vertical 

and radial structure. Increases in 9. in the eyewall precede increases in the eye and show 

a cyclical structure change from elevated 9. values in the eyewall and depressed values in 

the eye to a flat gradient across the eye and eyewall during weakened convective periods. 

AB the radial gradients flatten out, it is believed that more low-level inflow has passed 

beneath the eyewall and leaks into the eye where it remains to collect additional oceanic 

heat fluxes and builds a reservoir of high energy air. This reservoir goes almost 

completely unutilized in Hurricane Lili and does not impart any apparent influence on its 

intensification. 
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CHAPTER 1: 

INTRODUCTION 

1.1 Background 

Warming within the eyewall and eye is hydrostatically responsible for the 

minimum sea level pressure (MSLP) of a tropical cyclone (TC). Most of the warming 

within the eye occurs at the mid to upper levels of the atmospheric column with cooler 

and moister conditions existing at lower levels. This moist, high energy air in the lower 

eye has been suggested to provide the eyewall with a convective boost if mixed into the 

eyewall (Holland 1997. Eastin 2005, Montgomery 2006, Cram et al. 2007). The structure 

of the lower eye during periods of intensification and decay has frequently been observed 

for different TCs, but rarely do observations provide a view of the thermodynamic 

structural evolution in the low level eye of a single TC. The lower eye of Hurricane Lili 

(2002) was well sampled over a 4.5 day period in late September into early October 

during which Lili evolved from a tropical storm (TS) to a category four hurricane. Lili 

underwent periods of mpid intensification (RI) with a MSLP deepening of 29 hPa over a 

24 h period and a rapid decay (RD) period which exhibited a 22 hPa MSLP increase over 

a 12 h period entirely over water. 

National Oceanic and Atmospheric Administmtion (NOAA) WP-3Ds and United 

States Air Force (USAF) C-\30 aircmft sampled LiIi's eye with flight level 

instrumentation and deployment of the Global Positioning System (GPS) dropwindsonde 

(sonde). Forty-four GPS sondes were released into LiIi's eye through this period. Forty

two sondes were located within 4 km of the circulation center. These sondes, along with 

flight level data, will be used to investigate the thermodynamic structure evolution in the 

I 



lower eye of Lili. These observations provide a high temporal resolution allowing me to 

diagnose mechanisms responsible for thermodynamic structural changes and potential 

influences on intensity. 

1.2 Previous Studies 

Early studies utilizing radiosonde and dropwindsonde observations in the eye of 

mature TCs have shown its thermodynamic structure to be characterized by a core of 

warm, dry air in the mid to upper levels of the troposphere separated by an inversion 

layer from cooler and moister air that typically contains boundary layer stratiform clouds 

sometimes referred to as a "hub cloud" (Jordan 1952, Ma1kus 1958, Stear 1965). The 

source of the warm and dry air withiu the eye can be attributed to subsidence induced 

adiabatic warming (Ma1kus 1958, Jordan 1961, Gray and Shea 1973, Willoughby 1998). 

A vertical cross section of temperature anomaly from Hurricane Inez (1966) indicated 

that the greatest temperature anomaly occurred around 250 mb with values reaching 16 K 

above mean tropical conditions (Hawkins and Imbembo 1976). The saturated or nearly 

saturated conditions observed below the inversion level can be attributed to frictional 

inflow underneath the eyewall, inward mixing across the eye-eyewall boundary and 

evaporation from the ocean surface (Willoughby 1998). The low level eye was also 

characterized by the highest equivalent potential temperature (9.) in the hurricane 

boundary layer (Hawkins and Imbembo 1976, Willoughby 1998, Schneider and Barnes 

2005). 

Considerable variability in the vertical thermodynamic structure of the eye has 

been witnessed during TC intensity changes (Jordan 1961, Franklin et a\. 1998, 
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Willoughby 1998). Intensifying TCs frequently possess warm and dry air above a 

descending inversion. When the storm has reached its maximum intensity and begins to 

weaken, the inversion lifts while moistening occurs beneath it (Willoughby 1998). 

Hurricane Grace (1958) provided a remarkable example of a large temperature and 

moisture change that occurred over six hours. At the start of this period, a warm and dry 

eye below 700 mb with a marked inversion from near the surface to about 750 mb was 

observed. Six hours later the MSLP increased from 900 to 915 mb and showed a 

transformation to conditions that were largely moist adiabatic and saturated to 700 mb 

with a complete absence of an inversion. The temperatures at 750 mb were found to cool 

as much as 13 DC during these six hours. (Jordan 1961). 

The transition from warm and dry to cool and moist conditions in the lower eye 

has also been identified in Hurricanes Diana (1984) and Olivia (1994), although their 

observed changes were explained through contrasting mechanisms (Kossin and Eastin 

2001). The observed changes in Hurricane Diana were explained through ascension of a 

well-mixed air mass below the inversion level; however, this process could not solely 

explain changes seen in Hurricane Olivia (Kossin and Eastin 2001). Kossin and Eastin 

(2001) examined aircraft flight level data and described a transition between two regimes 

in the radial thermodynamic fields between the eye and eyewall. During the first regime, 

the eye was typically warm and dry with elevated ee in the eyewall and lower values in 

the eye. The second regime typically occurred after maximum intensity had been 

established and was characterized by a e. maximum in the eye with a nearly monotonic 

decrease radially outward. Kossin and Eastin (2001) proposed episodic horizontal 
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mixing between the eye and eyewall via mesovorticies in the eye as the mechanism to 

explain the thermodynamic transition. 

Several conceptual models have been proposed to explain the thermodynamic 

state observed inside the eye ofTCs. Ma\kus (1958) hypothesized that the eye's 

thermodynamic structure could be derived from detrainment at the top of the eyewall 

followed by dry adiabatic descent to the lower troposphere. Outward mixing from the eye 

to the eyewall below the inversion level forced the descent. The absence of extreme 

warm and dry conditions in the lower eye resulting from dry adiabatic descent originating 

at the tropopause was explained through inward mixing and evaporation of eyewall 

moisture. In this model the eye's volume was replaced several times throughout the TC's 

lifetime leading to a short residence time for air within the eye. 

In contrast to this rapid replenishment of the eye's volume, Willoughby (1998) 

suggested the air in the eye above the inversion has a long residence time and had been in 

the eye since it initially formed. The air above the inversion experienced only one to two 

kilometers of total subsidence during the TC's lifetime and was said to be in 

"thermodynamic isolation" with only a shallow annulus of mixing occurring at the 

eyewall boundary. Below the inversion the air in the eye received moist enthalpy from 

the sea and mixed with the eyewall resulting in a shorter residence time than air above the 

inversion. The position of the inversion level came through a balance between the loss of 

moist air below the inversion to the updrafts in the eyewall and the influx of moisture 

from the sea surface, frictional inflow, and mixing across the eyewall boundary. 

Liu et al. (1999) implemented a high-resolution simulation of the inner-core 

structure of Hurricane Andrew (1992) that reproduced many of the thermodynamic eye 
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structures witnessed in past observational studies. Unusual observations such as the 

ascent in the mid and upper levels in the eye of Hurricane Gloria (1985) (Franklin et al. 

1988) were present in the model simulations of Hurricane Andrew. This ascent in the eye 

was believed to be transient in nature and a result of inertial-gravity waves from 

convection in the eyewall. The model was able to resolve ascent from a secondary 

circulation in the low level eye driven by downdrafts flanking the inner edge of the 

sloping eyewall boundary. The low level convergence and ascent in the center of the eye 

resulted in a 8e maximum near the center of the eye. Ascent from the circulation below 

the inversion level along with subsidence above worked to intensify the inversion while 

keeping its height relatively unchanged. High 8e in the lower eye was found to steadily 

increase as the TC intensified and decreased as the TC decayed with some of the high 8e 

air in the eye mixing into the eyewall updraft which strengthened convection. 

The eye played a passive role in early studies that sought a theoretical upper limit 

on TC intensity (Emanuel 1986). The maximum potential intensity (MPI) theory 

neglected mixing of heat, water and momentum between the eye and eyewall originally 

proposed by Malkus (1958). Representation of eye and eyewall interaction was also 

absent in model simulations addressing hurricane intensity (Rotunno and Emanuel 1987). 

The low level reservoir of high 8e air in the eye documented in the 

aforementioned observational and modeling studies has been hypothesized to be an 

additional source of buoyancy which can enhance convection in the eyewall (Braun 2002, 

Eastin 2005, Cram et al. 2007) or a source of heat not considered in MPI theory leading 

to a "superintense" state which exceeds that predicted by MPI theory (Holland 1997, 

Persing and Montgomery 2003, Montgomery et al. 2006). Persing and Montgomery 
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(2003) conducted a high spatial and temporal resolution simulation using the Rotunno 

and Emanuel axisymmetric hurricane model to monitor the intensity changes from 

incorporation of high 9. air from the eye into the eyewall. In the presence of enhanced 

low level eye entropy, the simulation revealed that the intensity of the TC had exceeded 

the theoretical MPI limit and led to a superintense state. The high 9. air entrained into the 

eyewal1 from the eye represented a source of heat to produce more work in a TC 

conceptualized as a Carnot heat engine (Emanuel1988). 

1.3 Goals 

A dataset comprised offorty-four GPS sondes and flight level data primarily at 

700 hPa will be used to examine the vertical and radial thermodynamic evolution in the 

lower eye and eyewall over 4.5 days, including periods of rapid intensification and rapid 

decay. This study will provide the first view of thermodynamic evolution in the lower eye 

of a particular TC from TS to category 4 intensities. This view of the thermodynamic 

evolution in the lower eye and eyewall will help answer the following questions: 

(1) How does 9. in the lower eye evolve in Li1i? 

(2) Can surface fluxes explain the changes in energy content observed in the lower eye? 

(3) Can thermodynamic changes in the lower eye directly affect MSLP? 

(4) Is there evidence of eye to eyewall mixing, when does it occur, and is there ensuing 

intensification? 

(5) Do transports between the eye and eyewall occur episodically? 

(6) Can mixing between the eye and eyewall explain changes in the radial gradient of 9.? 
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(7) Is the air above the inversion unchanging? WiIloughby (1998) suggests a long 

residence time for air above the inversion level. 

(8) How do characteristics in the lower eye such as inversion height, LCL height, mixed 

layer and hub cloud presence vary during intensification, steady and weakening phases? 

