Generated using the official AMS IXTEX template v5.0

Retrieved Thermodynamic Structure of Hurricane Rita (2005) from

Airborne Multi-Doppler Radar Data

Annette M. Boehm * T

Department of Atmospheric Sciences, University of Hawai ‘i at Manoa, Honolulu, HI

Michael M. Bell

Department of Atmospheric Science, Colorado State University, Fort Collins, CO

*Corresponding author: Annette Boehm, foerster @hawaii.edu
TCurrent Affiliation: Meteorologisches Observatorium Hohenpeissenberg, Deutscher Wetterdienst,

Hohenpeissenberg, Germany

Early Online Release: This preliminary version has been accepted for publication
in Journal of the Atmospheric Sciences, may be fully cited, and has been assigned
DOI 10.1175/JAS-D-20-0195.1. The final typeset copyedited article will replace the
EOR at the above DOI when it is published.

© 2021 American Meteorological Society
Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 03/25/21 07:06 PM UTC



ABSTRACT

The newly developed SAMURAI-TR is used to estimate three-dimensional temperature and pres-
sure perturbations in Hurricane Rita on 23 September 2005 from multi-Doppler radar data during
the RAINEX field campaign. These are believed to be the first fully three-dimensional gridded
thermodynamic observations from a TC. Rita was a major hurricane at this time and was affected
by 13 m s~! deep-layer vertical wind shear. Analysis of the contributions of the kinematic and
retrieved thermodynamic fields to different azimuthal wavenumbers suggests the interpretation
of eyewall convective forcing within a three-level framework of balanced, quasi-balanced, and
unbalanced motions. The axisymmetric, wavenumber-0 structure was approximately in thermal-
wind balance, resulting in a large pressure drop and temperature increase toward the center. The
wavenumber-1 structure was determined by the interaction of the storm with environmental vertical
wind shear resulting in a quasi-balance between shear and shear-induced kinematic and thermo-
dynamic perturbations. The observed wavenumber-1 thermodynamic asymmetries corroborate
results of previous studies on the response of a vortex tilted by shear, and add new evidence that
the vertical motion is nearly hydrostatic on the wavenumber-1 scale. Higher-order wavenumbers
were associated with unbalanced motions and convective cells within the eyewall. The unbalanced
vertical acceleration was positively correlated with buoyant forcing from thermal perturbations and

negatively correlated with perturbation pressure gradients relative to the balanced vortex.
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1. Introduction

Tropical cyclone (TC) intensity change remains a challenging forecast problem (DeMaria et al.
2014; Trabing and Bell 2020). An improved understanding of the impacts of environmental factors
on the internal structure of TCs, and the mechanisms by which convective activity and organization
affect intensity change are instrumental in improving our forecast capability.

Vertical wind shear (VWS) is one of the primary environmental factors directly impacting
the eyewall structure. Many observational studies, including composite studies of satellite-derived
precipitation data (Hence and Houze 2011), airborne radar data (Marks et al. 1992; Black et al. 2002;
Reasor and Eastin 2012; Reasor et al. 2013; DeHart et al. 2014), and lightning data (Corbosiero and
Molinari 2002, 2003) have found a shear-induced wavenumber-1 pattern in the convective structure
of the eyewall, with the strongest upward motion located predominantly downshear and the highest
radar reflectivities left of shear. Black et al. (2002) and Braun et al. (2006) highlight that while
the time-averaged vertical motion shows a clear wavenumber-1 pattern, the instantaneous vertical
motion is closely linked to individual deep updraft towers, which typically form downshear, mature
as they rotate cyclonically around the eyewall, and dissipate right-of-shear. The time-averaged
wavenumber-1 pattern represents the envelope of these convective elements.

Jones (1995) investigated the impacts of VWS on barotropic vortices and found that the vortex
initially tilts downshear, then precesses and eventually reaches an equilibrium tilt direction in
the left of shear semicircle. The tilt introduces anomalies in potential temperature and vertical
velocity such that the flow remains balanced. However, the effects of diabatic heating were
not included in that study as the vortex was dry and barotropic. The potential temperature and
vertical velocity anomalies were found to be phase-shifted by 90°, with adiabatic ascent right-of-

tilt, negative potential temperature anomalies downtilt, adiabatic descent left-of-tilt, and positive
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potential temperature anomalies in the uptilt direction. This pattern is consistent with lifting
along isentropes right-of-tilt, resulting in negative potential temperature anomalies downshear, and
adiabatic descent left-of-tilt, resulting in positive potential temperature anomalies upshear.

Frank and Ritchie (1999) investigated the impact of VWS on the location of forced ascent in
the eyewall with a series of dry and moist simulations using a full physics model. In their dry
simulations, and in the early periods of their moist simulations, the downshear right direction is the
preferred location for strong, deep ascent, whereas the downshear left is favored later in the moist
simulations. They conclude that adiabatic lifting mechanisms dominate in the dry and early moist
simulations, but once the eyewall becomes saturated the latent heat release interrupts the adiabatic
lifting mechanisms.

A quasi-steady orientation of the tilt toward the downshear left direction was also found in studies
by Wang and Holland (1996) and Reasor et al. (2004). Reasor et al. (2004), however, questioned
the role of the diabatically driven secondary circulation to realign the vortex. They argue that
the realignment is primarily due to dry adiabatic dynamics, specifically the damping of vortex
Rossby waves associated with the tilt asymmetry. The diabatically driven secondary circulation
is believed to play only an indirect role with its axisymmetric component acting to increase the
damping efficiency.

Reasor and Eastin (2012) found wavenumber-1 asymmetries in vertically-sheared Hurricane
Guillermo (1997) for two different intensive observing periods (IOPs). Their airborne Doppler
radar observations showed wavenumber-1 vertical velocity asymmetries at 5 km altitude, with the
largest upward motion downshear left. Wavenumber-1 vertical vorticity asymmetries were evident
at 2 km altitude, with positive vorticity left-of-shear out to 20 km radius and negative vorticity
beyond 30 km radius. They suggested that the vorticity structure can be attributed to vortex tube

stretching and the large-scale tilt of the vortex.
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The majority of studies addressing the impact of VWS on eyewall convection have focused on
the wavenumber-1 structure of wind and precipitation fields. Less attention has been paid to the
thermodynamic properties, in part because of a lack of observations. Jones (1995) showed that
the tilt introduces a thermal couplet. She also mentioned that horizontal advection may act to
rotate the thermal anomalies cyclonically with height, whereas vertical advection may act to rotate
the thermal anomalies anticyclonically. In a subsequent study with baroclinic vortices, Jones
(2000) found an anticyclonic rotation of the temperature anomalies with height and attributed it to
the coincident anticyclonic rotation of the tilt with height, keeping the relative orientation of tilt
and temperature anomalies constant. She also showed that the temperature anomalies resulted in
enhanced low-level stability uptilt, and reduced low-level stability downtilt.

Reasor and Eastin (2012) derived potential temperature asymmetries from aircraft flight-level
measurements of Hurricane Guillermo (1997) for two different IOPs and two vertical levels,
3 km and 6 km. Cold anomalies were located left-of-shear at 3 km for both of their IOPs,
and left-of-shear and downshear respectively at 6 km. Their data coverage is limited, but their
results are in agreement with Jones (2000), showing a mesoscale thermal couplet, with cold
anomalies in the downtilt direction. Braun et al. (2006) found a similar relationship between tilt
and potential temperature anomalies in their high-resolution simulation of Hurricane Bonnie, with
cold anomalies located in the downtilt direction at 5 km height. They argue that the convective
forcing caused by this temperature couplet is weak and only plays a minor role in forcing eyewall
convection. Our paper will expand on these studies by using a new radar-based thermodynamic
retrieval technique to document the observed three-dimensional thermodynamic structure of

Hurricane Rita (2005) while it was under the impact of VWS.

5
Accepted for publication in Jourfalof'the”Atiriospheric Seierices. DOTM101 175/JASD-20201951¢



Axisymmetric conceptual and numerical models of the eyewall are characterized by moist neutral
ascent forced by boundary layer convergence. The eyewall is pictured as a ring of mesoscale ascent,
with air parcels rising along constant angular momentum surfaces at the speed they obtain leaving
the boundary layer (Emanuel 1995). In contrast, three-dimensional models suggest that a significant
fraction of eyewall convective elements may contain positive buoyancy, with a large fraction of the
upward mass transport being accomplished by a few buoyant undilute updrafts (Braun et al. 2006).
Observational data sets are necessary to investigate the respective dynamic and thermodynamic
contributions to convective forcing in the eyewall.

