
Florida State University Libraries

Electronic Theses, Treatises and Dissertations  The Graduate School

2009

An Examination of Tropical Cyclone
Evolution Using Curvature Vorticity and
Shear Vorticity
Benjamin Alan Schenkel

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu


FLORIDA STATE UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

AN EXAMINATION OF TROPICAL CYCLONE EVOLUTION USING

CURVATURE VORTICITY AND SHEAR VORTICITY

By

BENJAMIN ALAN SCHENKEL

A Thesis submitted to the
Department of Meteorology
in partial fulfillment of the

requirements for the degree of
Master of Science

Degree Awarded:
Spring Semester, 2009



The members of the Committee approve the Thesis of Benjamin Alan Schenkel defended on

8 January 2009.

T.N. Krishnamurti
Professor Directing Thesis

Robert Hart
Committee Member

Paul Ruscher
Committee Member

Approved:

Robert G. Ellingson, Chair,
Department of Meteorology

Joseph Travis, Dean,
College of Arts and Sciences

The Graduate School has verified and approved the above named committee members.

ii



This thesis is dedicated to my family
who without them none of this would be possible.

iii



ACKNOWLEDGEMENTS

I would first like to thank Professor T.N. Krishnamurti for providing me with this

opportunity. I want to acknowledge Dr. Sandeep Pattnaik, Dr. Anu Simon, Mrinal Biswas,

and Dr. Arindam Chakraborty for all their help throughout this process as well as my

committee members, Dr. Robert Hart and Dr. Paul Ruscher. I want to thank Dr. Paul

Reasor for supplying the tropical cyclone tracking program. I also want to acknowledge Pat

Kablick, David Ryglicki, and Henry Winterbottom for proofreading my thesis and providing

invaluable suggestions for improvements that needed to be made. I also would like to

thank the Computational and Information Systems Laboratory at the National Corporation

for Atmospheric Research as well as the High Performance Computing Center at Florida

State University for providing the resources necessary to conduct my research. I want to

acknowledge all my friends in the Meteorology Department for their support, especially Pat

Kablick for being a patient teacher and a great friend. Last, but certainly not least, I would

like to thank my family for all of their support during this journey.

– B.A.S.

iv



TABLE OF CONTENTS

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . viii

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background and Previous Research . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2. SHEAR VORTICITY, CURVATURE VORTICITY, AND ITS RELEVANCE
TO CHANGES IN TC INTENSITY AND STRUCTURE . . . . . . . . . . . 7
2.1 A Review of Shear Vorticity and Curvature Vorticity . . . . . . . . . . . 7
2.2 Vorticity and the Efficiency of Tropical Cyclone Heating . . . . . . . . . 10
2.3 Vertical Wind Shear and Vortex Asymmetries . . . . . . . . . . . . . . . 13
2.4 Shear Vorticity and Curvature Vorticity Tendency Equations . . . . . . . 15

3. METHODOLOGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.1 Storm Histories . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 MM5 Model Simulation Overview . . . . . . . . . . . . . . . . . . . . . . 25
3.3 Model Verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4 MM5 Vorticity Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5 Overview of the HWRF Model . . . . . . . . . . . . . . . . . . . . . . . 34
3.6 Statistical Correlation Between Vorticity Conversions and Intensity Using

HWRF Hindcasts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4. CURVATURE VORTICITY AND SHEAR VORTICITY BUDGET STUDY . 41
4.1 Effect of Vertical Wind Shear on the Circulation of the TC . . . . . . . . 42
4.2 Spatial Distribution of Curvature Vorticity and Shear Vorticity . . . . . 43
4.3 Curvature Vorticity Budgets . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Shear Vorticity Budgets . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4.5 Preliminary Storm Relative Curvature Vorticity and Shear Vorticity Budgets 77
4.6 Budget Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

v



5. STATISTICAL EVALUATION OF SHEAR TO CURVATURE VORTICITY
CONVERSIONS FOR HWRF TROPICAL CYCLONE HINDCASTS FROM
2004–2006 ATLANTIC HURRICANE SEASON . . . . . . . . . . . . . . . . . 124
5.1 Analysis of Shear to Curvature Vorticity Conversion Term for HWRF Case

Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
5.2 Statistical Evaluation of Shear to Curvature Vorticity Exchanges . . . . . 128

6. SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . 146
6.1 Mesoscale Curvature Vorticity and Shear Vorticity Budgets . . . . . . . . 146
6.2 Statistical Analysis of Intensity Change and Shear to Curvature Vorticity

Conversions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
6.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

APPENDICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

A. DERIVATION OF NATURAL COORDINATE EXPRESSIONS FOR THE
SHEAR AND CURVATURE VORTICITY TENDENCY EQUATIONS . . . . 154

B. DERIVATION OF CARTESIAN COORDINATE EXPRESSIONS FOR SHEAR
AND CURVATURE VORTICITY TENDENCY EQUATIONS . . . . . . . . 159

BIOGRAPHICAL SKETCH . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

vi



LIST OF TABLES

3.1 List of TCs and dates of HWRF hindcasts of selected cases from the 2004–2006
Atlantic hurricane season . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.1 Correlation coefficients between curvature vorticity tendency terms and
changes in minimum sea level pressure . . . . . . . . . . . . . . . . . . . . . 82

4.2 As in Table 4.1, but for the shear vorticity tendency equation terms . . . . . 82

vii



LIST OF FIGURES

2.1 Illustration of the natural coordinate system. Credit: Bell and Keyser (1993) 21

2.2 Infinitesimal fluid element used to calculate shear vorticity and curvature
vorticity in natural coordinates. Credit: Holton (1992) . . . . . . . . . . . . 21

2.3 Illustrations of shear vorticity and curvature vorticity. Credit: Holton (1992) 22

2.4 Schematic illustrating the relationship between vortex inertial stability and
heating. Credit: Schubert and Hack (1982) . . . . . . . . . . . . . . . . . . . 22

2.5 Illustration of the location of convective maxima in a TC in an environment
with westerly wind shear. Credit: Willoughby et al. (1984) . . . . . . . . . . 23

3.1 Comparison of best track versus MM5 model simulation track for TC Ivan
(2004) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.2 Comparison of best track versus MM5 model simulation maximum surface
wind speed and minimum sea level pressure for TC Ivan (2004) . . . . . . . 40

4.1 Time series of the direction and magnitude of the vertical wind shear vector
during the simulation for TC Ivan . . . . . . . . . . . . . . . . . . . . . . . . 83

4.2 900 hPa divergence at simulation hours 12 and 42 for TC Ivan . . . . . . . . 83

4.3 900 hPa curvature vorticity, shear vorticity, and vorticity at simulation hours
12 and 42 for TC Ivan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.4 Time series of the average magnitude of the curvature vorticity tendency
equation terms for a box centered over TC Ivan . . . . . . . . . . . . . . . . 85

4.5 900 hPa plan views of the salient terms from the curvature vorticity tendency
equation at simulation hour 12 for TC Ivan . . . . . . . . . . . . . . . . . . . 86

4.6 As in Fig. 4.5, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . . 87

4.7 Vertical cross sections of the salient terms from the curvature vorticity
tendency equation at simulation hour 12 for TC Ivan . . . . . . . . . . . . . 88

viii



4.8 As in Fig. 4.7, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . . 89

4.9 900 hPa time-radius amplitude spectra of the curvature vorticity vertical
advection term for wavenumbers 0, 1, and 2 for TC Ivan . . . . . . . . . . . 90

4.10 Vertical cross sections of the amplitude spectra of the curvature vorticity
vertical advection term for wavenumbers 0, 1, and 2 for TC Ivan . . . . . . . 91

4.11 As in Fig. 4.9, but for the shear to curvature vorticity conversion term . . . 92

4.12 As in Fig. 4.10, but for the shear to curvature vorticity conversion term . . . 93

4.13 900 hPa plan view of shear to curvature vorticity conversion terms 1 and 2 at
simulation hours 12 and 42 for TC Ivan . . . . . . . . . . . . . . . . . . . . . 94

4.14 900 hPa shear to curvature vorticity conversion term 2 and diffluence at
simulation hours 12 and 42 for TC Ivan . . . . . . . . . . . . . . . . . . . . . 95

4.15 As in Fig. 4.13, but for shear to curvature vorticity conversion factors 1a and
1b . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.16 As in Fig. 4.9, but for the curvature vorticity stretching term . . . . . . . . . 97

4.17 As in Fig. 4.10, but for the curvature vorticity stretching term . . . . . . . . 98

4.18 As in Fig. 4.9, but for the curvature vorticity tilting term . . . . . . . . . . . 99

4.19 As in Fig. 4.10, but for the curvature vorticity tilting term . . . . . . . . . . 100

4.20 Hourly time series of maximum surface wind speed and minimum sea level
pressure for the simulation of TC Ivan . . . . . . . . . . . . . . . . . . . . . 101

4.21 Time series of layer averaged magnitude of the terms from the curvature
vorticity tendency equation for TC Ivan . . . . . . . . . . . . . . . . . . . . 102

4.22 As in Fig. 4.21, but for the layer average of terms . . . . . . . . . . . . . . . 103

4.23 As in Fig. 4.4, but for the shear vorticity tendency equation . . . . . . . . . 104

4.24 900 hPa plan view of the salient terms from the shear vorticity tendency
equation at simulation hour 12 for TC Ivan . . . . . . . . . . . . . . . . . . . 105

4.25 As in Fig. 4.24, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . 106

4.26 Vertical cross sections of the salient terms from the shear vorticity tendency
equation at simulation hour 12 for TC Ivan . . . . . . . . . . . . . . . . . . . 107

4.27 As in Fig. 4.26, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . 108

4.28 As in Fig. 4.9, but for the shear vorticity vertical advection term . . . . . . . 109

ix



4.29 As in Fig. 4.10, but for the shear vorticity vertical advection term . . . . . . 110

4.30 As in Fig. 4.9, but for the shear vorticity stretching term . . . . . . . . . . . 111

4.31 As in Fig. 4.10, but for the shear vorticity stretching term . . . . . . . . . . 112

4.32 As in Fig. 4.9, but for the shear vorticity tilting term . . . . . . . . . . . . . 113

4.33 As in Fig. 4.10, but for the shear vorticity tilting term . . . . . . . . . . . . 114

4.34 Time series of layer averaged magnitude of the terms from the shear vorticity
tendency equation for TC Ivan . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.35 As in Fig. 4.34, but for the layer average of the shear vorticity tendency
equation terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.36 900 hPa storm relative plan views of the salient terms from the curvature
vorticity tendency equation at simulation hour 12 for TC Ivan . . . . . . . . 117

4.37 As in Fig. 4.36, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . 118

4.38 900 hPa storm relative plan views of the salient terms from the shear vorticity
tendency equation at simulation hour 12 for TC Ivan . . . . . . . . . . . . . 119

4.39 As in Fig. 4.38, but at simulation hour 42 . . . . . . . . . . . . . . . . . . . 120

4.40 Time series of the average magnitude of the residual for vorticity budgets with
and without error reduction for both vorticity tendency equations for a box
centered over TC Ivan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.41 Time series of the average magnitude of the error reduction coefficient for
both vorticity tendency equation budgets for a box centered over TC Ivan . 121

4.42 Time series of the average magnitude of the difference between the non-error
reduced and error reduced budgets for a box centered over TC Ivan for the
Eulerian time tendency and advection terms from both vorticity tendency
equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

4.43 As in Fig. 4.42, but for the vorticity conversion term, the stretching term, the
tilting term, and the friction term from both vorticity tendency equations . . 123

5.1 Comparison of the best track versus the initial conditions in every HWRF
hindcast maximum surface wind speed and minimum sea level pressure for
TC Emily (2005) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.2 850 hPa plan view of the shear to curvature vorticity conversion term for TC
Emily at 1200 UTC 14 July 2005 and 1200 UTC 17 July 2005 . . . . . . . . 136

x



5.3 Time series of the spectral analysis of 850 hPa shear to curvature vorticity
conversions and the maximum surface wind speed and time series of box
averaged 850 hPa shear to curvature vorticity conversion and the maximum
surface wind speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.4 As in Fig. 5.2, but for shear to curvature vorticity conversion term 1 . . . . . 137

5.5 As in Fig. 5.2, but for shear to curvature vorticity conversion term 2 . . . . . 138

5.6 As in Fig. 5.2, but for diffluence and shear to curvature vorticity conversion
term 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.7 Wind-pressure relationships during hindcast hours 0 and 6, corresponding
best track wind-pressure relationships at hindcast hour 0, and the difference
between the wind-pressure relationships at hours 0 and 6 for the HWRF
hindcasts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.8 Current maximum surface wind versus current strength at hindcast hours 0
and 6 for the HWRF hindcasts . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.9 Scatterplot of the 850 hPa box averaged shear to curvature vorticity conversion
term and the change in maximum surface wind speed and scatterplot of the
sum of wavenumbers 0, 1, and 2 from the spectral analysis of 850 hPa shear
to curvature vorticity conversion term and the change in maximum surface
wind speed for the HWRF hindcasts . . . . . . . . . . . . . . . . . . . . . . 141

5.10 As in Fig. 5.9, but for the current maximum surface wind instead of the 12
hour change in the maximum surface wind. . . . . . . . . . . . . . . . . . . . 142

5.11 As in Fig. 5.9, but for the current maximum surface wind at hindcast hour 6
instead of the 12 hour change in the maximum surface wind. . . . . . . . . . 143

5.12 As in Fig. 5.9, but for the current strength instead of the 12 hour change in
maximum surface wind. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.13 As in Fig. 5.9, but for the current strength at hindcast hour 6 instead of the
12 hour change in maximum surface wind. . . . . . . . . . . . . . . . . . . . 145

xi



ABSTRACT

Curvature vorticity and shear vorticity are examined in an attempt to elucidate the

physical mechanisms behind tropical cyclone (TC) intensity change. A particular emphasis

is placed on the role of the shear to curvature vorticity conversion term throughout this

study. Curvature vorticity and shear vorticity budgets are calculated from the equations

given by Bell and Keyser (1993) using data from a case study of TC Ivan (2004) simulated

using the Pennsylvania State University-National Center for Atmospheric Research (PSU-

NCAR) fifth generation non-hydrostatic Mesoscale Model (MM5). The first portion of this

analysis focuses on describing the spatial and temporal evolution of each of the relevant

terms. Given the use of an Earth relative reference frame, the terms studied in this analysis

are limited to the vertical advection term, vorticity conversion term, stretching term, and

tilting term. Storm centered azimuthal spectral analyses are relied upon to elucidate the

primary scales at which each term is organizing at. Following this, layer averages of the

areal-average of the magnitude of each term and the areal-average of each term within a 0.5◦

radius of the TC center are used to perform an intercomparison between tendency terms as

well as for the purpose of relating each to changes in minimum sea level pressure. Although

correlation coefficients are as high as 0.52, the computations are unable to directly link one

single term in either the curvature vorticity tendency or shear vorticity tendency equation

to the intensity change of the TC.

To further examine the role of shear to curvature vorticity conversions in intensity change,

hindcasts of selected storms from the 2004–2006 Atlantic hurricane season simulated using

the Weather Research and Forecast system for hurricane prediction (HWRF) are examined

to determine if a correlation exists between the shear to curvature vorticity conversion term

and intensity change. Specifically, this portion of the study focuses on the initial hour of
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the hindcast given the interest in using calculated values of the vorticity conversion term as

an operational product for predicting intensity change. Areal-averages and spectral analysis

are used to compute a single value used for correlation with intensity change. Prior to

performing this analysis, an evaluation of the physical consistency of the initial vortex used

in the HWRF hindcasts with best track data (Jarvinen et al., 1984) is performed using

wind-pressure relationships. While the wind-pressure relationship for the initial vortex is in

reasonable agreement with best track observations for TCs with wind speeds below 50 m/s,

a low bias in the minimum sea level pressure of the vortex is noted for maximum wind speeds

above this threshold. Additionally, the HWRF initial vortex undergoes gradient adjustment

during the first 6 hours of the forecast that becomes increasingly larger with increasing wind

speeds. The results of the correlation show a more robust relationship between vorticity

conversions and current intensity (R2 ≤0.77) rather than for intensity change (R2 ≤0.1).

Although reasons for why the diagnostic relation exists are unclear, plausible explanations

include the initialization scheme, spatial resolution of the model, and the parameterizations

used.
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CHAPTER 1

INTRODUCTION

1.1 Background and Previous Research

The social and financial burdens caused by tropical cyclones (TCs) have served as the

impetus for their intensive study by the scientific community over the last several decades.

During this time, discoveries such as the correlation between TC intensity and steering

level (Velden and Leslie, 1991; Velden, 1993) and the relative quantification of the role of

β gyres (Chan and Williams , 1987; Fiorino and Elsberry , 1989) have helped elucidate the

primary mechanisms responsible for influencing the track of TCs. This fact in combination

with the growing sophistication of operational models has led to substantial reductions in

TC track errors. Unfortunately, intensity forecasts have not experienced an equivalent

improvement over the same period (Franklin, 2008). In spite of recent work uncovering

the existence of phenomena such as Vortex Rossby Waves (Montgomery and Kallenbach,

1997) and eyewall mesovortices (Schubert et al., 1999), there remains a continued lack of

understanding of the internal dynamics responsible for TC intensity changes. Additionally,

processes such as tropical cyclogenesis, eyewall replacement cycles, and trough interaction

still remain outside the realm of predictability. As a direct result of the devastation caused

by TCs in recent years, a renewed call has been placed upon the meteorological community

to produce more timely and reliable intensity forecasts. To this extent, the following study

will provide insight into some of the processes responsible for TC intensity changes.

One of the most common methods used to examine the dynamics of atmospheric processes

are budget studies. For the purposes of this work, relative vertical vorticity budgets

will be used due to its substantial utility for describing fluid flows. From hereon, any

reference to vorticity will be referring to the vertical component of relative vorticity in

the Northern Hemisphere unless stated otherwise. In this study, relative vorticity is used to
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isolate the salient dynamical processes responsible for TC intensification rather than using

potential vorticity (PV) whose incorporation of thermodynamics can make the dynamical

interpretation difficult at times.

In addition to studies involving tropical cyclones, vorticity budgets have been used

to examine extratropical cyclones, mesoscale convective vortices (MCVs), and synoptic

scale tropical waves. Wash et al. (1988); Chen and Bosart (1979); Chen and Chang

(1980) used vorticity budgets to diagnose the importance of mid-to-upper level cyclonic

vorticity advection in combination with low-level convergence towards the amplification of

extratropical cyclones. Vorticity budgets were also used by DiMego and Bosart (1982)

to diagnose the shift in regimes from the stretching of vorticity to differential cyclonic

vorticity advection during the extratropical transition of tropical storm Agnes. Several

studies involving idealized modeling and observations have described the importance of the

tilting of horizontal vorticity in the generation of MCVs and stretching of mid-level vorticity

in the intensification of these systems (Davis and Weisman, 1994; Weisman and Davis ,

1998; Knievel and Johnson, 2003). Budget studies of tropical waves in the Eastern Atlantic

Ocean (Shapiro, 1978; Esbensen et al., 1982) and in the Western Pacific Ocean (Reed and

Johnson, 1974) all determined that the horizontal advection and stretching of vorticity were

the most significant terms in the vorticity equation.

Among the earliest vorticity budget studies of TCs was conducted by Yanai (1961).

The study utilized observational data to make a crude vorticity budget for the genesis

and intensification of Typhoon Doris. In his work, it was postulated that a TC was able

develop a “warm-core” from a “cold-core” through a three-step transition process involving

the stretching of low-level vorticity and the vertical advection of vorticity that followed. At

upper levels, the vertical transport of vorticity was only partially countered by the twisting

term leading to a positive vorticity tendency. The contributions from the stretching and the

tilting of vorticity eventually led to a decrease in the tilt of the vorticity maximum with

height as the maximum value of vorticity migrated downwards towards the surface (Yanai ,

1961).

Following Yanai (1961) were two modeling studies in which vorticity budgets were

computed. The first of these was conducted by Yamasaki (1968) whose study constructed

a budget using data from a four-level axially symmetric TC model that also incorporated

frictional effects. The results that were obtained in this work were similar to Yanai (1961)

2



except for two differences. First, his work found that an increase in vorticity near the surface

could also be attributed to the tilting of vorticity in addition to stretching. Second, the study

emphasized the importance of frictional effects for increasing vorticity at radii greater than

40 km (Yamasaki , 1968).

A second modeling study was conducted by Kurihara (1975) which utilized an 11-level,

axisymmetric primitive equation model on an f -plane. Like Yamasaki (1968), this study

computed frictional effects in addition to the other terms in the vorticity equation and

confirmed the results from the previous two aforementioned papers. Specifically, this work

emphasized the importance of convergence at low-levels and vertical advection at mid-levels

towards the generation of a “warm-core” system. The tilting term was found to be extremely

important with a quadrapole structure whose sign was dependent upon the location in the

vertical relative to the boundary layer as well as the horizontal position relative to the radius

of maximum upward motion. The quadrapole was attributed to the horizontal vorticity

produced by the maximum in azimuthal flow at 900 hPa that generated a component of

horizontal vorticity pointing radially inwards towards the center of the storm in the planetary

boundary layer and radially outwards in the free atmosphere. In the boundary layer, the

radial gradient of vertical motion leads to a decrease in the vorticity tendency inwards of

the radius of maximum wind and an increase in the vorticity tendency outside of this region

due to the tilting of horizontal vorticity. The study found that the effects of tilting would be

reversed in the free atmosphere helping to shrink the radial extent of the vortex even while

the magnitude of vorticity was increasing in the inner core. The combination of vortical

stretching, tilting, and advection would lead to a small net positive tendency in vorticity at

small radii, while friction would generate vorticity at larger radii (Kurihara, 1975).

A more recent study by Bender (1997) demonstrated the effects that relative flows

induced by various combinations of planetary vorticity gradients and background environ-

mental flows had on spatial and temporal structure of vorticity. Using the Geophysical

Fluid Dynamics Laboratory (GFDL) high-resolution TC model, Bender demonstrated the

importance of the flow relative to the TC motion in all cases. The mere presence of a

gradient in the Coriolis force was enough to induce a divergence couplet with maximum

divergence found in the front of the storm. The position of the divergence maxima for all

cases involving basic flow was found on the back side of storm relative to its motion. The

stretching of absolute vorticity and the precipitation maxima were consistently collocated
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in the region in which storm-relative flow was most highly convergent. As was the case for

previous studies, the stretching term was found to consistently oppose the vertical advection

of vorticity (Bender , 1997).

An alternative way of examining the evolution of the flow can be done by partitioning ab-

solute vorticity into its subcomponents. Absolute vorticity is composed of three constituent

terms that can be broken up as follows:

ζa = f + ζc + ζs (1.1)

in which ζa is absolute vorticity, f is planetary vorticity, ζc is relative curvature vorticity,

and ζs is relative shear vorticity. Throughout the remainder of the paper, any reference

to curvature vorticity and shear vorticity will be referring to relative curvature vorticity

and relative shear vorticity unless explicitly stated otherwise. Using this perspective, it is

possible to describe the evolution of the curvature of the flow in terms of changes in shear

and curvature vorticity (Viúdez and Haney , 1997). As will be shown, shear and curvature

vorticity are also useful for describing TC evolution due to the importance of rotational flows

in determining the efficiency of convective heating in TCs (Ooyama, 1982; Schubert and

Hack , 1982; Shapiro and Willoughby , 1982; Holland and Merrill , 1984; Hack and Schubert ,

1986).

Previous work involving shear vorticity and curvature vorticity budgets has included

studies of both oceanic and atmospheric currents. Chew (1974, 1975) studied three currents

within the Gulf of Mexico and attributed increases in the curvature vorticity of the flow

to the shear to curvature vorticity conversion terms and the stretching of both shear and

curvature vorticity. In particular, the curvature vorticity interchange term associated with

cross-stream differences in the along stream geopotential was dominant. A third study of

oceanic current evolution was conducted for the Atlantic Jet in the Mediterranean Sea. It

was determined that the jet maintained a slightly positive value of relative vorticity through

approximately equal gains in cyclonic shear vorticity and anticyclonic curvature vorticity.

Once again, the shear to curvature conversion term associated with cross-stream variations

in along-flow geopotential differences was determined to be the most important term (Viúdez

and Haney , 1997).

Several studies have been used to describe atmospheric flows in terms of shear and

curvature vorticity. The earliest application of shear and curvature vorticity was conducted
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by Newton and Palmén (1963). Newton and Palmén (1963) described the importance of the

propagation of a jet streak in the life cycle of a large scale synoptic wave through the use

of shear and curvature vorticity. Krishnamurti (1968) argued that the formation of a cutoff

low was due to the propagation of a jet streak into the base of a diffluent trough which

could be described in terms of shear and curvature vorticity. Later work by Pichler and

Steinacker (1987) found that the evolution of an orographically induced cyclone resulted

from the stretching of vorticity followed by the conversion of shear to curvature vorticity

over Southern Europe. Bell and Keyser (1993) presented a case study examining the process

of cutoff low formation using shear and curvature potential vorticity. A specific emphasis

was placed on the contribution of the terms responsible for the direct conversion of shear

to curvature potential vorticity during this process. The study determined that the cutoff

of the low occurred only after symmetrization and collocation of the shear and curvature

potential vorticity maxima with each other. This also resulted in the isolation of the PV

maxima from its higher latitude source region. Additionally, Bell and Keyser (1993) also

noted the importance of the shear and curvature vorticity conversion term in slowing the

advection of the extratropical cyclone and assisting in the process of the transformation of

the cyclone from a diffluent trough to a cutoff low (Bell and Keyser , 1993).

Given that vorticity budgets have displayed substantial utility in describing the structure

and evolution of TCs, a natural extension of previous work would be the computation and

analysis of shear vorticity and curvature vorticity budgets. Such an evaluation is especially

important given that there has been no attempt prior to this effort to perform such an

evaluation with respect to TCs. The division of vorticity into curvature and shear vorticity

will provide a novel opportunity to shed light upon the TC intensity issue especially given

the unprecedented spatial and temporal resolution of the available datasets.

1.2 Objectives

Approaching the issue of TC evolution from a unique perspective, this study attempts to

analyze TC structure and intensity change by using shear vorticity and curvature vorticity

as its framework. In particular, an emphasis is placed on examining the relative importance

of the shear to curvature vorticity conversion term and whether it has relevance for real-

time intensity forecasting. The concepts of shear vorticity and curvature vorticity in
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the natural coordinate system are explained in Chapter 2. The relevance of shear and

curvature vorticity for TC development from the perspective of Eliassen’s quasi-balanced

vortex model (Eliassen, 1951) is also discussed along with the role of vertical wind shear in

influencing TC structure.

The computations for shear and curvature vorticity are undertaken in the Cartesian

coordinate system using data from two different mesoscale models. Full shear and curvature

vorticity budgets are computed using data from a case study, TC Ivan (2004), simulated

using the Pennsylvania State University/National Center for Atmospheric Research Fifth-

Generation Mesoscale Model (MM5). The spatial and temporal evolution of the salient

curvature vorticity tendency terms and shear vorticity tendency terms as well as the physical

mechanisms responsible for forcing these patterns will be investigated primarily using a storm

centered azimuthal spectral analysis. An intercomparison is made amongst terms in each

vorticity tendency equation and the relation of each of these terms with changes in minimum

sea level pressure is evaluated using layer averages of the vorticity tendency terms.