Observations noted in this study will be compared to past observations that 

employed older technology dropwindsondes. This work will provide a high temporal 

resolution in the lower TC eye and may serve as a benchmark for future modeling studies 

which monitor thermodynamic evolution in the lower eye and exchanges between the eye 

and eyewall which have potential impacts on intensity. 
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CHAPTER 2: 

DATA AND METHODOLOGY 

2.1 Observations 

2.1.1 Dropwindsonde Sampling 

NOAA WP-3D and USAF C-130 aircraft collected in situ flight level data and 

GPS sonde data during Hurricane Lili (2002). A collection of forty-four GPS sondes 

were provided by Sim Aberson of the NOAN Atlantic Oceanographic and 

Meteorological Labomtory (AOML)lHurricane Research Division (HRD) in Miami, FL 

(USA). Figure 1 shows the sampling distribution of the sondes (0000 UTC September 

29th 
- 1200 UTC on October 3"\ 2002) in comparison with NOAA Tropical Prediction 

Center (TPC)lNational Hurricane Center (NHC) best tmck MSLP for Hurricane Lili. 

Successive sondes were typically deployed within 2 hours (h) of each other during an 

individual flight with larger gaps of -5-7 h between flights. The sonde distribution 

throughout the TC's evolution provides a unique view of the lower portion of the eye 

from the tropical storm phase, through a period of RI and during the early stages of rapid 

decay (RD) over water. 

Forty-two of the forty-four sondes released in the eye ofLili were within 4 km of 

the estimated circulation center (Fig. 2). Lili's eye mdius was typically 10 - 20 km 

throughout the observed period. The eye mdius is defined as the distance from the 

circulation center to the inner edge of the eyewall. The diagnosed inner edge of the 

eyewa1l is discussed in section 2.3.3. 
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2.1.2 Aircraft Sampling 

NOAA and USAF aircraft data (courtesy ofNOAAlAOMLIHRD) provide in situ 

flight level data for penetrations into LiIi's eye. The 76 radial flight legs (38 passes) 

which penetrated normal to the eyewall and through the approximate circulation center 

were utilized in conjunction with GPS sonde data. During a typical mission the eye was 

sampled three to four times and all the quadrants of the TC tended to be sampled. Nine 

passes through the circulation center in the beginning ofLiIi's sampling period were not 

utilized in determining the eye radius and eyewall thermodynamic variables due to low 

confidence in determining a clear RMW (used to determine eye radius), irregular flight 

paths through the eye (i.e. loops within the eye), and data gaps as result of a lost HRD 

data archive from a USAF mission on Sept 29th
• The in situ measurements were used to 

examine thermodynamic variables and determine the eye-eyewall interface at flight levels 

of850 and 700 hPa from 0000 UTC on September 29th
, 2002 through 1200 UTC on 

October 3m, 2002. Flights were typically flown at 850 hPa during tropical storm and low 

category intensities; later flights were flown at -700 hPa as Lili achieved higher category 

intensities. 

Five of the thirty-eight passes through LiIi's eye were conducted by NOAA WP-

3D aircraft with the remaining thirty-three passes conducted by USAF C-I30s that did 

not possess research quality radar. Radar was used in aiding estimations for the eye 

radius but was largely unavailable for this study. 

9 



2.2 Global Positioning System (GPS) Dropwindsonde 

The GPS dropwindsonde was developed in a joint effort between the National 

Center for Atmospheric Research (NCAR), NOAA and the Gennan Aerospace Research 

Establishment as a replacement for the aging technology of the Omega dropwindsonde 

(ODW) developed in the early I 970s. The GPS sonde was designed to provide better 

atmospheric measurements over data sparse regions by yielding a higher vertical 

resolution of -7 m compared with 150 m in the ODW. The GPS sonde is able to provide 

wind estimates down to the surface unlike the ODW which could not resolve winds 

below 400 m (Hock and Franklin 1999). 

The GPS sonde has a mass of 400 g, a 7 em diameter, a length of 41 cm and is 

equipped with a pyramid shaped parachute that slows and stabilizes its descent The 

sonde fall velocity is a function of pressure. The sonde descends approximately at 12-14 

m S·l through the lower troposphere, transmitting measurements of temperature, relative 

humidity, pressure and position at a rate of 2 Hz. 

The GPS sonde is equipped with three state sensors. The pressure sensor is the 

Barocap, a silicon diaphragm that determines pressure measurements through changes in 

the capacitance in the instrument circuitry. A small pressure correction of -.4 hPa is 

applied to all sonde measurements to correct for dynamic pressure produced by an 

increased flow velocity past the sonde's static pressure port (Hock and Franklin 1999). 

The humidity sensor is the H-Humicap, a capacitive thin film dual-element sensor that 

measures the ambient humidity with one sensor and varies capacitance of the second 

sensor to control condensation and icing. The temperatore sensor is the Thennocap, a 

slow-responding sensor which causes a lag in temperature, but this lag is well known and 
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easi ly corrected in post processing. Typical errors for pressure, temperature, and relative 

humidity are 1.0 hPa, 0.2 °c, and <5%, respectively (Table I) (Hock and Franklin 1999). 

When in phase, the errors in temperature and relative humidity can produce a maximum 

error in 8, of3.5 K (Barnes 2007). 

2.2.1 Quality Control 

The Atmospheric Sounding Processing Environment (ASPEN) program 

developed at NCAR was used to process the raw sonde data in the form of A V APS 

(Airborne Vertical Atmosphere Profiling System) files . Lili ' s sondes were processed 

using the 2.7.1. ASPEN Version (25 September 2006). 

ASPEN is used to examine each thermodynamic variable independently for 

quality control. The temperature, pressure and humidity data are constrained by set limit 

checks of(-IOO to 50 °C, I to 1200 hPa, 0 to 100% respectively). The Therrnocap's 

temperature time lag is automatically corrected. The data also undergo a buddy check 

which compares adjacent data points to eliminate spurious data . Further processing is 

implemented via outlier checks and filtering with a preset standard deviation and 

wavelength. Smoothing is also applied to the pressure data and is checked to insure that 

it changes monotonically. Details of these quality control algorithms and their defined 

standard deviation and wavelengths can be found in the ASPEN user manual 

(http://www.eol .ucaLedulrtfffacilities/software/aspeniAspen%20Manual .pdD. 

Post-processed ASPE data are still subject to questionable values and have been 

examined further to correct for additional errors addressed by Barnes (2007) and 

Sitkowski (2007). Portions of the sounding can have layers where the air is saturated with 

a dry adiabatic lapse rate. As the sonde passes through cloud, the sensor can collect liquid 
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water resulting in falsely high relative humidities. Such conditions represent a highly 

unstable environment which would likely result in convective overturning leading to an 

elimination of this feature. Figure 3 contains an example of the aforementioned condition 

from the surface (991 hPa) to approximately 963 hPa and has been corrected by assuming 

a well mixed layer where temperature shows a dry adiabatic lapse rate. The presence of a 

dry bias in dewpoint temperature was also considered but no corrections were applied 

from a lack of obvious presence. Thermodynamic variables such as mixing ratio (w), 

potential temperature (8) and 8e were calculated following Bolton (1980). 

2.2.2 ASPEN and Edltsonde Software Comparison 

An alternative processing of the raw GPS sonde data can be done with the use of 

the Editsonde software package developed at HRD; however, processing can only be 

done in-house at HRD. Editsonde post-processed data from Hurricane Lili were kindly 

provided by HRD which allowed for an evaluation of ASPEN and Editsonde output. 

Comparisons of the forty-four sondes in the eye of Hurricane Lili reveal only 

minor variations in temperature which are typically within the uncertainty of the 

instrument. An example comparison of typical temperature profiles from ASPEN and 

Editsonde temperature output can be seen in figure 4a,c. Height assignments for the data 

are determined based on the splash point as the zero height level. An incorrectly 

determined splash point can lead to large offsets in the temperature profile (HRD 

Appendix: Results from a comparison of Editsonde and ASPEN). The agreement in the 

temperature data between ASPEN and Editsonde leads to confidence in correctly 

determined splash points and correct height assignments of the GPS sonde observations 

in Lili. The relative humidity data also showed only minor variations with only two of the 
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sondes showing Editsonde output values slightly greater than 5%. An example of nearly 

identical agreement between RH profiles in ASPEN and Editsonde output can be seen in 

figure 4b with the worst agreement shown in figure 4d. The discrepancies in the data can 

not be determined with certainty as the changes are dependent on the operator using 

Editsonde, although the difference may be related to a dry bias correction applied in 

Editsonde which is not available in ASPEN. This dry bias can have a magnitude of5-

20% and is a result of molecular contamination of the RH sensor by airborne particulates. 

This dry bias has been minimized with the inclusion of a humidity sensor cap in April 

2003 (Wang 2005). The higher humidity seen in the Editsonde processing was not 

applied to the ASPEN output I utilized due to the uncertainty of the Editsonde 

corrections, the small number of sondes affected, and the small difference in the relative 

humidity values. The maximum difference in RH of 5% seen in the two software 

packages can lead to a 9. difference of 3 to 4 K with even smaller differences for nearly 

all of the other sondes. These differences will not compromise the results of this study. 

2.3 In Situ Flight Level Data 

2.3.1 Instrumentation 

Flight level data were available at ten second resolution for the USAF C-130s and 

the NOAA WP-3Ds. A one second resolution was available for the NOAA flights, but ten 

second resolution was chosen for consistency with the C-130 data. Instrumentation 

aboard the USAF and NOAA aircraft are nearly identical. Both aircraft are equipped 

with a Rosemount-platinum resistance sensor which directly measures temperature 

through thermal relaxation of a platinum resistance wire. Attempts at minimizing wetting 
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errors were executed by housing the instrument and separating water particles from the 

air prior to measurement; however, supersaturated conditions continued to be observed in 

regions of convection (Eastin et al. 2002). Both aircraft utilize chilled mirror 

hygrometers (NOAA - General Eastern, USAF - Edgetech 137-C31
) to directly measure 

dewpoint temperature (dewpoint) through the controlled stabilization of temperature in a 

chilled mirror at the point when condensation begins. A complete list of aircraft 

instrumentation and accuracies can be found in Jorgensen (1984a) and recent upgrades 

are mentioned by Aberson et al. (2006). 

2.3.2 Quality Control 

Flight level instrumentation is subject to errors as a result of sensor wetting. 