Recent observational studies (Guimond et al. 2010, 2016; Rogers et al. 2015, 2020; Fischer
et al. 2020) suggest that an improved understanding of the processes that determine the location
and strength of convection might improve the ability to forecast TC intensity change. Idealized
studies by Pendergrass and Willoughby (2009) and Willoughby (2009) used the classical Sawyer-
Eliassen equation in height coordinates to study the effects of radial location and longevity of
convective cells. They showed that the intensification efficiency caused by heating in the eyewall
critically depends on the location and timing of these convective cells. The intensification efficiency
increases with decreased distance to the center, and with increased duration. Vigh and Schubert
(2009) used a theoretical model to analyze the conditions under which a TC can rapidly develop a
warm core. They emphasize the role of inertial stability for the intensification efficiency, with high
intensification efficiencies in the high-inertial-stability region inside the radius of maximum wind
(RMW) and low intensification efficiencies in the low-inertial-stability region outside the RMW.
Airborne radar (Rogers et al. 2013) and flight level (Martinez et al. 2017) data provide observational
support for the prior theoretical and numerical studies, with the presence of convective bursts and
aring of vorticity consistently located inside the radius of maximum wind more frequently than in

steady-state or weakening storms.
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Two modeling studies (Zhang et al. 2000; Braun 2002) and one observational study (Eastin
et al. 2005a) investigated the buoyancy of convective vertical motion in the eyewall of TCs. The
studies came to different conclusions. Individual updrafts can be vertically accelerated by vertical

perturbation pressure gradients and buoyancy:

Dw 1dp 1op” p’
==L g=—F g ()
Dt p 0z p 0z £0

where w is the vertical velocity, D/Dt the material derivative, p the pressure, p the density, g
the gravitational acceleration, and z the height. Primes represent the differences between an air
parcel and a reference state, e.g. p’ = p, — po. While Zhang et al. (2000) found that the eyewall is
negatively buoyant and the updrafts are driven mainly by the vertical perturbation pressure gradient
force, Braun (2002) and Eastin et al. (2005a) found areas of positive buoyancy in the eyewall. Smith
et al. (2005) addressed these seemingly contradicting findings by pointing out the importance of
the definition of the reference state for the interpretation of the results. While the sum of the two
forcing terms is unique, their partition is determined by the prescribed reference state that is crucial
for the interpretation.

Axisymmetric TCs are usually considered to be in approximate hydrostatic balance, and in ap-
proximate gradient wind balance outside the boundary layer. Based on in-situ aircraft observations,
Willoughby (1990) showed that the gradient wind balance is valid to within 1.5 m s~ above the
boundary layer for the azimuthal mean tangential wind. The gradient balance condition indicates
that the bulk of the pressure gradient field is in balance with the primary wind field and does not act
to accelerate air parcels radially. The hydrostatic assumption is valid if vertical accelerations are
negligible, which is the case for convectively-neutral updrafts. This hydrostatic assumption might
not be valid for individual updrafts, but it is valid on average for the primary vortex. Hence, using

the thermal wind balanced vortex as the reference state for buoyancy calculations is the natural
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choice for TCs (Smith et al. 2005), and makes interpretation easier. In this framework positive
buoyancy translates into upward acceleration, unless the vertical perturbation pressure gradient
counteracts. This upward acceleration strengthens the secondary circulation, which in turn can
enhance the primary circulation and thus intensify the TC.

Following this prior research, in the current study we seek to address the following science

questions using field observations:

1. What are the mesoscale and convective-scale structures of the thermodynamic fields in the

eyewall region?

2. How does vertical wind shear impact the thermodynamic structure?

3. Is the eyewall convectively buoyant?

Addressing these questions requires high-resolution kinematic and thermodynamic measure-
ments. Measurements of the wind field throughout the entire vortex are necessary to compute the
balanced vortex reference state, along with temperature, pressure and moisture measurements to
determine whether or not a given eyewall location is buoyant. However, in-situ observations exist
only along flight tracks or dropsonde paths. Hence, a complete picture of the three-dimensional
distributions of buoyancy and pressure perturbations within the eyewall can’t be obtained from
direct observations.

In the past, several approaches have been taken to estimate pressure and temperature fields
from radar data. Radar data are an excellent data source because they provide great spatial
coverage at a good horizontal and vertical resolution. The traditional thermodynamic retrievals
are based on seminal work by Gal-Chen (1978) and use the horizontal and vertical momentum

equations, sometimes complemented with the thermodynamic equation and other constraints,
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to infer thermodynamic properties from kinematic measurements (Gal-Chen 1978; Roux 1985;
Viltard and Roux 1998; Liou 2001).

Foerster and Bell (2017, FB17 hereafter) developed a new thermodynamic retrieval specifically
tailored toward TCs, called SAMURAI-TR (Spline Analysis at Mesoscale Utilizing Radar and Air-
craft Instrumentation - Thermodynamic Retrieval). This new retrieval technique advances previous
techniques in two key ways. First, SAMURAI-TR allows for use of the thermal wind balanced
vortex reference state for buoyancy calculations, which both improves the numerical accuracy of
the retrieval and facilitates the interpretation of the retrieved thermodynamic perturbations in TCs.
Second, SAMURAI-TR builds on technical advancements from the recently developed variational
wind retrieval software tool SAMURALI (Bell et al. 2012a; Foerster et al. 2014) that uses a spline-
based representation of the retrieved variables. This spline representation provides analytic spatial
derivatives that allow for specification of the three-dimensional pressure and temperature gradients
as pseudo-observations from Doppler-derived winds and natural low-pass filtering capabilities.
FB17’s evaluation of SAMURAI-TR with a Weather Research and Forecasting (WRF) simulation
of Hurricane Rita found the pressure retrieval to be accurate to within 0.25 hPa RMSE, and the
temperature retrieval to within 0.7 K RMSE.

Here we apply the thermodynamic retrieval SAMURAI-TR to examine the observed kinematic
and thermodynamic structure of Hurricane Rita (2005). In particular we focus on the effect of
VWS on the thermodynamic structure of the eyewall convection, and the links between vertical
motion and dynamic and thermodynamic forcing. Hurricane Rita provides an excellent dataset
to study the mesoscale structure of a TC impacted by VWS. It is one of the most well observed
storms in history, simultaneously observed by three different aircraft over an extended period of
time during the Hurricane Rainband and Intensity Change Experiment (RAINEX, Houze et al.

(20006)).
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Section 2 describes the data and methods used in this study. Section 3 analyzes the kinematic
and thermodynamic structure of Hurricane Rita on 23 September 2005, Section 4 investigates the
contributions of the retrieved temperature and pressure fields to different azimuthal wavenumbers,

and Section 5 summarizes the results and provides conclusions.

2. Data and Methods

a. Hurricane Rita

Hurricane Rita was first classified as a tropical depression at 0000 UTC 18 September 2005
located north of the Dominican Republic, and intensified to tropical storm strength within the next
18 hours (Fig. 1). Rita moved northwestward and first strengthened slowly as it approached the
Florida Straits, and then strengthened more rapidly afterwards over the very warm waters (near
30° C) of the Gulf of Mexico (Bell et al. 2012b). Within 36 hours, Rita had strengthened from
tropical storm to Category-5 status at 1800 UTC 21 September. The TC reached an estimated peak
intensity of 155 kts and minimum central pressure of 897 hPa at 0300 UTC 22 September, before
weakening due to structural changes on 22 September, and increased VWS and slightly cooler
waters on 23 September (Beven et al. 2008). Rita made landfall at 0740 UTC 24 September in
southwestern Louisiana as a Category-3 Hurricane with an estimated intensity of 100 kts. One
of the largest evacuations in U. S. history was conducted in anticipation of Rita’s landfall. The
storm surge that accompanied Rita devastated entire communities in coastal areas of southwestern
Louisiana, and was estimated to be as high as 15 feet. Downed trees and power lines left well
over one million customers without power for days and even weeks. Seven direct fatalities were
reported. The total damage of Rita is estimated at about $12 billion (NHC TC Report; Knabb et al.
(2011)).
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Nearly the entire lifecycle of Hurricane Rita was observed in detail during RAINEX. Previous
observational studies have focused on Rita’s structure during rapid intensification on 21 September
and an eyewall replacement cycle on 22 September 2005. Didlake and Houze (2013a,b) documented
the structure of the convective and stratiform sectors of the rainbands of Hurricane Rita on 21
September 2005. Bell et al. (2012b) examined the symmetric evolution of the hurricane as it
underwent eyewall replacement, and Didlake and Houze (2011) analyzed the kinematics of the
secondary eyewall on 22 September 2005. Guimond et al. (2018) examined the evolution of the
eyewall replacement cycle from airborne radar with a focus on the boundary layer. The current
study focuses on the structure of Hurricane Rita observed on 23 September 2005 when it weakened

from a Category-4 to a Category-3 hurricane.