Chapter 5 examines dozens of hindcasts of TCs from the 2004–2006 Atlantic hurricane

season run using the 2007 operational version of the Weather Research and Forecast system

for hurricane prediction (HWRF) to determine whether a statistical relationship exists

between shear and curvature vorticity exchanges and changes in TC intensity and structure.

Prior to presenting these results, an evaluation of the HWRF initial vortex is conducted using

wind-pressure relationships. The purpose of this is to evaluate the physical consistency of

the initial vortex used in the HWRF with best track data (Jarvinen et al., 1984) as well

as the extent of gradient adjustment that occurs during the initial hours of the forecast.

Following this investigation, the relevant vertical levels for analyzing vorticity exchanges are

examined and compared as cross-validation of the results from Chapter 4. TC Emily (2004)

is presented as a case study for an in-depth assessment of the vorticity conversion term and

its subcomponents. Calculations are performed to determine if shear to curvature vorticity

conversions have any practical application towards operational intensity forecasting using

simple statistical methods. In addition to this, correlations are computed between vorticity

exchanges and intensity and strength. Lastly, Appendix A presents Cartesian coordinate

equivalents of expressions for curvature and shear vorticity and their respective tendency

equations while Appendix B contains the derivation of the shear and curvature vorticity

tendency equations in the natural coordinate system.
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CHAPTER 2

SHEAR VORTICITY, CURVATURE VORTICITY,

AND ITS RELEVANCE TO CHANGES IN TC

INTENSITY AND STRUCTURE

2.1 A Review of Shear Vorticity and Curvature
Vorticity

Before introducing the shear and curvature vorticity tendency equations, it is necessary

to discuss what shear vorticity and curvature vorticity represent. Traditionally, shear and

curvature vorticity are interpreted from the perspective of the natural coordinate system

due to the ease of physical interpretation as well as notational simplicity. The form of the

natural coordinate reference frame presented here will appear as it is found in Bell and

Keyser (1993). The natural coordinate system is a right-handed, flow-following coordinate

system composed of two axes (s, n) with basis vectors (s,n). s is everywhere tangent to the

horizontal flow directed downstream, while n is always rotated 90◦ counterclockwise with

respect to s. Given that s is always tangent to the flow, the horizontal velocity vector, V,

can be represented as follows:

V = V s (2.1)

where V is the magnitude of the velocity vector. To define the orientation of the natural

coordinate axes with respect to Cartesian coordinates, the angle α is used to represent the

angle measure between the x axis in Cartesian coordinates and the horizontal velocity vector,

V. In this case, the convention is that counterclockwise rotation with respect to the x-axis

is denoted as being positive. Fig. 2.1 illustrates the orientation of the natural coordinate

axes (Bell and Keyser , 1993).
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Previous studies utilizing the natural coordinate system did not explicitly account for

situations in which the coordinate system does not exist (Hollmann, 1958; Chew , 1974;

Bleck , 1991; Bell and Keyser , 1993). As noted by Viúdez and Haney (1996), while the basis

vectors (s,n) for the coordinate system are always defined, the coordinate system (s,n) may

not exist. An example of such a case is when the velocity is equal to zero. To account for

this shortcoming of the natural coordinate system, directional derivatives are used to ensure

that the derivatives always have a definition. A directional derivative is a more generalized

form of a partial derivative that is defined in terms of a known coordinate system such as

the Cartesian coordinate framework. Below are the definitions of the directional derivatives

with respect to s and n defined in terms of Cartesian coordinates:

δ

δs
= s · ∇p

δ

δs
= s

∂

∂x
+ s

∂

∂y
(2.2)

δ

δn
= n · ∇p

δ

δn
= n

∂

∂x
+ n

∂

∂y
(2.3)

where ∇p is the horizontal gradient operator in Cartesian coordinates (Viúdez and Haney ,

1996). For the remainder of this study, δ will represent a directional derivative when it is

used to represent a derivative with respect to s or n.

Using the above framework it is now possible to introduce terms representing shear and

curvature vorticity. A brief derivation of the expression for shear and curvature vorticity is

provided to give physical interpretation to these two quantities. Consider an infinitesimal

fluid element as pictured in Fig. 2.2. First, the circulation about the fluid element is

calculated by integrating counterclockwise around it:

C = (−
δV

δn
+ V

δB

δs
)δnδs (2.4)

where C is the circulation, V is the velocity along a streamline, δs is the length of the side of

the element parallel to the flow, δn is the length of the side of the element perpendicular to
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the flow, δB is the angular change in the wind over the distance d(δs), and δV
δn

is the Taylor

expansion of the velocity V across the fluid element on the side perpendicular to the flow.

An expression for the vorticity can be derived from Eq. 2.4 by letting δnδs → 0:

ζ = −
δV

δn
+

V

Rs

(2.5)

where Rs is the streamline radius of curvature defined as Rs = δs
δB

. The two terms on

the right hand side of Eq. 2.5 represent shear and curvature vorticity respectively. Shear

vorticity induces rotation through a change in wind speed in the direction normal to the

flow. The implications of this is that even flow that does not change direction can induce

rotation as seen in Fig. 2.3(a). Curvature vorticity represents changes in vorticity due to

either changes in the velocity along the flow or changes in the radius of curvature of the

flow. Fig. 2.3(b) depicts a scenario in which there is no vorticity due to curvature vorticity

being equal and opposite to shear vorticity. Vorticity can be generated by either of these

two mechanisms (Martin, 2006).

It is important to note that unlike vorticity, curvature and shear vorticity are not Galilean

invariant. Thus, the amount of curvature and shear vorticity is sensitive to the inertial

reference frame being used due to the dependence of the natural coordinate system on the

orientation and magnitude of the velocity vector. As an example, consider a situation in

which a vortex is placed within a uniform background wind. The amount of shear and

curvature vorticity calculated from a reference frame that is stationary with respect to

the vortex and for one that translating with the vortex will be different. The reasoning

behind this has to do with the perceived wind fields in each frame. In the former case,

the wind field of the vortex is the sum of the vortex and background flows, while the

latter case is simply composed of the wind field of the vortex. This will ultimately lead

to differences in the magnitude of the wind speed vector and possibly the direction as well.

Relating this back to Eq. 2.3, differences in the direction of the velocity vector will alter

the orientation of the coordinate system as the projection of velocity vector with respect

to the x-and y-axes in Cartesian coordinates will change. The definition of the gradient

operator will be different as a result affecting the amount of shear and curvature vorticity

due to their dependence on the natural coordinate gradient operator. Expanding upon

this simple example, Viúdez and Haney (1997) cautions that shear and curvature vorticity
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should only be used as a qualitative explanation of the curvature of the flow rather than

quantitative evaluation. In other words, the values of shear vorticity and curvature vorticity

are dependent upon the reference frame used making it important for it to be consistent

from case to caseref:viudez1996,ref:viudez1997. Next, the relevance of shear vorticity and

curvature vorticity to TC intensification will be motivated.

2.2 Vorticity and the Efficiency of Tropical Cyclone
Heating

Building off the work of Shapiro and Willoughby (1982), a series of papers addressed the

issue of the efficiency at which a vortex was able to retain heating using Eliassen’s quasi-

balanced vortex model (Eliassen, 1951). Specifically, these studies focused on the role of the

nonlinear feedback mechanism caused by the interaction of the vorticity of the TC and the

heating of cumulus convection. From a very simplistic perspective, the argument presented

in these studies is simply the interplay between the inertial stability and the static stability.

In cylindrical coordinates, these two quantities can be defined as follows:

η2 = [f +
Vθ

R
+

∂Vθ

∂R
][f +

2Vθ

R
] (2.6)

N2 =
g

θ̄

∂θ̄

∂z
(2.7)

where N is the Brunt-Väisällä frequency, θ̄ is the basic state value of θ, Vθ is the tangential

velocity, and R is the distance from the center of the disturbance. The relative magnitude

of these quantities will determine whether parcel motion is primarily vertical (η2 >> N2) or

horizontal (N2 >> η2) (Schubert and Hack , 1982).

Generally in the tropics, the static stability is large relative to the inertial stability causing

mass field perturbations to be radiated away by gravity waves. Such a regime is consistent

with the mass field adjusting to the wind field. The inertial stability is low due to the lack

of vorticity which would normally allow for the retention of heating. In a case in which

the opposite is true, the heating will be retained as it spreads vertically over a horizontally

confined area. The requirement for this to occur is, as previously mentioned, a significant

amount of vorticity in addition to that provided by planetary vorticity (Ooyama, 1982).
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Schubert and Hack (1982) quantitatively defines the interplay between the amount of

warming (∂θ
∂t

) that occurs over a given area relative to the amount of diabatic heating (Q̂)

produced by convection as the efficiency of the vortex (∂θ
∂t

/Q̂). The amount of warming

that occurs is dependent upon the inertial stability of the vortex. For a TC, the vorticity

is generally anomalously large in comparison to the ambient environment leading to large

inertial stabilities. Schubert and Hack (1982) used the Eliassen vortex model to show that

increases in the relative vorticity of the vortex led to proportional changes in the warming of

the vortex inner core. The study argued that increasing confinement of heating associated

with increasing inertial stabilities led to increased vortex efficiencies for a constant amount

of heating. These results are demonstrated in Fig. 2.4 which shows an increasing change

in efficiency as the inertial stability becomes larger (Schubert and Hack , 1982). A later

study by Hack and Schubert (1986) that varied the horizontal extent of the heating in a

similar model found that the most intense vortices resulted from the experiments containing

the most horizontally confined regions of heating and the largest inertial stabilities. These

studies concluded that vortex intensification is not necessarily about the amount of convective

heating, but rather about how efficiently the heating is utilized (Schubert and Hack , 1982).

The Eliassen vortex model with an imposed heat source can be used for describing

the nonlinear interaction of convective heating and inertial stability. The intensification

begins with a heat source placed near the radius of maximum wind (RMW). The result is a

maximum change in pressure slightly inwards of the RMW. Pressure falls will decrease with

increasing radial distance from the RMW due to the confinement of heating by the inertial

stability of the inner core of the vortex. The magnitude of the radial pressure gradient

will increase causing the RMW to contract and accelerate in response. The contraction

and acceleration will strengthen the inertial stability increasing the heating efficiency of the

vortex. As the heating efficiency increases, the radial pressure gradient will further change

as the heating becomes more concentrated initiating a nonlinear feedback between the cloud

and vortex scales.

The contraction of the RMW becomes even more efficient as the maximum wind speed

approaches 35 m/s. Prior to reaching this threshold, the secondary circulation flows radially

inwards, up through the region of maximum heating, and radially outwards. Once the

maximum wind reaches this threshold, an eye begins to form as mass is advected inwards

of the RMW and subsides instead of flowing outwards. The resulting warming from the
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subsidence causes further pressure falls that are maximized slightly inwards of the RMW

further perturbing the vortex from gradient and thermal wind balance. The RMW will

contract even more quickly to compensate for the more rapid change in heating at the center

of the vortex leading to larger changes in inertial stability. Thus, the formation of an eye

makes this entire process even more efficient (Shapiro and Willoughby , 1982).

Relating these concepts to shear and curvature vorticity, an increase in either will result

in a strengthening of the efficiency of vortex heating. Changes in either quantity would effect

the magnitude of the inertial stability. To prove this point, consider a vortex in balance such

that parcels have no radial velocity. This simplification leads to there being no difference

between the cylindrical coordinate system and natural coordinate system. There are three

terms that are influenced by shear and curvature vorticity in this case: ∂Vθ

∂R
, Vθ

R
, and 2Vθ

R

(Vθ is the tangential velocity). The first of these terms is directly proportional to shear

vorticity while the latter two are directly proportional to curvature vorticity with these two

quantities actually representing the mathematical definition of shear and curvature vorticity

respectively in this simplified example. Therefore increases in either shear or curvature

vorticity will lead to increases in the inertial stability.

While it can be seen that changes in either shear or curvature vorticity are amenable to

increasing efficiency of the vortex, it is also of interest to investigate the changes in efficiency

resulting from direct exchanges among shear and curvature vorticity. Consider a scenario in

which relative vorticity is conserved such that changes in curvature and shear vorticity are

strictly due to interchanges among the two quantities. If curvature vorticity is increased,

while shear vorticity is decreased, there will be changes in the inertial stability of the vortex.

As previously mentioned, terms representing both shear and curvature vorticity are present

in the equation for inertial stability. To make the interpretation less convoluted, the terms

representing shear and curvature vorticity are replaced by ζc and ζs such that the equation

becomes:

η2 = [f + ζc + ζs][f + 2ζc]

The above equation clearly demonstrates that the inertial stability will only become larger

for increases in cyclonic curvature vorticity and decreases in cyclonic shear vorticity. In

fact, the opposite scenario will actually lead to decreasing inertial stability. Thus, from
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a barotropic sense (∂ζa

∂t
= 0), exchanges exclusively among shear and curvature vorticity

can change the efficiency of vortex heating yielding an increased intensity for the TC. This

suggests that shear to curvature vorticity exchanges could provide one possible mechanism

for vortex intensification. With these concepts in mind, the influence of vertical wind shear

upon TC structure and the spatial and temporal distribution of shear vorticity and curvature

vorticity will be discussed.

2.3 Vertical Wind Shear and Vortex Asymmetries

Recent work has shown the importance of vertical wind shear in affecting the structure

and intensity of TCs. It has been known for years that vertical wind shear is an inhibiting

factor in the genesis and intensification of TCs (Gray , 1968; Zehr , 1992; DeMaria, 1996;

Frank and Ritchie, 2001). Interestingly, observational evidence exists showing that TCs

are able to sustain themselves even in the presence of relatively strong vertical wind

shear (Corbosiero and Molinari , 2002). In these cases, circulation asymmetries will be

generated that significantly affect the structure of the system (Willoughby et al., 1984;

Bender , 1997; Corbosiero and Molinari , 2002). This can be attributed to the relative flow

that is generated by vertical wind shear due to the fact that a TC generally moves at a

layer mean steering level dependent upon the intensity of a TC (Velden and Leslie, 1991;

Velden, 1993). In addition to being caused by horizontal temperature gradients, vertical

wind shear is also caused by the β effect. Bender (1997) showed that even in the absence

of background flow, the weakening of the β effect with height generated vertical wind shear

across the core of the vortex. The study concluded that in the presence of vertical wind shear

induced by horizontal temperature gradients, the vertical wind shear caused by planetary

vorticity advection can be thought of as an additional shear vector with increasing relevance

in situations in which horizontal temperature gradients, and thus vertical wind shear, are

weak (Bender , 1997).

Given the presence of vertical wind shear throughout the simulation, recent efforts have

focused on elucidating the processes responsible for the maintenance of a TC against vertical

wind shear. Among the most important work on this topic is a series of papers studying

the behavior of dry vortices in the presence of vertical wind shear. These studies concluded

that the compensating balanced flow that results from the tilting of a vortex in the vertical
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acts to realign it. Specifically, the tilting of the vortex leads to rising motion downshear

and sinking motion upshear as a response to a vertical differential in vorticity advection

caused by the tilting of the vortex. Over time, the vertical motion generates temperature

anomalies, which in the context of dry adiabatic dynamics lead to the clockwise rotation of

the upward vertical motion maxima into the downshear-right quadrant as parcels attempt

to conserve their potential temperature by moving along constant isentropic surfaces (Jones ,

1995, 2000a,b). While this theory presents a plausible pathway for maintenance of a vortex

in the presence of vertical wind shear, the conclusions from these studies do not agree with

observations (Corbosiero and Molinari , 2002). Observationally consistent theories behind

the mechanism for self-maintenance can be divided into two groups. The first advocates

the importance of dry adiabatic dynamics via a Vortex Rossby wave damping mechanism

with a secondary role played by convection (Reasor et al., 2004). The second group extols

the importance of convection in keeping the vortex upright (Frank and Ritchie, 1999).

Regardless, both theories support the location of convection downshear-left relative to the

environmental wind shear vector in the core of the TC. For future reference, downshear-left

is found to the left of the shear vector while downshear-right is located to the right of the

shear vector.

These theories are consistent with observations which note that flow anomalies can be

separated into two regimes based off of the findings of Corbosiero and Molinari (2002): the

inner core representing radii within 100 km of the center and the outer core corresponding

to radii outwards of 100 km. Molinari et al. (1994) hypothesized that the partitioning of

lightning maxima into inner and outer maxima is attributable to the presence of an eyewall

in TCs of hurricane strength intensity. Specifically, the eyewall is responsible for creating

“debris” that suppresses the production of deep convection outside the eyewall leading to a

distinctive separation between the inner core and outer core areas of convection (Molinari

et al., 1994). Observations from nine TCs showed that this convective minima occurred

between 100 and 120 km from the storm center (Molinari et al., 1999). Thus, there are

regions of anomalously intense convection near the eyewall (inner core) and outside of the

eyewall in the area of the rainbands (outer core) (Molinari et al., 1994). Molinari et al.

(1999) notes that this radius becomes variable for TCs with intensities less than hurricane

strength due to the lack of an eyewall in these cases. Additionally, the selection of 100 km

as a breakpoint between the inner and outer areas of convergence is only meant as general
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guide given the variability in structure (e.g. size and strength) between TCs (Corbosiero and

Molinari , 2002).

The inner core vertical motion maxima in a vertically sheared TC is typically found in the

downshear-left quadrant for situations in which the vertical wind shear is larger than 5 m/s.

In cases in which the magnitude of the shear vector is less than this threshold, the region

of anomalous vertical motion will show no preference for either quadrant in the downshear

portion of the storm (Corbosiero and Molinari , 2002). In contrast to this, the maxima in

the outer core is generally located in the downshear-right quadrant (Willoughby et al., 1984;

Corbosiero and Molinari , 2002). The physical argument concerning the location of the outer

area of vertical motion is believed to be due to convergence induced by the interaction of

the TC with the environmental flow resulting in what is termed as the “stationary band

complex” (SBC). The SBC consists of a primary outer band and several non-convective,

weaker bands found radially inwards. This structure is typically found within 80–120 km of

the center of the TC. An example illustrating the relative location of both inner (downshear-

left) and outer core (downshear right) asymmetries in the presence of westerly wind shear is

found in Fig. 2.5. For the purposes of analyzing the various terms in the vorticity tendency

equations, this study will reference circulation asymmetries in terms of divergence rather

than vertical motion with convergence and divergence being associated with ascent and

descent respectively. The next, and last, section of this Chapter 2 will introduce the shear

and curvature vorticity tendency equations as well as providing interpretation for each of

the terms given.

2.4 Shear Vorticity and Curvature Vorticity
Tendency Equations

A natural coordinate framework will be used to present the shear and curvature vorticity

tendency equations. The derivation of these expressions will follow Bell and Keyser (1993)

with corrections made to the derivation and interpretation as given in Viúdez and Haney

(1996). Using the definition of the natural coordinate system, it is possible to define relations

between the Lagrangian tendency of α and parcel trajectory curvature as well as the along

flow variation of α and local streamline curvature:

dα

dt
= V Kt (2.8)
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δα

δs
= Ks (2.9)

where Kt and Ks represent parcel trajectory curvature and local streamline curvature

respectively. Note that Ks is simply the inverse of the radius of streamline curvature. The

material derivative and gradient operator in natural coordinates are represented as follows:

d

dt
=

∂

∂t
+ V

δ

δs
+ ω

∂

∂p
(2.10)

∇p = s
δ

δs
+ n

δ

δn
(2.11)

The equation for divergence in natural coordinates is found below:

∇p · V =
δV

δs
+ V

δα

δn
(2.12)

The first term in the divergence equation represents divergence due to speed variations along

a streamline, while the second term represents divergence due to diffluence.

The set of equations that will be used in the derivation of the shear and curvature vorticity

tendency equations are the frictionless, isobaric horizontal momentum equations in natural

coordinates:

dV

dt
= −

δφ

δs
(2.13)

V
dα

dt
= −fV −

δφ

δn
(2.14)

where φ is the geopotential and f is the coriolis parameter. Eq. 2.13 represents forces

responsible for along flow accelerations in the natural coordinate system. Specifically,

Eq. 2.13 states that Lagrangian speed changes are the result of changing geopotential along

the flow at a given instance in time. Eq. 2.14 corresponds to forces responsible for cross-flow

accelerations in natural coordinates. The three terms in the equation, from left to right,

are the centrifugal force, the coriolis force, and the pressure gradient force. Using Eqs. 2.13

and 2.14, it is possible to derive the shear and curvature vorticity tendency equations. The

explicit derivation of the vorticity tendency equations is undertaken in Appendix A. In this

section, the equations and their various terms are merely stated:

d

dt
(−

δV

δn
) =

δV

δs

dα

dt
+

δ

δn
(
δφ

δs
) − (−

δV

δn
)∇p · V + V

δω

δn

δV

δp
(2.15)
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d

dt
(V

δα

δs
) = −V

∂f

∂s
−

δV

δs

dα

dt
−

δ

δn
(
δφ

δs
) − (f + V

δα

δs
)∇p · V − V

δω

δs

∂α

∂p
(2.16)

Eqs. 2.15 and 2.16 are the shear vorticity and curvature vorticity tendency equations.

Examining each equation term by term, the first term on the left hand side of Eq. 2.15

is the Lagrangian derivative of shear vorticity. The first two terms on the right hand side

also appear in Eq. 2.16 but with an opposite sign. These terms are the shear to curvature

vorticity conversion terms. Since they are equal and opposite, these terms will result in

equal changes among shear and curvature vorticity without contributing changes in the

quantity of vorticity. For the purposes of this study, references to this term as it appears

in the curvature vorticity tendency equation will use the name shear to curvature vorticity

conversion term, while curvature to shear vorticity conversion term will be used as the name

for the corresponding terms in the shear vorticity equation.

Before delving into the physical interpretation of the conversion terms, it is necessary

to explain the convention that will be used in the discussion of the shear to curvature

vorticity conversion term in the remainder of this study. The sign convention used in this

study will be positive for situations in which cyclonic curvature vorticity is increasing at the

expense of cyclonic shear vorticity (−(∂V
∂s

dα
dt

+ ∂
∂n

(∂φ

∂s
)) > 0). Shear to curvature conversion

vorticity term 1 refers to the first vorticity conversion term, −∂V
∂s

dα
dt

, while shear to curvature

vorticity conversion term 2 is the second of the vorticity conversion terms, − ∂
∂n

(∂φ

∂s
). Shear to

curvature vorticity conversion term 1 can further be broken up into subcomponents: vorticity

conversion factor 1a, ∂V
∂s

, and vorticity conversion factor 1b, dα
dt

. Lastly, the portion of shear

to curvature vorticity conversion term 2 of which the derivative with respect to n is being

taken, ∂φ

∂s
, will be referred to as vorticity conversion term 2a (Bell and Keyser , 1993).

Viúdez and Haney (1996) state that shear to curvature vorticity conversion term 1 has

no dynamical significance relative to shear and curvature vorticity. The reason for this is that

Eq. 2.14 is utilized twice in order to simplify the conversion terms and explicitly remove the

dependence of the shear vorticity tendency on f . As shown below, the presence of material

derivatives that are kinematically related on each side of Eq. 2.15 causes there to be no

dynamical dependence of the shear vorticity tendency term on shear to curvature vorticity

conversion term 1:
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dζs

dt
= −

d

dt
(n · ∇hV )

dζs

dt
= −n ·

d∇pV

dt
−∇pV ·

dn

dt

dζs

dt
= −n ·

d∇pV

dt
− (s

δV

δs
+ n

δV

δn
) · (−s

dα

dt
)

dζs

dt
= −n ·

d∇pV

dt
+

δV

δs

dα

dt
(2.17)

where dn
dt

= −sdα
dt

was used in line 3 from geometric considerations. By expanding the

material derivative, it can be seen that the second term on the right hand side is exactly

the same as the conversion term 1. Therefore, while the relative amount of conversion is

correct, shear vorticity has no physical relevance with respect to the first conversion term as

derived in Bell and Keyser (1993). In actuality, the term should be thought of as a scaling of

both sides of the equation in order to obtain the correct value of shear to curvature vorticity

conversions and the shear vorticity tendency rather than attributing it to a physical process.

Regardless, the term will still be referred to as a vorticity conversion term for the purposes

of this study (Viúdez and Haney , 1996). Stating the mathematical interpretation of shear

to curvature conversion term 1 for the purpose of meticulousness, vorticity conversions are

the result of Lagrangian direction changes in the presence of along flow speed changes (Bell

and Keyser , 1993).

Unlike the first conversion term, the second shear to curvature exchange term does have

dynamical relevance in regards to the change in tendency of shear vorticity. Examining

Eq. 2.13, it is observed that changes in δφ

δs
lead to Lagrangian accelerations. Flow-normal

gradients of the along flow variation of the geopotential imply changes to cross-flow gradient

of acceleration which will change the shear vorticity encountered by a parcel. For a scenario

in which flow-normal gradient is negative, the parcel will undergo increasing anticyclonic

shear vorticity. Changes in curvature vorticity result from the changing pressure gradient

force implied by the cross-flow changes in the along flow variation of the geopotential. When

δ
δn

( δφ

δs
) is negative, the pressure gradient force, δφ

δn
, will become increasingly negative given

that δφ

δs
is changing at varying rates for neighboring parcels. From Eq. 2.13, an increasingly

negative pressure gradient force will lead to stronger cyclonic trajectory curvature (dα
dt

> 0).

Therefore, changes in the magnitude of this term will result in anticyclonic shear and cyclonic
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curvature vorticity when − δ
δn

( δφ

δs
) is negative and increasing cyclonic shear and anticyclonic

curvature vorticity when − δ
δn

( δφ

δs
) is positive (Bell and Keyser , 1993).

The third term represents the stretching of shear vorticity which is analogous to the

change in angular acceleration that occurs in rigid-body mechanics from a change in radius of

parcel rotation due to convergent (decreasing parcel radius) or divergent motions (increasing

parcel radius) (Chew , 1974). The last term in the equation is attributed to the tilting of

shear vorticity. Tilting leads to changes in shear vorticity through cross-flow gradients of

vertical motion which act to tilt horizontal shear vorticity generated by vertical speed shear

into the vertical.

Expression 2.16 contains terms representing similar mechanisms to those in Eq. 2.15.

The term on the left hand side represents the Lagrangian derivative of curvature vorticity.

Continuing on to the right hand side, the first term represents the change in curvature

vorticity due to the advection of parcels in the presence of a planetary vorticity gradient.

The next two terms are the curvature to shear vorticity conversion terms followed by the

term for the stretching of absolute curvature vorticity. The last term is the tilting term

for curvature vorticity which attains a value due to the along flow variations of vertical

motion which tilt horizontal curvature vorticity generated by vertical directional shear into

the vertical (Bell and Keyser , 1993).