(LeMone 1980, Zipser et al. 1981, Eastin et al. 2002). Even within the protective 

instrument housing, a moistened thermistor can erroneously result in evaporatively 

cooled temperature measurements. Dewpoint measurements can also be compromised by 

liquid collecting on the mirrors. During such a period, the hygrometer will attempt to heat 

the cooled-mirror to evaporate excess moisture resulting in dewpoints which are 

erroneously warm. A rudimentary correction for instrument wetting recommended by 

Zipser et al. (1981) was applied to supersaturated dewpoints. Figure 5 shows a corrected 

flight level pass from a NOAA WP-3D flight. During periods when the dewpoint 

temperature exceeds temperature measurements, saturated conditions are assumed and 

the measurements are adjusted half-way between the observed dewpoint and temperature. 

Evaluation of both USAF and NOAA flight level data revealed that these periods 

of supersaturation only occurred in the NOAA data. It is suspected that the USAF may 

I Errors forth. Edgetech 137-C3 hygrometer are %.5·C (dew point) and ± 1 ·C (frost point). Not1isted in 
Jorgensen (1984a). 
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have applied a correction during these periods by simply assigning the dewpoint to equal 

the observed temperature leading to spuriously cooler and drier conditions. Figure 6a 

shows an example in which the aircraft entered into a saturated region upon the flight's 

first penetration of the eyewall resulting in sudden 2 DC drop in temperature. A similar 

condition existed when the aircraft made its second eyewall penetration. The USAF C-

130 aircraft are not equipped with infrared radiometers which provide radiometric 

temperature data that do not suffer from the effects of sensor wetting (Eastin 2002). As a 

result, temperature corrections based on radiometric temperature could not be 

implemented in this study. Regions where it is suspected that the USAF corrected 

supersaturated conditions by setting dewpoint temperature equal to temperature were 

replaced with a linear extrapolation between points just before and after the suspected 

region and assuming saturated conditions (Fig. 6b). 

2.3.3 Diagnosed Eye - Eyewall Interface and Eyewall Equivalent Potential 
Temperature 

The eye-eyewall interface was estimated relative to the position of the RMW 

based on the findings by Shea and Gray (1973). They found that the distance between the 

RMW and the inner edge of the eyewall decreased as the wind speeds in the eyewaU 

increased (Fig. 7). As the winds become more intense, less variability exists in the 

distance between the RMW and inner eye radius. Lower winds speeds yield a high degree 

of variability with differences up to 30 nautical miles (55 km) for wind speeds less than 

90 knots (46 m S·l). 

Seven of the twenty-nine aircraft passes used in determining the inner eye radius 

of Hurricane Lili had radar data available from NOAA WP-3D aircraft. Four of these 
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seven passes were USAF flights which were in the storm the same time as the WP-3D 

flights which provided radar data when it would otherwise be unavailable to C-130 

passes. The radar eye radius was estimated using the 10 dBZ contour for these seven 

scans and allowed for a comparison of the eye radius approximation of Shea and Gray 

(1973). Ten of the fourteen radial legs had wind speeds in excess of 50 m S-1 and on 

average were scattered within 2.5 km of the radar estimated eye radius when applying the 

Shea and Gray (1973) best fit curve in figure 7. The remaining four radial legs had wind 

speed between 40-49 m S-1 and had greater variability with differences scattered within 

4.8 km on average with the radar eye radius estimates. Approximating the eye radius 

using regions where temperature equaled dewpoint temperature adjacent to the wind 

speed minimum found agreement on average within 1.1 km with the radar eye estimates. 

In Hurricane Lili, the eye-eyewall interface was determined through use of radar 

data when available, then using regions where temperature and dewpoint temperature 

were equal and when no such regions existed, a set distance inward from the RMW was 

applied according to those previously observed in Lili at similar wind speeds. Using a 

variable distance inward from the RMW in determining the inner eye radius seems to be 

a preferable method over using a fixed distance due to the observational work of Shea 

and Gray (1973). The average distance between the RMW and eye radius in Lili typically 

was found to be 5 to 10 km (Fig. 8)_ The distance between RMW and the eye radius 

fluctuated with a sine wave like curve with the smallest distances occurring near the time 

of the strongest wind speeds, similar to Shea and Gray (1973). 

Estimates ofe. in the eyewall were implemented by selecting the maximum value 

observed between the eye-eyewall interface and the RMW which are assumed to be 
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representative of values in the main updraft within the eyewal!. Values of 9. in the 

eyewall are assumed to be well mixed from the aircraft level to the surface and such 

conditions have been observed in past observational work. A composite cross section of 

9. in the inner core of Hurricane Inez from 1966 (Fig. 9a) show such well mixed 

conditions in the eyewall (Hawkins and Imbembo 1976). Small variations in 6. (1-2 K) 

inside the RMW below 3 Ian are also evident in the composite vertical 9. analysis from 

Hurricane Allen (Fig. 9b) from 1980 (Jorgensen 1984). 

2.4 Hurricane Lill 

2.4.1 Overview 

Hurricane Lili formed from an easterly wave and became a tropical depression 

-1700 Ian east of the Windward Islands on September 21, 2002 (pasch eta!. 2004). On 

September 23rd the system intensified to a named storm which tracked just north ofwest 

at over 10 m s·1 and crossed the Windward Islands. Tropical Storm Lili's organization 

became disrupted by vertical shear of the horizontal winds and it weakened to an open 

tropical wave on the 25-26th in the east-central Caribbean (Pasch et al. 2004). Lili 

regenerated and once again redeveloped a low-level closed circulation on the 27th
• By the 

28th
, Lili slowed its forward speed to near 3 m S·I while starting a northward track around 

the north coast of Jamaica. Lili became a hurricane on the 30th while passing over 

Cayman Brae and Little Cayman Islands with a resumed west-northwestward track. The 

TC passed over the southwest tip of the Isle of Youth on the morning of October 1st and 

western Cuba a few hours later. The complete NHC Best Track is shown in Figure 10. 

Hurricane Lili emerged from Cuba with winds of 46 m S·I and a central sea level pressure 
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of 971 hPa at 1200Z on October I, 2002. Lili accelerated to a translation speed of nearly 

8 m S·I, moved more northward and made landfall near Intracoastal City. Louisiana (29.5 

"N, 92.2 oW) at 1300Z on the 3"\ with a Best Track estimated 41 m S·I maximum wind 

speed. The hurricane's MSLP of 938 hPa was recorded at 20 13Z on September 2nd with 

maximum I-mintue surface winds of 64 m S·I. 

2.4.2 Rapid Intensification and Decay 

Hurricane Lili experienced a period ofR! and subsequent rapid decay over the 

Gulf of Mexico on October 2-3, 2002. Lili began R! at OOOOZ on October 2nd with an 

increase in winds of 18 m S·I in 24 hours. This intensification was followed by a 

weakening from a category 4 to a category I with its maximum sustained winds 

decreasing by 23 m S·I in the 13 hours before making landfall in Louisiana. When 

compared with a database of769 other hurricanes, Frederick (2003) showed that Lili's 

intensification rate ranks in the II th percentile; however, its decay rate over water ranks 

Lill in the first percentile. Hurricane Lill was unique in that it is the only hurricane to 

have decayed at a greater rate than it intensified while over water. Hurricane Lill was an 

attractive choice for this study as it offered an opportunity to observe the evolution of the 

thermodynamic structure of the lower eye through both rapid intensification and decay 

periods with frequent sampling by the GPS sonde. 
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3.1 Eye Characteristics 

3.1.1 Radius 

CHAPTER 3: 

RESULTS 

Fifty-eight radial flight legs (29 passes) through the approximate circulation 

center at 850 and 700 hPa are used to estimate the eye radius in Lili during hurricane 

intensity. The eye radius has been defined to be the distance from the aircraft estimated 

circulation center to the inner edge of the eyewall discussed in section 2.3.3. Storm 

motion was accounted for in the calculation of distance between the circulation center 

and eye-eyewall interface by adjusting the center fix position to the same time that the 

aircraft was at the eye-eyewall interface. USAF center fix errors ofup to 3.5 km produce 

eye radius estimation errors of up to I km. Center fix errors coupled with differences in 

radar estimates of 1-1.5 km results in likely errors for radius estimations of 2-2.5 km. The 

average eye radius, composed of two radial legs from one pass through the eye, is shown 

during Lili' s lifetime in figure 11. The mean eye radius for Hurricane Lili for flights at 

700 hPa was 12 km with a standard deviation of 1.5 km. The eye radius fluctuated 6 km 

from its largest value of 14 km on Oct. 1 st at 0019 UTC to its smallest value of 8 km near 

the time when Lili reached its lowest MSLP on Oct. 2nd at 2139 UTC. The average 

radius decreased -5 km from its largest to smallest value during Lili's RI period which 

was followed by an increase in radius of -5 km during RD. 
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3.1.2 Inversion 

A partial evolution of the inversion base height and thickness in the eye ofLili 

can be seen in Figure 12a. Two instances when the inversion base was observable with 

GPS sondes occurred when Lili was a tropical storm and during RlIRD at hurricane 

intensity. The lowest inversion base height of 700 m occurred while Lili was a tropical 

storm on Sept. 29th at 2234 UTC which can also be seen from the skew-T diagram from 

figure 17b. During Lili's RIIRD phase, the inversion base dropped from 2.3 to 1.2 km on 

Oct. 2_3M (2014-0518 UTC) followed by an ascent to nearly 2.6 km on Oct. 3M (1200 

UTe). 

While undergoing RI, Lili deepened 1.8 hPa hr-I over a period of 8 h (Oct. 2nd, 

1200 - 2000 UTC) in which the inversion showed almost no vertical displacement. The 

inversion base at 1310 UTC and 2014 UTC was just below 2.4 km with an absence of an 

observable inversion from the 1837 UTe sonde. This is because the 1837 UTe profile 

only extended to 2 km and did not reach the previously observed inversion level. 

However, the presence of an inversion at this time is suggested from the temperature 

increase with height of 0.5 ·C from the last sonde datum at - 2 km to the 700 hPa flight 

level data. Following this steady behavior in the inversion base height is a period where 

the inversion descended -750 m in -4 h during weak deepening of 0.2 hPa hr·1 (Oct 2-3, 

2000 - 0000 UTC). In the subsequent 6 h, the inversion unexpectedly continued to 

descend an additiona1400 m while Lili's MSLP increased 17 hPa (2.8 hPa hr-I
). After 

0600 UTC the inversion then began to ascend as Lili' s MSLP continued to increase. 

When the inversion is observable from the sonde data in Lili, its descent appears 

to lag stronger periods of intensification. A similar case exists during Lili's TS phase in 
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which the inversion base descended 600 m in -5.5 h (Sept. 29th
, 1709 - 2234 UTC) 

during a weak deepening of 0.1 hPa hr' I , but was preceded by a 0.8 hPa hr-I deepening 

over a 6 h period (Sept 29th
, 0600 - 1200 UTC). This lag is also evident in the flight 

level data as the dewpoint depression increased 3.7"C (Fig. 12b) from the time the 

inversion descended 500 m in -1.5 h on Oct 2nd (2014 - 2139 UTC). Dewpoint 

depressions of 12-13 "C were maintained while Lili weakened 2.6 hPa h- I on Oct. 3rd 

(0000 to 0652 UTC). 