b. Observations

RAINEX was the first experiment to use the high-resolution ELectra DOppler RAdar (ELDORA)
in TCs, and the first experiment to simultaneously use three airborne dual-Doppler radars. The
Naval Research Laboratory (NRL) P-3 with ELDORA, and the two NOAA P-3s (denoted N42
and N43) each had dual-Doppler capability that allowed for excellent multi-Doppler geometry.
The three P-3 aircraft sampled Rita simultaneously (Fig. 1c), and the data used in this study
were collected during a period of 132 minutes from 2022 UTC to 2235 UTC. ‘Figure-four’ flight
patterns (N43) were combined with circumnavigations (NRL) and low-altitude eyewall crossings
(N42) to collect complementary data sets, providing an excellent combination of data for Doppler
wind synthesis. Since the flight tracks of the 3 aircraft were non-standard and could not be
clearly divided into separate center passes, we divided the analysis into four consecutive periods
of approximately 30 minutes each. Each 30 minute period contains enough data to provide a

complete view of the entire eyewall, and corresponds roughly to one complete circumnavigation
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of the eyewall by the NRL P-3. The first period lasts from 2022 to 2100 UTC, the second period
from 2100 to 2130 UTC, the third period from 2130 to 2200 UTC, and the last period from 2200
to 2235 UTC. From now on, the different periods will be referred to by their respective reference
times (2040 UTC, 2110 UTC, 2140 UTC, and 2210 UTC), where the storm’s center position at
reference time is used to define the center position of the respective analysis domain.

The main data source for all four periods is airborne radar data. A total of 6696 radar ‘sweep’
files, each corresponding to a 360-degree scan of the tail Doppler radar were used in the analyses
(4810 NRL, 1000 N42, 886 N43), and were augmented by dropsonde data and flight level data
from the two NOAA aircraft. The wind solution is dominated by the voluminous radar data, and is
qualitatively similar without including the in-situ or atmospheric motion vectors.

Each radar sweep file was quality controlled before being used for multi-Doppler synthesis.
First, navigation corrections were applied to correct for biases in the recorded aircraft position
and orientation. The navigation corrections were estimated using a new method (Cai et al. 2015),
which generalizes the previous methods of Testud et al. (1995), Georgis et al. (2000), and Bosart
et al. (2002). The method uses surface echoes and near-aircraft echoes (when available) recorded
during a straight and level calibration flight leg to assess the errors in the aircraft inertial navigation
system. Second, an automatic editing script (Bell et al. 2013) was applied to remove the majority
of the non-weather data, such as ground clutter, radar side lobes, and low signal-to-noise echoes.
The script dealiased the Doppler velocity using a Bargen-Brown algorithm (Bargen and Brown
1980). Additional manual editing was performed to remove any remaining non-weather echoes

and fix any dealiasing errors.
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c. Retrieval

The detailed method for retrieving 3D winds and thermodynamic structure of a TC from radar
data is described and evaluated in Foerster (2016) and FB17, and is summarized briefly here. The
retrieval of the thermodynamic structure of Hurricane Rita is performed in three distinct steps.
The first step is to combine the radar data and complementary in-situ flight track, dropsonde and
satellite atmospheric-motion-vector observations into a gridded SAMURAI mesoscale analysis. A
domain size of 150 km x 150 km x 15 km is used in this study, with a horizontal resolution of
1 km and a vertical resolution of 0.5 km. The SAMURALI analysis is performed in two iterations,
using larger low-pass filters (~ 10 6x) in the first iteration and smaller filters (~ 26x) in the second
iteration to obtain a mesoscale analysis. The ~ 2-km effective horizontal resolution is appropriate
for the combined along-track resolution of 500 m for ELDORA and 1.5 km for the NOAA radars,
and ~ 2-degree beamwidth of all the tail radars. A hybrid variational setting was used, limiting the
elevation angle to 45° and neglecting the projection of the vertical wind in the Doppler velocity
(Jorgensen et al. 1996; Foerster et al. 2014). The uncertainty in the retrieved wind field depends
primarily on the geometry of the multiple airborne radar viewing angles, the amount of low-pass
filtering, and the prescribed uncertainty of the observations. The spline analysis does not require
interpolation or averaging of the unevenly distributed data to a uniform grid as in classical multi-
Doppler synthesis, but instead variationally minimizes the difference between the analyzed wind
directly at the observation location and the projected radial velocity or in situ measurement. The
variational solution then represents the most likely state of the atmosphere given all of the available
observations subject to the low-pass filtering constraint and prescribed errors. We estimate the

wind uncertainty to be less than 2 m s~! based on geometric considerations (Hildebrand et al.
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1996) and statistical analysis of the difference between the synthesized wind and observations (not
shown).

The second step of the retrieval method is to calculate the temperature and pressure fields,
T(r,z) and p(r,z), that balance the azimuthally-averaged radar-derived wind field using the thermal
wind equation. T(r,z) and p(r,z) are then used as input for the pressure and temperature retrieval
SAMURAI-TR. To compute the azimuthal average of the wind field, the center of the TC has to be
determined. This is done by maximizing the circulation at the RMW at each vertical level, similar
to the method of Marks et al. (1992). The mean center of the storm is defined as the average
location of the centers between 2 km and 8 km altitude. The inward integration of the thermal wind
equation (Smith 2006) is then used to calculate the azimuthal mean temperature and pressure field
that balances the mean tangential wind field. The calculation is limited to altitudes above 2 km
due to uncertainties in the balance approximation below that level where unbalanced frictional
effects become important. The temperature and pressure profiles used to anchor the balanced
vortex calculation are derived from the azimuthally-averaged SAMURAI analyzed temperature
and pressure field at a radius of 60 km. The gaps in data coverage are either small enough or
located favorably to not significantly affect the reference state calculation. The coverage out to
60 km radius is sufficient to calculate an average tangential wind speed, although a slight bias
might be introduced because the data gaps are located predominantly towards the south. The data
gap in the eye of Hurricane Rita at levels above 4 km prohibits calculation of the balanced pressure
and temperature in that area. Fortunately, the thermal wind equation is integrated inwards and not
outwards, therefore the data gap in the eye does not affect any other regions.

The third and final step of the method is the retrieval of the thermodynamic perturbations from
the balanced reference state with SAMURAI-TR as described in FB17. The method solves for

the perturbations of density potential temperature 6, and non-dimensional pressure 7’ using a 3D
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variational cost function. The retrieval consists of a set of five equations, two equations each for

¢/, and 7', and one equation containing both variables. The exact equations ! read:
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where u, v, and w denote the wind field components, f denotes the Coriolis parameter, ¢, denotes
the specific heat capacity at constant pressure, 7 denotes the azimuthally averaged non-dimensional
pressure, and 6, denotes the azimuthally averaged density potential temperature. Analytic tests
performed by FB17 indicate that SAMURAI-TR has good accuracy and can retrieve pressure to

within 0.25 hPa and temperature to within 0.7 K RMSE.

3. Kinematic and Thermodynamic Structure of Hurricane Rita

The kinematic and thermodynamic structure of Hurricane Rita was investigated with respect to
its variability over time, its response to VWS, and the characteristics of the eyewall convection.

Horizontal cross sections of radar reflectivity, horizontal wind, and vertical motion for the four
analysis periods are shown in Figs. 2 and 3. The data coverage for all times is very good in the
northern semicircle. Some gaps in coverage exist towards the southern edge of the domain and in
the eye, which is in part due to the flight patterns and in part due to a lack of hydrometeors. The

eyewall is located at a radius of around 25 km, containing the highest reflectivities and strongest

'We note that FB17 omitted the last term each in their retrieval equations 13 and 14, which can be neglected but is included here for completeness

in the corresponding equations 5 and 6.
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horizontal winds. All times show a consistent asymmetry related to VWS, with the largest radar
reflectivities at all vertical levels in the northern part of the eyewall, which coincides with the left-
of-shear semicircle. A detailed analysis of the shear is shown in Fig. 4 and described below. The
largest vertical velocities are consistently in the eastern and northern part of the eyewall, whereas
the western part shows predominantly downward motion. The largest maximum reflectivities
occur at 2110 UTC, where the 40-dBZ surface extends above 5 km altitude. The vertical velocities
in the northern part of the eyewall at 5 km altitude are collocated with the largest reflectivity
values for 2140 UTC, and located radially inward of the largest reflectivity values for the other
three times. Similar to what has been observed in several previous studies, new cells usually
form in the downshear-right (here southeastern) part of the eyewall, mature as they rotate into the
downshear-left (northern) part, and dissipate in the upshear-left (western) part of the eyewall.