As is the case for both shear and curvature vorticity, the forcing terms in the respective

tendency equations are also not Galilean invariant. Depending on the reference frame of

the observer, the relative importance of each of the forcing terms could change. Therefore,

unless a consistent inertial frame is used, a given set of computations will only provide a

rough estimate of the relative importance of each term.

On a side note, it is important to clarify that in addition to the stretching term in the

curvature vorticity tendency equations, both the shear and curvature vorticity tendency

equations are implicitly dependent on the coriolis force. As previously mentioned, using

Eq. 2.14 twice in the derivation of the two vorticity tendency equations eliminates the explicit

appearance of f in the equation. In actuality, since both tendency equations are dependent

on the orientation of basis vector s, these equations are both implicitly dependent on f since

s is explicitly dependent on f as seen in Eq. 2.13 (Viúdez and Haney , 1996).

Finally, by adding Eqs. 2.16 and 2.15, an expression for vorticity in natural coordinates

can be obtained:
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d

dt
(V

δα

δs
−

δV

δn
) = −f

δV

δs
− (f + V

δα

δs
−

δV

δn
)∇p · V +

δω

δn

∂V

∂p
− V

δω

δs

∂α

∂p
(2.18)

The left hand side of Eq. 2.18 contains the material derivative of vorticity. On the right hand

side are terms representing the advection of planetary vorticity, the stretching of vorticity,

and two terms for the tilting of curvature and shear vorticity. Notice that the terms for shear

to curvature vorticity exchanges do not appear in the equation. These terms merely represent

a redistribution among the constituent components of vorticity rather than a change in its

total amount. Eqs. 2.15 and 2.16 will serve as the foundation for the rest of this study (Bell

and Keyser , 1993). The chapter to follow will focus on the methodology used to obtain the

results featured in Chapter 4 and 5.
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Figure 2.1: Pictured above is an example of the natural coordinate reference frame with axes
(s,n) defined with respect to the Cartesian coordinate system axes (x,y). s is tangent to the
downstream directed flow and n is rotated 90◦ counterclockwise with respect to s in which
(s,n) are basis vectors. α is the angle between the s and the x-axis in which counterclockwise
rotation represents positive values of α. Credit: (Bell and Keyser , 1993).

Figure 2.2: Pictured above is an infinitesimal fluid element referenced in the example below.
The dashed line defines the boundary on the right side of the parallelogram with area δsδn.
From simple trigonometric considerations, the area of the remaining sector to the right of
the parallelogram is d(δs) = δBδn. Credit: (Holton, 1992).
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(a) (b)

Figure 2.3: Illustration of (a) vorticity induced by linear shear flow with cyclonic vorticity
above the wind maxima and anticyclonic vorticity below the wind maxima and (b) curvature
vorticity canceling out the vorticity induced by linear shear flow. Credit: (Holton, 1992).

(a) (b)

Figure 2.4: Schematic illustrating the relationship between vortex inertial stability and
heating. (a) Maximum surface wind speed and minimum sea level pressure for each stage
of the vortex used by Schubert and Hack (1982). (b) Growth in the efficiency of the vortex
for increasing intensities due to larger inertial stabilities. The quantity ∂θ

∂t
/Q̂ represents the

efficiency of the vortex or the ratio of the Eulerian time tendency of potential temperature
to convective heating. Credit: (Schubert and Hack , 1982).
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Figure 2.5: Illustration of the location of convective maxima in an environment with westerly
wind shear. The outer maxima is known as the SBC consisting of an outer primary band
with several, weaker secondary bands found radially inwards. The SBC is typically found in
the downshear-right quadrant in a vertically sheared TC. The inner convective maxima is
typically found in the downshear-left quadrant of a TC. Credit: Willoughby et al. (1984).
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CHAPTER 3

METHODOLOGY

3.1 Storm Histories

In this study, two case studies are examined using different models with distinctive

objectives. The first TC, Ivan (2004), is simulated using the MM5 for the purpose of

computing shear vorticity and curvature vorticity budgets at a fine spatial and temporal

resolution. The second case, Emily (2005), is modeled in order to further explore the relation

of shear to curvature vorticity exchanges with intensity change as well as validating the results

from Chapter 4. The subsections to follow will detail the storm histories of these two TCs

beginning with TC Ivan.

3.1.1 TC Ivan (2004)

The criterion for the selection of the case to be modeled with the MM5 is a non-baroclinic

based development covering the observed period of maturation from a tropical storm to

a hurricane as given in the best track (Jarvinen et al., 1984). After careful review, TC

Ivan is chosen as an acceptable candidate for this study since it is one of the only cases

simulated that produced results that verify with the best track data. The period covered by

the simulation, 0600 UTC 3 September 2004 to 0600 UTC 5 September 2004, represents a

rather unremarkable portion of the life cycle of Ivan.

According to the best track, the genesis of Ivan occurred on 2 September at an unusually

low latitude. After only 12 hours, Ivan intensified into a tropical storm continuing with

a generally westward motion. Over the next two days, Ivan gradually strengthened as it

moved due west becoming a hurricane on 5 September. Ivan went on to reach category 5

status several times as it traversed the central Atlantic and Caribbean Sea before eventually

making landfall as a category 3 in Alabama on 16 September. Ivan is noteworthy in that
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it redeveloped in the Gulf of Mexico after completing a large anticyclonic loop and made a

second landfall in the United States in Louisiana on 24 September (Stewart , 2004).

3.1.2 TC Emily (2005)

A second case study is presented in Chapter 5 to explore the role of shear to curvature

vorticity exchanges in rapidly intensifying TCs modeled using the HWRF. TC Emily (2005)

is chosen due to its longevity as well as the several periods of rapid intensification that

occurred during its life cycle. The coverage of the HWRF data, 1200 UTC 11 July 2005 to

1200 UTC 19 July 2005, extends from Emily’s incipient stages as a TC to just prior to its

second landfall in Mexico.

Emily formed from a tropical wave on 11 July and strengthened into a tropical storm

during the next day. The TC was able to overcome a hostile environment over the next 48

hours and strengthened into a hurricane by 14 July. As Emily continued moving westward, it

underwent two periods of rapid intensification reaching a peak intensity of 140 kts southwest

of Jamaica. Emily began to weaken on 17 July before making landfall on the Yucatan

Peninsula during the next day. After emerging into the Gulf of Mexico, a 12 hour period

of rapid intensification ensued before Emily made its second and final landfall in northern

Mexico on 20 July as a category 3 hurricane (Franklin and Brown, 2006).

3.2 MM5 Model Simulation Overview

Due to deficiencies in the spatial and temporal resolution of observations required to

calculate vorticity budgets, version 3.7.4 of the MM5 is employed to provide the data

necessary for this study. The MM5 is a non-hydrostatic mesoscale model utilizing a fully

compressible set of equations in a rotating reference frame. The model includes numerous

choices of parameters that allow for it to be tailored appropriately for each situation including

the simulation of TCs (Dudhia, 1993).

Three one-way nests are used with horizontal resolutions of 36 km, 12 km, and 4 km.

The resolution of the finest nest is chosen in an attempt to explicitly resolve the processes

associated with convection. The two coarser domains are run for a total of 60 hours while

the innermost nest is initialized 12 hours later and run for a total of 48 hours. By starting

the finest nest 12 hours later, the model spinup that results from the interpolation of the
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initial conditions to the resolution of the finest domain is reduced. The coarsest grid for Ivan

is centered at 36.5◦W and 10.5◦N and is composed of 201 × 170 grid points. The 12 km and

4 km domains contain 451 × 340 grid points and 841 ×550 grid points respectively. The

spatial coverage of each of these domains can be seen in Fig. 3.1.

Each nest has 43 unevenly spaced sigma levels spanning from 1000 to 50 hPa. The model

top is lower than other TC simulations utilizing explicit convective schemes (Braun and Tao,

2000; Davis and Bosart , 2002; McFarquhar et al., 2006; Watson, 2006) in order to allow for an

increased number of vertical levels in the mid-to-upper troposphere and lower stratosphere.

The vertical resolution of the model is significantly higher throughout the domain than

the aforementioned studies in order to limit the vertical aliasing of features that are resolved

horizontally, but not vertically (Lindzen and Fox-Rabinovitz , 1989). The vertical distribution

of sigma levels is gradually reduced with height as per the recommendations of Kimball and

Dougherty (2006).

A series of one-way nests are used for the simulation since this approach provided

both better track and intensity than two-way nesting. One-way nesting implies that each

nest is run separately with the coarsest nest receiving its initial and boundary conditions

from large scale analysis. Subsequent runs for the finer grids utilize the data from the

previous run of the coarser nest as its initial and boundary conditions updated at an hourly

basis. Initial and boundary conditions for the coarsest domain are provided by the National

Center for Environmental Prediction (NCEP) Final Global Data Assimilation System Global

Tropospheric Analysis (FNL). The FNL has a horizontal resolution of 1◦ × 1◦ with 26

unequally spaced vertical levels ranging from 1000 to 10 mb. The Global Forecasting System

(GFS) is utilized as its first-guess field which is modified via the inclusion of observations to

obtain the final product. The initial and boundary conditions for the coarsest grid provided

by the FNL are updated at 6 hour intervals (Iredell , 2002).

The choice of the model configuration for this study is based off of careful consideration

of several studies that examined the impact of various combinations of parameterization

schemes on TC simulations at high horizontal resolutions (Braun and Tao, 2000; Davis and

Bosart , 2002; McFarquhar et al., 2006; Watson, 2006). With these studies in mind, the

following physics options are chosen for this study: the high-resolution Blackadar planetary

boundary layer scheme (Blackadar , 1979), the cloud-radiation scheme (Dudhia et al., 2005),

the Goddard microphysics explicit moisture scheme (Tao et al., 1989), the Kain-Fritsch
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convective parameterization with shallow convection (Kain, 2004), and the five-layer soil

model (Dudhia, 1996). It is important to emphasize that a convective parameterization is

not used on the innermost domain. The combination of vertical and horizontal resolution

demanded a time step (in seconds) that is equivalent to the horizontal grid spacing for each

domain. For the purpose of vorticity budget calculations, data is outputted at an hourly basis

for each simulation. To ensure that the results produced by the MM5 reasonably replicate

reality, verification of the track and intensity of the TC in the simulation are provided in the

next section.

3.3 Model Verification

For this study, all hourly vortex center locations from the MM5 simulation are determined

using a methodology similar to that given in Braun (2002). The main difference between

the procedure in Braun (2002) and this study is that the pressure variance is minimized

over a thin annulus that is defined as the first-guess RMW instead of all radii inwards of

the RMW (Braun, 2002). The average first-guess RMW for the entire simulation period

is determined to be 40 km. The resulting position determined from the algorithm is not

located exactly on a grid point which meant that the location of the TC center is moved to

the nearest grid point. Thus, there is an inherent error present in this methodology (up to

4 km), but it is significantly less than that provided by the best track. Additionally, there

are two times in which the algorithm gave temporally inconsistent latitude locations making

it necessary to manually adjust the center of the TC. The new location is chosen based off

of temporal interpolation of the position before and after the time in question and did not

seem to introduce significant errors into the track. Both times are within the first 6 hours of

the simulation and are attributed to model spinup related issues. The center defined using

this methodology is used for all levels in the vertical for both simulation verification and all

computations in this study. It is realized that the presence of environmental vertical wind

shear will cause the center of the TC to tilt with height. Therefore, using a uniform grid

location in the vertical as defined by this algorithm may lead to additional errors since the

surface and upper level centers do not necessarily overlap. In light of this, the magnitude

of the vertical wind shear in this simulation is not believed to be large enough to cause

substantial deviation of the location of the TC center at upper levels from the surface.

As previously mentioned, the simulation of Ivan covers the period extending from 0600

27



UTC 3 September - 0600 UTC 5 September. The best track and simulated positions for Ivan

can be found in Fig. 3.1 for the simulation. Comparisons of the best track versus simulated

minimum sea level pressure and maximum sustained 10 m wind are found in Fig. 3.2. The

TC begins as a tropical storm at the start of the model run and gradually strengthens into a

marginal hurricane by the end of the simulation. The initial storm is more intense than the

observed with a maximum surface wind that is approximately 9 m/s stronger and a pressure

that is 4 hPa lower. The observed and simulated positions at the outset of the simulation

compare favorably with the latter found slightly over 0.5◦ westward of the former. By 1200

UTC 3 September, a northward component of motion in the simulation displaces the model

position northwestward of the best track position. During this time, the difference between

the two minimum sea level pressures drops by 1.5 hPa, while the difference between the

maximum surface wind increases to 11 m/s.

Over the next 6 hours, the maximum surface wind for the model TC decreases back

down to 25 m/s while the minimum sea level pressure drops by 2.5 mb. The observed and

simulation tracks parallel each other during this time similar to how they do during the

next 30 hours of the simulation. By 0000 UTC 4 September, the TC in the simulation

continues to remain north and moved westward slightly faster than indicated in comparison

to the observed storm in the best track. Both model and observed TC minimum sea level

pressures continue to fall with decreases of 1 and 2.7 hPa respectively. The disparity between

the simulated and observed maximum surface wind increases once again as the maximum

sustained model wind remains steady at 23 m/s while the observed maximum surface wind

speed rises to 29 m/s.

During the next 12 hours, the actual and simulated storm tracks continue to remain

slightly different from each other. The storm from the MM5 simulation moves slightly faster

than the observed track of Ivan as seen in the larger distance between the 1200 UTC 4

September position of the vortex versus the previous time. The trends seen in the pressure

and wind fields from the model and best track mirror each other over this time. The model

correctly mimics the intensification of the storm during the first 6 hours of this period as

well as the subsequent cessation of intensification during the latter half of this period. The

observed intensity compares favorably to the simulation with pressure differences on the

order of 2 hPa and wind speed differences of 3.5 m/s.

The northward displacement of the storm relative to observations decreases over the

28



following 12 hours as the observed storm moves more northerly while the storm from the

simulation continues translating due west. By this point the difference in intensities increases

to 4 hPa in the pressure field and to less than 0.5 m/s for the surface wind speed. At 0000

UTC 5 September, the storm from the simulation is only slightly over 0.5◦ westward from

the best track position. Differences in pressure and track at the end of the simulation are

on the order of 5 hPa for minimum sea level pressure, 1 m/s for the maximum surface wind,

and 0.4◦ for track (Stewart , 2004). Next, the section that follows will document how the

vorticity budgets utilizing the data from the MM5 simulation are calculated.

3.4 MM5 Vorticity Budgets

Vorticity budgets are computed using data from the MM5 simulation of Ivan. The data

is vertically interpolated to pressure intervals of 50 hPa ranging from 1000 to 150 hPa. As

a result of the log-linear interpolation used by the post-processing program MM5toGrADS

(available freely from NCAR), data around the center of the TC is not available at 1000 hPa

which is why data at this level is not provided in the budgets. The zonal wind, meridional

wind, geopotential height, 10 m zonal wind, 10 m meridional wind, and surface pressure

are extracted from the model and used to make budget computations. All variables are

smoothed with a 9-point smoother prior to calculations being performed. Given the need for

vertical velocity in pressure coordinates, both horizontal divergence and vertical velocities

are recomputed and adjusted using the method of O’Brien (1970). The full vorticity budget

equations for shear vorticity and curvature vorticity are calculated using centered finite

differencing both temporally and spatially. Terms involving finite differencing at the domain

boundaries in the horizontal or at the initial or final hour of the simulation period are not

examined due to the inability to perform a centered finite difference in time. For vertical

derivatives in which centered finite differencing is not possible, side differencing is used

instead. Computations are performed on an hourly basis with the first 6 hours conservatively

disregarded in the analysis in order to avoid non-physical contributions related to model

spinup (McFarquhar et al., 2006). Additionally, the initial hours are not used to avoid

performing calculations dependent on the center of the storm at a time when its location is

unclear.

Vorticity budgets are presented for both the shear vorticity tendency equation and
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curvature vorticity tendency equation. The curvature vorticity tendency equation used in

this analysis is found below:

∂ζc

∂t
= −

δV

δs

dα

dt
−

δ

δn
(
δφ

δs
) − V

δζc

δs
− V

δf

δs
− ω

∂ζc

∂p
− (ζc + f)∇ · V − V

δω

δs

∂α

∂p
+ Fζc

(3.1)

where Fζc
is the friction term in the curvature vorticity equation. Eq. 3.1 is the same as

Eq. 2.16 with the exception being that the material derivative has been expanded and a

term explicitly representing friction is computed. Advection is expanded into terms for the

horizontal advection and vertical advection of curvature vorticity. The shear to curvature

vorticity conversion component terms are treated as separate terms during the computation

of the budgets. Friction is calculated by computing the wind stress, τ , at the surface using

bulk aerodynamic formulas:

τx = ρCd

p

po

usVs (3.2)

τy = ρCd

p

po

vsVs (3.3)

where us is the surface zonal wind speed, vs is the surface meridional wind speed, Vs is

the total wind speed at the surface, Cd is the drag coefficient, ρ is the density of air at

the surface, p is the pressure at the level of interest, and po is the surface pressure. Cd is

calculated according to the method specified in Krishnamurti (1996) with a value that varies

with wind speed. With knowledge of the surface stress, it is assumed that its value decays

exponentially with height from the surface to an amount that is 1% of the surface stress at

800 hPa. The respective components of friction for the momentum equations are calculated

using the following formula:

Fx = −g
∂τx

∂p
(3.4)

Fy = −g
∂τy

∂p
(3.5)

where g is the constant for gravity. Once friction has been computed for the zonal and

meridional momentum equations, the component of friction for the curvature vorticity
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tendency equation is calculated using the same treatment as given for the velocity vector,

V , which utilizes Eq. A.10 along with τx and τy instead of u and v. It is realized that the

method for calculating friction is merely an estimation and will not yield the true value of

friction. It is felt that given the importance of friction in the boundary layer, it is necessary

to at least estimate its relative magnitude.

The shear vorticity tendency equation used in this study is provided below:

∂ζs

∂t
=

δV

δs

dα

dt
+

δ

δn
(
δφ

δs
) − V

δζs

δs
− ω

∂ζs

∂p
− ζs∇p · V + V

δω

δn

∂V

∂p
+ Fζs

(3.6)

where Fζs
is the friction term in the shear vorticity equation. Similar to the curvature

vorticity tendency equation, Eq. 3.6 is nearly identical to Eq. 2.16 with the exception being

that the material derivative of ζs has been expanded. As is the case for the curvature

vorticity tendency equation, the shear to curvature vorticity conversion component terms are

treated as separate terms during the calculation of the budgets. The frictional component

for the shear vorticity tendency is calculated in the same manner as the friction term for the

curvature vorticity tendency equation except that Eq. A.8 is used to transform the term for

friction from the momentum equations.

As mentioned in previous vorticity budget studies, residuals existing between the time

tendency term and the forcing can be significant (Shapiro, 1978; Chen and Bosart , 1979;

DiMego and Bosart , 1982). To mitigate this issue, the residual is reduced by assuming that

the error for each term at a given grid point is proportional to the magnitude of the term

similar to the method given in Krishnamurti (1996). Assuming the equation of interest is of

the form T = F1 + F2 + F3 in which T represents the time tendency and F1, F2, and F3 are

each of the forcing terms, the reduction of error for each term can be represented as follows:

T new = T old + ǫ|T old|

F new
1 = F old

1 − ǫ|F old
1 |

F new
2 = F old

2 − ǫ|F old
2 |

F new
3 = F old

3 − ǫ|F old
3 |

(3.7)
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where ǫ represents the coefficient used to reduce the error for each term. ǫ is calculated

according to the following equation:

ǫ = −
T old − F old

1 − F old
2 − F old

3

|T old| + |F old
1 | + |F old

2 | + |F old
3 |

(3.8)

in which ǫ will always be less than or equal to 1. In the case in which ǫ = 1 which occurs

when all terms have the same sign, a bias is assumed to exist in every term. Otherwise

Eqs. 3.7 and 3.8 would result in all terms being reduced to zero. The bias is removed by

taking the mean of the terms and subtracting it from each term. To confirm that this method

does not result in significant changes to the budgets, error-and-non-error squashed fields for

each term are compared. It is acknowledged that this approach could significantly impact

the results of terms with smaller magnitudes such as friction and the horizontal advection

of planetary vorticity.

In addition to these Earth relative budgets, preliminary work involving the computation

of storm relative budgets is presented. Using the center as defined by the method of Braun

(2002), the storm motion in the zonal direction is calculated using a side differencing in time

as follows:

ucurrent = (xcurrent − xprevious)/tinterval (3.9)

where ucurrent is the zonal motion vector at the current time, xcurrent is the x-grid location of

the storm at the current time, xold is the x-grid location of the storm at the previous time,

and tinterval is the difference in time between the two storm positions. Similarly, the storm

motion in the meridional direction is calculated below:

vcurrent = (ycurrent − yprevious)/tinterval (3.10)

where vcurrent is the meridional motion vector at the current time, ycurrent is the y-grid

location of the storm at the current time, yold is the y-grid location of the storm at the

previous time, and tinterval is the difference in time between the two storm positions.

With the knowledge of the storm motion vector, it is possible to calculate storm relative

budgets for the two tendency equations. This is done by subtracting the zonal motion vector

for each time from the zonal wind at each point at every vertical level in the domain for each

time step. The same treatment is also used for the meridional motion vector and meridional
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wind. Once the storm motion is removed, the domain is centered upon the TC at each time

and budgets are computed by using the center of the storm at each time as the origin of the

coordinate system.

As noted in previous research, the scales associated with a TC are predominantly limited

to azimuthal wavenumbers 0, 1, and 2 (Krishnamurti and Sheng , 1985a,b). Specifically,

wavenumber 0 is representative of the mean circulation of the TC while wavenumbers 1

and 2 correspond to asymmetries induced by the environment (e.g. horizontal wind shear,

vertical wind shear, planetary vorticity gradients) (Krishnamurti et al., 2005). Thus, the

power associated with these wavenumbers will grow as the TC intensifies. While these

studies dealt with rain water mixing ratios, a similar treatment can also be extended to

curvature vorticity, shear vorticity, and their respective tendency terms. Specifically, it is of

interest to determine whether the organization of these vorticity tendencies on the scales of

TC is associated with changes in intensity. In order to determine whether this is occurring,

it is necessary to perform a azimuthal spectral analysis. Before the spectral analysis is

performed, the data are transformed into cylindrical coordinates using bilinear interpolation

with the TC center serving as the origin of the coordinate system. The resolution of the

data is 2◦ in the azimuthal direction and 0.036◦ (approximately 4 km) in the radial direction.

These computations are performed for every vertical level at every time step for which budget

terms are calculated. Vertical cross-sections at hours 12 and 42 are presented for the relevant

terms in the following analysis along with time-radius plots at 900 hPa to identify the relative

importance of each term both spatially and temporally.

To estimate the relative importance of each term in the curvature and shear vorticity

tendency equations as well as to gauge what role a given term may have played in the

intensification of the TC, an approach is needed that provides a single value for the patterns

observed in the spatial plots. To this extent, the relevant terms in the curvature and shear

vorticity tendency equation are averaged over three layers in the atmosphere over the center

of the TC. The levels examined are broken up between low, middle, and high with the

magnitude of curvature and shear vorticity serving as the guide for partitioning the levels.

These layers are separated as follows: 950 to 750 hPa (lower), 700 to 450 hPa (middle),

and 400 to 150 hPa (upper). Spatial averages are performed on a cylindrical grid due to

the circular nature of the vortex and are calculated for the distance within 0.5◦ of the TC

center. This area is chosen as most appropriate after comparing with the results of other
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radii and observing that most of the significant tendencies for each term are confined to

this distance from the TC center. Both the averages of each term as well as the average

magnitude of the terms are calculated for each output time. This same treatment is used

for both the curvature and shear vorticity tendency equations. Correlation coefficients are

then computed between each term for a given time and the change in minimum sea level

pressure during the following hour in the simulation to determine the relevance of each term

in each vorticity tendency equation and its relationship with intensity change. Correlations

with the maximum surface wind are not calculated due to the high temporal variability of

the maximum surface wind.

The vertical wind shear vector is calculated at each output time due to its importance

to the spatial and temporal evolution of each of the tendency terms. The vertical shear

vector direction and magnitude is computed using the methodology of Molinari and Vollaro

(1990) in which the wind is azimuthally averaged at a radius of 500 km from the storm at

850 and 200 hPa after which the former is subtracted from the latter to obtain the vector

difference. These computations are performed for every time step. With the discussion of

the methodology used for the MM5 vorticity budgets completed, an introduction to the 2007

operational version of HWRF model is provided next.

3.5 Overview of the HWRF Model

The second half of this study attempts to determine if a statistical correlation exists

between shear to curvature vorticity conversions and intensity change. A dataset is

required containing a statistically significant number of cases at a relatively high resolution.

For these reasons hindcasts run using the 2007 operational version of the HWRF are

chosen. The HWRF represents the newest generation in mesoscale models developed by

NCEP’s Environmental Modeling Center (EMC). The HWRF is a high-resolution coupled

modeling system consisting of the Nonhydrostatic Mesoscale Model Weather Research and

Forecast model (NMM-WRF) (Janjic et al., 2001) for the atmospheric component and the

Princeton Ocean Model (POM) (Blumberg and Mellor , 1987) for the ocean component.

The HWRF utilizes two nests with resolutions of 27 km and 9 km respectively. The

parent domain is stationary and stretches 75◦ by 75◦ horizontally while the daughter

domain moves with the TC and measures 9◦ by 9◦ horizontally. Each domain has 43
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staggered hybrid sigma levels (Simmons and Burridge, 1981) with a vertical resolution that

decreases with height (EMC , 2008). Initial and boundary conditions for the model are

provided by the GFS with sea surface temperatures (SSTs) provided by the POM. The

following physics options are utilized by the HWRF: simplified Arakawa Schubert convective

parameterization (Arakawa and Schubert , 1974; Grell , 1993), the Ferrier microphysics

scheme (Ferrier , 2005), the GFS planetary boundary layer scheme (Troen and Mahrt , 1986;

Hong and Pan, 1996) and surface layer scheme (Moon et al., 2007), and the radiation scheme

from the GFDL model (Tuleya and Gopalakrishnan, 2005).

The HWRF uses a 3-D VAR data assimilation system known as the Gridpoint Statistical

Interpolation (GSI) analysis (Liu et al., 2006). GSI is an expansion upon the previously

used vortex initialization method found in the GFDL (Kurihara et al., 1993, 1995, 1998)

in that it allows for the creation of a vortex that is more consistent with observations both

with respect to structure and intensity. The first guess fields that are used as input into the

GSI consist of HWRF data from the previous forecast cycle interpolated to the mother and

daughter domains using the WRF Standard Initialization (WRFSI). For regions in which

there is no HWRF data available, fields from the previous GFS cycle are used. Once the

new fields have been constructed, vortex relocation and intensity adjustment are performed

in a manner similar to the GFDL model in order to generate a more realistic first-guess

vortex (Liu et al., 2006).