Willoughby's (1998) conceptual model for the TC eye calls for an inversion that 

lowers during intense convection as a result of a net mass flux from the eye into the 

eyewall. As air above the inversion descends it contributes to greater adiabatic warming 

and drying in the eye. Even with the observed lag between MSLP and inversion height, 

volume calculations from the time that the inversion level descended 1.1 km on Oct. 2_3rd 

(2014-0518 UTC) show descent of the inversion during periods of both decreasing and 

increasing volume in the low-level eye. Volume calculations were implemented by 

approximating the low level eye as a cylinder and using the eye radius defined in section 

3.1.1 for the area and the base of the inversion as the height of the cylinder. During the 

-550 m inversion base descent from Oct 2nd (2014 - 2139 UTC), the volume in the eye 

below the descending inversion decreased 1.8 x 102 km3 along with a 9. decrease of 3 K 

in the lowest 1 km and a -3 K increase in the eyewall. This decrease in volume in the 

low-level eye would require a net mass flux from the eye to the eyewall and suggests 

strengthened convection in the eyewall. As the inversion continued to descend an 

additional 600 m in the following 7.7 h as Lili's MSLP increased, the volume below the 

descending inversion increased 2.5 x 102 km3
• Even with a descending inversion, the 
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increasing diameter dominates and the resulting increase in lower eye volume requires a 

net flux from the eyewall into the eye. This suggests weakened convection and would be 

expected during a filling stage of the storm. 

A complete inversion layer was observable in Lill during a 14 h period on Oct. 2 -

3td (2139 - 1136 UTC). Approximately an hour after Lili reached its lowest MSLP of938 

hPa on Oct. 2nd at 2014 UTC, the inversion thickness was 265 m with a temperature 

difference of 1.5 ·C across the layer. LiIi's central pressure increased to 955 hPa on Oct. 

3td at 0519 UTC at which point the inversion layer was at its greatest thickness of 450 m 

with a temperature difference just over 4 ·C across the layer and a 700 hPa dewpoint 

depression near 12 ·C. As LiIi's central pressure continued to fill the following -6 h, the 

inversion layer thickness decreased to 169 m with a 1.8 ·C temperature difference across 

the layer and a decreased 700 hPa dewpoint depression of -8 ·C. The conceptual model 

ofLiu et al. (1999) calls for an intensifYing inversion layer as a result ofgreater 

subsidence aloft and ascent below. The greatest temperature difference of 4 ·C across the 

inversion on Oct. 3td at 0519 UTC in Lili seems to reflect a period when subsidence was 

present from the continued lowering of the inversion level. Subsidence aloft and 

moistening and cooling of the eye typically observed subsequent to periods of 

intensification would allow for this enhanced temperature gradient observed across the 

inversion. 

3.1.3 Mixed Layer 

The mixed layer depth evolution in the eye ofLiIi was approximated from vertical 

profiles of potential temperature (9) in which layers of nearly constant 9 were considered 

as a mixed layer (Fig. 12d). Mixed layers were found to exist in 45% of the sonde 
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profiles in Lili's eye. When present, the mixed layer remained below 350 m throughout 

the sampled life cycle of Lili with a mean mixed layer depth of 160 m and a standard 

deviation of 75 m which is in agreement with the shallow mixed layers observed by 

Schneider and Barnes (2005). 

The mixed layer depths in the eye of Lili varied throughout its life cycle. In the 

early stages ofLili's existence on Sept. 29th at 00 UTe through Sept. 30th at 2230 UTe, 

mixed layers occurred more frequently with 13 of the total 20 mixed layers occurring 

during this period. The mixed layers also occurred over a deeper layer with an average 

layer depth of 180 m. This was followed by a -13 h period with no evidence of any 

mixed layers on Oct. 1st (00 to 13 UTe). The remaining mixed layers occurred in a period 

from Oct. 1 st at 15 UTC to Oct. 2nd at 22 UTC in which the mixed layers exhibited 

shallower average depths of 110m. This encompasses the RI period. Mixed layers were 

again absent as Lili entered its RD phase through the end of the sampling period just 

before landfall. 

The low level eye can be an active region with the presence of mesoscale features 

such as mesovorticies in the eye (Kossin and Eastin 2001, Kossin et a12002) and a short 

residence time for air in the lower eye (Willoughby 1998, Liu et al. 1999) which can lead 

to rapid changes in the mixed layer depth. Mesoscale features which have created large 

variations in the depth of the mixed layer have been witnessed even in fair-weather 

tropical marine boundary layers (Barnes et al. 1980). In Lili, notable periods in which no 

mixed layers were present occurred when exchanges between the eye and eyewall are 

suspected to have taken place. On Oct. 1st (03 to 13 UTe), 9. in the eye was found to 

decrease -8 K in a 2.5 \an layer average which was coincident with a -5 K ge increase in 
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the eyewaIl, 3 Ian decrease in eye diameter and a 3 ·C increase in dewpoint depression at 

700 hPa. Dewpoint depressions can also be seen to increase below 2.5 Ian (Fig. 20). This 

increase in dewpoint depression may signal a time when subsidence in the eye had been 

enhanced by strengthened convection in the eyewall which may have drawn in air from 

the eye into the eyewall resulting in an absence of mixed layers during this period. While 

Lili entered its RI phase, the dewpoint depression steadily rose over 8 DC and was 

accompanied by a decrease in the existence of mixed layers. LiIi's MSLP then remained 

approximately steady state over the next 6 h during a 6DC decrease in dewpoint 

depression. Through the remainder of the RI period. the dewpoint depression increased 

to near 13 ·C with only shallow mixed layers evident. This 700 hPa dewpoint depression 

increase with a subsequent decrease and recovery during RI is also reflected in the sonde 

data from 2.5 Ian to 500 m. The absence of mixed layers during these periods could again 

indicate that intense convection has drawn in air from the eye and resulted in a pulse of 

subsidence above as indicated by the sharp increases in dewpoint depression in the flight 

level and GPS sonde data. During RD on Oct. 3n1 (00 to 12 UTC), the volume in the low 

level eye below the inversion level was found to increase 6.4 x 10'- 1an3 implying a net 

flux from the eyewall to the eye. Underneath the eyewaII the temperature structure is 

likely moist adiabatic, advection of this air inward would result in the absence of mixed 

layers. These exchanges between the eye and eyewail may be responsible for the absence 

of mixed layers during these periods. 

3.1.4 LCL and Hub Ooud 

The lifting condensation level (LCL) evolution in the eye has been estimated 

using average temperature and moisture conditions in the lowest 50 m (Fig. 12c). The 
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LCL typically remains below 400 m with an average height just below 180 m, similar to 

observations by Schneider and Barnes (2005). Higher LCL values are seen during 

tropical storm intensity with lower values seen as Lili matured and entered its decay 

phase. 

The observed base of the "hub" cloud, inferred from RH profiles, is shown to 

exist 41 % of the time and has a mean height of 150 m and a standard deviation of 130 m. 

The higher hub cloud bases were found to exist during TS intensity with some of the 

lowest «30 m) occurring during RD. The presence of the hub cloud is most frequent in a 

period during RD from 0600 - 1200 UTC with five out of the six GPS sondes showing 

the presence of a cloud layer. The general decrease in the LCL and observed cloud base 

heights match the disappearing mixed layer as Lili aged. 

The calculated LCL values fall generally within 100 m beneath the estimated 

cloud base with three cases differing by as much as 245 m. The 245 m difference seen on 

Oct 1 at 1330 UTC between the observed cloud base and the LCL reveals a case where 

no mixed layer is present with an LCL located at 180 m but with an observed base at 500 

m. A much deeper layer (200 and 400 m) was then used to recalculate the LCL to see if 

entrainment from an ascending parcel in this unmixed environment would result in an 

LCL closer to the observed cloud base. The 200 and 400 m layers used in re-computing 

the LCL found values to increase to 255 and 340 m, but still 160 m below the observed 

base. The 500 m cloud base observed may have advected into the sampled area which 

reflects different initial near surface conditions elsewhere in the eye that are less saturated 

leading to the higher observed cloud base. 
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3.2 Evolution of Thermodynamic Promes 

3.2.11ntenslftcation 

Skew-Tllog P diagrams from October 2nd (1125 UTC - 2139 UTC) during a 

period of RI with a central pressure drop of954 bPa to 938 bPa in -10 hours (1.6 bPa 

hr-!) can be seen in figures 13a-c. At 1125 UTC a saturated moist adiabatic lapse rate 

from 840 bPa to near the surface was present at the end of a six hour steady state period 

in MSLP (Fig. 13a). The subsequent profile 1.5 h later (Fig. 13b) illustrates drying of the 

saturated layer below 840 bPa and warming near the top of the sounding. Warming of 

1.5 DC at 2.6 km followed by a layer of cooling and moistening ofup to 1.3 DC and 1.3 g 

kg-! respectively from 2.4 - 1.5 km can be easily seen when subtracting the profiles of 

temperatures and mixing ratio from these two sondes (Fig. 14a). Warmer and drier 

conditions were also reflected in the 700 bPa flight level data with a 1.4 DC increase in the 

maximum temperature and 2.4 DC increase in dewpoint depression in the eye between 

passes starting at 1114 UTC and 1259 UTC (Fig 15a,b). Below 1 km, only slight 

warming of -.5 DC and moistening of 1 g kg'! occurred. The low-level eye of Hurricane 

Lili continued to warm and dry substantially (Fig. 13c) near the time Lili reached its 

MSLP of938 bPa. Warming and drying extended through nearly the entire layer below 2 

km with increases of 5 DC and decreases of 2.5 g kg-! present at 2 km when subtracting 

the profiles from 1125 UTC and 2139 UTC (Fig. 14b). 