The SAMURALI analyses were used to estimate storm motion, local shear, and the vertical tilt of
the storm. As mentioned in section 2c, for each analysis time, the vortex center position was defined
as the average of the center positions at the vertical levels from 2 km to 8 km altitude determined
by maximizing the circulation at the RMW (Marks et al. 1992). The vortex center positions at
the four consecutive times show the approximately linear, northwesterly track of Hurricane Rita
during the observation period (Fig. 4, Table 1). Rita moved at a speed of 5.3 m s~!, with a heading
of 321°. The vortex tilted to the northeast during all four periods, with the tilt magnitude changing
slightly from period to period. The tilt was defined as the difference between the center positions
at 8 km and 2 km altitude.

The direction of the VWS was assessed using two different metrics, the local shear derived from
the SAMURALI analyses and the large-scale SHIPS shear (Statistical Hurricane Intensity Prediction
Scheme; DeMaria and Kaplan (1994)). The local shear was computed using the center-relative

flow out to a radius of 40 km, which ensured sufficient data coverage for the shear calculation
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except for the last period where the data gap to the south skews the results. Hence, the local shear is
computed as the average of the results of the first three periods only where the center-relative flow
for each vertical level was consistent over time. The deep-layer shear (12 km - 1.5km) is 13.0m s~
in east-southeasterly direction (114°), and the shallow-layer shear (5 km - 1.5 km) is 6.2 m s~! in
easterly direction (92°). The large-scale shear was estimated using data from the SHIPS database.
The shear values are averages between the SHIPS data for 1800 UTC 23 September and for 0000
UTC 24 September. The deep-layer shear (200-850 hPa) is 12.3 m s~! to the north-northeast (22°),
and the shallow-layer shear (500-850 hPa) is 1.5 m s~! to the northeast (56°).

Data from sheared TCs are often analyzed with respect to the direction of the shear impacting
them. However, in our case the two shear metrics show rather different results. Most notably, the
deep-layer shear direction is different by over 90° from the local shear. Many studies that have
analyzed the structure of sheared TCs (e.g. Jones 1995; Wang and Holland 1996; Reasor et al.
2004) found a quasi-steady orientation of the vortex tilt toward the downshear left, whereas, to the
authors’ knowledge, there is no study reporting a tilt toward the downshear right. Moreover, the
largest radar reflectivities are usually found left of shear. We speculate that the discrepancy between
the directions of the local and large-scale deep layer shear is due to the presence of a larger-scale
trough near Rita, but the exact reasons for the difference are unclear. Since our results are much
more consistent with previous work when analyzed with respect to the local shear direction, for the
purposes of this study, the shear direction is defined as the direction of the local deep-layer shear
(114°).

The SAMURALI analyses were transformed from Cartesian to cylindrical coordinates using the
respective vortex center positions as points of origin. This transformation enables the computation
of the azimuthally-averaged storm structure and the thermal wind balanced reference state (Fig. 5),

as well as azimuthal wavenumber asymmetries presented later in the manuscript. Figures Sa-d
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show maximum azimuthal mean tangential wind speeds in excess of 50 m s~! at low levels at a
radius of about 30 km during all four periods, and tangential wind speeds exceeding 30 m s~!
throughout the depth of the domain outside the RMW. The radial location of largest mean radar
reflectivities ranges from about 25 km (2140 UTC) to about 32 km (2110 UTC). 2210 UTC exhibits
an additional radar reflectivity maximum at large radii (around 55 km). At2110 UTC and at 2210
UTC, the largest mean radar reflectivities are collocated with the largest tangential wind speeds.

Figures Se-h show the balanced temperature increase (7(r,z) =T (r = 60 km, z)) and pressure
drop (p(r,z) — p(r = 60km, z)) from the edge of the domain toward the center of the storm, which
were calculated using the mean tangential wind fields displayed in Figs. 5a-d. The pressure drop is
most pronounced at lower levels, with a maximum pressure drop of Ap > 26 hPa in all cases. The
temperature increases towards the center, with a minimum at 4 km altitude and maximum from 6
to 9 km altitude. The maximum is subtle at 2110 UTC and more pronounced at 2040 UTC and
2210 UTC.

A subset of the retrieved perturbation pressure and temperature fields are shown in Figs. 6
and 7. The three-dimensional thermodynamic structure has been investigated extensively through
numerical modeling (e.g. Jones 2000), but observational studies (e.g. Reasor and Eastin 2012) have
been limited to a few flight levels and dropsonde profiles. We believe these to be the first fully
three-dimensional gridded thermodynamic observations from a TC. The retrieved thermodynamic
structures show evidence of a wavenumber-1 pattern with additional higher-order structure during
all four periods (exemplified here by data at 5 km altitude, Fig. 6). Horizontal cross sections at
different vertical levels (exemplified here by data at three different vertical levels at 2140 UTC,
Fig. 7) show an azimuthal rotation of the patterns with height. To gain further insight into Rita’s

asymmetric structure the kinematic and thermodynamic variables are decomposed into azimuthal

wavenumbers in the following section.
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4. Azimuthal-Wavenumber Analysis

The SAMURALI analyses in cylindrical coordinates are used to compute a discrete one-
dimensional Fourier transform for each radial annulus, with a radial spacing of 1-km and an
azimuthal spacing of 1°. In case of missing data along a range ring the data were interpolated

across the gap using one-dimensional cubic splines.

a. Wavenumber-1 Structure: Shear

The horizontal cross sections of radar reflectivity and vertical velocity (Figs. 2 and 3) showed
that the vertical velocity has an apparent wavenumber-1 component at mid-to-upper levels, with
the strongest upward motion in the eastern and northern quadrants of the eyewall for all four
periods. The wavenumber-1 patterns were similar for all four periods, such that only results for
2140 UTC will be shown herein (Fig. 8) for conciseness. The wavenumber-1 vertical velocity
maximum is located in the northeastern eyewall between 20 and 35 km radius for all vertical levels
(Fig. 8a), and the magnitude increases with height. No significant rotation of the vertical velocity
with height is evident. The wavenumber-1 vorticity asymmetries (Fig. 8b) at 2 km look similar
to the wavenumber-1 vorticity asymmetries in Hurricane Guillermo at 2 km (Reasor and Eastin
2012), with one dipole inside the RMW, and an oppositely oriented dipole outside. At 8 km, the
convectively active region toward the northeast of the center is collocated with a region of positive
vertical vorticity. This pattern might be attributed to vortex stretching in active convection.

As mentioned above, a novel aspect of this study is the unprecedented look at the thermodynamic
fields of the entire vortex. The wavenumber-1 asymmetries of density potential temperature
perturbations 0;) show a consistent picture over time. The anomalies are maximized around a
radius of approximately 30 km, with the azimuthal orientation of the dipole similar for all radii

(Fig. 8c). The cold anomalies at 2 km altitude are located in the northeastern part of the eyewall,
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and at 8 km they are located in the eastern part of the eyewall, resulting in an anticyclonic rotation
with height. The magnitude of the temperature anomalies decreases with height.

The wavenumber-1 asymmetries of perturbation pressure p’ also show a consistent picture over
time. The pressure perturbations are maximized around a radius of approximately 30 km (Fig. 8d)
similar to the temperature perturbations. In contrast to the temperature perturbations, however, the
pressure perturbations rotate cyclonically with height. At 2 km, the positive pressure perturbations
are located in the northeastern part of the eyewall. At 8 km, the positive pressure perturbations are
located in the western part of the eyewall. The pressure perturbations are weakest at midlevels.