The GFDL method for vortex initialization is a several step process involving the

generation and insertion of a more realistic vortex, both in intensity and structure, than

that provided by large scale analysis or other synthetic vortex generation methods. The

process begins with the partitioning of large scale analysis into a disturbance field and basic

field. The former refers to the component of the analysis associated with the TC while the

latter refers to all features exclusive of the TC. A local filtering operator is used to separate

the two fields. To extract the non-TC component from the disturbance field, a second filter

is applied to the disturbance field. Once properly removed, this domain is added back to the

basic field to complete the environmental field which does not contain the vortex (Kurihara

et al., 1993, 1995, 1998).

To obtain a TC with the proper intensity, strength, and size, a synthetic vortex is

generated using an axisymmetric version of the GFDL model. The first guess profile consists

of a Rankine vortex profile (Depperman, 1947) inwards of the RMW and Holland’s profile
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outside the RMW (Holland , 1980). Observations are separated into four quadrants and

four different radial wind profiles are generated by heavily nudging the wind towards the

observations in each quadrant provided that the data are of good quality. If data are

determined to be unreliable for a given quadrant, then the profile for that quadrant will not

be used. These four profiles are than averaged to generate the final axisymmetric vortex. The

resulting vortex is then added to the environmental field at which point the entire domain

is run through a version of the simplified barotropic vorticity equation. The purpose of this

is to generate wind field asymmetries associated with the β effect due to its importance in

TC motion. The length of integration for this step is dependent on the present and past

intensity of the vortex. The asymmetric wind field is then added to the symmetric wind

field in the step prior to completion of the initial field for the model. The final step involves

allowing the mass field in the domain to readjust to the added wind field asymmetries since

the relationship between mass and wind is nonlinear (Kurihara et al., 1993, 1995, 1998).

As additional step to the GFDL initialization scheme, both domains utilized in the HWRF

are run through the GSI regional analysis to generate the input fields for the model. The

GSI regional analysis utilizes 3D-VAR data assimilation which incorporates observations

such as dropwindsondes and flight level data. In the case in which there are no observations

available, this step is skipped. At this point, the domains are ready for use by the HWRF

and the resulting forecast will be utilized in the generation of the next set of initial fields for

the following forecast cycle (Liu et al., 2006).

HWRF hindcasts are modeled out to 126 hours with data provided at 6 hour intervals. A

select number of storms from the 2004–2006 Atlantic hurricane season are run with hindcasts

provided at various periods of the life cycle of each TC. A list of TCs and their forecast

initialization times is provided in Table 3.1. HWRF data is postprocessed at NCEP and

interpolated to grids with a horizontal resolution of 0.1◦ × 0.1◦ with horizontal dimensions

of 101 × 71 for the x and y directions respectively for the innermost domain. Data is

also interpolated vertically from hybrid sigma coordinates to pressure coordinates with data

available at 50 hPa increments ranging from 1000 to 50 hPa. The methods used to evaluate

the correlation between vorticity exchanges and intensity change are discussed in the final

section of this chapter.
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3.6 Statistical Correlation Between Vorticity
Conversions and Intensity Using HWRF

Hindcasts

Chapter 5 of this study examines the statistical correlation between shear and curvature

vorticity conversions and intensity change. Only the initial time of every HWRF hindcast

listed in Table 3.1 is used for this portion of the study. The reasoning behind this is that

if it was proven that a statistical correlation did in fact exist, then this methodology could

be implemented operationally as an additional parameter for forecasters to use in intensity

prediction. Additionally, it is hoped to use the HWRF data as an additional source for

confirmation of the results obtained from the vorticity budgets calculated using the MM5

data. It is important to note that several of the hindcasts could not be used because

the TC center is too close to the domain boundaries making it impossible to perform any

computations.

Prior to evaluating the relationship between shear to curvature vorticity exchanges and

intensity, the observational consistency of the vortices in the HWRF forecasts are evaluated.

Given the lack of data describing the detailed structure of the vortex in the best track and

extended best track (Pennington et al., 2000) limits the ways in which validation of the

vortex intensity and structure with observations can be tested. For the purposes of this

study, wind-pressure relationships are used in order to test how realistic the structure of the

vortex is. For the purposes of comparison of pressure-wind relationships, the minimum sea

level pressure is utilized along with the 10 m surface wind from the HWRF. Observational

data are obtained from the NHC best track. All curves are fit using a least squares second

order polynomial curve fitting. Curves corresponding to other hindcast times are not shown

given that the adjustment occurred within the first 6 hours of the hindcast. Best track data

for the data corresponding to 6 hours into the hindcast along with data at other times is not

shown given the small differences with the best track data at the initial time of the hindcast.

Additionally, Student’s t-tests are performed on the minimum sea level pressure and the

maximum surface wind for best track and HWRF data to objectively determine whether the

extent of the adjustment is statistically significant.

For this portion of the study, only shear to curvature vorticity conversions are correlated

with intensity. In this analysis, the 10 m model maximum surface wind are used as a gauge of
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intensity, intensity change, and strength. As is the case with the procedure for Chapter 4, the

shear to curvature vorticity interchange terms are calculated using centered finite differencing

with values on the border of the domain not being computed. The position of the storm to

the nearest 0.1◦ for each storm is supplied by NCEP for each hindcast. The data treatment

includes the use of spectral analysis as well as averaging over a 1.5◦ × 1.5◦ box centered over

the location of the storm. The former involves a conversion to cylindrical coordinates using

the method similar to that used for the MM5. The data are interpolated to a resolution of

4◦ in the azimuthal direction and 0.1◦ in the radial direction. In comparison to the MM5,

the resolution of the interpolated data are coarser for the HWRF due to the fact that the

resolution of the HWRF data are not as fine. For both box averaging and spectral analysis,

the use of a small domain is required given the smoothing issues that are apparent between

the mother and daughter domains in some of the hindcasts. These discontinuities resulted in

non-physical contributions to the magnitude of the shear to curvature vorticity conversions

and care is taken to exclude them from the calculations by limiting the area of computations

to within 1.5◦ of the circulation center. It is noted that out of the cases observed not one is

observed to feature discontinuities closer than approximately 1.5◦ or less from the center of

the storm.

After examining all levels for the possibility of a correlation between shear and curvature

vorticity conversions and intensity change, 850 hPa is chosen due to its correlation with the

current intensity and its robustness for use for TCs of all intensities. Current intensity is

chosen given that there is only a weak relationship between intensity change and shear to

curvature vorticity exchanges. The relation between shear to curvature vorticity interchanges

and strength is also examined in which strength is defined as the areally-averaged angular

momentum between two radii for a TC (Holland and Merrill , 1984). A TC is classified

as having weak strength if its strength is in the bottom 25% of all storms or strong if its

strength is within the top 25% for all cases. All fitted curves in this section of the analysis

utilize a second order least squares polynomial fit. It should be noted that the vertical shear

vector is also computed for this portion of the study using the same methodology as for the

MM5 data, but data from the course domain was used instead given that the inner domain

is not large enough. The chapter that follows will present the results of the MM5 vorticity

budgets for TC Ivan.
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Table 3.1: List of TCs and dates of the HWRF hindcasts of selected cases from the 2004–
2006 Atlantic hurricane season. These cases are used in an attempt to find a correlation
between shear to curvature vorticity conversions and intensity change. Only the initial time
in each hindcast is used. A total of 403 cases were utilized for this portion of the study.

List of HWRF Hindcasts
Name Season Date Excluded Dates
Charley 2004 00Z 08/10 - 00Z 08/15 12Z 08/12
Chris 2006 00Z 08/01 - 00Z 08/06 12Z 08/03, 12Z 08/05
Danielle 2004 12Z 08/13 - 12Z 08/21
Debby 2006 00Z 08/22 - 00Z 08/27
Dennis 2005 00Z 07/05 - 00Z 07/11
Earl 2004 12Z 08/14 - 00Z 08/16
Emily 2005 12Z 07/11 - 12Z 07/19
Ernesto 2006 00Z 08/25 - 12Z 09/01
Florence 2006 00Z 09/07 - 12Z 09/12 12Z 09/07 - 12Z 09/08
Frances 2004 00Z 08/25 - 00Z 09/07
Gaston 2004 00Z 08/28 - 00Z 09/01
Gordon 2006 12Z 09/11 - 12Z 09/19
Harvey 2005 00Z 08/03 - 12Z 08/08
Helene 2006 12Z 09/12 - 12Z 09/19 12Z 09/13 - 12Z 09/15
Irene 2005 00Z 08/05 - 00Z 08/18
Isaac 2006 00Z 09/29 - 12Z 10/02
Ivan 2004 00Z 09/06 - 00Z 09/17
Jeanne 2004 00Z 09/14 - 12Z 09/27
Karl 2004 00Z 09/17 - 12Z 09/24
Katrina 2004 00Z 08/24 - 12Z 08/30
Lee 2005 00Z 08/29 - 00Z 09/02 00Z 08/30, 12Z 08/30, 12Z 08/31
Lisa 2004 00Z 09/20 - 12Z 09/29
Maria 2005 00Z 09/02 - 00Z 09/08 00Z 09/05
Nate 2005 00Z 09/06 - 00Z 09/10
Ophelia 2005 00Z 09/08 - 12Z 09/16
Philippe 2005 00Z 09/18 - 12Z 09/21
Rita 2005 00Z 09/20 - 00Z 09/24
Stan 2005 12Z 10/02 - 00Z 10/05
Wilma 2005 00Z 10/16 - 12Z 10/25
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Figure 3.1: Best track versus MM5 model simulation track for TC Ivan (2004). Times
corresponding to 0000 UTC are featured as solid circles while filled triangles are indicative
of 1200 UTC for a given day. Domains D1, D2, and D3 represent the 36 km, 12 km, and 4
km domains respectively (Stewart , 2004).

Figure 3.2: Time series of maximum surface wind speed and minimum sea level pressure for
best track versus MM5 model simulation for TC Ivan (2004). Minimum sea level pressure is
plotted as a solid line and surface wind speed is plotted as a dashed line (Stewart , 2004).
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CHAPTER 4

CURVATURE VORTICITY AND SHEAR

VORTICITY BUDGET STUDY

The following section presents curvature and shear vorticity budgets for a simulation

of TC Ivan modeled using the MM5. Results are presented beginning at hour 6 of the

simulation demonstrating to what degree shear and curvature vorticity can explain the

temporal evolution of the intensity of the storm. In the interest of brevity, only salient

terms will be shown with spatial plots at one vertical level (900 hPa) during two periods of

intensification: hour 12 in which the storm was relatively weak and hour 42 in which the

storm was relatively strong. 900 hPa was chosen arbitrarily given that it is was representative

of other lower levels in which curvature and shear vorticity are largest. It is important to

note that the spatial distribution of terms at other vertical levels adjacent to 900 hPa is

similar for each term. As previously mentioned, spectral analysis will be used to elucidate

the distribution of each term on the scales of the TC which are considered to be wavenumbers

0, 1, and 2 (Krishnamurti and Sheng , 1985a,b).

Due to the spatial and temporal variability of the data, layer averages will be used to

discuss the relative importance of each term in each vorticity tendency equation over the

extent of the simulation. Additionally, these layer averages will be used to relate each

term in the vorticity tendency equations to the intensity change of the storm. It should

be noted that the shear to curvature vorticity conversion term will only be discussed in

the section presenting the curvature vorticity tendency budgets to avoid redundancy even

though the budgeting process produces slightly different values of the term for each equation.

Interpretation will also be provided on the errors in the budgeting process and how the error-

reduction methodology affected each term in the lowest layer of the domain. The effects of

vertical wind shear on the structure of the TC will briefly be discussed followed by an analysis
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of the spatial and temporal distribution of shear and curvature vorticity.

4.1 Effect of Vertical Wind Shear on the Circulation
of the TC

Before delving into shear and curvature vorticity and their respective tendency equations,

it is important to describe the synoptic scale conditions given their importance in forcing

responses in the flow field of the TC. With regards to the present case under consideration,

the TC is consistently under the influence of weak to moderate vertical wind shear throughout

the simulation. It will be shown that the most important factor in dictating the behavior of

each term in this case study is the northerly to northeasterly vertical wind shear.

The time series of the vertical wind shear vector direction and magnitude during the

simulation is presented in Fig. 4.1. According to this figure, the vertical wind shear vector

begins slightly west of north and gradually rotates clockwise through simulation hour 35. At

this point the vector is northeasterly and then rotates back westward over the remainder of

the simulation becoming northerly by the end of the simulation. According to the binning of

the magnitude of the vertical wind shear vector used by Corbosiero and Molinari (2002), the

inner and outer core convergence maxima will initially have little preference for a given

quadrant in the downshear region of the TC since the magnitude of the vertical wind

shear is less than 5 m/s. After hour 25 of the simulation, the magnitude of the vertical

wind shear becomes sufficiently strong (greater than 5 m/s) such that the inner and outer

core convergence maxima assume their respective preferred quadrants. For the case under

consideration in which there is northerly shear, the downshear-left quadrant corresponds to

the southeast side of the vortex while the downshear-right quadrant is found on the southwest

portion of the TC (Corbosiero and Molinari , 2002).

Indeed, the convergence at low levels generally evolves as expected. Fig. 4.2 contains

the divergence field at hours 12 and 42 of the simulation at 900 hPa. Initially the vortex

shows the convergence maximum located within both downshear quadrants at inner radii

with an outer maxima jutting out from the downshear-left quadrant of the TC as seen in

Fig. 4.2(a). This latter feature is temporally robust and serves as an important area for

changes in shear and curvature vorticity. As the simulation continues, there is a general

preference for the inner core maximum to be located downshear, but its location varies at

times between downshear-left and downshear-right until later hours in the simulation when
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the shear finally becomes strong enough. The outer maximum continues to remain in place,

but at relatively small radii in comparison to observations. Throughout the simulation, the

model TC is small in size with gale force winds limited to within 1.5◦ of the circulation

center. This results in the outer convergence maximum being on the lower end of the range

of the estimates from observations as given by Corbosiero and Molinari (2002). Over time

this feature dissipates as a more classic SBC develops around the TC near hour 40 as seen

in Fig. 4.2(b) (compare with Fig. 2.5) (Corbosiero and Molinari , 2002).

4.2 Spatial Distribution of Curvature Vorticity and
Shear Vorticity

Prior to going into the budgets for curvature and shear vorticity, it is necessary to briefly

address the spatial distribution of these quantities to obtain a better understanding of the

physical interpretation of the vorticity tendency terms. Fig. 4.3 presents a plan view of

curvature vorticity, shear vorticity, and vorticity at 900 hPa for simulation hours 12 and

42. Note that the latter of the three is simply the sum of the first two quantities as is seen

in a visual comparison. Beginning with curvature vorticity, it is noted that at hour 12 the

curvature vorticity field is very asymmetric with a maxima to the north and to the south of

the TC (see Fig. 4.3(a)). Such a spatial distribution is typical of an unorganized or weakening

TC and runs contrary to the spatially confined, more symmetric nature of the curvature

vorticity maximum that would be expected for more mature storms (see Fig. 4.3(b)).

In both Figs. 4.3(a) and 4.3(b), there are filaments of curvature vorticity extending

radially outwards up to 2◦ or more from the vorticity maximum. These strands of cyclonic

curvature vorticity represent local deviations in the direction of the flow radially inwards

towards the center of the TC. After traversing these bands, the flow returns to a more

traditional circular orientation. The streamlines at these locations will contain “wiggles”

representative of directional changes in the flow. In the vertical, it is noted that the curvature

vorticity maxima extends anywhere from the 600 hPa to beyond the boundary of the domain

for which computations were performed (150 hPa). The vertical extent of the vorticity

maxima is dependent upon the intensity of the TC as well as the rate of intensification.

Mature storms that are intensifying will generally have curvature vorticity maxima extending

farthest into the vertical. Filaments of curvature vorticity that are distinctly separate from

the inner maximum extend into the vertical and often times tilt radially outward with height.
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The spatial distribution of shear vorticity is generally characterized by two regimes in the

horizontal plane. The first is typified by areas of maximum cyclonic shear vorticity found

radially inwards of the RMW. Recalling the definition of shear vorticity from Eq. 2.5, −∂V
∂n

,

this maximum arises from the wind at larger radii (negative n direction) having larger values

of velocity than those found radially inwards (positive n direction) for all locations inwards

of the RMW. This results in the cyclonic rotation of parcels within this region. The typically

steep gradient in the wind field at these radii and the radially confined nature of the RMW

explains the intense and areally confined nature of the cyclonic shear vorticity maximum.

The shape of the shear vorticity maximum is dependent upon the structure of the RMW

since increasing wind speeds occur with increasing radii for the area within the RMW. The

largest values of cyclonic shear vorticity are found just inside the RMW at the outer edge

of the cyclonic shear vorticity maximum due to the fact that the RMW is the region of the

TC in which the radial gradient of the wind speed is largest (V decreases for increasing n).

Later on in the simulation, the RMW takes on an elliptical shape as demonstrated by the

positive values of shear vorticity at the center of the TC in Fig. 4.3(d).

The second regime in the spatial distribution of shear vorticity is found radially outwards

of the cyclonic shear vorticity maxima. This region is characterized by anticyclonic shear

vorticity that encircles the maximum of cyclonic shear vorticity. Fig. 4.3(d) shows this area

of anticyclonic shear vorticity in blue immediately adjacent to the cyclonic shear vorticity

maxima. Additionally, there are strands of shear vorticity lying radially outwards of the

center, that are generally anticyclonic, lying parallel to the flow extending up to 45◦ or more

in the azimuthal direction. Comparing a plan view of shear vorticity for a mature TC such

as that found in Fig. 4.3(d) versus a less organized storm such as that pictured in Fig. 4.3(c)

shows two main differences: the cyclonic shear vorticity maxima is generally broader and

weaker in the latter case while the anticyclonic shear vorticity maxima is also less intense

and only encircles a portion of the cyclonic shear at the vortex center. As was the case with

curvature vorticity, the cyclonic shear vorticity maxima extends vertically anywhere from

low levels to throughout the domain depending on the intensity and whether the vortex is

intensifying or not. The cyclonic shear vorticity maxima tilts radially outwards with height

as would be expected given the expansion of the RMW with height due to the weakening

of the pressure gradient. Vertical cross sections (not pictured) show bands of cyclonic and

anticyclonic shear vorticity extending straight into the vertical. The bands of cyclonic shear
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vorticity are much smaller in width than their anticyclonic counterparts and extend as high

as the cyclonic shear vorticity maxima in some cases. The first portion of the vorticity

budgets is presented in the following section detailing the spatial structure and physical

forcings for each term in the curvature vorticity tendency equation.

4.3 Curvature Vorticity Budgets

4.3.1 Term by Term Analysis of the Curvature Vorticity Tendency
Equation

The curvature vorticity tendency contains 7 forcing terms responsible for changing

Eulerian time tendency of curvature vorticity. To determine the relevance of each term,

an intercomparison of terms is made by taking the magnitude of each averaged over a box

centered on the storm with sides of 400 km in length for a vertical layer extending from

950 to 750 hPa centered over the storm. This layer corresponds to the volume over which

curvature vorticity is maximized in the vertical and an area containing the entire circulation

of the TC. Rather than taking a simple average, the average magnitude is used since the

spatial variation of each term across the vortex would lead to an underestimation of the

contribution of many of the terms due to the net cancellation that would occur if merely a

simple average were taken. By computing the average magnitude of each term, it is possible

to come up with a gross estimation of the importance of each term for each point in the

volume of interest.

The results of these computations can be found in Fig. 4.4(a) demonstrating that with

the exception of the advection of planetary vorticity and friction, the magnitude of the

remaining terms all have contributions on the order of 10−8 s−2. These computations reveal

that on average friction is an order of magnitude smaller than the rest of the relevant terms

for this layer. In addition to this, the magnitude of the advection of planetary vorticity

is nearly two orders of magnitude smaller than the largest curvature vorticity tendency

forcing term. It should be noted that neither of these results are dramatically different when

solely examining each pressure level individually. Chew (1974) classified such a scenario in

which the horizontal advection of curvature vorticity dominates the β effect as a “curvature-

dominant meander.” In these situations processes associated with the horizontal advection

and stretching of curvature vorticity are dominant, which is consistent with the results
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presented here. Given the relative magnitude of planetary vorticity advection and friction

in comparison to the other terms, these two terms will not be included in the following

investigation.

To begin the study of the curvature vorticity tendency equation, terms on the 900 hPa

pressure level will be examined. Fig. 4.5 and 4.6 contain plan views of the relevant terms

from the curvature vorticity tendency equations at simulation hours 12 and 42. During the

intervening time between these simulation hours, the TC experiences an increase in wind

speed on the order of 5 m/s and a decrease in minimum sea level pressure of 12 hPa. An

examination of both plots confirms the results shown in Fig. 4.4(a) indicating that horizontal

advection, shear to curvature vorticity conversions, the stretching of curvature vorticity, and

the tilting of curvature vorticity are the dominant terms. Additionally, the vertical advection

of curvature vorticity plays a minor, yet quantifiable role especially in regions of the storm

in which vertical motion is pronounced.

Eulerian Time Tendency Term

Fig. 4.5(a) and 4.6(a) show that the Eulerian time tendency of curvature vorticity is

dominated by the translational component of the TC. Even though the simulation output

was available hourly, the translation of the vortex was too quick and obscured the important

tendencies at the center of the TC. Throughout the simulation, there is a dipole in this

spatial field with positive values to the west and negative values to east consistent with the

westward movement of the storm. Approximately 0.5◦ outside of the core is a more banded

nature to the vorticity tendencies associated with the structures outside of the center found

in the plan views featured in Fig. 4.3(a) and 4.3(b). Contrasting the two plots shows an

increased magnitude of both tendencies near the center of the TC which would be expected

for a TC that has intensified. Additionally, there is a notable absence of the time tendencies

associated with the area of convergence to the west of the TC at hour 42 as this feature has

largely weakened. Much as in the case for the vorticity tendency near the core of the TC, a

strong portion of the tendency is due to the translational component of the vorticity present

in this area of convergence.

Vertical cross sections of the local tendency of curvature vorticity also show a similar

structure to the horizontal as given in Figs. 4.7(a) and 4.8(a). The cross section shows

positive values to the west of the storm and negative values to the east as expected for a
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vortex moving westward. At both times, the time tendency of curvature vorticity is most

pronounced below 600 hPa which is a trend observed throughout the simulation. From the

perspective of the coordinate system used in this study, the local time tendency of curvature

vorticity is relatively unremarkable. The time tendency would be more informative if its

translational component was removed. For the purposes of this study, this term will not be

elaborated on further.

Horizontal Advection Term

Following the discussion of the Eulerian time tendency is the analysis of the term for

the horizontal advection of curvature vorticity. Similar to the case of the local Eulerian

time tendency term, the analysis of this term will be limited due to the fact that it is

dominated by the movement of the TC. As seen in Fig. 4.4(a), the horizontal advection of

curvature vorticity has the largest magnitude out of all terms. Spatial plots of horizontal

advection can be found in Figs. 4.5(b) and 4.6(b) at hours 12 and 42. The pattern of

the vorticity tendency indicates that this term is also dominated by the translation of the

curvature vorticity maximum. The high spatial variability of filaments of curvature vorticity

found outside the center are responsible for the banded nature of the tendencies in this

area. The translation of these bands of curvature vorticity muddles the signal associated

with movement of the center of storm given the bands immediately outside the center of

the storm have relatively large magnitudes of curvature vorticity. Additionally, substantial

tendencies are noted along the convergence band as well.

Vertical cross sections of the horizontal advection of curvature vorticity show a similar

structure to the plan views as seen in Figs. 4.7(b) and 4.8(b). The banded nature of vorticity

tendencies is consistent with the structure of curvature vorticity in the vertical. These

tendencies extend throughout the domain during the simulation. For the purposes of this

study, there is more interest in the terms that are not intrinsically tied to the translation of

the vortex.

Vertical Advection Term

The second forcing term of importance in the curvature vorticity tendency equation is

the vertical advection of curvature vorticity. Figs. 4.5(c) and 4.6(c) contain plan views of the

vertical advection term at hours 12 and 42 for 900 hPa. Given the presence of the vertical
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velocity in this term, the spatial distribution of this term will be determined by the vertical

wind shear. Relative to the other terms, the area covered by relatively large conversions

is limited at 900 hPa due to the fact that the vertical velocity field and vertical vorticity

gradient do not frequently coincide with each other with large enough values. The center of

the vortex is the first of two regions in which tendencies are consistently large. At 900 hPa

there is typically a consistently negative vorticity tendency on the western and southwestern

side of the vortex consistent with the overlap of an area of updrafts with a negative vertical

vorticity gradient (∂ζc

∂p
< 0). Although small in area, this region has distinctly negative

tendencies and becomes even broader and more intense at the end of the simulation as a

more pronounced band of updrafts forms around the western edge of the TC. There are

also areas of positive tendencies that appear to the north and east of the TC associated

with downward motion in the presence of negative vertical vorticity gradient. Additionally,

considerably large contributions from this term are found within the band of convergence on

the western side of the circulation center as well. This region is typified by areas of strong

horizontal gradients of vertical motion and anomalously large vertical gradients of vorticity.

The result is sharp changes in the contribution from this term over relatively small areas.

This area becomes less important over time as this region of vertical motion dissipates during

the simulation.

Vertical cross sections of the vertical advection term featured in Figs. 4.7(c) and 4.8(c)

are indicative of the structural changes that occur over the 30 hours separating the two

times. Initially, the vertical motion and vertical vorticity gradients are weak as the storm is

relatively unorganized. The spatial structure shows vorticity tendencies isolated below 500

hPa in the vertical with some evidence of the transport of vorticity upwards in the column.

In contrast, the evolution of the vortex by hour 42 has shown the organization of these

tendencies into coherent vertical structures as the secondary circulation has become better

established. The westernmost of the two columns of vorticity tendencies shows negatives

tendencies near the surface with positive tendencies aloft with the opposite pattern in the

easternmost of the two columns. Such a spatial pattern in the vertical is attributed to ascent

on the western side of the TC and descent on the eastern side in the presence of a vertical

vorticity gradient that is negative from the surface to 850 hPa and positive above this layer.

In comparison to the other relevant terms in the curvature vorticity equation, the strength

of the signal for the wavenumber 0 at 900 hPa is much weaker than wavenumbers 1 and 2.
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Fig. 4.9(c) shows that wavenumber 0 contains relatively little power except at a radius of

0.25◦ after simulation hour 30. This signal is attributed to the area of negative conversions

to the southwest and west of the vortex becoming more robust over time. The time-radius

plots for wavenumbers 1 and 2 show signal strengths approximately equal in value and

mostly contained within 0.25◦ of the center indicative of the asymmetrical nature of these

tendencies.

Vertical cross sections of the spectral analysis at hours 12 and 42 show increases in

all three wavenumbers over time as seen in Fig. 4.10. Each wavenumber has a maximum

signal within 0.25◦ of the center between 900 hPa and 500 hPa. Vertical cross sections of

wavenumber 0 show a net negative tendency associated with the upward transport of smaller

values of cyclonic curvature vorticity between the surface and 850 hPa. Positive tendencies

are found approximately at 850 hPa and above due to the transport of higher low level

values of curvature vorticity upwards in the troposphere as seen in Fig. 4.17(a) and 4.17(b).