Subsidence induced adiabatic warming has frequently been observed in the eyes 

of intensifying TCs (Mallrus 1958, Jordan 1961, Willoughby 1998) and the initial 

warming seen above 2.4 km at 1310 UTC and the continued warming throughout much 

of the profile from 2139 UTC appears to be a result of subsidence that nearly penetrated 
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to the ocean surface. Attributing the average layer warming in the eye to dry adiabatic 

descent and assuming no mixing with the surrounding environment from 1125 UTe to 

2139 UTe would require a layer average subsidence less than 1 em S'l. 

The contribution of the low-level eye to the 16 bPa pressure drop seen during this 

10 hour period can be estimated through the hydrostatically induced pressure perturbation 

formulation below (LeMone 1983, Stossmeister and Barnes 1992). 

The net warming observed below 2 km in the eye of Hurricane Lili from 1125 UTe to 

2139 UTe resulted in a contribution of 0.8 bPa to the overall 16 bPa drop in MSLP. The 

remaining 95% of the pressure fall may be attributed to warming above 2 km. The overall 

dominance of the layer above 2 km in lowering Lili's MSLP is to be expected as past 

observations have shown the bulk of the warming in the eye typically occurs in the mid to 

upper levels of the atmosphere (Hawkins and Rubsam 1968, Hawkins and Imbembo 

1976). 

In contrast to the warming and drying seen in the eye during intensification from 

1125 UTe to 2139 UTe, is a period where the low-level eye cooled and moistened 

during intensification. Two sondes were dropped in the eye of Hurricane Lili on Oct 1 st 

(0019 and 0333 UTC) during a deepening of 968 - 963 bPa in 3.3 hr (-1.5 bPa hr'l). The 

skew-T diagrams from this period (Fig. 16a,b) reveal a saturated layer from 870-970 bPa 

at 0019 UTe, growing to 800 - 965 bPa in the profile at 0333 UTe. An overall 

moistening of the low-level eye environment is apparent from 2.7 km to 200 m with 
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cooling in a layer from 2.9 - 1.2 km (Fig. 100). Flight level measurements from 700 bPa 

also indicate a cooling of 2 'C during this period. 

The hydrostatic pressure perturbation induced by cooling in the 2.7 km layer 

shows practically no effect (0.3 bPa) on the lowering MSLP. In any case, whether the 

low-level eye in Hurricane Lili was aiding or inhibiting falling central pressure it is 

apparent that its contribution is minor and warming at higher altitudes in the eye is 

responsible for the bulk of the hydrostatic pressure faI\. 

3.2.2 Steady State 

On September 29th at 12 UTC, tropical storm Lili had just completed a deepening 

of7 bPa over the previous 12 h. A GPS sonde was deployed near the end of this period at 

1147 UTC and showed the typical warm and dry structure observed in sondes deployed 

during intensification (Fig. 17a). Lili then remained approximately steady state over the 

next 12 h. The eye became saturated below 910 bPa and developed a well defined 

inversion 11 h later (Fig. 17b). This inversion was one of the lowest (700 m) and thickest 

(355 m) observed during both tropical storm and hurricane intensities in Lili. The 

development of this well defined inversion can be seen through the differences in 

temperature and mixing ratio between the profiles on 1147 and 2234 UTC (Fig. 17c). 

Warming throughout much of the 1.3 km layer is evident with the greatest warming of 

near 2 'C occurring above 900 m. Below 900 m, the eye notably moistened to values 

near 4.5 g kg-I. This transition to moist adiabatic conditions subsequent to intensification 

is in agreement with the observations of Jordan (1961). 

A similar case in which the low level eye transitioned to moist adiabatic 

conditions subsequent to intensification occurred during a steady period in the middle of 
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Rl on Oct. 2nd at 0600 - 1200 UTC. A warm and dry profile in the low-level eye at the 

end ofa 12 h intensification period of 1.4 hPa hr-! on Oct 1-2 (1800 - 0600 UTC) can be 

seen to undergo this transition in Fig. 18(a-c). The low level eye below 1.6 km moistened 

up to 3 g kg-! and cooled over 4 °c above I km. In both these steady state scenarios, the 

low level eye again had a small influence on the MSLP with the first steady state period 

experiencing 0.2 hPa ofMSLP increase and the second with 1.2 hPa. IfLili were truly 

steady state during this period, then the upper regions of the eye would need to balance 

this slight filling tendency at low levels. 

3.2.3 Decay 

Hurricane Lili underwent rapid weakening over the Gulf of Mexico 13 h prior to 

landfall (Frederick 2003). The sounding from October 2nd at 2139 UTC (Fig. 19a) 

revealed unsaturated conditions throughout the low-level eye, a typical structure during 

intensification, -I h after reaching its lowest central pressnre of938 hPa. As Lili's MSLP 

filled to 956 hPa over the following 8 h, a double inversion structure developed below 

800 hPa (Fig- 19b). A triple inversion structure had developed by 0652 UTC (Fig. 19c) 

with a lower inversion base of910 rising to 850 hPa. The low level eye then transitioned 

nearly to saturated, moist adiabatic conditions one hour before making landfall in 

Louisiana (Fig. 19d). 

Temperature and moisture changes seen during the 22 hPa MSLP filling between 

the profiles from Oct. 3n1 at 1203 UTC and Oct. 2nd at 2139 UTC indicate moistening 

throughout much of the layer from the surface to -2.1 km in Lili's eye (Fig. 1ge). Below 

1.2 km the eye warmed less than 2 °C and cooled in a layer above up to 5 °c and 

moistened nearly 6 g kg-! at 2.1 km. The hydrostatic pressure perturbation induced by the 
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2.1 km moistened layer resulted in less than .2 hPa of pressure rise. To account for the 

remainder of the 99.2% hydrostatic pressure increase would require the decay of the 

"warm core" of temperatures at higher altitudes in the eye. At low levels, only the tail end 

of the warm core cooling is evident from the 5 ·C cooling present at 2 km. 

The transition from a warm and dry environment to nearly saturated moist 

adiabatic conditions during TC weakening has been observed in several intense typhoons 

during the filling stages by Jordan (1961). Willoughby's (1998) conceptual model of the 

low level eye calls for a transition to a saturated, moist adiabatic profile during TC decay 

through weakening eyewall convection resulting in increased frictional inflow and 

mixing into the eye leading to a higher inversion level. The cooled and moistened layer 

beneath an ascending inversion level seen in the eye of Hurricane Lili during filling had 

little effect, from a hydrostatic pressure perturbation calculation, on the 22 hPa central 

sea-level pressure rise from Aug. 2nd at 2013 UTC to Aug. 3rd at 1200 UTC. Similar to 

the intensification case, Lili's low-level eye appears to playa minor role in raising the 

storm's MSLP. 

3.3 Evolution at Selected Levels 

3.3.1 Temperature and DewpoinJ Temperature 

The evolution of temperature and dewpoint temperature at severa11evels below 

2.5 km in Lili's eye can be seen in figure 20. At the start of the GPS observations at 

tropical storm intensity on Sept. 29th at 0000 UTC, temperature and dewpoint below 1 km 

show an expected warming and moistening trend as Lili intensified to a hurricane on 

Sept. 30th at 1200 UTC. At 500 m, temperature can be seen to increase up to -2 ·C with 
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dewpoint increasing _3°C during this period which exhibited predominately unsaturated 

conditions. Temperature variations are greatest at 1000 m as a result of the inversion 

level occasionally passing through this height Warm air typically observed above the 

inversion level can result in a sudden increase (decrease) in temperatures as the inversion 

base descends (ascends) past this level. A 3 °C temperature decrease from September 30th 

(0000 - 0117 UTC) at 1000 m can be attributed to the inversion base lifting from.7 to 1.1 

km. Temperature and dewpoint data above I.S km early in Lili' s lifetime are largely 

unavailable due to flight levels occurring at 8S0 hPa during weaker intensity. 

After reaching hurricane intensity, Lili's 10 m temperature showed an overall 

cooler environment and surprisingly steady conditions with -1 OC variability from 27°C. 

The dewpoint temperature also showed only _2°C of variability from 26°C with an 

increased average RH of -S%. One exception to this steady behavior occurred on Oct. 1" 

from 00-12 UTC when temperature and dewpoint dropped 2.2 °C and 3.3 DC, followed by 

an increase of2 °C and 1.2 °C five hours later. This change can not be explained through 

a displacement of the inversion level as one was not observed below 2.S km during this 

period. The drop and subsequent rise in dewpoint occurred in a layer that extended at 

least to 1 km while the changes in temperatures reached at least SOO m. This abrupt 

change in the low-level eye thermodynamics is discussed in greater detail in section 

3.3.2. 

Warming temperatures in the eye through RI can be seen in levels between 1.5 

and 2.S km. Increased warming of 4°C, 6 ·C and 7 °C can be seen with height at I.S, 2 

and 2.S km reflecting warming of the warm core of temperatures at mid to upper levels of 

the eye. Drier conditions existed above 1.5 km as dewpoint depressions approached 10 
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·C at 2 and 2.5 km during RI. As Lili went through RD, the dewpoint depressions were 

remarkably steady and even slightly increased by -1 ·C before diminishing before 

landfall. The sharp changes in dewpoint depression are most apparent at 1500 m on Oct. 

3rd at 0530 UTC as the dew point depression decreased 5.5 ·C in -3 h as the inversion 

base ascended from 1.2 km to 1.6 km (Fig. 12a). The warm and dry conditions seen 

above 1.5 km during RD also agree with the large dewpoint depressions observed from 

the flight level data at 700 hPa (Fig. 12b). 

3.3.2 Equivalent Potentild Temperamre 

The evolution of Be in the eye of Lili indicates an approximate linear increase of 

16,22 and 24 K at 10, 500 and 1000 m respectively from TS intensity through RD with 

coefficients of determination (R2) for a linear regression between 0.66 and 0.78 (Fig. 21). 

Correlation coefficients (R) for these three heights are found to be significant at the 95% 

level. Three levels from 10 to 1000 m show similar plots in regards to Be trends during 

Lili's life cycle with levels between 1.5 and 2.5 km also reflecting a similar increasing 

trend of Be during hurricane intensity through periods ofRI and RD. 

On Oct. 1st from 0333 to 1140 UTC, a drop in Be of up to 11 K in a 5 h period was 

followed by a recovery of6.5 Kat 10 m three hours later. Profiles ofge from the start and 

end of this period at 0333 UTC and 1140 UTC can be seen in figure 22a,b. When 

subtracting the Be profile at 1140 UTC from 0333 UTC it can be seen that a layer average 

decrease of -8 K occurred below 2.5 km (Fig. 22c). Radiative cooling of 1 - 2 ·C per day 

alone would not be sufficient to explain this 11 K drop in Be. If the volume in the eye 

were to decrease over this period, displacement of mass from the low level eye to the 

eyewall would be required and would result in the transport of high Be air from the eye. 
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The eye diameter contIacted -3 km during this period, which would result in a necessary 

displacement of -3 x lcr km3 ofair from the eye to the eyewall. 