Following previous observational (Hence and Houze 2011; DeHart et al. 2014; Foerster et al.
2014) and modeling (Chen and Gopalakrishnan 2015; Rios-Berrios et al. 2016a,b; Leighton et al.
2018) studies, we analyze the data into shear-relative quadrants using the local shear direction of
114°. The quadrants are denoted in Fig. 8d, with south roughly corresponding to "downshear right"
where convective-initation is commonly observed in previous studies. East roughly corresponds
to "downshear left", the quadrant with the largest radar reflectivities due to maturing convection.
North roughly corresponds to "upshear left", the quadrant containing dissipating cells, and west
roughly corresponds to "upshear right", the quadrant with the shallowest convection. The average
characteristics within each quadrant and over time are assessed by calculating spatio-temporal
averages. First, the dataset for each period was split up into quadrants, then the datasets of all four
periods were combined quadrantwise. Vertical cross sections representing the mean structure of
each quadrant over time were calculated by averaging the data within each quadrant and over all
four periods.

The spatio-temporal averages illustrate the variability of the kinematic and thermodynamic
structure from quadrant to quadrant (Figs. 9 and 10). The radar reflectivity exhibits a pattern of

convective initiation, maturation and dissipation. In addition, our dataset allows analysis of the
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shear-related wavenumber-1 dynamic and thermodynamic forcing terms (Eq. 1) in each quadrant.
For easier interpretation, the negative vertical gradient of perturbation pressure is displayed in
Figs. 9 and 10 instead of perturbation pressure itself. Positive values of either ¢/, or —dp’/dz result
in an upward forcing. Note that the thermodynamic fields are not shown below 2 km, because the
assumption of gradient-wind balance is not valid in the boundary layer, therefore the perturbation
fields are not well-defined. We note that strong mechanical lifting in the boundary layer also plays
a critical role in forcing vertical motion, but we are unable to analyze boundary layer forcing with
the current analysis technique.

The downshear right quadrant (Figs. 9a-c) exhibits the smallest radar reflectivity values of all
four quadrants. The RMW, only discernible at low levels, is located outside of 30 km. The
wavenumber-1 perturbation pressure gradient shows positive forcing at upper levels, collocated
with the outflow layer, and negative forcing at lower levels. A region of upward motion at upper
levels is evident around a radius of 30 km near the upward pressure gradient forcing region. The
vertical motion is close to zero throughout most of the domain, believed to be due to averaging of
the relatively weaker up- and downdrafts in this quadrant (c.f. Figs. 2 and 3). The wavenumber-1
perturbation temperature shows warm values at low levels and cold values in the outflow layer,
resulting in decreased static stability in this quadrant.

Cyclonically downstream, the radar signature in the downshear left quadrant (Figs. 9d-f) suggests
the presence of maturing deep convection. The 20-dBZ surface reaches up to almost 10 km and the
reflectivity values at midlevels are larger than at the ground, which indicates that the convection is
still in its initial stage. This quadrant has low-level inflow and upper level outflow in active eyewall
convection, with a broad area of strong ascent, accompanied by air cascading down the inner edge
of the eyewall. The low-level inflow is relatively deep, reaching up to about 3.5 km and penetrating

inward to about 20 km radius. The wavenumber-1 pressure gradient is positive up to about 9 km.
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It is maximized at low levels around a radius 30 km. The wavenumber-1 perturbation temperature
shows negative values in a broad area below 9 km, maximized at around 4 km altitude in the region
of largest radar reflectivities.

The upshear left quadrant (Figs. 10a-c) contains the largest radar reflectivities exceeding 35 dBZ
just outside of 30 km radius. We note that the large reflectivity values at low-levels observed in
this quadrant are due in part to the hydrometeor production in the downshear left quadrant that has
been advected downstream (Feng and Bell 2019). The RMW slopes outward with height, reaching
from about 26 km radius at 1 km altitude out to about 32 km at 12 km altitude. The isotachs at
the inner edge of the eyewall exhibit the largest slope of all quadrants, whereas the isotachs fall off
slowly outside the RMW. The wavenumber-1 perturbation pressure gradient and thermodynamic
fields are oppositely signed to those in the downshear right quadrant, suggesting a transition region
where the thermodynamic forcing is becoming less favorable for deep convection. The column of
upward vertical motion is weaker, less broad, and more upright than in the previous quadrant. It
is flanked by strong downward motion at the inner edge of the eyewall and outside 35 km at upper
levels. The perturbation pressure gradient is upward below about 5 km, collocated with low-level
outflow, and downward at upper levels, collocated with weak inflow. This temperature pattern
with cold anomalies at low levels and warm anomalies at upper levels results in a positive vertical
potential temperature gradient, increasing the static stability in this quadrant.

The upshear right quadrant (Figs. 10e-f) contains strong radar reflectivities, but the convection
is not as intense or as wide-spread as in the previous quadrant. The tallest reflectivity signature
is located inside of 30 km radius. The RMW is pronounced, and located radially outside of the
reflectivity maximum. The outflow is quite deep at low levels, stretching up to 6 km altitude at
its maximum extent. At upper levels, the outflow is confined to inner radii, meeting deep inflow

at around 30 km radius. The wavenumber-1 perturbation pressure gradient has negative values
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throughout most of the domain. It is maximized at low levels around a radius 30 km. The eyewall
region between 20 and 30 km radius exhibits negative vertical velocities throughout the depth of
the column, with the strongest downward motion at midlevels around 6 to 8 km altitude. The
downward motion is accompanied by positive wavenumber-1 temperature perturbations below the
level of maximum descent.

Azimuth-height composites of the wavenumber-1 components (Fig. 11) combine the findings of
all four quadrants and highlight how the fields rotate differently with height. Data of the eyewall
region (20 km < r < 40 km) of all four periods were used to create these composites. The
azimuthal distribution of radar reflectivity shows the largest radar reflectivities in the left-of-shear
quadrants, and an anticyclonic rotation with height. The isentropes 0_p + 9,,01 (9;1 denotes the
wavenumber-1 component of 6,) illustrate the adiabatic lifting in the downshear quadrants and
the adiabatic subsidence in the upshear quadrants. The isentropes are consistent with the vertical
velocity pattern that shows maximum ascent in the downshear-left quadrant and maximum descent
in the upshear-right quadrant. Similar to the radar reflectivity pattern, the azimuthal distribution
of temperature perturbations shows an anti-cyclonic rotation with height. In contrast, the pressure
perturbations show a cyclonic rotation with height similar to the vorticity pattern. The vertical
velocity is the only variable that shows an upright wavenumber-1 pattern. Tangential and radial
velocities show patterns with opposite orientation for levels below and above 6 km altitude. The
regions of largest tangential velocities are collocated with the regions of largest radar reflectivities.

Overall, the shear-relative spatio-temporal averages of Hurricane Rita on 23 September show
a storm structure that is similar to that of other sheared storms indicating convective initiation,
maturation, and dissipation around the asymmetric eyewall (Black et al. 2002; Reasor and Eastin

2012; DeHart et al. 2014; Foerster et al. 2014; Feng and Bell 2019). The three-dimensional

thermodynamic retrieval provided here for the first time yields new insights into the asymmetric
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convective forcing mechanisms on the vortex scale. Deep inflow at low levels and strong upward
motion in the downshear-left quadrant is accompanied by a deep upward perturbation pressure
gradient and negative temperature perturbations. Downward motion and strong outflow at low levels
in the upshear-right quadrant is accompanied by a downward perturbation pressure gradient and
positive temperature perturbations. The downshear-right and upshear-left quadrants are transition
zones between the strongest forcing in the other two quadrants, with initiating and maturing

convection, respectively.

b. Higher-order Wavenumbers: Eyewall Convection

VWS primarily affects the wavenumber-1 patterns, whereas higher wavenumbers are associated
with eyewall mesovortices and the eyewall convection itself (Braun et al. 2006). High-resolution
airborne radar data can provide a very detailed look at the structure of the eyewall, but with the
RAINEX flight patterns the radar data can not resolve the evolution of individual convective cells
since the data has to be composited over about 30 minutes. The cyclonic advection of the eyewall
convection with the mean tangential wind acts to blur the results, complicating the interpretation
of the higher-order wavenumbers in terms of individual convective cells. To provide insight, a
statistical approach is taken to examine the thermodynamic properties of higher-order updrafts in
the eyewall. Specifically, the relationship of thermodynamic properties with upward motion and
upward acceleration is examined in this manuscript.