The reversal in tendency is the result of the general trend for a reversal in the vertical

vorticity gradient with height near 850 hPa. The presence of stronger vertical velocities at

mid-levels contributes to stronger tendencies than for levels near the surface. These results

are consistent with those from previous budget studies of relative vorticity in TCs in which

there is net flux of vorticity upwards in the column (Yanai , 1961; Yamasaki , 1968; Kurihara,

1975; Bender , 1997). The cross sections of wavenumbers 1 and 2 show a strong signal that

coincides with wavenumber 0 indicating the presence of azimuthal variations in the tendency

from this term. These azimuthal variations are expected given the asymmetries in the vertical

motion field induced by vertical wind shear.

Prior to discussing the rest of the terms in the curvature tendency equation, it is

necessary to explain the common features found among all the terms mentioned in the

examination of the vertical advection of curvature vorticity in order to avoid repetition in

the analysis. As previously mentioned, northerly to northeasterly vertical wind shear leads

to the generation of asymmetries in the flow field of the vortex. These asymmetries will

also elicit an asymmetric response from each term primarily confined to the inner and outer

regions of maximum convergent motions. As a result, the spectral analysis for each term

will typically show that the majority of the power for each term is found in wavenumbers

1 and 2 rather than the mean throughout the domain. Additionally, a time-radius plot of

the amplitude spectra of each term will show the majority of the power is found within
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0.25◦ of the center of the TC due to its relatively small size. Typically, the maxima in

power is reached prior to and after the period of weakening (hours 23 - 28) for the TC

as the tendencies of each term decrease during this time. Additionally, both vertical cross

sections of the term and its amplitude spectra will reveal stronger tendencies and greater

vertical organization as the storm intensifies. This can be attributed to the increase in the

magnitude of the variables and their respective gradients that is implied by an increasingly

organized TC. With these common features in mind, only details unique to each term will

be discussed in the remainder of this section and for the following discussion of the shear

vorticity budgets.

Shear to Curvature Vorticity Conversion Term

The third forcing term of importance as well as the term of focus for this study is the

shear to curvature vorticity interchange term. Fig. 4.5(d) and 4.6(d) show that the shear

to curvature vorticity conversion term is one of the primary terms responsible for forcing

changes in the relative magnitudes of both curvature and shear vorticity. There are three

areas of distinctive importance in these plots. The first and most important region is near the

center of the TC which contains a strong wavenumber 1 asymmetry with positive conversions

on the eastern side of the vortex and negative conversions on the western side. Vertical cross

sections found in Fig. 4.7(d) and 4.8(d) do not show a wavenumber 1 asymmetry that is as

distinctive than as in the plan views, but there is evidence of a large amount of power in

wavenumber 1 for the conversion term especially for levels closer to the surface. During this

time there also appears to be a subtle clockwise rotation in the dipole axis consistent with a

similar rotation in the vertical wind shear vector of approximately 30◦ as will be explained

shortly. This fact alludes to the importance of vertical wind shear in forcing exchanges among

vorticity. The second region of note is the convergence band on the western portion of the

storm that exists throughout the majority of the simulation. This region is associated with

northerly to southerly oriented areas of conversion whose horizontal span is merely a fraction

of a degree. The last area of interest is found outside of the TC away from the convergence

band primarily on the northern and eastern side of the TC. In these locations, there are

band-like structures of alternating positive and negative vorticity exchanges emanating out

of the inner core of the TC.

A spectral analysis of shear to curvature vorticity conversions confirms the existence
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of the dipole near the center of the TC for the vorticity interchange term as seen in

Fig. 4.11. The majority of the power is found in wavenumber 1 and wavenumber 2 at

radii within approximately 0.25◦ of the center. Wavenumber 0 shows negative values of

conversion predominating after hour 35 within 0.25◦ of the TC center. To determine whether

these structures extend into the vertical, a vertical cross section of the spectral analysis is

presented in Fig. 4.12. Once again, wavenumber 0 shows negative conversions typically

confined to below 600 hPa and to within 0.5◦ of the circulation center at later hours in the

simulation. While this signal is appreciable, the magnitude is much smaller in comparison to

wavenumbers 1 and 2. Both scales of conversion extend throughout the entire column with

maximum values below 500 hPa for all times. Below this level are two peaks within 0.5◦ of

the vortex center with the outer peak being the more robust of the two. The radial location

of these locations of maximum power varies within 0.5◦ of the center during the simulation.

Generally, the signal associated with wavenumber 2 is broader than wavenumber 1 and is,

at times, stronger.

Given that the scales of organization of shear to curvature vorticity exchanges have

been shown, it is necessary to explain the forcing responsible for this conversion in order

understand the spatial distribution. To elucidate the interpretation it is necessary to examine

the two components comprising this term. Fig. 4.13 contains plan views of conversion terms

1 and 2 at simulation hours 12 and 42. The first detail of consequence is the dominance

of conversion term 2 relative to conversion term 1 both in amplitude and area. The dipole

structure of conversion term 2 is very similar to that observed for the total shear to curvature

vorticity interchange term. Interestingly, the orientation of the dipole experiences a more

pronounced clockwise rotation of the tilt axis of the dipole than the entire shear to curvature

vorticity conversion term. Therefore, it also appears that the second conversion term is linked

to the orientation of the vertical wind shear vector. As seen in Fig. 4.13(a), conversion term

1 has little spatial organization at early times, but attains a quadrapole structure at latter

hours of the forecast as the TC becomes more organized and a more coherent RMW develops.

The spatial distribution of this term is primarily forced by conversion factor 1a, δV
δs

, as will

be explained in the discussion to follow which is also sensitive to the vertical wind shear

vector. Interpretation of the physical mechanisms behind this distribution will show that

the vorticity interchange term and both subcomponents are intrinsically linked to the vertical

wind shear vector via the divergence field.
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In order to explain the mechanism responsible for the forcing, recall Eq. 3.1 in which

the second conversion term is defined as − δ
δn

( δφ

δs
). As a reasonable approximation, assume

that the gradient of the geopotential becomes larger with decreasing radius until reaching

a maximum value at the RMW. The most efficient means of decreasing the geopotential

along the flow, δφ

δs
, generally results from changes in the radius of the parcel path with

respect to the storm center. Given that the motion of the parcels about the center of a

TC is counterclockwise, decreasing geopotential can be found in the direction of increasing

n since it is oriented 90◦ counterclockwise with respect to the parcel path. The cross-

flow gradients of the along-flow geopotential gradient, − δ
δn

( δφ

δs
), result from differing rates

of radial inflow towards lower geopotential in a TC. If parcels inwards of a given point

are heading towards lower geopotential faster than parcels located radially outwards, then

positive vorticity conversions will result (similarly an opposite argument can be made). The

gradient in radial inflow is caused by variations in the convergence field which impact both

parcel speed and direction. Specifically, changes in this term appear to be most sensitive

to directional divergence, also known as diffluence, rather than speed divergence, which are

both forced by the vertical wind shear.

To further explain this point, recall from Eq. 2.12 that confluence is defined as V δα
δn

.

Positive values of confluence imply greater counterclockwise rotation of streamlines with

respect to the x-axis to the left of parcel motion than to the right. The resulting motion yields

parcels diverging directionally from a given point. Confluence is associated with directional

convergence towards a given point leading to parcels located to the left of parcel motion

being associated with stronger clockwise rotation with respect to the x-axis than parcels on

the right. The magnitude and sign of vorticity conversions associated with conversion term 2

are dependent upon the cross-flow gradients of radial inflow as well as the pressure gradient

at a given point. In the case under consideration, diffluence is found on the eastern portion

of the TC as seen in the regions shaded in red in Fig. 4.14. The presence of diffluence implies

that parcels in the positive n direction (radially inwards) are encountering increasingly larger

decreases in the geopotential in comparison to parcels in the negative n direction (radially

outwards). Thus, the value of geopotential will decrease faster for parcels with increasing

values of n resulting in a positive contribution from the conversion term on this side of the

storm. Fig. 4.14 shows a relatively strong correspondence between the overlap of regions

with positive values of conversion term 2 with areas of diffluence similar to the description
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provided above. It should be noted that the sign of the conversions is reversed within the

RMW given that the geopotential gradient increases with decreasing values of n (increasing

radius) in this region. This explains the presence of negative conversion values near the

center of the TC in areas of diffluence on the right hand side of the TC.

Conversely, confluence is generally found on the western portion of the TC. Confluence

located in this portion of the vortex implies that parcels found radially outwards (negative

values of n) at a given location are moving radially inwards towards the center of the vortex

more quickly than those parcels found at smaller radii (positive values of n) . Whether the

conversion term is positive or not depends on how quickly the pressure gradient along the

path of parcel flows is decreasing for parcels relative to each other. In this scenario, the

pressure gradient is decreasing faster for parcels at larger radii due to their steeper angle

of approach towards the center of the TC leading to predominantly negative conversions on

the western side of the vortex.

Another phenomenon that could cause shear to curvature vorticity conversions is the

cross-vortex pressure gradient induced by the β effect. The influence of this effect can be

understood by considering an idealized scenario in which a symmetric vortex is present on

a β plane in the presence of quiescent flow. After a certain length of time, an anomalous

high will develop on the northeastern side of the vortex and an anomalous low will develop

on the southwestern side. Such a setup will result in an relatively stronger pressure gradient

for a given radius on the northeastern side of the vortex causing greater radial inflow and

a relatively weaker pressure gradient on the southwestern side of the vortex leading to

anomalous radial outflow. The radial velocities will result in asymmetrical radial inflow in a

given location for a TC leading to vorticity conversions. The relative sensitivity of shear to

curvature vorticity conversions to vertical wind shear and the β effect has not been quantified,

but from this case study it appears that vertical wind shear is the dominant forcing. Thus,

the spatial distribution of conversion term 2 and shear to curvature vorticity interchanges

is generally dictated by the divergence generated by vertical wind shear. Additionally, the

banded nature of the divergence field observed outside the main core of the vortex appears

to be responsible for the banded nature of the positive and negative values of conversion

term 2 using the above arguments. The magnitude of the vorticity exchanges are not as

pronounced though because the pressure gradient is much weaker in these regions. In order

to predict the magnitude of the sign of the conversion term, the divergence field as well as the
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pressure gradient force needs to be known in order to predict how quickly the geopotential

will decrease for two adjacent parcels. The relative magnitudes of these fields will ultimately

determine the sign of the vorticity conversions.

As mentioned before conversion term 1 is simply a mathematical artifact of the incorrect

derivation of the shear and curvature vorticity tendency equations. While not kinematically

related to vorticity conversions, the term is still of importance in that it scales the shear

to curvature vorticity conversions to the value that it should have had the derivation been

done correctly. As seen in Eq. 3.1, conversion term 1 consists of two factors: conversion

factor 1a, δV
δs

, and conversion factor 1b, dα
dt

. Plan views of these factors can be found in

Fig. 4.15. Conversion factor 1a is related to the along flow gradient of the magnitude of the

velocity vector. As in the case for conversion term 2, this term is also sensitive to flow field

asymmetries generated by vertical wind shear. Given that the velocity gradient increases

with decreasing radius outside the RMW, larger values for this term will occur as anomalous

inflow increases. For motions inwards of the RMW, the spatial pattern of this term will

reverse itself. The value of this term will be maximized for parcels located close to the

RMW given that the along flow velocity gradient is largest near this radius. Fig. 4.15(b)

reveals a wavenumber 2 distribution close to the core of the vortex. It should be noted that

the RMW is elliptical at this hour in the simulation. This pattern is consistent with flow

across the elliptical RMW leading to negative values of this term on the northeastern part

of the vortex as parcels cross the RMW into more quiescent flow and positive values on

the northwestern side of the vortex as they enter back into the RMW on the northwestern

side. The pattern is reversed on the southern side with negative values to the southwest

of the center and positive values to the southeast as parcels leave and enter the RMW

respectively. The elliptical nature of the parcel paths in the RMW are consistent with those

noted by Willoughby et al. (1984).

The second portion of this term is easy to interpret given that it represents the direction

of parcel trajectories around the vortex. As stated in Chapter 2, α represents the angle

of the velocity vector with respect to the x-axis in Cartesian coordinates. To interpret the

behavior of α in this scenario, consider a situation with a balanced vortex which is located at

the center of cylindrical coordinate system (r,θ). In this case, α is analogous to the azimuthal

angle θ. For counterclockwise azimuthal rotation around the center of the coordinate system,

θ will increase from 0◦ to 360◦ as the parcel rotates around the center of the TC leading
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to dθ
dt

> 0. Given that the convention for α is similar in this example, its value will also

increase over time as the parcel rotates cyclonically around the vortex. As parcels move

around the center of the vortex, they consistently turn counterclockwise with larger changes

in the angle of turning at smaller radii due to larger flow curvature and higher wind speeds.

Thus, values of this term can be expected to be positive everywhere near the center of the

TC. The magnitude of the change in α will be enhanced in regions with locally strong flow

curvature associated with convergent flow. The spatial distribution of conversion factor 1b

depicted in Figs. 4.15(c) and 4.15(d) is consistent with this argument and shows increased

values of this term on the southern half of the vortex in regions of convergence.

Given that conversion factor 1b is positive in the region surrounding the vortex, the

spatial variation of conversion term 1 is clearly forced by conversion factor 1a with areas of

most pronounced vorticity tendencies coinciding with areas in which conversion factor 1b is

maximized. As noted earlier, conversion factor 1b becomes much larger during later hours

of the forecast with pronounced positive tendencies found near the TC center as seen in

Fig. 4.15(d). In addition to this, conversion factor 1a contains a slight maximum near the

center of the TC as well. It is not until these later hours, during which the overlap of regions

in which these two components is substantial, that conversion term 1 becomes much larger

near the center of the TC. A visual comparison of Figs. 4.13(b) and 4.15(d) confirms that

variations in the sign of the vorticity tendency associated with conversion term 1 matches

up with the spatial distribution of conversion factor 1a in the area surrounding the vortex

center at later hours in the simulation as exemplified by hour 42.

Stretching Term

The next term of importance in the curvature vorticity tendency equation is the stretching

of curvature vorticity. Since the stretching of vorticity is dependent on the divergence field,

the areal distribution of this term is also affected by vertical wind shear. Given that curvature

vorticity is generally positive everywhere near the center of the vortex, the sign of this term

at a given point is dependent on the divergence field. Figs. 4.5(e) and 4.6(e) show that plan

views of the stretching of vorticity look similar to the corresponding plots of divergence. A

dipole exists in the stretching field as positive tendencies are generally found in the southern

portion of the TC in areas of convergence during early hours while negatives tendencies are

located in the northern part of the TC in regions of divergence. Later on in the forecast,
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positive and negative stretching tendencies shift to an west-east orientation as the vertical

shear vector becomes stronger and shifts back to the north. As the vortex intensifies, the

curvature vorticity around the center of the TC becomes more concentrated and symmetric

causing stretching to become more prominent near the storm center. In addition to this

region, the stretching of vorticity is also found along the convergence band as this is also an

area in which the overlap of curvature vorticity and divergence is fairly large. Towards the

end of the simulation, the band of convergence to the west of the TC dissipates along with

the vorticity tendencies associated with it.

Vertical cross sections at the corresponding times show that initial contributions from

stretching are weak and confined in the vertical. Both Figs. 4.7(e) and 4.8(e) show positive

tendencies of curvature vorticity found on the western side of the vortex and negative

tendencies to the east generally below 800 hPa. These patterns weaken in the vertical

as the imposition of the continuity equation and the use of the divergence correction leads

to a change in the divergence patterns with height. In addition to this, the magnitude

of curvature vorticity generally decreases with height although the radially outward tilt of

curvature vorticity with height does not always make this true. Although the vertical extent

of curvature vorticity increases with time over the extent of the simulation, its magnitude is

typically larger at lower levels. These two factors generally lead to much weaker stretching

aloft than at the surface.

The spectral analysis of the stretching of curvature vorticity shows its spatial distribution

occurring on the scales of wavenumber 0, 1, and 2 as seen in Fig. 4.16. A positive contribution

from wavenumber 0 exists at radii within 0.25◦ of the center of the TC. In addition to this,

the signal associated with wavenumbers 1 and 2 is even larger with the former being the

largest of the three. Extending this analysis into the vertical yields similar results. Fig. 4.17

shows the shows that the strongest signal is located approximately 0.5◦ from the circulation

center up through a vertical level of 700 hPa. The amplitude spectra of wavenumber 0 seen

in Fig. 4.17(b) shows strong positive contributions in this region which is consistent with

previous budgeting studies that indicated net positive tendencies of stretching associated

with surface convergence near the RMW. Additionally, there is weak divergence above

this region due to the existence of compensating divergence aloft (Yanai , 1961; Yamasaki ,

1968; Kurihara, 1975; Bender , 1997). The existence of weak divergence radially inwards is

indicative of the divergence of air associated with what appears to be a nascent eye. The
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presence of power in wavenumbers 1 and 2 is consistent with the asymmetries that would be

expected to be induced as a result of vertical wind shear.

Tilting Term

The last term of importance in the curvature vorticity equation is the tilting of curvature

vorticity. As seen in these Figs. 4.5(f) and 4.6(f), the tilting of vorticity is mainly confined

to the region within 0.5◦ of the vortex center as well as the area to the west and northwest

of the storm. The physical reasoning behind this can be explained by recalling the term for

the tilting of curvature vorticity, −V ∂ω
∂s

∂α
∂p

, from Eq. 3.1. In order to understand the spatial

distribution of this term, it is necessary to examine each portion of the term. The first

component that will be considered is the vertical directional wind shear, ∂α
∂p

. This factor can

best be explained by considering a symmetric vortex in the absence of vertical wind shear.

In this case, the wind will rotate radially outwards with height throughout the domain.

The change in direction can be attributed to two effects. First, frictional effects cause the

winds to have a larger component of radial inflow as the height of a given parcel above the

ground is decreased. Secondly, given that a TC is a warm core vortex, it can be expected

that the pressure gradient force will be maximized just above the boundary layer (Elsberry ,

1995). Generally, the height of the boundary layer extends to approximately 600 m above

the surface in a TC (Powell et al., 2003). In the case under consideration, the minimum sea

level pressure of the TC is approximately 982 hPa at the end of the simulation which would

correspond to the top of the boundary layer being around 900 hPa. As the pressure gradient

force strengthens with height, the winds can be expected to turn inwards towards the center

of the vortex. Thus, the amount of turning that occurs in the boundary layer is dependent

on the interplay between friction and the pressure gradient force. Typically, the weakening

of friction with height trumps the effects of the pressure gradient force leading to clockwise

rotation of the wind vector with height. Additionally, there will be continued rotation of the

winds radially outwards from the center above the level of the maximum pressure gradient

force as it weakens with height. Given these facts, the wind can be expected to rotate

clockwise with height at all levels in the vertical. This equates to positive contributions

(α is positive for counterclockwise rotation) from the directional wind sheer vector for all

quadrants of the TC in the absence of vertical wind shear.

As previously mentioned, the vertical wind shear vector throughout the simulation is
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from the north between 850 and 200 hPa. In contrast, the vertical wind shear from 1000 to

850 hPa is generally from the east or southeast. The vertical wind shear can be expected

to effect the turning of the wind differently depending on the location of the vertical level

with respect to 850 hPa. In the case of levels below 850 hPa, the easterly vertical wind

shear vector will counter the clockwise rotation of the wind vector on the eastern side of

the vortex. Wind vectors on this half of the TC are trying to acquire a westerly component

as they rotate radially outwards with height which is countered by the increasing easterly

component of the vertical wind shear vector with height. Conversely, the rotation of the

winds on the western half of the TC should be more pronounced in the presence of easterly

vertical wind shear. Winds on this half of the TC will become more easterly as they rotate

radially outwards with height with the rotation further enhanced by the contribution from

the vertical wind shear. The resulting spatial distribution for the directional vertical wind

shear yields large positive values on the western side of the vortex and negligible values

of rotation on the eastern side. For levels above 850 hPa, the northerly to northeasterly

vertical wind shear vector will counter the clockwise rotation of the wind on southern to

southwestern half (downshear) of the vortex and enhance the rotation on the northern to

northeastern side (upshear) of the vortex. The resulting effect is that the half of the TC

located upshear will contain the most pronounced values of directional vertical wind shear

while the area in the downshear region of the storm will have negligible values of rotation.

Given the lack of variability in the sign of the directional shear in a given quadrant, the

term most responsible for causing small scale changes in the sign of the tilting term for the

curvature vorticity equation is the along flow gradient of vertical velocity, δω
δs

. The areas

in which this term is largest are found on the western and southern portions of the vortex

due to the strong vertical velocity gradients associated with the inner and outer areas of

convergence. To a first order, increasingly negative values of ω are found for flow approaching

regions of convergence. The predominance of updrafts would explain the areas of positive

tendencies to the west and southwest of the TC while the predominance of downdrafts yields

negative regions to the east and northeast of the vortex. This is especially the case during

the latter hours of the simulation (see Fig. 4.6(f)). Obviously, this is a crude assumption as

the high spatial variability in the vertical motion fields makes a given region only generally

positive or negative. Additionally, the presence of the velocity in the tilting term means

larger magnitudes of tilting with decreasing radius from the RMW for constant values of ∂α
∂p
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and δω
δs

. Overall, the tilting of curvature vorticity generally yields positive tendencies on the

western side of the TC and negligible tendencies on the eastern side. Vertical cross sections

shown in Figs. 4.7(f) and 4.8(f) only reveal limited information given the spatial variability

of the tilting term. Of importance is that tilting is primarily limited to the western side of

the TC.

Fig. 4.18 contains time-radius plots of the amplitude spectra of the tilting of curvature

vorticity at 900 hPa. As with other terms, the majority of the power is found in wavenumbers

1 and 2 with this case being unique in that power extends outwards of 1.0◦ from the center

of the TC. Maximum power for these two wavenumbers is found within 0.25◦ of the center

indicating the asymmetric nature of the tendencies in the core. Vertical cross sections of the

amplitude spectra show a double maximum in the cross section for wavenumber 1 as seen

in Fig. 4.33(d). Tendencies extend throughout the column in the vertical within a radius

of 0.25◦ of the center. Wavenumber 2 shows an even stronger lower maxima extending

farther into the vertical at the same radius. The signal shown for wavenumber 0 indicates

strong mean tendencies near the center of the vortex, but these structures do not prove to be

coherent in time. Given the horizontal and vertical distribution of each term in the curvature

vorticity tendency equation over the extent of the forecast as well as the physical mechanisms

responsible, the important terms are intercompared and correlated with intensity change in

the next section.

4.3.2 Intercomparison of the Curvature Vorticity Tendency Terms
and Comparison with Intensity Change

Given the spatial and temporal variability of the terms in the curvature vorticity tendency

equation, it is important to come up with a meaningful method of quantifying the overall

tendencies of these terms. This is necessary in order to relate the terms to each other as well

as to intensity of the TC. To accomplish this, layer averages of the terms and their magnitudes

are computed. Before discussing the relevance of each term in regards to intensity change,

it is necessary to briefly examine the hourly time series of minimum sea level pressure found

in Fig. 4.20. The time series of the minimum sea level pressure can be broken up into three

regimes: hours 6 to 22 characterized by moderate intensification by a total of 12 hPa, hours

23 through 28 associated with a period of weakening by a net value of 8 hPa, and hours 29

through 48 with rapid strengthening of the TC by a total of 16 hPa. These three regimes
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should be kept in mind when examining the time series of areally-average of each term and

its magnitude in the following analysis.

Additionally, before delving into the intercomparison of each term and its correlation

with intensity change, a cautioning should be provided on the statistical significance of the

correlation coefficients computed between the vorticity tendency terms and intensity change.

In the simulation provided, there are 49 output times (hourly output) in the forecast for

which vorticity tendency terms are computed for all but two of these hours. Since only 47

data points are available for this analysis the statistical significance of the result is called

into question due to the small sample size of the population. Thus, the results presented

here and in Section 4.4.2 presumably lack statistical robustness and should be taken with

skepticism until a larger sample size is utilized.

Analysis of the Curvature Vorticity Tendency Terms in the Lowest Layer

The temporal evolution and relative importance of each term in the curvature vorticity

tendency is evaluated for three vertical levels in the simulation. It should be noted that

only the terms for vertical advection, shear to curvature vorticity conversions, stretching,

and tilting are discussed due to the remaining terms either having a small magnitude or

having a signal dominated by the translation of the vortex. Figs. 4.21 and 4.22 contain a

times series of the layer average magnitudes and layer averages for the lowest of the three

layers respectively. All four terms experience at least a doubling in their magnitude from

the beginning to the end of the simulation and generally follow a trend similar to that of

the minimum sea level pressure. The increasing magnitude of the vorticity tendencies does

not seem to yield any noticeable increases in the rate of strengthening of the TC. Only two

of the terms, the vertical advection and stretching terms, appear to show any signal of a

decrease in the intensity of the storm prior to its occurrence at hour 23 with the magnitudes

of these terms beginning to decrease approximately 5 hours prior to the event. In contrast,

the average magnitude of the shear to curvature vorticity conversion term and the tilting

term in the lowest layer do not predict this period of decay.

Areal-averages computed in Fig. 4.22(a) show that there is an initial net conversion

of shear to curvature vorticity which experiences a reversal around hour 20. Thereafter,

the mean value of this term gradually becomes more negative during the remainder of the

simulation. Based off inertial stability arguments, such a relationship would seem to be less
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conducive to intensification even though it is noted that the rate of strengthening is actually

larger at later times. Also of interest, is that the vorticity conversion term actually becomes

temporarily more positive during the time in the simulation in which the TC weakens. As

for the mean value of the tilting term, its value is initially negative through hour 20 before

oscillating between negative and positive tendencies through the remainder of the simulation.

Of the four terms the most dramatic increase occurs for the stretching and the vertical

advection of vorticity whose final values are over five times what they were at the initial

time of the simulation. The stretching of vorticity becomes one of the terms with the largest

averaged magnitudes by the end of the simulation after initially being among the smallest.

This trend alludes to the increasing importance of the stretching term as the TC matures.

The relevance of the change in the relative importance of this term is observed in Fig. 4.22(b)

which shows that the net contribution over the domain at lower levels is slightly positive

over nearly the entire simulation. This contrasts with vertical advection which has a much

stronger negative contribution over the same period. The average magnitude of this term at

lower levels is slightly larger than half the value of the other terms especially after the decay

of the storm supporting the previously made conclusion concerning the secondary role of this

term at low levels. As mentioned before, the values of the areal-averages of these latter two

terms supports a mechanism by which vorticity is created via stretching and removed via

vertical advection out of the lowest layer. Overall, the relationship over time is indicative

of a diagnostic rather than prognostic relation between the vorticity tendency terms and

intensity in this layer as indicated by the average and average magnitude of each term.