Changes in temperature and dewpoint from Fig. 20 do not exhibit the approximate 

linear increase seen in ee through Lili' s observed existence. The changes seen in ee would 

then require a pressure response to produce the observed linear increase. A well known 

relationship in the eyewall between changes in e. and changes in MSLP; 5P :::: -3.3 5ee 

(Emanuel 1986) was applied to the eye to determine if changes in ee in the lower eye had 

any influence on MSLP during TS, RI, and RD periods. This assumes that changes ofe. 

in the lower eye are occurring throughout tropospheric column in the eye. 

During TS intensity, MSLP was observed to drop 15 hPa over a 36 h period 

versus a decrease of 16.5 hPa predicted by the observed e. increase of - 5 K at 500 m. A 

27 hPa decrease in MSLP occurred during a 24 h RI period starting on Oct 2nd at 0000 

UTe versus a predicted 23 hPa decrease from an observed -7 K gain. During these 

deepening stages there is a reasonable correlation to changes in MSLP to changes in e. in 

the low level eye. However, there is no correlation whatsoever during filling as a 22 hPa 

MSLP increase was observed during a 12 h period versus a predicted deepening of 16.5 

hPa from the observed -5 K increase during RD. 

Two 6-7 h periods on Sept. 29th_30th (1700 UTe-OOOO UTC) and Oct 2nd (0600 

UTe - 1200 UTC) showed an average layer increase of 5-6 K below 2.5 km which 

would predict a MSLP drop between 15-20 hPa using the eyewall relationship of 5P ::::-

3.3 5e •. Both of these periods show a change in MSLP of about 1 hPa. Another 7 h period 

which demonstrated a substantial e. change with a small surface pressure change 

occurred on Oct 1 st from 0400 UTe to 1100 UTe. This period showed a 2.5 km layer 
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average decrease of 8 K with a steady MSLP. These periods suggest that changes in ae in 

the lower eye can not serve as a useful predictor of MSLP and is not driving intensity 

changes. 

The MSLP increased 22 hPa during Hurricane Lill's RD period on Oct. 3rd from 

0000 UTC to 1200 UTC. From Fig. 21 in can be seen that ae in the lower eye continued 

to increase at all levels below 2.S km. A progression of four ae profiles from Oct. 2nd at 

2139 UTC to Oct. 3rd at 1203 UTC (Fig. 23a) shows this steady increase below 2.S km 

during RD. The difference between the profiles near the time Lill reached its lowest 

MSLP and the last dropwindsonde in the eye before making landfall shows an average 

layer increase of over 7 K with increases as high as 10K near 1 km (Fig. 23b). This gain 

in ae over a meter squared column 2 km in height represents an energy increase of 1.6 x 

107 Joules (J) (aE = CppAeez); where Cp is the specific heat capacity at constant pressure, 

P is the average air density in the column, boae is the average change in equivalent 

potential temperature in the layer and z is the height of the layer. Surface sensible and 

latent heat fluxes were then calculated to determine if the energy increase in the 2 km 

layer could be explained in terms of energy exchanges with the ocean surface. 

The sensible and latent heat fluxes were calculated using the bulk aerodynamic 

equations defined as: 

H8ensI,,1e = CpCTP (TSea - TAil.) UlO. 
HLatent = LTCEP (q Sea -q Air) UIO• 

where LTis the latent heat of vaporization (2.S x 106 J kg-I), CEis the latent heat flux 

transfer coefficient (l.lS x 10-3) and CT is the sensible heat flux transfer coefficient (1.2 x 

10-3) (Fairall et al. 2003). Observations at 10m from the GPS sonde provides variables 
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for calculation where: Cp is the specific heat at constant pressure (typically 1020 J kg"l 

K01), p is the air density (typically lJ kg mol), UIO is the wind speed (typically 5 m sol), 

Talr is the air temperature at 10 m and qalr is the specific humidity of the air. T ... was 

obtained from data records of buoy 42001 (Fig. 10) from the National Data Buoy Center 

(NDBC) and is used to calculate qsca assuming saturated conditions. 

Combined heat and moisture flux calculations reveal a total flux of -89 W m02 for 

an average SST of28 ·C and wind speed of - 6 m sol for the -14 hr period. This means 

that the 1.6 x 107 J energy increase in the 2 km layer requires almost 50 h to receive 

enough surface fluxes with the ocean to explain this increase (Table 2). Clearly, the eye 

would need to acquire additional energy from an outside source. 

3.4 Eye - Eyewall Comparison 

3.4.1 Eye to Eyewall Exchange 

Eyewall a. values have been estimated using the methods discussed in section 

2.3.3. A comparison ofa. at 10 m in the eye and the eyewall can be seen in Fig. 24. 

Eyewall a. data show an overall increasing trend as Lili intensified with an -8 K increase 

during the period. This increase predicted a MSLP decrease of -26 hPa (liP", -3.3liae) 

which agrees with Lili's observed MSLP decrease of27 hPa. As Lili weakened, a 

decrease of2-3 K is seen in the eyewall from the time of the lowest MSLP to RD. This 

decrease predicts a MSLP increase of -I 0 hPa and underestimates the actual observed 

increase of 22 hPa. A sharp decrease of a. in the eye on Oct. 1 at from 0333 UTC to 1140 

UTC discussed in section 3.3.2 shows a coincident 4 0 5 K increase in eyewall a.. On 

average, 9. at 10m in the eye exceeds that of the eyewall by -7 K. 
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Mixing between the low level eye and eyewall is believed to result in a short 

residence time for air in the eye and provides a local source of buoyancy for convective 

updrafts in the eyewall (Willoughby 1998, Braun 2002, Eastin and Gray 2005, Cram et 

al. 2007). Such a scenario may provide one explanation for the sudden drop in 9. in the 

eye of Lili over this 12 h. At 12 UTC the eyewall 9. exceeded the eye value by -6 K 

which is counter to the low level maximum typically observed in the eye (Hawkins and 

Imbembo 1976, Jorgensen 1984b, Schneider and Barnes 2005). It is suspected that the 

sudden drop of 9. in the eye and increase in the eyewall coupled with a decreasing eye 

diameter would require transport of high 9. air in the eye into the eyewall. 

During RI, a 12 h period starting on Oct. 2nd at 1200 UTC showed a decrease in 

eye diameter of -7 km (Fig. 11) and a -3 K 9. increase in the eyewall. A progression of 

9. profiles in the eye from 1125 UTC to 2139 UTC shows a decrease in 9.below 1.3 km 

(Fig. 25a). The difference between the profiles of2139 UTC and 1125 UTC reveal an 

average layer decrease of -2.5 K in the layer below 1.3 km or a -0.5 K decrease below 2 

km (Fig. 25b). Calculated heat and moisture fluxes from the sea surface of 90 W ni2 

combined would produce a 2.2 K increase in a 1.3 km layer or a 1.4 K increase over a 2 

km layer during this -10 h period assuming no mixing with its surroundings. The 

decreased eye radius may have caused some transport from the eye to the eyewall during 

this period (Fig. 25b). 

3.4.2 Eyewall to Eye Exchange 

In contrast to the warm and dry conditions seen during RI was the cooling and 

moistening that occurred during intensification (Fig. 26). Profiles of 9. in the eye from 

0019 UTC to 0333 UTC shows a 9. increase of3.5 K during this intensification period 
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constituting an increase of9.6 x 106 J energy for am2 column of2.7 km over 3 h. Meager 

combined surface fluxes of -50 W m-2 would require over 55 h to produce the observed 

energy increase. This would require an additional energy source to explain the observed 

energy increase. Inflow passing beneath the eyewall into the eye may be one such source_ 

Flight level data at 700 hPa indicated 6. values in the eye were -356-357 K at the time 

the sonde was released which is about I K higher than values at 2.3 km from the GPS 

sonde profiles. Such a scenario could allow for downward mixing of higher 6. and could 

contribute to some of the increase observed in figure 26b. However, given the uncertainty 

of the lapse rate of 9. above the sonde profile and small increase shown at flight level any 

contribution to the layer below is likely very small. A steady state period in the middle of 

RI on Oct. 2nd from 0000 UTC to 1200 UTC also shows when surface fluxes are not 

sufficient to explain the observed moistening in the low levels of the eye. Moistening of 

the 2.5 km layer during steady conditions (Fig. 18) equates to a layer average increase of 

6.of5 K or an energy increase of 1.3 x 107 J. Over 80 h would be required to provide this 

increase with the combined fluxes of --40 W m-2 calculated for this period. Calculations 

during RD showed a need for an additional energy source other than what surfaces fluxes 

could provide. Inflow radially outward from the eyewall which has received energy via 

surface fluxes from the ocean may be passing beneath the eyewall into the eye providing 

a source of high 9. air. Mixing of higher 9. values from higher levels in the eye may also 

provide a source of increased 9. as aircraft data at 700 hPa indicate an increase in 9. of 2 

K at 700 hPa. Eyewall 9. values for these three periods show steady to decreasing trends 

meaning that the eye 9. values are not changing along with the eyewall. This suggests the 

occurrence of episodic low level exchanges between the eye and eyewall. 
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3.4.3 Radial Profiles 

The aircraft passes, primarily at 700 hPa, reveal the evolution of the eye and 

eyewall in the radial direction. A pass through Lili' s eye at 700 hPa during RI on Oct. 2nd 

at 0413 UTC shows a warm and dry eye with a dewpoint depression of 10 ·C. Depressed 

9. values near 356 K can be seen against elevated values up to 365 K in the eyewall (Fig. 

27a). At 1125 UTC as Lili was near the end of a 6 h steady state period, the dewpoint 

depression diminished to 4 ·C and 9. across the eye and eyewall became more uniform 

with values typically between 360 and 365 K (Fig. 27b). Less than one hour later the 

dewpoint depression increased and 9. across the eye and eyewall began to develop a 

similar double hump structure in the eyewall (Fig. 27c) as Lili began another period of 

intensification. This double hump structure in 9. continued to sharpen as Lili's MSLP 

decreased to near its lowest value on 2141 UTC (Fig. 27d). The dew point depression 

jumped 6 ·C from the start of the intensification period to its highest value of 13 ·C while 

maximum ee values in the eyewall approached 368 K and depressed values near 357 K 

were observed in the eye. As Lili entered its rapid decay phase on the 3rd of October, the 

dewpoint depression decreased -3 ·C and showed a considerable change in 9. through a 

transition from a spiked profile in the eyewall to a flat profile across the eyewall and eye 

(Fig.27e). During this transition, 9. in the eye jumped over 10 K reaching nearly 369 K 

with values decreasing 1-2 K in the eyewall. 