A histogram of the perturbation density potential temperature ¢/, of all updrafts in the eyewall
region (15 km <r <40 km, 2 km < z < 12 km) for the four different periods (Fig. 12a) shows that the
distributions are similar for all periods and are shifted toward negative values. These distributions
include all gridpoints with positive vertical velocities, ranging from values just above zero to strong

updrafts. The average perturbation density potential temperature computed from these histograms
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ranges between -0.48 K and -0.70 K for the four different periods. This shift to negative values is
largely due to the fact that most updrafts occur in the downshear quadrants, and that these downshear
quadrants exhibit a shear-induced wavenumber-1 cold anomaly. The shear-induced wavenumber-1,
however, is quasi-balanced. It makes sense to look at the perturbation density potential temperature
not only relative to a vortex in thermal wind balance, but additionally include the shear-induced
wavenumber-1 into the reference state. The distributions of this "unbalanced" perturbation density
potential temperature (Fig. 12b) show a Gaussian shape centered around zero for all periods, with
the majority of the gridpoints exhibiting temperature perturbations of less than 2 K (e-folding is
approximately + 2K). Hence, there are approximately the same number of positively buoyant and
negatively buoyant updrafts with respect to a reference state which includes shear effects. Limiting
the distributions to gridpoints with vertical velocities in excess of 5 m s~! results in a shift of the
distribution to the right (Fig. 12¢). Gridpoints with strong vertical motion are more likely to have
positive than negative temperature perturbations.

To test the robustness of this result, average temperature perturbations for gridpoints exceeding
a certain vertical velocity threshold are computed. Thresholds are chosen as increments of 1 m
s~!, from 0 to 10 m s~!. Only gridpoints in the downshear quadrants are included to focus on the
earlier times of the convective lifecycle.

All periods show monotonically increasing average temperature perturbations with increasing
vertical velocity (Fig. 13a). The last values for 2140 UTC and 2210 UTC are an exception and
are most likely due to the limited number of gridpoints exceeding the respective threshold. The
increase is strongest for 2040 UTC, but all periods show a dependence of the average temperature
perturbation on the velocity threshold, with higher temperature perturbations for stronger updrafts.

In contrast, no dependence of the average vertical velocity can be found with increasing tem-

perature perturbation thresholds (Fig. 13b). Similiar to thresholding on the vertical velocity, as
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in Fig. 13a, for this calculation we thresholded on the unbalanced density potential temperature
perturbations in increments of 0.33 K, from 0 to 3 K, and then averaged the vertical velocities of
these gridpoints. All periods show a positive, constant average vertical velocity up to a threshold of
2 K. Above that, the average vertical velocity decreases for all periods, except 2140 UTC. Hence,
on average, gridpoints with strong updrafts have higher, positive temperature perturbations, but
gridpoints with higher temperature perturbations do not necessarily have stronger updrafts. There
is no direct correlation between temperature perturbations and vertical velocity. Higher vertical
velocities are accompanied by stronger positive temperature anomalies, but the magnitude of the
temperature anomalies does not indicate the strength of the vertical velocity.

The occurrence of positive temperature anomalies and upward vertical velocities do not have to
be collocated to be linked though. Air parcels with negligible vertical velocities might encounter
regions with enhanced temperature anomalies at lower levels, be accelerated upwards by them,
and then show increased vertical velocities later on. Results from trajectory analysis of high-
resolution simulations (e.g. Braun 2002; Cram et al. 2007; Hazelton et al. 2017) and observational
studies (Eastin et al. 2005b; Barnes and Fuentes 2010; Dolling and Barnes 2012; Guimond et al.
2016) suggest that one forcing mechanism for convective bursts in the eyewall is buoyancy through
exchange of air between the eye and eyewall.

To analyze the importance of buoyancy for eyewall convection, we investigate the correlation
between vertical acceleration and its two forcing terms, buoyancy and vertical perturbation pressure
gradient force:

I Dw  on' g

— = — +—=¢ 7
cpb, Dt 0z cpé’,% P 0

expressed in terms of normalized perturbation pressure 7/, density potential temperature per-

turbation 67, and mean density potential temperature 6,. This equation is part of the retrieval

formulation of SAMURAI-TR and thus has been used to obtain the temperature and pressure fields
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that are now being evaluated. However, as noted in FB17 and discussed below, the impact of the
vertical momentum equation on the retrieved fields is small and thus it is valid to use the vertical
momentum equation as a diagnostic tool. Due to the 30-minute time interval between analyses,
the time tendency is neglected in the material derivative of the vertical wind, denoted here as
C= %. The correlation between the vertical acceleration (C) and the dynamic (C; = —%—’g) and
buoyant (Cp = ﬁ%) forcing, respectively, is expressed in terms of coefficients of determination
(hereafter R? values). The R? values indicate the percentage of variance explained by the dependent
variables. Vertical acceleration, dynamic forcing, and buoyant forcing were first computed and
then decomposed into wavenumbers. The R? values for different wavenumbers in each individual
period are summarized in Table 2, and scatter plots for all four periods combined are shown in
Fig. 14.

The scatter plots for wavenumber 0-and-1 show that while both forcing terms have non-zero
values, the vertical acceleration is very close to zero. This is reflected in R? values which are
very close or equal to zero, and supports the interpretation of a ‘quasi-balanced’ wavenumber-1
pattern, with negligible vertical acceleration and a near-cancellation between buoyant and dynamic
forcings. While gradient wind balance has been previously shown in observations to be a good
approximation for the axisymmetric vortex above the boundary layer (Willoughby 1990), we are
unaware of quantitative observational support that shows that the wavenumber-1 vertical motion
is indeed quasi-balanced with respect to the wavenumber-1 buoyant and dynamic forcing terms.
We use the term ‘quasi-balanced’ here to indicate that DD—V; is small on this scale regardless of
the strength of the buoyant and dynamic forcings, suggesting that the hydrostatic approximation
is valid but that gradient wind balance is more difficult to assess for asymmetric flow (see Brill

(2014) for discussion on how the gradient wind depends on the definition of the parcel trajectory

and its curvature). Whether the observed wavenumber-1 structure conforms to other theoretical
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balance relationships (Raymond 1992; Shapiro and Montgomery 1993) is beyond the scope of the
current study and reserved for future work.

At wavenumber 2-and-higher scales, however, correlations between vertical acceleration and
the forcing terms are evident. The spread is somewhat large, but the correlation between vertical
acceleration and buoyancy is positive, whereas the correlation between vertical acceleration and
vertical perturbation pressure gradient force is negative. We believe that the spread is likely due
to a combination of uncertainty in w and the thermodynamic retrieval, the effects of low-pass
filtering, and neglect of the time-tendency in the % calculation. Despite these uncertainties, the
thermodynamic forcing terms can explain much of the variance in the observed vertical velocity,
with R? values as high as 0.26 for the dynamic forcing term at 2140 UTC, and as high as 0.58
for the buoyant forcing term at 2110 UTC (Table 2). The sensitivity of these results to the
inclusion of the vertical momentum equation in the retrieval formulation was tested by performing
thermodynamic retrievals without the vertical momentum equation for each of the four periods. The
mean R? values for wavenumber 2-and-higher changed only slightly in response, with a reduction
of the mean R? value by 0.05 for the dynamic forcing term and by 0.01 for the thermodynamic
forcing term. The sensitivity test confirms that the observed results are physical and not a result
of a prescribed relationship in the retrieval itself. The R? values for wavenumber 2-and-higher
indicate that vertical accelerations in convection are correlated with the higher-order wavenumber
thermodynamic structure. The positive correlation of vertical acceleration to the buoyant forcing
term and higher explanation of variance suggests that bouyancy has a more direct impact on
eyewall convection than the dynamic forcing above the boundary layer. The negative correlation of
vertical acceleration to the dynamic forcing term and lower explanation of variance suggests that

thermodynamic and dynamic forcing may partially counteract each other (Smith et al. 2005).
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5. Summary and Conclusions

Investigating the physical mechanisms that force and shape eyewall convection is essential to
better understand the impacts of the eyewall convection on the storm scale and to estimate how
changes in environmental forcing will alter the eyewall convection. Kinematic and thermodynamic
observations within the eyewall are critical to identify these physical mechanisms. However, high
resolution observations in this region are limited. They are limited temporally to periods when
reconnaissance or research aircraft sample the storm, and limited spatially to aircraft tracks, drop-
sonde paths and scanning geometries of remote sensing instruments. Here, we apply the recently
developed thermodynamic retrieval method SAMURAI-TR to observations in Hurricane Rita col-
lected on 23 September 2005 during the RAINEX field campaign. The retrieval provides estimates
of the pressure and temperature fields within the inner core region of TCs using airborne Doppler
radar data. The retrieved pressure and temperature fields along with the wind and precipitation
structure of Hurricane Rita emphasize the impact of vertical wind shear on the azimuthal location
of convection in the eyewall. The pressure and temperature fields show the dynamic and thermo-
dynamic processes that act to balance the vortex tilt. Analysis of the contributions of the retrieved
pressure and temperature fields to different azimuthal wavenumbers suggests the interpretation of
eyewall convection within a three-level framework of balanced, quasi-balanced, and unbalanced
motions.