The lack of change in the rate of intensification for increasing magnitudes of each term

in the vorticity tendency equation can be attributed to four factors. First, and most

importantly, the juxtaposition of each term relative to one another likely results in a net

cancellation between terms leading to minimal changes in the rate of intensification. Second,

it is plausible that the curvature vorticity tendency equation in the budget analysis and

the parameters chosen for the model do not properly represent the processes responsible

for changes in intensity. Examples of this include the lack of a fine enough horizontal

and vertical resolution to resolve the scales important towards intensification and the crude

representation of friction in the budget equations. Third, the interpretation of the initial

hours of the simulation may not necessarily be believable given that model spinup may lead to

nonphysical contributions to each term. The effects of model spinup may manifest themselves
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up to the first 24 hours of the forecast. It should be noted that this effect is mitigated by

the initialization of the finest nest 12 hours after the two coarser nests. Lastly, the choice of

the vertical levels and horizontal area used for computation of the layer averages may have

not been optimal leading to a reduction or elimination of any actual relationship that may

actually exist between intensity change and the terms in the vorticity tendency equation.

Looking at either different combinations of vertical levels or at each level individually as

well as changing the size of the horizontal area used may yield a more definitive relationship

between the two quantities.

Correlation coefficients between intensity change and the average magnitude of each of

the vorticity tendency terms seems to indicate that a prognostic relationship between the

two quantities does not exist. Before going any further, it should be noted that an increase

in the correlation coefficient between intensity change and the average magnitude of each

term gives no information about the sign of the term at each point. Given that all terms

contain at least a significant proportion of positive and negative values, any changes in the

value of the correlation coefficient refers to changes in the magnitude of the term rather than

giving information about the dominance of positive or negative vorticity tendencies. The

difference in value between the smallest and largest R values is not substantial indicating

little difference in predictive ability between the layer averaged magnitudes of the four terms

as seen in Table 4.1. The relatively small correlations for all four terms (less than 0.41)

shows that the relationship only explains, at most, 17% of the observed variance in the

change in minimum sea level pressure. In support of this statement, a visual inspection

of the time series of each term and the change in minimum sea level pressure shows no

conclusive evidence of any single term definitively predicting the decay of the TC prior to

its occurrence. Rather, all terms appear to reach a local minimum in vorticity tendency

at approximately the time in which the minimum sea level pressure has reached its local

maximum.

In contrast to the consistency among correlation coefficients for the average magnitude

of the vorticity tendencies is the behavior of the correlation coefficients for the average value

of each term. Negative values of correlation coefficients should be expected at lower levels as

net increases in curvature vorticity tendencies should lead to decreases in minimum sea level

pressure if the forcing responsible for intensity changes is located in this layer. Table 4.1

shows that both the terms for vertical advection and tilting have coefficients with values
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less than 0.1 indicating little relationship between the net contribution of these terms and

intensity changes. The stretching term is also noted to have an R value greater than 0 with

the strongest correlation with intensity change as seen by its R value of 0.52. These three R

values are all greater than 0 which indicates that the relationship between vorticity tendencies

and the change in minimum sea level pressure is not dynamically intuitive. Given that the

vorticity tendency is representative of the dynamics within the layer under consideration

while the sea level pressure is representative of the column as a whole, this relationship could

be hinting at the vorticity tendency lagging the change in sea level pressure due to the forcing

of this field by a process at a higher vertical level in the atmosphere. Further investigation

is warranted to determine why the correlation coefficient is so strongly positive for the

stretching term. Of the four terms, the correlation coefficient for the vorticity conversion

term is the only term with a negative correlation coefficient. As indicated by a correlation

coefficient value of -0.41, the vorticity conversion term appears to have a limited link to

intensity change in the lowest layer.

Analysis of the Curvature Vorticity Tendency Terms in the Middle Layer

Shifting the focus to the middle vertical layer, the general trends for each of the four

terms are similar, but more muted. The exception to this statement would be for the

vertical advection term due to the fact that the middle layer includes levels over which the

average contribution from this term is larger in comparison to other vertical levels found

in the two remaining layers. Thus, the vertical advection of curvature vorticity appears to

carry more relevance at this level as it continues to remain negative, but with a smaller net

contribution (see Fig. 4.22(d)). Figs. 4.21(c) and 4.21(d) confirm that with the exception of

vertical advection term the magnitude of the remaining terms is smaller than it is at lower

levels. Additionally, the relationship between each term and intensity still appears to be

diagnostic.

In spite of the decreases in magnitude, the vorticity conversion term still has the largest

amplitude of the four followed closely by the tilting term. The stretching and vertical

advection of curvature vorticity have very similar time series and are the smallest of the

four terms. In contrast to the lowest level, the vorticity conversion term and the tilting term

actually appear to decrease prior to the decrease in intensity. As to why this observed change

in signal occurs at this level is not clearly understood, but this same trend is observed in
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the upper vertical level as well as noted in Fig. 4.21(e). Areal-averages of these terms shown

in Fig. 4.22(c) show patterns similar to the lowest vertical layer for the shear to curvature

vorticity conversion term. On the other hand, the overall net contribution of tilting is more

distinctly positive during the first 20 hours of the simulation. Fig. 4.21 shows that while the

average magnitude of the stretching term has decreased with height, the net contribution

has become even more positive than at lower levels (see Fig. 4.21(d)). This trend in the

data are not understood at this time. Of additional note is the fact that the net tendency

of the stretching term appears to become negligible or even negative prior to the decay of

the storm.

The correlation coefficients between intensity change and the average magnitude of the

vorticity tendencies do not show much difference between their values at lower layers. The

largest change is observed for the stretching term which shows a decrease in R of 0.12, but

this only accounts for a loss in the amount of the variance described of less than 9%. In

contrast to this, there are rather substantial changes in correlation coefficients for the layer

mean values for the stretching term and vertical advection terms. Specifically, a considerable

degradation in the relationship of the stretching term with intensity change is noted as values

of the correlation coefficient change from 0.52 to -0.15. This is also indicative of a shift to a

regime more consistent with a fundamental dynamic relationship. In contrast to the lower

R values for the stretching term, an increase in the R value of vertical advection by 0.32 is

noted but once again, the distinctly positive nature of this number challenges intuition. The

R values at this level for vertical advection and shear to curvature vorticity conversions are

among the strongest from either vorticity tendency equation.

Analysis of the Curvature Vorticity Tendency Terms in the Upper Layer

The trends in the terms at upper levels are similar to that of the vertical layer below

as seen in Fig. 4.21. The order of importance of the terms remains the same as it was for

mid-levels. The main difference between the uppermost vertical level and the two levels

below is the reduction in the magnitude of vorticity tendencies associated with a decrease in

the spatial extent and the magnitude of the vorticity tendencies. Areal-averages and areal-

averages of the magnitudes of each of the four terms show much smaller values throughout

the simulation as seen in Figs. 4.21 and 4.22. The areally-averaged values of stretching,

tilting, and vertical advection show similar trends in sign to levels found below, while the
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shear to curvature vorticity conversion term displays negligible net conversions over the

domain throughout the simulation. Additionally, the absence of an increase in the vorticity

tendencies is also noted following the period of decay of the TC for all terms. In addition

to this, there are also three distinct decreases in the magnitude of all terms in the curvature

vorticity tendency equation around hours 13, 33, and 41 that are not observed in the two

lower vertical layers. The variability in the data are also locally larger at these points in time

as increases back to the previous magnitudes of these terms occurs in the hours following the

decrease. These decreases do not correspond to any similar changes in the intensity of the

vortex at these times. Little sensitivity to intensity change is shown for the areal-averages

of these terms at upper levels.

The correlation coefficients at upper levels are smaller for the layer averaged magnitudes

of all terms than at mid-levels. In spite of this, decreases in the explained variance for each

term only reach a maximum value of less than 10% (for the stretching term) indicating that

the relationship of each term throughout the vertical, while fairly weak, exists in every layer.

In contrast to this, there are considerable changes in the R value for the areal-averages of

each term. The correlation coefficients for vertical advection and shear to curvature vorticity

conversion terms in the upper layer (see Table 4.1) indicate that any relation that may have

existed at lower levels between the net contribution of these terms and intensity change has

disappeared as the magnitude of both R values have fallen below 0.1. On the other hand, it

is noted that there is a notable increase in the correlation coefficients for the stretching and

tilting terms with the latter achieving its peak value at this level. Even though the correlation

coefficient is positive for tilting, it is plausible that increasing anticyclonic curvature vorticity

would assist in strengthening the vortex at low levels via an increase in upper level outflow.

It should be noted that the correlation coefficients are still low as they explain, at most,

only 9% of the variance of the data. With the discussion of the curvature vorticity budgets

finished, an analysis of the shear vorticity budgets will now be presented.
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4.4 Shear Vorticity Budgets

4.4.1 Term by Term Analysis of the Shear Vorticity Tendency
Equation

The shear vorticity tendency equation contains 6 forcing terms responsible for changing

the Eulerian time tendency. As in the previous section, the layer average magnitude from

950 to 750 hPa is calculated to determine which terms play more minor roles at the levels in

which shear vorticity is dominant. Fig. 4.23 contains time series of these computations that

once again demonstrate that friction makes a negligible contribution to the Eulerian time

tendency of shear vorticity. As was the case for the curvature vorticity tendency equation,

the friction term was more than an order of magnitude smaller than the largest term in the

shear vorticity tendency equation. In the interest of brevity, the term for friction will not be

included in the analysis of the shear vorticity tendency terms.

Eulerian Time Tendency Term

The first term that will be examined in the shear vorticity tendency equation is the

Eulerian time tendency of shear vorticity. Only a brief summary of the spatial and temporal

evolution of this term will be included given the considerable influence that the translation

of the vortex has on this term in the Earth relative reference frame. As is the case for the

time tendency of curvature vorticity, the distribution of the time tendency of shear vorticity

is substantially impacted by the translation of the vortex. Figs. 4.24(a) and 4.25(a) contain

the Eulerian time tendency at hours 12 and 42 in the simulation. Positive tendencies are

found to the west while negative tendencies are found to the east consistent with a westward

translating TC. Contrasting the two times at 900 hPa reveals a more intense and tightly

concentrated vorticity tendency at later times consistent with what would be expected for a

strengthening TC. Vertical cross sections of the local time tendency reveals a similar pattern

in the vertical. Figs. 4.26(a) and 4.27(a) reveal positive conversions extending upwards of

400 hPa in the column later on in the simulation. As the simulation proceeds, tendencies

become vertically deeper and more intense as the shear vorticity associated with the TC

intensifies.
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Horizontal Advection Term

The next term that will be examined in the shear vorticity tendency equation is the

horizontal advection of shear vorticity. Similar to the horizontal advection of curvature

vorticity, this term will only be briefly discussed given that it carries little dynamical

information relevant to this study. Figs. 4.24(b) and 4.25(b) contain plan views that show

that the tendencies associated with this term can be broken down into those tendencies

associated with the translation of the center and those with the bands of predominantly

negative shear vorticity encircling the TC. The high spatial variability of shear vorticity

at these resolutions also makes it difficult to discriminate the signal associated with the

movement of the TC. Although difficult to see at times, there is a dipole near the center

associated with the translation of the cyclonic shear vorticity maxima. The banded nature of

the tendencies outside the maxima is associated with the westward translation and azimuthal

rotation of the filaments of anticyclonic shear vorticity. The slightly pronounced regions

of positive and negative vorticity tendencies found to the west of the center early on in

the simulation are associated with the advection of shear vorticity associated with the

convergence band. Vertical cross sections found in Figs. 4.26(b) and 4.27(b) show robust

tendencies extending throughout the vertical. The lack of temporally coherent patterns in

the vertical for the horizontal advection term may be due to the banded nature of shear

vorticity as observed in Figs. 4.24(b) and 4.25(b).

Vertical Advection Term

The third term of interest in the equation for the tendency of shear vorticity is the

vertical advection of shear vorticity. As previously mentioned, the spatial pattern of shear

vorticity consists of a circular or an elliptical cyclonic shear vorticity maximum encircled

by a ring of anticyclonic shear vorticity. To further complicate matters, the shear vorticity

maxima rotates with time after becoming elliptical. The asymmetric nature of the shear

vorticity maxima combined with its juxtaposition with the vertical motion field determines

the contribution of the vertical advection term to the vorticity tendency. Figs. 4.24(c)

and 4.25(c) show that the vertical advection of shear vorticity is limited to the center of

the storm and in the area around the convergence band to the west of the TC. These areas

contain both large vertical gradients of shear vorticity in the presence of substantial values

67



of vertical velocity. Early on in the simulation, vorticity tendencies associated with this

term are primarily limited to the latter area. Throughout the remainder of the simulation,

tendencies become predominantly localized to the area around the center of the TC as the

band of convergence weakens. The only temporally consistent features near the center of

the vortex at 900 hPa is an area of negative vertical advection on the southern and western

portion of the storm and an area of positive tendencies found radially outside of this region

at later hours in the simulation. The former area is associated with the upward advection

of smaller values of cyclonic shear vorticity, while the region of positive tendencies is due to

the advection of larger values of cyclonic vorticity downward.

Figs. 4.26(c) and 4.27(c) contain vertical cross sections of the vertical advection of shear

vorticity. Similar to the temporal behavior of the vertical advection of curvature vorticity,

the vertical structure of the vertical advection of shear vorticity becomes more coherent as

the TC matures. At hour 42 of the simulation, there are two regions of strong tendencies

found near center of the storm. The area farthest west contains updrafts coincident with

the upward transport of anticyclonic shear vorticity (vorticity maximized around 850 hPa)

yielding positive tendencies at the surface and negative tendencies aloft. Conversely, the

region farthest to the east is characterized by downdrafts in the presence of anticyclonic

shear vorticity leading to a reversal of the pattern in the vertical. These two areas exemplify

one of the regimes important in the vertical advection of shear vorticity.

Time-radius plots of the amplitude spectra of the vertical advection of shear vorticity

shown in Fig. 4.28 display a relatively weak signal for all wavenumbers generally confined

to within 0.25◦ of the center of the vortex. Fig. 4.28(a) corresponding to wavenumber 0

shows negative tendencies associated with upgradient fluxes of shear vorticity in the vertical.

Similar to the trends for the other terms, wavenumbers 1 and 2 also have considerable power

within the same radii as wavenumber 0 is indicative of asymmetries in the vertical advection

of shear vorticity. Vertical cross sections of the amplitude spectra of the advection of shear

vorticity in the vertical (see Fig. 4.29) display a tilted “column” of negative tendencies

extending from the surface upwards with positive tendencies found radially inwards for

wavenumber 0. The negative tendencies inwards of 0.25◦ from the center of the TC at

or below 850 hPa are due to the net upward vertical motion in the presence of a negative

vertical vorticity gradient. Above 850 hPa is an area of positive vorticity tendencies located

radially inwards of a region of negative vorticity tendencies that extends upwards from
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the area of previously mentioned negative tendencies near the surface to 400 hPa or more.

These two areas of shear vorticity tendencies are the result of expansion of the RMW with

height. As the RMW moves radially outwards, the location of maximum cyclonic vorticity

will also move farther from the center. This results in a negative vertical vorticity gradient

inwards of the RMW and a positive vertical vorticity gradient outwards of this location.

The combination of the dominance of upward vertical motion and the reversal of the vertical

vorticity gradient in the horizontal near the RMW will result in positive tendencies radially

inwards and negative tendencies radially outwards as seen in Fig. 4.29(b). Figs. 4.29(d)

and 4.29(f) again indicate the appearance of asymmetries in the tendency field for this term

due to the power found in wavenumbers 1 and 2 with maximum values found on the level of

maximum vertical velocities.

Stretching Term

The fourth term of consequence in the shear vorticity tendency equation is the stretching

of shear vorticity. As previously discussed, the evolution of the shear vorticity field can be

difficult to interpret since there is a lack of consistent overlap between the shear vorticity

and divergence fields at times. Figs. 4.24(e) and 4.25(e) show the complex spatial pattern

that results. Both figures contain strong positive tendencies on the southern side of the

vortex with the former being more typical of the tendencies seen throughout the simulation.

Typically, these positive tendencies are associated with convergence in the presence of

cyclonic shear vorticity near the center of the TC. Conversely, negative tendencies are found

on the northern side in association with divergence in the presence of cyclonic shear vorticity.

Unlike the stretching term in the curvature vorticity tendency equation, there does not

appear to be a distinctive clockwise rotation of the vorticity tendencies during latter hours

in the simulation. This is likely attributable to the elliptical nature of the cyclonic shear

vorticity maximum due to its rotation over time during later hours in the simulation leading

to temporally inconsistent overlap with the divergence field. Figs. 4.26(e) and 4.27(e) contain

vertical cross sections showing more coherence for this term in the vertical over time.

The spectral analysis of the stretching of shear vorticity at 900 hPa shows that the

majority of power resides in wavenumbers 1 and 2 for this term as noted in Fig. 4.30.

Wavenumber 0 shows negative tendencies at inner radii and positive tendencies at outer

radii. Vertical cross sections of the spectral analysis are found in Fig. 4.31 for the stretching
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of shear vorticity. Fig. 4.31(b) shows the development of a lower maximum in stretching

from 800 hPa downwards and slightly inwards of 0.25◦ from the storm center. This area

can be attributed to the predominance of convergence at the surface in the presence of

cyclonic shear vorticity at inner radii leading to positive vorticity tendencies. Adjacent to

this maximum is an area of negative tendencies found radially inwards of the surface maxima

extending into the vertical and tilting radially outwards with height. These patterns are

similar to those featured in Fig. 4.30. According to Figs. 4.30 and 4.31, negative vorticity

tendencies were found both radially inwards and above the region containing maximum

positive tendencies. The areas of negative tendencies above the positive maxima at upper

levels is due to the compensating divergence that becomes dominant at these levels while in

the presence of cyclonic shear vorticity leading to negative vorticity tendencies. The negative

tendencies found radially inwards of the positive maxima can be attributed to divergence

associated with the formation of a vertical circulation associated with an eye. Cross sections

of wavenumbers 1 and 2 show a maximum signal moving radially inwards with time during

the simulation and showing a robust signal throughout the column. A broader maxima is

associated with both wavenumbers 1 and 2 below 800 hPa while a second, narrower maxima

is found between 650 and 450 hPa.

Tilting Term

The final forcing term that will be discussed in the shear vorticity tendency equation

is the tilting of shear vorticity. Recall from Eq. 3.6 that the term for the tilting of shear

vorticity is as follows: δω
δn

∂V
∂p

. The first component, δω
δn

, represents the cross-flow gradient of

vertical motion which is largest in areas of pronounced vertical motion. The areas in which

this term would be most important would be near the center of circulation and around the

outer convergence band. For flow into areas of anomalous upward motion, flow to the left

of the maximum updraft will have positive values while flow to the right will have negative

values. Conversely, flow into areas with maximum downward motions would yield negative

values to the left of the maximum vertical motion and positive values to the right. The areas

in which the values of this term are substantial are near the outer convergence band and the

inner region of convergence. Two areas of maximum upward vertical motion associated with

the outer and inner regions of convergence are connected by a strip of vertical motion that

spirals radially outwards in a counterclockwise manner from the inner to the outer maximum
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of convergence. This results in a band of positive values of δω
δn

lying radially inwards of

this band of vertical motion gradually spiraling radially inwards towards the center of the

circulation on the southern and eastern sides of the TC. Radially outward of this band is

a strong area of negative values lying radially outwards of the area of positive conversions

coincident with the region just outside of the vertical velocity maximum. Typically positive

values will encircle the eastern and southern portion of the TC with a band of negative values

directly outside of this region. This spatial pattern changes when the new region of outer

convergence begins to supplant the outer convergence band wrapping around the western

edge of the center of the vortex at later times. This event leads to extension of the patterns

observed for this term on the southern and eastern portions of the TC to its west.

The distribution of the second component of the shear vorticity tilting term, ∂V
∂p

, is

dependent upon the environmental vertical wind shear for the level under consideration.

Given that there is primarily easterly vertical wind shear from the surface upwards to 850

hPa (not shown), it would be expected that this would act as the primary forcing in dictating

the spatial pattern of the vertical wind speed shear field. Specifically, the shear would act

to accelerate the winds on the northerly side of the vortex with height and decelerate the

winds on the southern side. This would lead to a negative contribution from this term on

the north side of the vortex and a positive value on the south side. Extending this analysis

to upper levels, the presence of northerly to northeasterly shear would cause the axis of the

dipole to rotate 45◦ counterclockwise with height as positive values would be found on either

the western or northwestern side of the TC while negative values would be present on the

eastern or southeastern side.

With an interpretation of each of the components of the tilting term for shear vorticity,

it is possible to justify the spatial orientation of this term. The component, δω
δn

, acts to

isolate the vorticity tendencies to the regions of large vertical motion gradients found in

areas of convergence. Given that substantial values of δω
δn

are found on the southern side of

the TC, the sign of the tilting term will follow the general pattern of δω
δn

since the sign of

∂V
∂p

is constant except near the axis of the dipole. Thus, it is generally expected that a band

of positive tilting will stretch from the outer part of the southwestern portion of the TC to

the inner part of the eastern region. Radially outwards of this area is a region of negative

tilting tendencies bordering the outer edge of the vertical velocity maximum as depicted

in Figs. 4.24(f) and 4.25(f). A region of positive tilting tendencies at later hours on the
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western side of the TC is due to the formation of an area of upward vertical motion along

the western edge of the TC. Figs. 4.26(f) and 4.27(f) display vertical cross sections that

capture the strong area of positive tilting tendencies found to the east of the vortex center.

The majority of the signal for the tilting tendency is located at lower levels initially but

extends throughout the domain later on as the vortex intensifies. Also of note is the strong

tilting tendencies found at upper levels primarily between 200 and 300 hPa. Additionally,

a pronounced area of mid-level tilting around 600 hPa is also present beginning in the later

hours of the simulation.

The time-radius plots of the amplitude spectra of the tilting of shear vorticity for

wavenumbers 0, 1, and 2 are found in Fig. 4.32. Wavenumber 0 shows little consistency

in the power of its signal except for positive values found between hours 18 and 23 and hours

38 and 47 at inner radii. In comparison to the other terms, wavenumbers 1 and 2 show

relatively small amounts of power with the signal being confined to within 0.5◦ of the center

of the circulation. There is a noticeable lack of growth in the signal during the simulation

for both wavenumbers. Cross sections of the spectral analysis found in Fig. 4.32 again

indicate considerable power located in wavenumbers 1 and 2. During the simulation there

is trend towards the broadening and growth of tilting tendencies in the vertical as seen by a

comparison of the plots from hour 12 versus hour 42. Hour 42 shows considerable positive

values for wavenumber 0 at a radius of 0.25◦ extending from the surface to 350 hPa, but this

signal is only found during the end of the simulation. The vorticity tendencies associated

with tilting for wavenumber 0 are shown to be maximized at mid-levels between 450 and

700 hPa. Wavenumbers 1 and 2 show a pronounced signal extending throughout the column

with maximum values concentrated at mid-to-upper levels. These patterns are indicative

of the existence of substantial asymmetries in the tilting tendencies. These tendencies also

extend outwards of 0.75◦ from the center of circulation. Similar to the treatment of the

curvature vorticity budgets, comparisons of the shear vorticity budget terms are provided

and correlated with intensity change in the second part of the section on shear vorticity

budgets.
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4.4.2 Intercomparison of the Shear Vorticity Tendency Terms and
Comparison with Intensity Change

Similar to Section 4.3.2, this portion of the study seeks to quantify the overall importance

of the stretching term, the tilting term, and the vertical advection term from the shear

vorticity tendency equation and determine if any relationship exists with intensity change.

Analysis of the curvature to shear vorticity conversion term will be limited in order to avoid

redundancy, but values are included in each chart for comparison. It should be noted that

differences between the vorticity conversion terms for each tendency equation do exist and

can be substantial at times particularly in the upper layer of the domain. Fig. 4.34 presents

the magnitudes of the relevant terms from the shear vorticity tendency equation. Beginning

with the lowest layer, it is observed that the dominant term is the curvature to shear vorticity

conversion term followed by the stretching term, the tilting term, and the vertical advection

term. Aside from the curvature to shear vorticity conversion term, neither of the three

remaining terms show as dramatic an increase in their magnitudes as is observed for the

corresponding terms in the curvature vorticity tendency equation. In fact, the tilting term

shows little variation in magnitude throughout the simulation. This is likely attributable

to the spatial resolution not being fine enough to properly resolve the horizontal variation

and magnitude of the vertical motion field and, thus, not being able to capture the true

magnitude and variation of the tilting term. The only noticeable change in the time series of

the tilting term is the fluctuation in magnitude coincident with the weakening of the storm.

Areal-averages of this term found in Fig. 4.35 show that it remains positive throughout much

of the simulation except for the hours proceeding the weakening of the storm. The time series

of tilting for both the areal-average and areal-average of magnitude show the insensitivity of

the tilting term towards intensity changes in the TC.

Analysis of the Shear Vorticity Tendency Terms in the Lowest Layer

In contrast to the tilting of vorticity, the stretching of vorticity triples in magnitude from

its value at the initial hour of the simulation. The stretching term in the shear vorticity

tendency equation decreases in magnitude prior to the decrease in intensity and increases

sharply after this period with a much larger variability in its magnitude after this time than

what was previously observed. It is hypothesized that the observed variance is due, in part,
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to the rapidly changing shape of the shear vorticity maxima and its inconsistent overlap with

the divergence field leading to temporally irregular contributions from the stretching term.

This theory is supported by Fig. 4.35(b) during and after the period of weakening of the storm

when the shear vorticity maximum becomes elliptical leading to negligible contributions in

the layer mean of the stretching term. The layer averaged stretching term also displays a

local minimum coincident with the beginning of decay for the TC. Lastly, with the exception

of hours during which the TC is weakening, vertical advection gradually increases throughout

the simulation leading to an overall change of 10 × 10−8 s−2 by the end of the simulation

which is nearly double its initial value. As was the case for the other terms, this change is

not as pronounced as it was for its counterpart in the curvature vorticity tendency equation.

Areal-averages of vertical advection reveal net negative contributions especially prior to the

period of weakening in the simulation. These negative values indicate upgradient fluxes of

vorticity from the surface upwards as mentioned previously.

Correlation coefficients between each term and the change in minimum sea level pressure

can be found in Table 4.2. The correlation coefficients between changes in intensity and the

magnitude of each of the shear vorticity tendency terms examined show R values that are

smaller than those for the corresponding terms in the curvature vorticity tendency equation.

In fact, maximum changes in R values are only on the order of 0.04 for all three terms

throughout the vertical. Thus, without further discussion, it can be concluded that a

weak relationship between terms from the shear vorticity tendency equation and changes

in intensity exist throughout the vertical in a manner similar to the terms in the curvature

vorticity equation. In contrast, extreme variability exists in the correlation coefficients for

the layer averages of the shear vorticity tendency terms throughout the vertical, but for no

term is the magnitude of the R value larger than 0.39. At the lowest layer, the stretching

term was positively correlated with intensity changes yielding an R value of 0.16. Similar to

the R value for the stretching term in the lowest layer of the curvature vorticity tendency

equation, the reasoning for the existence of a positive R value requires further investigation.