Temperatures in the eye varied little from Fig. 27d and 27e, but moisture 

increased leading to a diminished dewpoint depression of 9 ·C. Similar transitions in the 

eye and eyewall over a shorter period (-1-2 h) have been observed by Kossin and Eastin 

(2001) and have been explained in terms of both ascent of the inversion level in the eye 
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above flight level and also through horizontal mixing processes across the eye-eyewall 

interface. 

The radial 8. structure across the eye and eyewall during the RI and RD periods 

shows a cyclical nature with changes in intensity. The progression from a flat profile 

across the eye and eyewall to a double humped structure in the eyewall and depressed 

values in the eye is better illustrated by the overlays of radial 8. values (Fig. 28). The 24 

h RI period starting on Oct 2nd was composed of two RI periods separated by a 6 h 

steady-state period from 06-12 UTe. The first RI segment on Oct. 2nd from 00 to 06 UTe 

shows the transition to a double humped structure with intensification with decreasing 8. 

in the eye and increased values in the eyewall from passes 0115 UTe and 0413 UTe 

(Fig. 28a). The double humped structure that developed during intensification can be seen 

to show a transition in which the 8. values in the eye have nearly come into equilibrium 

with the eyewall (Fig. 28b). As Lili began another intensification period over a 12 h span 

at 1200 UTe, the radial structure again showed an increase of 8. in the eyewall and 

diminishing values in the eye (Fig. 28c,d). During RD, the double humped structure was 

again eliminated as values in the eye came into equilibrium with the eyewall (Fig. 28e). 

The changes witnessed in the radial thermodynamic structure also seem to reflect 

the episodic nature of mixing between the eye and the eyewall suspected from the 

analysis of GPS sonde data. In section 3.4.2 it was shown that the steady-state period 

separating two intensification periods during RI on Oct. 2nd from 0000 UTe to 1200 UTe 

had a 2.5 km layer average 5 K increase of 8. in the eye and a radial 8. transition from a 

spiked to a relatively flat gradient across the eye and eyewall (Fig. 28b). This same radial 

transition to a flatter gradient across the eye and eyewall is also seen during RD when the 
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low level eye was seen to increase an average of -7 K over a 2 km layer (Fig. 23). The 

transition from spiked values of Be in the eyewall to flatter gradients may represent a 

period when convection has diminished in intensity and ingests less of the low level high 

energy inflow beneath the eyewall. This would allow for an increased flow into the eye 

which would then mix vertically as the inversion level lifted and may explain the peculiar 

increase of Be, above what surface fluxes provided, as the storm's MSLP increased 24 

hPain 12 h. 

The average layer decrease of Be in the eye during RI (Fig. 25b) is coincident with 

periods when radial Be profiles show a transition from flat proffies across the eye and 

eyewall to elevated values in the eyewall and depressed numbers in the eye (Fig. 28c,d). 

The diminished values in the eye at 700 hPa from the proffie at 1125 UTe to 2139 UTe 

may be explained through descent of the entire inversion layer below flight level to 2 km 

(Fig. 12). The 8 h period from 0333 UTe to 1140 UTe on October 1st that exhibited a Be 

decrease in the eye over a 2.7 km layer (Fig. 22c) also shows a similar yet less 

pronounced spiked profile of ge in the eyewaU with values increasing nearly 5 K (Fig. 

29a,b). 

These elevated Be values in the eyewall and diminished values in the eye may be 

indicative of periods when the eyewall has essentially cut off low level inflow from 

entering the eye and even ingested air from the eye into the eyewall. Episodic flow from 

the eyewaU to the lower eye, occurring during periods when the convective cells weaken, 

increases the Be within the eye. Once this inflow has reached the eye, it can continue to 

receive sensible and latent heat fluxes from the ocean to further build a reservoir of high 

Be. Periods of weakened convection characterized by flat radial proffies of Be across the 
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eye and eyewall show this steady increase of 9. in the eye (Fig. 30a). Periods of stronger 

convection may occur partly because this high 9. air in the eye can boost buoyancy. As 

with the steady increase of 9. from the radial profiles of Fig. 30a, profiles with enhanced 

convection show increasing 9. in the eyewall as Lili matured (Fig. 30b). Mixing of high 

9. air from the eye into the eyewall did not seem contribute much to Lili' s intensification. 

The abrupt decrease of 9. in the eye and coincident jump in the eyewall on Oct. 1 st is 

thought to have occurred via mixing from the eye to the eyewall although any effect on 

MSLP may have been small as Lili deepened less than 3 hPa during these eight hours. 

The diminished 9. in the eye during RI (Fig. 25) may also have been due to transport from 

the eye to the eyewall. This period did not show a shmp decrease of 9. in the eye and a 

sharp increase in the eyewalllike that seen on Oct. 1 st. The 0.5 K decrease seen below 2 

km in the eye at this time occurred with a 3 K increase in the eyewal1. It is suspected that 

the small decrease of 9. in the eye contributed little to the increase in the eyewall and as a 

result had little contribution to the 16 hPa decrease in MSLP over this 10 h period. 
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CHAPTER 4: 

SUMMARY 

4.1 Conclusions 

NOAA WP-3D and USAF C-130 aircraft deployed forty-four GPS sondes in the 

eye ofLili (2002) over 4.5 days. The GPS sondes and the aircraft passes provide a rare 

opportunity to monitor the thermodynamic evolution of the lower eye and eyewall in a 

storm of particular interest. During this period, Lili evolved from a tropical storm to a 

category 4 hurricane and is unique in that it underwent both rapid intensification (RI) and 

extremely rapid decay (RD) while over the ocean. 

Forty-two of the forty-four GPS sondes were deployed within 4 km of the 

circulation center and provided vertical profiles of temperature and moisture in the lower 

eye. Twenty-nine aircraft passes through the eye yielded radial profiles of 

thermodynamic structure at 850 and 700 hPa. The GPS sonde and flight level data were 

quality controlled to minimize sensor wetting errors. The GPS sonde data showed good 

agreement when processed with ASPEN and Editsonde software. Vertical and horizontal 

profiles provided by these instruments were then used to construct a view of the evolution 

of various thermodynamic characteristics of the eye and eyewall. 

The evolution of 9. below 2.5 km in the eye shows an approximate linear increase 

throughout Lili' s existence. A sharp decrease in 9. is observed in the lower eye on Oct. 1 st 

from 0333 UTC to 1140 UTC and is believed to be due to advection of 9. from the lower 

eye to the eyewal1. A 14 h RI period shows B. to diminish in the lower eye and also is 

believed to indicate advection from the lower eye to the eyewall. Values of B. at 10m in 

the eye on average are -7 K higher than values in the eyewall; however, the addition of 
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high ge air from the eye to the eyewall is believed to have little effect on intensifying the 

storm for both of these periods. Transport from the lower eye to the eyewaIl is rare in 

Lili, but more frequent are transports from the eyewaIl to the eye. Lili' s 22 hPa increase 

in MSLP over a 12 h rapid decay period over the Gulf of Mexico on Oct. 3rd shows that 

9. in the lower eye continued to increase through a 2 km layer. Surface fluxes from the 

ocean surface could only explain in 20% of the increase, suggesting that advection of 

higher 9. from the eyewaIl is necessary. Periods requiring additional energy sources to 

explain the observed increases in the lower eye were also seen for a period of 

intensification on Oct. 1 st and steady-state conditions on Oct. 2nd. 

Radial thermodynamic profiles from flights mostly at 700 hPa exhIbit notable 

change with intensity in which increases in 9. in the eyewall precede increases in the eye. 

Periods when 9. values are elevated in the eyewall and depressed in the eye occur during 

rapid intensification and exhibit a transition to flatter gradients across the eye and eyewaIl 

during steady state and decay phases. I hypothesize that the elevated Be values in the 

eyewaIl and diminished values in the eye may be indicative of periods when enhanced 

convection in the eyewall ingests virtually all of the low level inflow, isolating the eye. I 

believe that when convection in the eyewaIl weakens, higher 9. air is advected into the 

eye and causes the radial gradient of 9. to flatten. This provides an explanation to energy 

increases seen in the eye above what could be provided by ocean surface fluxes in the 

eye. 

The vertical thermodynamic structure during steady state and decaying periods in 

Lili also oemonstrate cooling and moistening of the lower eye subsequent to periods of 

rapid intensification. Two periods of intensification in Liti show contrasting changes in 
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the lower eye. During rapid intensification the lower eye wanns and dries which is in line 

with past observation (Jordan 1961). Unexpectedly, cooling and moistening in the lower 

eye also is observed in an earlier intensification episode. Regardless of whether Lili was 

intensifying or decaying, the overall contribution by the lowest 2-3 km to the hydrostatic 

pressure change in the eye is small. Temperature and moisture evolution in the low level 

eye show an increasing trend during tropical storm intensity and a surprisingly steady 

trend as the hurricane matured. During the first 6 h ofRO, warm and dry conditions were 

maintained as the MSLP increased 17 hPa. Clearly the decay of the warm core at mid to 

upper levels of the atmosphere is responsible for the filling of the hurricane. 

The mixed layer evolution in the eye indicates a decreased frequency and depth 

through Lili's existence. Calculated LCL values and the observed hub cloud base also 

show decreasing trends as Lili aged. The hub cloud is found to exist in 41 % of the GPS 

sonde data and is more frequent during RD. During eye to eyewall exchanges mixed 

layers are not often present. Mixed layers heights were decreasing or completely absent 

during periods of increased dewpoint depressions at 700 hPa implying enhanced 

subsidence from strengthened convection. Only a partial evolution of the inversion base 

is available from the GPS sonde data and shows its lowest base height during TS 

intensity. The inversion base then appears during RIIRD and descends through the end of 

RI and into RD. Although the inversion is observed to descend during the initial stages of 

RO, its descent is not caused by air in the low level eye being ingested into the eyewall. 