At the time of observation on 23 September 2005, Rita had weakened to a Category-3 hurricane
due to its exposure to increased VWS, cooler sea surface temperatures, and structural changes that
had occurred on the previous day. Four consecutive 30-min intervals of data paint a very consistent
picture of the main kinematic and thermodynamic features of the eyewall. During all four periods,

the vortex tilt is to the northeast, approximately perpendicular to the storm motion. The vortex
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tilts downshear relative to the large-scale shear, and left-of-shear relative to the local shear. Most
previous studies found that the tilt had an orientation close to the left-of-shear direction. Hence, the
local shear seems to be more representative than the SHIPS large-scale shear in this case. Vertical
motion and precipitation structure show a pronounced wavenumber-1 pattern in all cases, with
largest radar reflectivities toward the north and strongest upward motion toward the north and east.

The 2-D axisymmetric tangential wind fields from the center out to 60 km radius are balanced
by a pressure deficit of approximately 26 hPa and a temperature increase of approximately 4 K.
The pressure deficit is maximized at low levels, while the temperature increase is maximized at
vertical levels of 6 to 9 km. This axisymmetric mean temperature and pressure fields represent the
vortex reference state in thermal wind balance.

The pressure and temperature fields obtained by SAMURAI-TR show pronounced wavenumber-
1 patterns. The patterns are very consistent over all four periods, bolstering the confidence in
the retrieval and suggesting a connection between the thermodynamic structure of the vortex and
the environmental wind shear. The results of the thermodynamic retrieval and interaction of the
vortex with shear are summarized schematically in Fig. 15. The temperature perturbations show
an anticyclonic rotation with height, with negative values in the northern part (upshear left) of the
eyewall at low levels and negative values in the eastern part (downshear left) of the eyewall at upper
levels. Hence, the cold anomalies are located in the downtilt direction and are collocated with
regions of strong convection. Jones (1995) identified this thermal couplet with cool anomalies
downtilt and warm anomalies uptilt as the adiabatic response of the vortex to shear. The shear
introduces a tilt of the vortex and the tilt introduces adiabatic ascent right-of-tilt and adiabatic
descent left-of-tilt, resulting in raised isentropes and thus cold anomalies downtilt and lowered
isentropes and thus warm anomalies uptilt. This wavenumber-1 in vertical motion and temperature

acts to balance the tilt and thus keep the vortex close to alignment and in a quasi-steady state.
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Hence, the combination of balanced-state and wavenumber-1 will be called the quasi-balanced
reference state in our three-level framework. The anticyclonic rotation of the thermal anomalies
with height is similar to results of Jones (2000). She also found an anticyclonic rotation with
height in her simulations of baroclinic vortices and attributed it to the anticyclonic rotation of the
tilt with height, emphasizing the close connection between the orientation of the thermal couplet
and the tilt direction. The wavenumber-1 pressure perturbations in Rita show a cyclonic rotation
with height, with high pressure anomalies to the north of the center at low levels and high pressure
anomalies to the west of the center at upper levels. Hence, the high pressure anomalies are located
predominantly left-of-shear, with low-level storm-relative inflow and upper-level storm-relative
outflow to the east of the center, and a reverse flow pattern to the west of the center. The pressure
perturbation distribution results in an upward-directed pressure gradient force at upper levels in the
downshear-right quadrant, at all vertical levels in the downshear-left quadrant, and at low levels in
the upshear-left quadrant. In contrast, it results in a downward-directed pressure gradient force at
upper levels in the upshear-left quadrant, at all vertical levels in the upshear-right quadrant, and at
low levels in the downshear-right quadrant.

Individual convective cells embedded in the eyewall have been regarded to play an integral
role in eyewall dynamics ("hot towers", Malkus and Riehl (1960); Hendricks et al. (2004)) and
their location has been linked to intensity change efficiency (Pendergrass and Willoughby 2009;
Vigh and Schubert 2009). Individual convective cells project onto higher-order wavenumbers.
The temporal resolution of 30 minutes between our radar analyses precludes a detailed analysis
of the thermodynamic structure of individual updrafts. Nevertheless, statistical analysis of the
higher-wavenumber structure of convective updrafts suggests that while "stronger updrafts are
more likely to be buoyant" the opposite conclusion that "more buoyant parcels have higher vertical

velocities" is not supported by our data. These findings are consistent with the results of Eastin
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et al. (2005a). Their statistical analysis of aircraft data of 14 intense hurricanes similarly showed
that while stronger updrafts are more likely to be buoyant the more buoyant parcels do not always
have higher vertical velocities. This highlights the difference between vertical motion and vertical
acceleration, and the necessity to analyze the effects of buoyancy on an air parcel along a parcel
trajectory rather than instantaneously.

Correlations between vertical acceleration and dynamic and thermodynamic forcing, respectively,
suggest that vertical accelerations are due to higher-order wavenumbers and that the thermodynamic
forcing dominates the dynamic forcing. Wavenumbers-0 and -1 of the vertical acceleration show
very small acceleration values and no correlation to the forcing terms, indicating that these lower
wavenumbers are near hydrostatic balance or "quasi-balanced", suggesting that the forcing of
the individual convective elements should be studied with respect to a quasi-balanced reference
state. Higher wavenumbers of vertical acceleration show non-zero values and a correlation to both
forcing terms, where the correlation to the thermodynamic forcing is stronger and positive and
the correlation to the dynamic forcing term is weaker and negative. The results indicate that the
vertical acceleration of individual convective air parcels in the eyewall above the boundary layer is
linked to thermal forcing, and that buoyancy and perturbation pressure gradients tend to counteract
each other.

In summary, the radar-derived kinematic and thermodynamic structure of Hurricane Rita on 23
September 2005 enabled a very detailed analysis of the thermodynamic and dynamic forcing of
eyewall convection. The structure can be best described in terms of a three-level framework of
balanced, quasi-balanced, and unbalanced motions. The axisymmetric (wavenumber-0) structure
is determined by a primary force balance between the gravitational force and the vertical pressure
gradient force in the vertical, and the horizontal pressure gradient force, Coriolis force, and

centrifugal force in the horizontal, resulting in a pressure drop and temperature increase toward
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the center. The wavenumber-1 structure, is determined by the interaction of the storm with
environmental VWS, resulting in a quasi-balance between shear and shear-induced kinematic and
thermodynamic anomalies. The vortex (represented by a vorticity column) gets tilted, producing
wavenumber-1 pressure anomalies, which are balanced by a wavenumber-1 pattern in vertical
motion and temperature, represented by sloping isentropes (Fig. 15). The wavenumber-1 vertical
motion is still largely hydrostatic. The higher-order wavenumbers are connected to unbalanced
motions and convective cells within the eyewall, with the higher-order vertical acceleration being
linked to thermal forcing.

Future work applying the retrieval to other datasets and analyzing the thermodynamic structure
of tropical cyclones at different stages of their lifecycle or while being impacted by different
environmental conditions will help to improve the understanding of the physical mechanisms
that determine the activity and organization of eyewall convection. Analysis of the respective
importance of the thermodynamic and dynamic forcing terms during those different scenarios
should lead to a better understanding of how eyewall convection contributes to tropical cyclone

intensity change.
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TaBLE 1. Statistics of the center position of Hurricane Rita and its vertical tilt derived from SAMURAI
analyses on 23 September 2005. Center positions for the four periods are in degrees latitude and longitude.

The tilt it calculated between 8 km and 2 km altitude, and the tilt direction is defined using the meteorological

convention.
time center lat (°) | center lon (°) | tilt magnitude (km) | tilt direction (°)
2040 UTC -92.56 28.23 5.0 53
2110 UTC -92.63 28.30 5.0 37
2140 UTC -92.68 28.38 22 63
2210 UTC -92.74 28.45 4.2 45
45
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TaBLE 2. R? values characterizing the relation between vertical acceleration and thermodynamic/dynamic
forcing in the vertical momentum equation for each of the four periods and their combination. The R? values are

computed separately for wavenumbers 0-and-1 (Wnrs 0&1), and wavenumbers-2 and higher (Wnr >=2).