In contradiction to this, both the tilting term (-0.32) and vertical advection term (-0.15)

have negative correlations with intensity change with the former explaining 8% more of the

variance. Once again, these correlations are low and remain low throughout all vertical

levels.
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Analysis of the Shear Vorticity Tendency Terms in the Middle Layer

In the middle layer, Fig. 4.34(d) shows the decreasing relevance of the stretching term

as its magnitude becomes approximately equal to the vertical advection term. Conversely,

tilting becomes more important but is still smaller in magnitude than the curvature to shear

vorticity conversion term. In contrast to its behavior on the level below, the magnitude of

the tilting of shear vorticity nearly doubles during the simulation with much of the increase

confined to the last 8 hours. Whether this increase was permanent or not remains uncertain

given the large variability in the magnitude of the tilting term at the end of the simulation.

The variability in this term is not seen in the time series of the minimum sea level pressure

for the case under consideration. Values of the areal-average of the tilting term featured in

Fig. 4.35(c) show net positive contributions to the vorticity tendency followed by oscillations

between positive and negative values during and for the 10 hours immediately after the period

of weakening. Afterwards, a return to a positive regime is observed. Figs. 4.34(c) and 4.35(c)

are indicative of little direct relationship between the tilting term and intensity change even

though the magnitude of this term is fairly substantial. Figs. 4.34(d) and 4.35(d) show a

nearly identical temporal evolution of the areal-average and areal-average of the magnitude

of the vertical advection and stretching terms for shear vorticity. Areal-averages of the

magnitudes show substantial increases in these terms prior to the decay of the TC at which

point the magnitude of the tendencies decreases. The tendencies of these terms reach a

minimum at the hour in which sea level pressure has a local maxima. Over the remainder

of the simulation, the variance of each term makes it difficult to distinguish an overall

trend, but it appears there is a slight increase in magnitude during the last several hours

of the simulation. The time series of the areal-average of both the vertical advection and

stretching terms remains consistently negative through the first 30 hours of the simulation

before becoming gradually more negative with time during the last 18 hours of the simulation.

Both observed results are consistent with the net stretching and vertical advection of shear

vorticity upgradient. Additionally, neither terms appear to be closely related to intensity

changes.

The value of R for tilting at mid-levels is 0.15 indicating little correlation with intensity

change. The physical reasoning as to why the correlation coefficient is positive is not clear.

Examination of the correlation coefficients for vertical advection and stretching yields values
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of -0.19 and -0.39 respectively. The latter terms accounts for 12% more of the variance than

the former. Thus, the creation of anticyclonic shear vorticity via stretching appears to show

a weak relationship with intensity change at mid-levels whereas vertical advection shows

little to no correlation. This result is in line with the analysis of these terms in the previous

Section 4.4 which showed vertical advection was much weaker than stretching at all levels in

the shear vorticity budgets.

Analysis of the Shear Vorticity Tendency Terms in the Upper Layer

The uppermost vertical level shows that the magnitudes of all terms in the shear vorticity

tendency equation have very similar temporal behaviors with slightly different magnitudes.

The vorticity conversion and tilting terms are approximately the same magnitude and are

both larger than the stretching and vertical advection terms as noted in Figs. 4.34(e)

and 4.34(f). The temporal evolution of the areally-averaged magnitude for each variable

is nearly exactly the same as the corresponding terms in the curvature vorticity tendency

equation for this layer. To avoid repetition, the time series of the areally-averaged magnitude

of each term will not be repeated. At upper levels, the areally-averaged value of the

tilting term oscillates between positive and negative tendencies. The two time periods of

exception are prior to the weakening of the storm when the net contribution is negative

and from hour 38 onwards when the net contribution is positive concurrent with the second

period of intensification of the TC. As for the stretching of vorticity, the mean value of

the tendencies is negative up through 21 hours through the simulation. After this time,

the net contribution of this term, like the tilting term, has seemingly random positive

and negative tendencies. Areally-averaged values of vertical advection show positive values

existing throughout the simulation at upper levels except during the last few hours of the

simulation. This is hypothesized to be reflective of a net transport of cyclonic shear vorticity

upwards (downgradient) due to net upward motion in the presence of a positive vertical

vorticity gradient.

Correlation coefficients for the areal-averages are all extremely low indicating that this

layer has little bearing on intensity change. The largest R value is for the tilting of vorticity

with a value of 0.22, but even this only explains less than 5% of the variance. The other R

values are both less than 0.1. As mentioned before, this is not unexpected given that lower

levels would seem to be more important for impacting TC intensity change. Additionally,
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the small magnitude and areal extent of the tendency values for each term further support

their irrelevance at upper levels. As a supplement to the Earth relative budgets presented

thus far, storm relative vorticity budgets are briefly described in the section to follow.

4.5 Preliminary Storm Relative Curvature Vorticity
and Shear Vorticity Budgets

Given the issues with obtaining a meaningful interpretation of some of the terms using an

Earth relative coordinate system (e.g. Eulerian time tendency, horizontal advection), storm

relative curvature and shear vorticity budgets are computed. Calculations show that the

friction term in both vorticity tendency equations as well as the planetary vorticity advection

term are at least an order of magnitude smaller allowing for their exclusion from the following

discussion. Plan views of the preliminary results for the pertinent curvature vorticity budget

terms at 900 hPa are presented in Figs. 4.36 and 4.37 for hours 12 and 42 respectively.

Similar plots of the shear vorticity budget terms are found in Figs. 4.38 and 4.39. Comparing

these figures to the Earth relative budgets (see Figs. 4.5 and 4.6 for curvature vorticity and

Figs. 4.24 and 4.25 for shear vorticity) show dramatic differences between the Eulerian time

tendency terms in the two reference frames. At times, the Eulerian time tendency term in

the curvature vorticity equation does yield dynamically relevant information with respect

to changes in TC intensity. Interestingly, the period surrounding hour 24 is consistent with

negative curvature vorticity time tendencies located around the TC center during the time

at which the TC was decaying. Conversely, the period surrounding hour 30 is associated

with positive time tendencies for curvature vorticity during the period in which the TC

was beginning to intensify again. As is the case for the analysis done during the previous

portion of this chapter, a spectral analysis is necessary to determine the dominant scales of

organization of this term. In particular, the shear vorticity time tendency term primarily is

composed of spiral band-like structures making it difficult to determine the significance of

these structures and how these relate to intensity change.

The advection terms in the curvature and shear vorticity tendency equations show notable

differences between the two reference frames. In the case of the former, the change from an

Earth relative to storm relative reference frame only increases the magnitude of the vorticity

tendencies rather than changing the sign of the tendencies at a given point. Contrasting

this is the advection term in the shear vorticity tendency equation which undergoes an
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intensification of the vorticity tendency over time in addition to appearing to have subtle

changes in the distribution of positive and negative advective tendencies as well. Not only

does the change in reference frame provide these terms with more meaning relative to the

structural evolution of the storm, but it also makes the magnitude of these terms larger.

In contrast to the other four terms, there is little change to the vertical advection and

stretching terms. As mentioned in in Chapter 3, both are either directly or indirectly

dependent upon divergence which is reference frame invariant (Viúdez and Haney , 1996).

Therefore, changes in either term are solely due to changes in curvature vorticity or shear

vorticity at a given point. Comparisons of the Earth relative and storm relative plan views

reveal rather minor differences between these terms. While changes in curvature vorticity and

shear vorticity do occur, they are not substantial enough to change the spatial distributions

of either term.

Visual inspection of the vorticity conversion term in Figs. 4.36(d) and 4.37(d) does not

show major differences between its Earth relative counterpart. There are points in the

simulation at which the vorticity conversion field does not display a distinctive wavenumber

one asymmetry as seen in the Earth relative budgets. Examining each subcomponent of

the vorticity conversion term reveals differences among the reference frames as well that are

primarily localized to the area near the TC center. In spite of this fact, these changes do

not appear to be substantial enough to debunk the physical mechanism provided earlier in

this chapter for forcing vorticity conversions.

Similar to the horizontal advection term, the tilting term in both vorticity tendency

equations experiences increases in its magnitude due to the change in reference frame. The

tilting term in the shear vorticity tendency equation is generally associated with larger

tendencies near the center of the TC confined within a radius of 1.0◦ of the TC center.

While there are changes in the magnitude and sign of these tendencies outside of this region,

the differences in the outer regions are more substantial for the curvature vorticity tilting

term. Generally, the changes in the curvature vorticity tilting term are mainly isolated to

the region outside the inner 0.5◦ radius surrounding the center of the TC. The differences in

the tilting tendencies at the center of the TC are more subtle than in the case of the shear

vorticity tilting term. As is the case for the horizontal advection term, the differences in

these terms are mostly in magnitude rather than sign. For both tilting terms, the overall

spatial distributions of the tilting terms are still isolated to the same quadrants of the TC
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indicating that the physical mechanisms provided for explaining the distribution of these

terms are still valid. To conclude Chapter 4, a discussion of the sources of errors in the

budget computations will be provided.

4.6 Budget Errors

In performing the budget computations, it is realized that a residual exists on the order

of the terms in the vorticity tendency equations. The residual is the result of a number

of issues most notably due to the use of a non-native model grid and finite differencing

scheme used in calculating each of the components. For the purposes of this study, scalar

and velocity variables were interpolated to a uniform, non-staggered grid using the log-linear

interpolation found in the post-processing program MM5toGrADS obtained from NCAR.

The resulting interpolation introduced errors into each term that would have not existed

if the input variables had remained on the native model grid (Arakawa B-grid) used in

the MM5. Furthermore, the interpolation of the data to a different grid also dictated that

a change in the differencing scheme from that found in the MM5 be used given that the

new grid was non-staggered. As mentioned previously, second order finite differencing is

used wherever possible with side differencing used for vertical derivatives near the domain

boundaries. Second order differencing is even used temporally which is a vast simplification

of the time differencing scheme used in the model. Given that the data is outputted hourly

in the model, the time differences involved are on a scale much larger than the 4 second

time step used for the long time step in the MM5 for the case under consideration (Dudhia,

1993).

As previously mentioned, an unknown portion of the simulation is influenced by the

spinup of the model leading to non-physical spatial and temporal trends in each term.

Therefore, the early part of the interpretation may have involved processes not consistent

with reality. Fortunately, the use of a series of one-way nests with the last nest initialized

12 hours after the coarser nests helps mitigate this problem as mentioned in Chapter 3.

Additionally, error is also introduced by the truncation of the derivatives that occurs as a

result of the differencing scheme used in the calculations for the vorticity tendency equations.

In this case the magnitude of the error is not on the order of each term, but it is still

quantifiable. The last considerable source of error in the computations came from the use
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of the divergence correction (O’Brien, 1970) and the calculation of vertical velocities from

the corrected divergence field using the isobaric continuity equation. The correction applied

to the divergence field likely introduces a slight decoupling of the vertical motion field from

the horizontal motions since all values of divergence are scaled throughout the column.

In light of these facts, it is determined that an intercomparison of budget terms would

be difficult to do without considerably reducing the residual. The average magnitude of

the residual in the layer over which curvature and shear vorticity is strongest (between

950 and 750 hPa) within a box centered upon the storm for the budget prior to and after

error reduction for each tendency equation can be found in Fig. 4.40. As can be seen, the

residuals in the budget have been reduced by 7 orders of magnitude or more and are no

longer on the scale of any of the terms in the equation. Visual comparisons between spatial

fields for each term did not lead to noticeable changes in the distribution of each field. It

is interesting to note that the value of the residual for the curvature vorticity tendency

equation is consistently larger in both the error reduced and non-error reduced budgets.

Fig. 4.41 contains the average value of the error reduction coefficient (ǫ) for the volume of

interest. Generally, the value of the coefficient is around 0.5 for both vorticity tendency

equations with the value of the coefficient being slightly larger for curvature vorticity over

the extent of the simulation. Recall from Chapter 3, that each term is adjusted by an amount

equal to its original magnitude times the error coefficient. In this case, it is expected that

terms are adjusted by approximately half their original magnitude for both vorticity tendency

equations during the budgeting process. Figs. 4.42 and 4.43 contain the average difference

in magnitude of each term in the curvature and shear vorticity tendency equations between

the error adjusted and non-error adjusted vorticity budgets over the same volume used for

Fig. 4.40. All four plots show that the greatest adjustment occurs to terms with largest

magnitude as expected. Average adjustments of each term vary by two orders of magnitude

for each vorticity tendency equation. Specifically, the horizontal advection term, which is

the largest term in each equation, is adjusted by as much as 25 × 10−8 s−2 as seen in

Fig. 4.42. The magnitude of this value is larger than some of the terms in the vorticity

tendency equations, but yet is only a fraction of the horizontal advection term.

While the use of the error-reduction method does reduce the residual by several orders of

magnitude, the assumption behind its use that the error for a given term is proportional to its

magnitude needs to be verified. If incorrect, this assumption would undoubtedly introduce
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additional error into each term in an effort to balance the budget. Thus, it is possible that

error may be unnecessarily introduced on an order larger than the original amount present

for each term. A further drawback of the error-reduction method is the introduction of a bias

into the terms at points in which the time tendency has a sign opposite of every forcing term.

The bias is necessary given that the error reduction methodology used cannot compensate

for such a scenario and would otherwise reduce all terms in the tendency equation to 0

which is physically unlikely. Therefore, the bias is a simplified way of scaling the terms so

that error reduction can be generalized for use at all points on the model grid. Next, the

second chapter of results will investigate the relation between shear to curvature vorticity

conversions and TC intensity change using HWRF hindcasts will be presented.
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Table 4.1: Correlation coefficients between curvature vorticity tendency terms and changes
in minimum sea level pressure. Coefficients are calculated for each of the three vertical layers
for the average magnitude and average value of each term within a radius of 0.5◦ of the center
of the TC.

Vertical Layers (hPa)
Term Name 950 - 750 700 - 450 400 - 150
Avg. Mag. Vertical Advection 0.32 0.37 0.25
Avg. Mag. Shear to Curvature Conversion 0.30 0.36 0.31
Avg. Mag. Stretching 0.41 0.28 0.27
Avg. Mag. Tilting 0.38 0.32 0.24
Avg. Vertical Advection 0.09 0.41 -0.09
Avg. Shear to Curvature Conversion -0.40 -0.44 -0.01
Avg. Stretching 0.52 -0.15 -0.29
Avg. Tilting 0.08 0.01 0.27

Table 4.2: As in Table 4.1, but for the shear vorticity tendency equation terms. The curvature
to shear vorticity conversion term is not included to avoid redundancy.

Vertical Layers (hPa)
Term Name 950 - 750 700 - 450 400 - 150
Avg. Mag. Vertical Advection 0.29 0.26 0.25
Avg. Mag. Stretching 0.25 0.29 0.27
Avg. Mag. Tilting 0.29 0.29 0.29
Avg. Vertical Advection -0.15 -0.19 -0.03
Avg. Stretching 0.16 -0.39 0.07
Avg. Tilting -0.32 0.15 0.22
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Figure 4.1: Time series of the direction and magnitude of the vertical wind shear vector (850–
200 hPa) during the simulation for TC Ivan. The vertical wind shear vector was calculated
according to the methodology of Molinari and Vollaro (1990).

(a) (b)

Figure 4.2: 900 hPa divergence at (a) simulation hour 12 and (b) simulation hour 42. All
values are in 10−4 s−1.
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Figure 4.3: 900 hPa curvature vorticity, shear vorticity, and vorticity for simulation hours 12
and 42 for TC Ivan. (a) Curvature vorticity at simulation hour 12, (b) curvature vorticity at
simulation hour 42, (c) shear vorticity at simulation hour 12, (d) shear vorticity at simulation
hour 42, (e) vorticity at simulation hour 12, and (f) vorticity at simulation hour 42. All values
are in 10−4 s−1.
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(a) (b)

(c)

Figure 4.4: Time series of the average magnitude of the (a) horizontal advection, shear to
curvature vorticity conversion, and tilting terms and (b) Eulerian time tendency, vertical
advection, and stretching terms and (c) planetary vorticity advection and friction terms for
the vertical layer between 950 and 750 hPa over a 400 km by 400 km box centered over TC
Ivan. All values are in 10−8 s−2 for (a) and (b) and 10−10 s−2 for (c).
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Figure 4.5: 900 hPa plan views of the salient terms from the curvature vorticity tendency
equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency term, (b) horizontal
advection term, (c) vertical advection term, (d) shear to curvature vorticity conversion term,
(e) stretching term, and (f) tilting term. All values are in 10−8 s−2.
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Figure 4.6: As in Fig. 4.5, but at simulation hour 42.
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Figure 4.7: Vertical cross sections of the salient terms from the curvature vorticity tendency
equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency term, (b) horizontal
advection term, (c) vertical advection term, (d) shear to curvature vorticity conversion term,
(e) stretching term, and (f) tilting term. All values are in 10−8 s−2.
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Figure 4.8: As in Fig. 4.7, but at simulation hour 42.
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(a)

(b)

(c)

Figure 4.9: 900 hPa time-radius amplitude spectra of the curvature vorticity vertical
advection term for (a) wavenumber 0, (b) wavenumber 1, and (c) wavenumber 2 for TC
Ivan. All values are in 10−8 s−2.
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Figure 4.10: Vertical cross sections of the amplitude spectra of the curvature vorticity vertical
advection term for TC Ivan for (a) wavenumber 0 at simulation hour 12, (b) wavenumber 0 at
simulation hour 42, (c) wavenumber 1 at simulation hour 12, (d) wavenumber 1 at simulation
hour 42, (e) wavenumber 2 at simulation hour 12, and (f) wavenumber 2 at simulation hour
42. All values are in 10−8 s−2.
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(a)

(b)

(c)

Figure 4.11: As in Fig. 4.9, but for the shear to curvature vorticity conversion term.
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Figure 4.12: As in Fig. 4.9, but for the shear to curvature vorticity conversion term.
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(a) (b)

(c) (d)

Figure 4.13: 900 hPa plan views of shear to curvature vorticity conversion term 1 at (a)
simulation hour 12 and (b) simulation hour 42 and shear to curvature vorticity conversion
term 2 at (a) simulation hour 12 and (b) simulation hour 42 for TC Ivan. All values are in
10−8 s−2.
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(a) (b)

Figure 4.14: 900 hPa shear to curvature vorticity conversion term 2 and diffluence at (a)
simulation hour 12 and (b) simulation hour 42 for TC Ivan. Shear to curvature vorticity
conversion term 2 has values of 10−8 s−2 (contours have values of 5, 35, 65) while diffluence
has values of 10−4 s−1 (shaded). Areas within tight contour gradients corresponds to values
of 60 × 10−8 s−2 or more.
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(a) (b)

(c) (d)

Figure 4.15: As in Fig. 4.13, but for shear to curvature vorticity conversion factor 1a at (a)
simulation hour 12 and (b) simulation hour 42 and shear to curvature vorticity conversion
factor 1b at (c) simulation hour 12 and (d) simulation hour 42. All values are in 10−4 s−1

for conversion factor 1a and 10−5 s−1 for conversion factor 1b.
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(a)

(b)

(c)

Figure 4.16: As in Fig. 4.11, but for the curvature vorticity stretching term.
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Figure 4.17: As in Fig. 4.10, but for the curvature vorticity stretching term.
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(a)

(b)

(c)

Figure 4.18: As in Fig. 4.9, but for the curvature vorticity tilting term.
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Figure 4.19: As in Fig. 4.10, but for the curvature vorticity tilting term.
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Figure 4.20: Hourly time series of maximum surface wind speed and minimum sea level
pressure for the MM5 model simulation for TC Ivan.
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Figure 4.21: Time series of layer averaged magnitude of the terms from the curvature
vorticity tendency equation for TC Ivan. Vertical advection and shear to curvature vorticity
conversion terms for (a) 950–750, (c) 700–450, and (e) 450–150 hPa. Stretching and tilting
terms for (b) 950–750, (d) 700–450, and (f) 450–150 hPa. All values are in 10−8 s−2.

102



Figure 4.22: As in Fig. 4.21, but for the layer average of terms.
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(a) (b)

(c)

Figure 4.23: As in Fig. 4.4, but for the shear vorticity tendency equation. (a) horizontal
advection, curvature to shear vorticity conversion, and tilting terms and (b) Eulerian time
tendency, vertical advection and stretching terms and (c) friction term. All values in (a) and
(b) are in 10−8 s−2 and 10−10 s−2 for (c).
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Figure 4.24: 900 hPa plan views of the salient terms from the shear vorticity tendency
equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency term, (b) horizontal
advection term, (c) vertical advection term, (d) shear to curvature vorticity conversion term,
(e) stretching term, and (f) tilting term. All values are in 10−8 s−2.
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Figure 4.25: As in Fig. 4.24, but at simulation hour 42.
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Figure 4.26: Vertical cross sections of the salient terms from the shear vorticity tendency
equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency term, (b) horizontal
advection term, (c) vertical advection term, (d) curvature to shear vorticity conversion term,
(e) stretching term, and (f) tilting term. All values are in 10−8 s−2.
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Figure 4.27: As in Fig. 4.26, but at simulation hour 42.
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(a)

(b)

(c)

Figure 4.28: As in Fig. 4.9, but for the shear vorticity vertical advection term.
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Figure 4.29: As in Fig. 4.10, but for the shear vorticity vertical advection term.
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(a)

(b)

(c)

Figure 4.30: As in Fig. 4.9, but for the shear vorticity stretching term.
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Figure 4.31: As in Fig. 4.10, but for the shear vorticity stretching term.
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(a)

(b)

(c)

Figure 4.32: As in Fig. 4.9, but for the shear vorticity tilting term.
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Figure 4.33: As in Fig. 4.10, but for the shear vorticity tilting term.
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Figure 4.34: Time series of layer averaged magnitude of the terms from the shear vorticity
tendency equation for TC Ivan. Vertical advection and curvature to shear vorticity
conversion terms for (a) 950–750, (c) 700–450, and (e) 450–150 hPa. Stretching and tilting
term for (b) 950–750, (d) 700–450, and (f) 450–150 hPa. All values are in 10−8 s−2.
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Figure 4.35: As in Fig. 4.34, but for the layer average of the shear vorticity tendency equation
terms.
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Figure 4.36: 900 hPa storm relative plan views of the salient terms from the curvature
vorticity tendency equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency
term, (b) horizontal advection term, (c) vertical advection term, (d) shear to curvature
vorticity conversion term, (e) stretching term, and (f) tilting term. All values are in 10−8

s−2.
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Figure 4.37: As in Fig. 4.36, but at simulation hour 42.
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Figure 4.38: 900 hPa storm relative plan views of the salient terms from the shear vorticity
tendency equation at simulation hour 12 for TC Ivan. (a) Eulerian time tendency term,
(b) horizontal advection term, (c) vertical advection term, (d) curvature to shear vorticity
conversion term, (e) stretching term, and (f) tilting term. All values are in 10−8 s−2.
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Figure 4.39: As in Fig. 4.36, but at simulation hour 42.
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(a) (b)

Figure 4.40: Time series of the average magnitude of the residual of the vertical layer between
950 and 750 hPa over a 400 km by 400 km box centered over TC Ivan for (a) vorticity budgets
with error reduction (10−15 s−2) and (b) vorticity budgets without error reduction (10−8 s−2).

Figure 4.41: Time series of the average magnitude of the error reduction coefficient for the
curvature and shear vorticity budgets for the vertical layer between 950 and 750 hPa within
a 400 km by 400 km box centered over TC Ivan.
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(a) (b)

(c) (d)

Figure 4.42: Time series of the average magnitude of the difference between the non-error
reduced and error reduced curvature and shear vorticity budgets for the vertical layer between
950 and 750 hPa over a 400 km by 400 km box centered over TC Ivan for the (a) Eulerian
time tendency term, (b) horizontal advection term, (c) vertical advection term, and (d)
advection of planetary vorticity. All values in (a), (b), and (c) are in 10−8 s−2 and 10−9 s−2

for (d).
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(a) (b)

(c) (d)

Figure 4.43: As in Fig. 4.42, but for the (a) vorticity conversion term, (b) stretching term,
(c) tilting term, and (d) friction term. All values in (a), (b), and (c) are in 10−8 s−2 and
10−10 s−2 for (d).

123



CHAPTER 5

STATISTICAL EVALUATION OF SHEAR TO

CURVATURE VORTICITY CONVERSIONS FOR

HWRF TROPICAL CYCLONE HINDCASTS FROM

2004–2006 ATLANTIC HURRICANE SEASON

The HWRF represents the newest generation in operational mesoscale models used by

the NHC. The increased sophistication of the initialization method used (Liu et al., 2006)

initiated interest in whether shear to curvature vorticity exchanges present in the initial

vortex could be used as a predictor of real-time intensity changes. The following chapter will

strictly evaluate the role of shear to curvature vorticity conversions to determine whether

they have any bearing on changes in the maximum surface wind speed of TCs. To begin, TC

Emily (2005) will be presented as a case study in order to examine the spatial distribution of

shear to curvature vorticity conversions from the perspective of the HWRF data in addition

to serving as cross-validation with the results from Chapter 4. Following this will be an

intensive statistical evaluation of the HWRF data to not only determine whether there is

any skill in predicting intensity change using shear to curvature vorticity interchanges, but

to also evaluate the consistency of the HWRF initial vortex with the observations from the

best track.

5.1 Analysis of Shear to Curvature Vorticity
Conversion Term for HWRF Case Study

The data for TC Emily covers the period from 1200 UTC 11 July to 1200 UTC 19 July.

For this portion of the study, any reference to rapid intensity changes will use the definition

given in Kaplan and DeMaria (2003) which uses a value of 15.4 m/s over a 24 hour period.

Any mention of the temporal evolution of a given variable is due to its change with respect to
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the HWRF initial vortex for adjacent hindcast times. Results for TC Ivan are not presented

due to the fact that the first available hour of HWRF hindcast data for Ivan occurred 18

hours after the end of the MM5 simulation coinciding with the end of a period of rapid

intensification (RI) according to the best track. Thus, there are few similarities between

Ivan as represented in the MM5 and the HWRF. Fig. 5.1 provides the time series of the

intensity of the HWRF initial vortices over the period covered by the HWRF hindcasts as

well as the best track data corresponding to this same time. While the maximum surface

wind speed are generally correlated well, the model minimum sea level pressure shows an

increasingly low bias with increasing intensity for the initial hour of each hindcast. Similar

patterns are also seen for all hindcasts as will be discussed in Section 5.2.3. The temporal

evolution of the intensity of the HWRF initial vortices meets the threshold for RI 4 times and

rapid decay 2 times respectively during the extent of the hindcasts. Results are presented

at 1200 UTC 14 July and 1200 UTC 17 July corresponding to a date of RI and a value just

below rapid decay respectively. For this case, the criteria for rapid decay is only met for

times surrounding the landfall of the system. These times are excluded in order to examine

times of decay in which it is plausible that dynamical processes are important. For these

reasons, a period of weakening following the peak intensity of the TC is chosen for analysis.