Calculations show the eye's volume increases during this period requiring a net flux from 

outside the eye and is reflected by an increase in energy in the lower eye above what can 

be provided by surface fluxes. This rapid increase in volume and advection from outside 
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the eye is believed to be responsible for the absence of mixed layers during RD. The 

transition to saturated conditions as result of inflow is also seen in the lowered LCL 

vwu~duringthisperi~ 

4.2 Discussion 

This study is the first view of thermodynamic evolution in the lower eye through a 

particular TC's lifetime. I have shown that episodic exchang~ between the lower eye and 

eyewwl are linked with substantial chang~ of vertical and radial thermodynamic 

structure. A conceptuW model for the observed thermodynamic chang~ in the lower eye 

is as follows: Radiwly outward of the eyewall, high 9. inflow charged from energy flux~ 

with the ocean is ingested and ascends through the eyewwl. Much of the high energy 

inflow is taken up by the eyewwl with little to no inflow penetrating into the eye. The 

differing ra~ at which the lower eye and eyewWl receive energy from inflow r~ts in a 

radiw 9. structure that takes on a "double-hump" structure with elevated 9. valu~ in the 

eyewwl and suppressed vwues in the eye. The intake of 9. into the eyewall from inflow 

promotes convection in the eyewWl resulting in warmer and drier conditions above the 

inversion level in the eye from enhanced subsidence (Fig. 3la). During periods of 

weakened convection in the eyewall, more inflow is Wlowed to pass beneath the eyewWl 

and leaks into eye as intake by the eyewall is decreased (Fig. 31 b). This inflow from the 

eyewwl to the eye would be required as surface fluxes are not sufficient to explain the 

observed chang~ near the center of the eye. The low level eye 9. increases as inflow 

reaches the eye where it continues to receive flux~ from the ocean. This increased influx 

of moisture from increased inflow into the eye results in less frequent mixed layers, lower 
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LCL levels and more frequent hub cloud presence. As the eye moistens during these 

weaker convective periods, the 9. increases and mixes vertically through a deeper layer as 

subsidence weakens and results in a flatter 9. radial profile at 700 hPa. This build up of 9. 

in the eye creates a reservoir which can mix into the eyewall if convection is sufficiently 

strong to draw in air from the eye and provide a short boost to eyewall convection. 

Transport from the high 9. reservoir in the lower eye to the eyewall results in a rapid 

decrease of 9. in the lower eye and elevated values in the eyewall, but as in Lill, this 

reservoir can go largely unharnessed. In this view, the lower eye responds to changes in 

the eyewall and does not directly affect changes in MSLP. 

Changes in vertical thermodynamic structure showing a transition to warm and 

dry conditions during intensification and moistening during weakening seen in earlier 

observational studies (Jordan 1961, Franklin et aI. 1988, Willoughby 1998) are seen to 

occur during Lili. However, some unexpected observations in the lower eye such as 

moistening with intensification and a linear increase in 9. through RD are seen to occur in 

Lili. Regime changes in the radial 9. structure initially addressed by Kossin and Eastin 

(2001) are seen to exhibit a cyclical behavior in Lili and are thought to be related to 

episodic mixing with the eye and eyewall. Episodic exchanges between the eye and 

eyewall in Lili are in line with the notion of a shorter residence time in the lower eye 

when compared to air which has remained in the lower eye since its formation 

(Willoughby 1998). Flight level data show 9. to increase above the inversion level in the 

eye as Lili underwent periods of rapid decay. Although 9. in the lower eye continually 

increased as Lili matured, exchanges from the central regions of the lower eye to the 

eyewall were rare and did not lead to the establishment of intensities that exceed MPI 
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(Holland 1997, Liu et al. 1999, Persing and Montgomery 2003, Eastin 2005, 

Montgomery 2006, Cram et al. 2007). 

4.3 Future Work 

The work presented here may serve as a pilot study for future observational 

research in the TC eye. Although the unusually large number of GPS sondes deployed in 

the eye allowed for a rare view of the thermodynamic evolution which occurred during 

Lili's life cycle, a higher hourly sampling mte spread throughout the eye and eyewall 

would be required to provide greater detail of mixing processes between the eye and 

eyewall. 

The next genemtion field experiment would need to provide better spatial and 

temporal observations during an evolving TC. Ideally, multiple high altitude drops spread 

through the eye and eyewall would provide an extensive vertical and horizontal view of 

the thermodynamic structure. Combined with mid-level flights, multiple composite 

analyses similar to those from Hawkins and Imbembo (1976) could be constructed with 

each pass through the eye to provide a highly detailed thermodynamic evolution of the 

TC inner core. These data, along with Airborne Expendable Bathythermogmphs 

(AXBTs), would allow for the construction of energy budgets to examine sea surface 

fluxes, required air residence time in the low level eye and also fluxes with the eyewall. 

Since most of the flights into Lili were conducted by the USAF, research quality radar 

was largely unavailable for this study. Having such mdar available on the sampling 

aircraft would be beneficial in future work as it would provide information on the 

geometry of the eye and eyewaU and would provide views of convective activity during 
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the storm. This has outlined a virtual "dream" dataset although its implementation is still 

realistic and would be beneficial for a better understanding of TC structure and intensity. 
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Range Accuracy Resolution 
Pressure 1080- 100 hPa ± 1.0 hPa 0. 1 hPa 

Temperature -90 to +60 C ± 0.2 C 0.1 C 

R.H. 0- 100% ± 5% 1.0% 

Horiz. wind 0-200 m/s ± 0.5 m/s 0. 1 m/s 
Table 1. GPS dropwindsonde pressure, temperature, humidity, and wind sensor specifications. 

Sensible Flux Time 
Energy Heat Latent Requirement 

Phase Date/Period Gain Flux Heat Flux (h) 

R.D. 10/3: (12 h) 1.6 X 10' ) 16Wm" 73 W m" 50 h 

S.S. 10/2: (8 h) 1.3 x 10' ) 10Wm" 32 W m" 83 h 

Int . 9/30-1011 : (3 h2 9.6x 10' ) 9Wm" 39 Wm" 56 h 

Table 2. Latent and sensible heat fluxes in the eye for periods of rapid decay, steady state, and intensifi
cation. Energy increases observed in the lower eye are given along with the time necessary for surface 
sea fluxes to produce the observed increase. 
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Figure 1. Distribution of forty-four GPS sondes in the eye of lili during the period from Sept. 28th (2356 
UTC) - Oct. 3rd (1 203 UTe). Deployment of a GPS sonde denoted by a red diamond. NHC 6-h "best track" 
minimum central pressure (hPa, thin black line). 
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Figure 2. Distribution of forty-four GPS sondes in the eye of lili relative to the circulation center (km) at 
the time of each drop during the period from Sept. 28th (2356 UTO - Oct. 3rd (1203 UTO.last reported 
position of the GPS sonde before making contacting with the ocean surface is denoted by a red diamond. 
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Figure 3. ASPEN processed temperature (red) and dewpoint temperature (blue) (GC) on a Skew - T log P 
diagram. a) Sensor wetting is evident from a saturated layer with a dry adiabatic lapse rate below 960 hPa. 
b) Corrected profile assuming a well mixed layer where temperature shows a dry adiabatic lapse rate. 
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Figure 4. Comparison of ASPEN and Editsonde processed GPS sonde data. Oct. 1 st at 1503 UTC a) 
ASPEN temperature (dark red), Editsonde temperature (blue) both in (CC) b) ASPEN relative 
humidity (yellow), Editsonde relative humidity (%, purple). Oct. 2nd at 041 3 UK c) ASPEN 
temperature (dark red), Ed it sonde temperature (blue) d) AS PEN relative humid ity (yellow), 
Edit sonde relative humidity (%. purple). 
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Figure S. 700 hPa 10 second fl ight level data of temperature (red. <>C. lett ordinate), dewpoint 
temperature (blue. "C, left ordinate) and total wind speed (dashed green, m 5-1 , tight ordinate). 
a) Reg ions of supersaturation as a result or evaporatively cooled temperature measurements 
and moisture build up on a cooled-mirror denoted with light green bars. b) Correction to 
supersaturated conditions shown with green hars. 
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left ordinate) (blue) and total wind speed (dashed green, m s-l, right ordinate), a) Regions 
where supersaturation may have been corrected by the USAF by assigning dewpoint 
temperature equal to temperature (green bars), b) Correction to USAF correction method 
shown with green bars. 
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and 0333 UK. Zero line marked as a dashed black line. 
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Figure 23. Profiles of equivalent potential temperature (K) 
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Figure 27. 700 hPa 10 second flight level data with temperature ("C red), dewpoint tempe ra
tu re ("e, blue) and total wind speed (dashed g reen, m 5.1), equivalent potential temperature 
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and 0413 UK b) 0413 UTC and 1125 UTC c) 1125 UK and 1310 lITe d) 131 0 UTe and 2139 
UTe e) 2139 UTC and 10/ 3at0833UTC 
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Figure 29. 700 hPa 10 second flight level data of equivalent potential temperature (orange, K) 
on October 1, 2002 at: a) 0322 UTC - 0342 UTe b) 1129 - 1 149 UTC 
Eye and eyewall boundary depicted with a solid black line. 
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Figure 30. 700 hPa 10 second flight level data overlays of equivalent potential temperature (I<) 

with distance from the circulation center (km) on October 2, 2002 at a) all 5 UTC (g reen), 1125 
UK (yellow) and October 3 alOB33 UK (red) b) 0413 UTC (green), 1310 UTC (yellow) and 2139 
lfTC (red). 
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Figure 31. A depiction of episodic exchanges between the lower eye and eyewall and the resultant changes in the 
vertical and radial thermodynamic structure. a) Represents a period of strong convection in the eyewall and the 
incorporation of Se from the lower eye to the eyewall . b) Represent s a period of weakened convection in the 
eyewall with minimal exchange between the eyewall to the eye or transport from the eye to eyewall 
Numbers indicate: l - low level inflow ingested into eyewall convection with vigorous updrafts 
2- Mass transport from the eye to the eyewal1 may occu r 3- Vertical profile of ge with minimal exchange between 
the eye and eyewall 4- Vertical profile of ee when transport from the eye to the eyewall has occurred 
5- Lowering inllersion base if mass is transported from the eye to the eyewall fordng subsidence above 6- Radial 
profile oree at 700 hPa showing double hump structure in the eyewall 7- Weakened eyewal1 conve<tion 8-
Weakened eyewall conlle<tion allowing more inflow to penetrate the eye g- Vertical p rofile of ge increasing in the 
lower eye 10- Rising inversion lellel 11 - Radial profile of ge becomes flatter across the eye and eyewatl 
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