2040 UTC | 2110 UTC | 2140 UTC | 2210 UTC | total

Whnrs 0&1, Dynamic 0.02 0.00 0.00 0.01 0.00

Wars 0&1, Thermodynamic 0.00 0.00 0.00 0.01 0.00

Wnr >=2, Dynamic 0.15 0.19 0.03 0.26 0.14

Whnr >=2, Thermodynamic 0.39 0.58 0.28 0.47 0.42
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deviations. . . . . . . . . . . . . . . . . . . . . . . .00

Fig. 14. Scatter plots of vertical acceleration (C), dynamic forcing (C1), and thermodynamic forcing
(C2) for wavennumbers 0-and-1, and wavenumbers 2-and-higher. The scatter plots contain
data of the eyewall region (15 km < r < 40 km, 2 km < z < 8 km) of all four periods. . . . 61

Fig. 15. Summary schematic of the kinematic and thermodynamic structure of Hurricane Rita (2005).
The gray cylinder represents the vortex tower of the eyewall, which is tilted by the environ-
mental wind shear (black vector). Green ‘L’ symbols and vectors denote cyclonic low
pressure anomalies, and brown ‘H’ symbols denote anticyclonic high pressure anomalies.
Thermal anomalies are denoted by blue (cold) and red (warm) circles and shading. Blue
arrows show the modified secondary circulation. The thick black contour denotes a represen-
tative potential temperature surface, with arrows illustrating the cyclonic vortex flow around
the eyewall. In the downshear right quadrant, air parcels move cyclonically downstream and
adiabatically upward along the potential temperature surface resulting in individual convec-
tive motions denoted by the cumulus cloud and upward arrow. A warm anomaly is shown in
the convective cloud to denote the release of latent heat associated with the buoyant updraft. . . 62
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FiG. 1. (top) National Hurricane Center best-track position of Hurricane Rita, with the open hurricane symbol
denoting tropical storm strength, the closed symbol denoting hurricane strength, and L denoting a remnant low.
(center) Best-track intensity in terms of maximum sustained winds (knots, blue line) and minimum pressure
(hPa, green line). The observation period is indicated by the vertical grey bar. (bottom) Flight tracks of NRL
P-3 (blue), NOAA 43 (green), and NOAA 42 (red) into Hurricane Rita during the period of interest (2020 UTC
to 2230 UTC), overlaid on GOES-12 Band 1 Reflectance at 2125 UTC 23 September 2005.
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FiG. 2. Horizontal cross sections of SAMURALI radar reflectivity (shaded, dBZ), horizontal velocity (black
arrows, m s~'), and vertical velocity (white contours, m s™1) at 2 km, 5 km, and 8 km altitude for (left column)

2040 UTC and (right column) 2110 UTC. Flight tracks are overlaid at 5 km altitude.
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F1G. 3. Horizontal cross sections of SAMURALI analyses for (left column) 2140 UTC and (right column) 2210
UTC as in Fig. 2.
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FiG. 4. Schematic of storm center positions, tilt directions, and environmental shear for all four periods.
The center positions (black circles) and the tilt directions (small purple arrows) are derived from the respective
SAMURALI analyses (see text). The two insets illustrate the SHIPS shear (upper right) and the local shear derived
from the SAMURALI analyses (lower left), with the red arrows indicating the deep-layer shear directions and the

orange arrows indicating the shallow-layer directions.
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FiG. 5. (left column) Azimuthally-averaged storm structure of radar reflectivity (shaded, dBZ) and tangential
wind speed (m s~ for (a) 2040 UTC, (b) 2110 UTC, (c) 2140 UTC, and (d) 2210 UTC. (right column) Mean
pressure deficit (blue dashed, hPa) and mean temperature increase (red solid, K) relative to the mean pressure
and temperature at a radius of 60 km at each respective vertical level for (e) 2040 UTC, (f) 2110 UTC, (g) 2140
UTC, and (h) 2210 UTC.
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FiG. 6. Horizontal cross sections at 5 km altitude of (left column) perturbation pressure (shaded, hPa) and
(right column) perturbation density potential temperature (shaded, K) for 2040 UTC, 2110 UTC, 2140 UTC, and
2210 UTC. Radar reflectivity (black contours at 20, 30, 40, and 50 dBZ) is added for orientation.
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Fic. 7. Horizontal cross sections of (a) perturbation pressure (shaded, hPa) and (b) perturbation density
potential temperature (shaded, K) at 2, 5, and 8- km altitude for 2140 UTC. Radar reflectivity (black contours at

20, 30, 40, and 50 dBZ) is added for orientation.

55
Accepted for publication in Jourfalof'the”Atiriospheric Seierices. DOTM101 175/JASD-20201951¢



FiG. 8. Horizontal cross sections of the wavenumber-1 components of (a) vertical velocity (shaded, m s7h),
(b) vorticity (shaded, 1073 s~!), (c) perturbation density potential temperature (shaded, K), and (d) perturbation
pressure (shaded, hPa) for 2 km (left), 5 km (center), and 8 km altitude (right) for 2140 UTC. The black arrow in
the left panels illustrates the local shear direction. A definition of the shear-relative quadrants is overlaid in the

bottom right panel. Radar reflectivity (black contours at 20, 30, 40, and 50 dBZ) is added for orientation.
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Fic. 9. Radius-height cross sections of (a,d) radar reflectivity (shaded, dBZ) and tangential wind speed
(contours, m s~!), (b,e) the wavenumber-1 components of vertical perturbation pressure gradient (shaded, hPa
km~!) and radial wind speed (contours, m s~!) and (c,f) the wavenumber-1 components of density potential
temperature perturbation (shaded, K) and vertical wind speed (contours, m s~ ') for (left column) the downshear-
right and (right column) downshear-left quadrants. The variables are averaged azimuthally within each shear-

relative quadrant and over all four periods.
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FiG. 10. Same as Fig. 9, but for (left column) the upshear-left and (right column) upshear-right quadrants.
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Fic. 11. Azimuth-height composites of the wavenumber-1 components of the eyewall region
(20 km < r < 40 km) of all four periods combined: (a) radar reflectivity (shaded, dBZ) and tangential ve-
locity (contoured, m s~1), (b) vorticity (shaded, 107 s~!) and isentropes H_p + 9;)1 (contoured, K), (c) density
potential temperature perturbation (shaded, K) and vertical velocity (contoured, m s~!), and (d) perturbation

pressure (shaded, 1073) and radial velocity(contoured, m s7h.
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Fic. 12.  Histograms of perturbation density potential temperature for gridpoints in the eyewall
(15 km <1 <40 km, 2 km < z < 12 km) with positive vertical velocity for each period (red: 2040 UTC,
green: 2110 UTC, blue: 2140 UTC, orange: 2210 UTC) for (a) the total 67, (b) the unbalanced 67, i.e. 0/’) minus
its wavenumber-1 component, and (c) the unbalanced 6, for all gridpoints with a vertical velocity exceeding 5 m

s!. The average ¢, for each scenario and period is inserted in the respective plot.
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Fig. 13. (a)Unbalanced 6, averaged over all gridpoints in the left-of-shear quadrants that exceed a certain
vertical velocity threshold for 2040 UTC (red), 2110 UTC (blue), 2140 UTC (green), and 2210 UTC (orange).
(b) Vertical velocity averaged over all gridpoints in the downshear quadrants that exceed a certain unbalanced 67,

threshold. Vertical errorbars indicate standard deviations.
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F1G. 14. Scatter plots of vertical acceleration (C), dynamic forcing (C1), and thermodynamic forcing (C2) for
wavennumbers 0-and-1, and wavenumbers 2-and-higher. The scatter plots contain data of the eyewall region

(15km <r <40 km, 2 km < z < 8 km) of all four periods.
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FiG. 15. Summary schematic of the kinematic and thermodynamic structure of Hurricane Rita (2005). The
gray cylinder represents the vortex tower of the eyewall, which is tilted by the environmental wind shear (black
vector). Green ‘L’ symbols and vectors denote cyclonic low pressure anomalies, and brown ‘H’ symbols
denote anticyclonic high pressure anomalies. Thermal anomalies are denoted by blue (cold) and red (warm)
circles and shading. Blue arrows show the modified secondary circulation. The thick black contour denotes a
representative potential temperature surface, with arrows illustrating the cyclonic vortex flow around the eyewall.
In the downshear right quadrant, air parcels move cyclonically downstream and adiabatically upward along
the potential temperature surface resulting in individual convective motions denoted by the cumulus cloud and
upward arrow. A warm anomaly is shown in the convective cloud to denote the release of latent heat associated

with the buoyant updraft.
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