Fig. 5.2 provides a plan view of shear to curvature vorticity conversions at the two

times of interest. It is important to note that values of vorticity conversions appearing near

the boundaries are due to issues with the smoothing of the wind and mass fields between

the mother and daughter domains rather than an actual physical mechanism. The two

plots reveal vorticity conversions occurring at higher wavenumbers than in the previous

chapter. Specifically, both times appear to have a distinctive wavenumber 2 pattern within

approximately 0.5◦ of the center of circulation. To confirm this fact, a spectral analysis

is performed to determine the salient wavenumbers at which shear to curvature vorticity

conversions are organizing. Fig. 5.3(a) contains a spectral analysis of shear to curvature

vorticity conversions at a radius of 0.4◦ from the center of the storm. The analysis shows

that a substantial portion of the signal lies in wavenumber 2 for that time in comparison to

the other wavenumbers associated with the TC scales specifically during the period of RI.

Wavenumbers 0 and 1 also show an increase in power during this time that levels off after the

first peak in intensity is reached. As can been seen in the plan view, the magnitude of shear

to curvature vorticity exchanges associated with wavenumber 0 is much more pronounced at
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the latter time at large radii.

Aside from a substantial peak in wavenumber 2 during the time of maximum intensity,

neither of the other two wavenumbers show a sign of a second phase of RI. In fact,

wavenumber 0 has a greater amplitude on 17 July, than on 14 July, while the values

for wavenumber 1 are approximately the same. Such a signal seems counterintuitive to

what would be expected if shear to curvature vorticity conversions are actually responsible

for intensity changes. Supporting the diagnostic relationship between shear to curvature

vorticity conversions is the behavior of the summation of the wavenumbers associated with

the scales of the TC which shows proportionate changes between vorticity conversions and

intensity. Visually, the only difference between the Figs. 5.2(a) and 5.2(b) is that vorticity

conversions are occurring at greater radii. This is also the case with other cases in which

similar intensity storms have similar amounts of vorticity conversions regardless of whether

the storm is intensifying or decaying. While the data for Emily indicates a relationship

between vorticity conversions and intensity, there appears to be no correlation between shear

to curvature vorticity exchanges and intensity change in this case. Further commentary on

this relationship will be reserved for Section 5.2.

Also of interest was a box averaging of shear to curvature vorticity to reflect the growing

spatial dominance of positive exchanges with increasing intensity. Fig. 5.3(b) presents the

1.5◦ box averaged quantity of vorticity exchanges at each hindcast time for Emily. As was

the case for the power spectra, the trend in the box averaged quantity mirrors the changes in

intensity. Throughout the rest of the period there appears to be linear relationship between

the two quantities similar to the results for the spectral analysis. Once again, the results

from this particular case study indicate that the relationship between shear and curvature

vorticity conversions and intensity is diagnostic rather than prognostic.

The mechanism responsible for the vorticity conversions can be examined by looking at

the spatial distribution of the two conversion terms as well as the environmental flow. As

is the case for Chapter 4, the second vorticity interchange term, δ
δn

( δφ

δs
), is dominant with

respect to term 1, δV
δs

dα
dt

. Figs. 5.4 and 5.5 show shear to curvature vorticity conversion

terms 1 and 2 respectively. To confirm the results of the previous chapter, it is important

to calculate the vertical wind vertical wind shear vector to determine if this is once again

forcing the relative spatial distribution of conversion term 2. vertical wind shear is calculated

as before, but data from the outer domain is used given that inner domain does not extend
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outwards to a radius of 500 km as required by the methodology. Computations yield a

transition from a northwesterly to westerly vertical wind vertical wind shear vector as the

TC traverses the Caribbean. These computations agree with the spatial distribution of

diffluence seen in Fig. 5.6 which rotates cyclonically around the center with the vertical

wind shear vector. In Fig. 5.6(b), convergence present on the southeastern portion of the

storm associated with the SBC spirals cyclonically inwards with decreasing radius towards

the inner convergence maxima on the northeastern portion of the storm. Given the vertical

wind shear, it would be expected that the axis separating the dipoles initially tilts from

the southwest to the northeast, but becomes more north to south as the vertical wind

shear vector changes direction. Indeed Fig. 5.5 shows that the conversion terms respond

to the changing forcing of the vertical wind shear vector. The magnitude of contribution

from this term increases as the shear induced convergence becomes more pronounced and

as the geopotential gradient associated with the storm strengthens. The spatial extent

of the vorticity conversions becomes more localized to smaller radii as the changes in the

geopotential gradient become confined to smaller radii as the contraction of the RMW

ensues. Notice the spatial distribution of conversion term 2 in Fig. 5.6(b) with positive

values radially inwards and outwards of the outer convergence band (the SBC) with values

of largest magnitude found closer to the center of the TC. The sensitivity of conversion term

2 to the convergence induced by vertical wind shear as well to the intensity of the TC agrees

with the conclusions of Chapter 4.

Examining the spatial distribution of vorticity conversion term 1 also indicates that its

orientation is determined by the vertical wind shear. Given that conversion factor 1b (not

pictured) is always positive surrounding the center of the TC, the term responsible for

determining the sign of vorticity conversion term 1 is conversion factor 1a (not pictured). As

the inner core of the TC becomes more symmetric and the wind maximum becomes more

pronounced, the contribution from conversion factor 1a shifts from a weak quadrapole to

a strong dipole similar to conversion term 2. The increase in the magnitude of conversion

factor 1a is due to the intensification of the wind speed gradient surrounding the TC as

well as the increased inflow at this time due to the intensification of the TC resulting in

large along flow speed gradients. Fig. 5.4 shows a counterclockwise rotation of the dipole

axis as the vertical wind shear vector changes direction. Similar to the results presented in

the previous chapter, both the spatial extent and magnitude of the contribution from this
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term is limited relative to the second conversion term. The term itself cannot be discounted

though given that its position relative to conversion term 2 is responsible for the wavenumber

2 horizontal structure observed in the total conversion term. Like the second interchange

term the time of maximum vorticity conversions occurred during the hour of peak intensity.

An evaluation of the correlation between vorticity conversions and TC intensity change,

intensity, and strength are given in the next section after an evaluation of the initialization

scheme used in the HWRF is first presented.

5.2 Statistical Evaluation of Shear to Curvature
Vorticity Exchanges

5.2.1 Examination of the HWRF Vortex Initialization Scheme

The results in this section test the feasibility of using data from the initial vortex in the

HWRF hindcasts to determine whether there is any skill in predicting intensity changes using

shear to curvature vorticity interchanges. Before delving into this statistical evaluation, it

is meaningful to present data evaluating the consistency of TCs in the HWRF relative to

observations. Fig. 5.7(a) contains curves fit to the minimum sea level pressure and maximum

surface wind in the HWRF hindcasts at the initial hour and 6 hours into the hindcast as well

as corresponding information from the best track during the initial hour of the hindcast. In

each case, R2 values are greater than 0.9. The first detail of note is that there is relatively

strong correspondence between the HWRF initialized vortex and the best track data at the

initial hour as seen in Fig. 5.7(a). Thus, the initialization method produces a vortex with a

maximum surface wind and a minimum sea level pressure that correspond strongly with best

track observations. However, the relationship between the two datasets begins to degrade

above 50 m/s as the best track storms have an increasingly higher minimum pressure with

increasing wind speed than for a HWRF vortex with the same surface wind speed. The

difference can likely be attributed two either one of two scenarios. The first possibility is

related to the wind-pressure relationship prescribed by the initialization method which is

close to gradient wind balance for intense storms when cyclostrophic balance is likely more

appropriate. Secondly, the outer winds will continue to contract with increasing intensity

while the inner wind maxima reaches a point in which it is unable to contract to a radius

less than twice the length of the grid spacing. The resulting impact is a change in both the
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pressure gradient and minimum pressure likely accounting for a portion of the discrepancy

of the initial vortex with observations.

As seen in Fig. 5.7(a), the integration of the model results in a definitive shift in the wind-

pressure relationship towards a vortex with a much lower pressure for a given surface wind

speed. The change that occurs is the result of an initial vortex structure that is inconsistent

with respect to the model especially for more intense vortices. The leftward shift of the

curve that occurs during the first 6 hours can be attributed to the HWRF initialized vortex

being in a regime more characteristic of gradient wind balance when the model vortex is

closer to cyclostrophic balance. In actuality, assuming any form of balance between the

wind and mass field is a relatively crude approximation. As the hindcast is integrated, the

wind field appears to remain relatively constant while the minimum pressure decreases. This

alteration is consistent with high Rossby number regimes (Ro = V
fL

) in which the effects of

the centrifugal force trumps that of the Coriolis due to importance of the curvature of the

flow. The resulting effect is the redistribution of mass by the vortex in order to correctly

balance the pressure gradient with the wind field leading to an evacuation of mass from the

TC center to outer radii. This effect becomes more extreme with increasing intensity making

it questionable as to whether any of the initial structure is actually retained.

In an attempt to quantify the resulting changes that occur, the difference between the

wind-pressure relationships is presented in Fig. 5.7(b). The curve shows that the magnitude

of pressure change begins to exceed 10 hPa around 35 m/s and continues to increase with

intensity. By 60 m/s, the adjustment is 26 hPa representing an extreme change in the wind-

pressure relationships. While the magnitude of the adjustment is within reason for vortices

of moderate intensity, these results call into question as to whether the use of the vortex

replacement methodology used in the HWRF provides an increase in the initial skill of the

hindcast at predicting the maximum surface wind and minimum pressure of extremely intense

TCs. Specifically, these results beg the question of whether an intense, but unbalanced vortex

is better for initialization than a weaker, but balanced vortex.

Student’s t-tests were performed to objectively evaluate the extent of adjustment in the

vortex. The results indicate that the change in the wind-pressure relationship is statistically

significant for pressure during the first 6 hours of the hindcast. T-testing the maximum

surface wind in the initial vortex and best track data as well as the minimum sea level pressure

in those same two datasets yields p-values of 0.64 and 0.83 respectively. The magnitude of
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the p-values do not indicate that the means of the two populations are significantly different

from one another agreeing with the results in Fig. 5.7. T-tests computed for the HWRF data

6 hours into the hindcast and the corresponding best track data confirms the regime shift

displayed in the difference between the fitted curves. P-values decrease to 0.30 for maximum

surface wind and less than 0.01 for minimum sea level pressure. While the former indicates

that the means are not statistically different in the case of the maximum surface wind, the

p-value for minimum sea level pressure does indicate that the means of the two populations

are significantly dissimilar. These results support the physical explanation provided earlier

for the mechanism of the vortex adjustment in that changes occur most strongly in the mass

field. To test whether the results are merely a reflection of the inability of the HWRF to

properly model observed regime changes in wind-pressure relationships, Student’s t-tests are

also performed on best track data at hour 0 and hour 6. The p-values in this case are 0.82

for maximum surface wind and 0.82 for minimum sea level pressure further supporting the

hypothesis that changes in wind-pressure relationships are solely due to the adjustment of

the vortex rather than an inability of the model to capture observed structural changes. It

should also be noted that all of these results hold true for t-tests involving the data at 12

hours. Given the magnitude of the adjustment, it is difficult to state whether the initial

vortex in the HWRF actually provides a statistically meaningful improvement in predicting

the intensity and structure of a TC. Furthermore, reevaluation of the initialization scheme

may be necessary given the extent of the adjustment in the initial vortex.

To conclude the discussion on how realistic the initial vortex is as well as the degree of

adjustment that occurs, it is important to mention the relationship between TC intensity and

strength in the HWRF. Fig. 5.8 shows the relationship between intensity versus strength for

vortices at hour 0 in the hindcast versus hour 6. In nature, there is little correlation between

TC intensity and strength (Holland and Merrill , 1984), but both HWRF datasets indicate

an approximately linear relationship between the two parameters. R2 values are 0.70 and

0.75 for hours 0 and 6 of the hindcast respectively indicating a robust relationship with

intensity. Student’s t-tests comparing the population of strength at the initial time to hour

6 of the hindcast yields p-values of 0.18 showing that the means of the two populations are

not significantly different. This fact is indicative of the majority of the adjustment occurring

in the mass field as opposed to the wind field. Visual comparison of the datasets reveals a

decrease in the variance of strength for TCs with a maximum surface wind greater than 50
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m/s during the first 6 hours of the hindcast. The change in variance leads to an increase

in the average strength for more intense storms. This is demonstrated by the more linear

relationship between the two parameters at hour 6, which is at least partially related to

the gradient adjustment of the vortex. The fact that a relationship exists between strength

and intensity in the data is further proof that the structure of the vortex in the HWRF is

oversimplified.

5.2.2 Assessment of the Correlation Between Shear to Curvature
Vorticity Exchanges and Future Intensity

Given these results, it is now possible to discuss the statistical correlation between shear

to curvature vorticity exchanges as it pertains to intensity change. Before delving into this

discussion it is worth noting that this evaluation did not attempt to remove the mean flow

from the data. The unquantified sensitivity of the natural coordinate system to the reference

frame makes it difficult to make an objective comparison from case to case. Therefore, this

evaluation may not be properly quantifying shear to curvature vorticity exchanges from the

outset. As mentioned previously, 1.5◦ box averaged shear to curvature vorticity conversions

are examined along with a spectral analysis of shear to curvature vorticity conversions at a

radius of 0.5◦ from the center of the TC. The first treatment is hypothesized as an adequate

approach given that positive conversions predominate at all radii around the center of the

vortex for intense storms. Therefore, it would be expected that the box averaging of vorticity

conversions would accurately capture the areal increase in vorticity conversions. Spectral

analysis is also deemed to be useful given the wavenumber 1 and 2 structure that developed in

the spatial structure of vorticity conversions as discussed in Chapters 4 and 5. Wavenumber

0 is also deemed worthy of inclusion due to its observed importance in extremely intense TCs

with little to no contribution for weaker vortices. The spectral analysis utilizes the sum of

wavenumbers 0, 1, and 2 in an attempt to correlate shear to curvature vorticity conversions

with intensity change. After examining every vertical level over areas of varying sizes, little

correlation between intensity change and shear to curvature vorticity conversions is found to

exist. Additionally, attempting to find a correlation between intensity and any combination

of vorticity conversions or temporal changes in magnitude of vorticity conversions did not

result in any statistically significant correlations. Instead, the parameters chosen here are

due to their correlation with the current intensity of the vortex.
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Scatter plots representing the relationship between the two aforementioned treatments

and the change in intensity for the HWRF initial vortices can be found in Fig. 5.9. The

trends in the distribution of the data show a clustering about the zero intensity change

line for both small and large shear to curvature vorticity conversions indicating little skill

in predicting changes in the maximum surface wind. An attempt at curve fitting yielded

poor fits as indicated by R2 values of 0.08 and 0.04 for the box averaging and spectral

analysis respectively. Looking at other vertical levels and changing the area over which the

computations were performed yielded little change in the results. Furthermore, data at 6

and 12 hours into the hindcast did not show any improvement in the prediction of intensity

either using the same methodology.

The poor performance of shear to curvature vorticity conversions can likely be attributed

to the failure to remove the translation of the vortex from the data. Shear and curvature

vorticity along with the forcing components in the shear and curvature vorticity tendency

equations are sensitive to the inertial reference frame used. These terms are nonlinearly

dependent upon the magnitude of the zonal wind, the meridional wind, and geopotential.

Comparing the magnitude of shear to curvature vorticity conversions for a stationary TC

versus a TC with the same intensity, size, and strength that is moving will yield different

results. The data should be recomputed using storm relative coordinates in order to remove

the contribution resulting from storm motion. To a first order, the variance in the results is

likely explained by the varying translation speed and direction from case to case. In addition

to this, it is plausible that shear to curvature vorticity conversions are not a major player in

storm intensity changes especially since the initial hypothesis was that vorticity interchanges

were responsible for genesis and not rapid intensity change in mature TCs.

5.2.3 Evaluation of the Relationship Between Shear to Curvature
Vorticity Exchanges and Current Intensity

As previously mentioned, analysis of the data showed a better correlation between current

intensity and the parameters used in the analysis. Scatter plots representing the relationship

between vorticity interchanges and current intensity can be found in Fig. 5.10. Both plots

display a positive correlation between vorticity exchanges and wind speed with a linear

relationship for the spectral analysis and a more parabolic slope for the curve fit to the

box averaged values. The R2 values for the scatter plots are 0.59 and 0.50 for the box
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averaged and spectral analysis of the vorticity conversions respectively demonstrating that

the fitted curves explain a much higher proportion of the variance than in the plots of

intensity change. In each figure, weak-to-moderate intensity storms with intensities less than

40 m/s have relatively smaller shear to curvature vorticity conversions with a much smaller

spread than storms of greater intensities. In addition to this, storms of weak intensity also

have relatively low amounts of strength as indicated by the red coloring in each of the plots.

Given this fact, it appears that it is possible to predict the amount of vorticity conversions

that will occur for a storm of weak intensity or strength. The more nonlinear nature of

the relationship between box averaged vorticity conversions and intensity shows a similar

pattern with an increasingly larger changes in the amplitude of the vorticity conversions as

the storm intensifies. The difference in the fitted curves for the two plots likely is a result of

the regions of the vortex that they respectively cover. The spectral analysis examines shear

to curvature vorticity conversions at a specific radius close the inner core of the vortex in

which both positive and negative conversions increase with magnitude as intensity increases.

In contrast to this, box averaged values cover a larger area of the storm in which conversions

become predominantly positive with greater intensity. Fig. 5.2 provides an example of how

the areal extent of positive conversions increases with intensity. As the wind speed of a

given storm becomes larger and the shear to curvature interchanges increase, the amount of

variance for either of the two parameters also becomes larger. This is especially apparent in

the plot of the spectrally analyzed shear to curvature vorticity conversion values in which

the spread in the data increases substantially above 40 m/s, which could be attributable

to the increased spread associated with the relationship between intensity and strength at

higher wind speeds. Again, notice that intense storms are correlated with large amounts of

strength in both cases as shown by the blue colored data points. The spread in the data for

storms of great strength or intensity would make it more difficult to predict the magnitude

of the conversion as accurately as for less intense storms. The correlation in the data does

raise the question of whether the use of a HWRF initial vortex leads to a prescribed amount

of shear to curvature vorticity conversions for a given wind speed.

To explore this possibility computations were performed using the data at hour 6 from

each hindcast to determine whether the model retains this relationship during the hindcast.

Fig. 5.11(a) displays a fitted curve similar to the previous time for the box averaged values of

vorticity conversions, but with more negative vorticity conversions and a higher variability
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in the data especially for intense TCs. The resulting impact of these observed changes in the

data are a substantial decrease in its explained variance by 19%. The data for the spectral

analysis, Fig. 5.11(b), shows slightly different results as the relationship between strength

and the spectral analysis of vorticity conversions becomes more linear. The change in the

fitted curve is reflective of slightly higher values of vorticity conversions for all intensities

in the dataset. These differences may be a result of the change in structure related to the

adjustment of the vortex. Additionally, a more equal spread above and below the fitted curve

is noted at this later time with little change in the resulting value of R2. The lack of any

substantial regime changes shown in these scatter plots indicates that there is little change

in vorticity conversions due to gradient adjustment and does not conclude whether vorticity

conversions are prescribed by the insertion of the vortex. If the relationships in two datasets

were different, then the indication would be that the initial relationship was not physical.

Data at 12 hours into the hindcast also shows relationships similar to hour 6 confirming that

a relationship exists between intensity and shear to curvature vorticity interchanges.

5.2.4 Investigation of the Correlation Between Shear to Curvature
Vorticity Exchanges and Vortex Strength

Given that Figs. 5.10 and 5.11 showed that strength may be related to vorticity exchanges,

the relationship between these two quantities is also examined. As seen in Fig. 5.12,

vorticity conversions become larger with increasing strength for the box averaged values

while there are continually decreasing returns for increasing strength for the spectrally

analyzed vorticity exchanges. The difference in the trends of the two datasets may be

indicative of vorticity conversions becoming more positive and symmetric with increasing

strength. An examination of the figures makes it appear possible to reasonably predict

the amount of vorticity exchanges for either data treatment for strengths less than 1.5 ×

106. Strengths above this threshold have large variability that make any such prediction

impossible contributing to low R2 values (0.13 for the box averaged and 0.16 for the spectral

analysis) in each case. Based off of these results, it appears that there is only a relatively weak

relationship between strength and vorticity conversions at the initial time in comparison to

intensity.

Correlating strength and vorticity conversions at future times yielded changes in the

relationship for both data treatments. Fig. 5.13 shows slightly higher amounts of vorticity
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conversions observed for the spectral analysis and lower quantities of vorticity exchanges for

the box averaged treatment. Of particular importance is the lack of a decrease in vorticity

conversions with increasing strength for the spectral analysis of shear to curvature vorticity

conversions. The changes in the relationships that occur may imply asymmetrical vorticity

conversions becoming more important as the hindcast is integrated. This difference may be

attributable to the adjustment of the vortex. A more equal spread in the data are observed

for both fitted curves for storms of greater strength. No change in the R2 value was observed

for the box averaged correlations, but the correlation for the spectral analysis of shear to

curvature vorticity conversions improved as the R2 value increased by 10%. The lack of larger

correlation coefficients is indicative that strength and vorticity conversions remain relatively

weakly related throughout the hindcast in comparison to the correlation between intensity

and vorticity conversions.

As stated in Chapter 4, shear to curvature vorticity exchanges are the result of asym-

metries that develop in the vortex due to environmental interactions such as vertical wind

shear and the meridional gradient of planetary vorticity. Part of the variance in the figures

from this chapter for more intense storms may be attributed to the differing treatment of

the initial vortex with intensity. Specifically, the amount of time for which the vortex is run

through the simplified vorticity equation during initialization is dependent on its past and

present intensities which will likely effect the magnitude of the β effect. As noted earlier,

TCs in the HWRF have an increase in the magnitude and variability of strength for storms

of greater intensities. Given that the β effect is most strongly influenced by vortex strength

at radii of 300 km or more (Chan and Williams , 1987; Fiorino and Elsberry , 1989) indicates

that there may be a correlation between strength and vorticity conversions. This fact may

explain why more of a correlation between vorticity conversions and strength does not exist

given the limited radii used to calculate strength. In the absence of vertical wind shear

and background flow, the dominant forcing for asymmetries would be the β effect as seen

in Bender (1997). It is likely that the combination of varying strength for a given intensity

and varying time of integration explains a portion of the difference in asymmetries in two

TCs of the same intensity. Whether this amount is relevant with respect to the variability

in vorticity conversions caused by the background flow remains unclear.
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Figure 5.1: Time series of the maximum surface wind speed and minimum sea level pressure
for best track versus the initial conditions for every HWRF hindcast of TC Emily (2005).
Minimum sea level pressure is plotted as a solid line and surface wind speed is plotted as a
dashed line.

(a) (b)

Figure 5.2: 850 hPa plan view of the shear to curvature vorticity conversion term for TC
Emily at (a) 1200 UTC 14 July 2005 and (b) 1200 UTC 17 July 2005. All values are in 10−8

s−2.
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(a) (b)

Figure 5.3: Time series of the (a) maximum surface wind speed for TC Emily and spectral
analysis of 850 hPa shear to curvature vorticity conversion term (10−8 s−2) for wavenumber
0, wavenumber 1, wavenumber 2, and the sum of wavenumbers 0, 1, and 2 at a radius of 0.4◦

and (b) maximum surface wind speed for TC Emily and 1.5◦ box averaged 850 hPa shear to
curvature vorticity conversion term (10−9 s−2).

(a) (b)

Figure 5.4: As in Fig. 5.2, but for shear to curvature vorticity conversion term 1.
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(a) (b)

Figure 5.5: As in Fig. 5.2, but for shear to curvature vorticity conversion term 2.

(a) (b)

Figure 5.6: As in Fig. 5.2, but for diffluence (shaded) and shear to curvature vorticity
conversion term 2 (red contours). Values of diffluence are in 10−4 s−1. Only positive contours
are drawn at intervals of 20 × 10−8 s−2 for shear to curvature vorticity conversion term 2.
Areas within tight contour gradients correspond to values of 80 × 10−8 s−2 or more.
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(a)

(b)

Figure 5.7: Wind-pressure relationships for (a) hindcast hour 0, hindcast hour 6, and the
corresponding best track data at hindcast hour 0 for the HWRF hindcasts. (b) Difference
between the wind-pressure relationships for hindcast hours 0 and 6 for the HWRF hindcasts.
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(a)

(b)

Figure 5.8: Current maximum surface wind versus current strength for the HWRF hindcasts
at (a) hindcast hour 0 and (b) hindcast hour 6. All values for strength are in 106 m2/s.
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(a)

(b)

Figure 5.9: Scatterplots of the change in the maximum surface wind and the (a) 1.5◦ box
averaged 850 hPa vorticity conversion term (10−9 s−2) and the (b) sum of wavenumbers 0,
1, and 2 from the spectral analysis of the 850 hPa vorticity conversion term (10−8 s−2) at a
radius of 0.5◦ from the center of the TC for the HWRF hindcasts.
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(a)

(b)

Figure 5.10: As in Fig. 5.9, but for the current maximum surface wind instead of the 12
hour change in the maximum surface wind. Shading is used to indicate TC strength in which
weak TCs are in the bottom 25% of cases and strong TCs are in the top 25% of cases.
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(a)

(b)

Figure 5.11: As in Fig. 5.9, but for the current maximum surface wind at hindcast hour 6
instead of the 12 hour change in the maximum surface wind. Shading is used to indicate TC
strength in which weak TCs are in the bottom 25% of cases and strong TCs are in the top
25% of cases.
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(a)

(b)

Figure 5.12: As in Fig. 5.9, but for the current strength instead of the 12 hour change in
maximum surface wind. All values of strength are in 106 m2/s.
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(a)

(b)

Figure 5.13: As in Fig. 5.9, but for the current strength at hindcast hour 6 instead of the 12
hour change in maximum surface wind.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The objective of this study was to use curvature vorticity and shear vorticity to describe

changes in TC intensity and structure. As previously discussed, increasing values of

cyclonic curvature vorticity and cyclonic shear vorticity are associated with larger inertial

stability. Increasing inertial stability implies an increase in the efficiency of heating in the

vortex (Schubert and Hack , 1982; Hack and Schubert , 1986). Using the Eliassen vortex

model (Eliassen, 1951), it was hypothesized that increasing inertial stability associated with

larger amounts of curvature vorticity, shear vorticity, or exchanges amongst the two could

result in the initiation of a nonlinear feedback mechanism between the primary circulation

of the vortex and the diabatic heating associated with the convective scales using the theory

given by Shapiro and Willoughby (1982). Additionally, the relevance of the shear to curvature

vorticity conversion term was explained by noting the increased inertial stability for an

equivalent increase in curvature vorticity and decrease in shear vorticity due to vorticity

exchanges.

6.1 Mesoscale Curvature Vorticity and Shear
Vorticity Budgets

A case study of TC Ivan (2004) simulated with the MM5 was used to calculate curvature

vorticity and shear vorticity budgets. The terms from both vorticity tendency equations

showed substantial sensitivity to the generally northerly to northeasterly vertical wind shear

that was present throughout the simulation. The vertical wind shear induced substantial

asymmetries in each term such that sizable positive and negative tendencies generally existed

for all terms throughout the vertical. Given that the budget study was conducted in an

Earth relative reference frame, the Eulerian time tendency and horizontal advection term
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from each of the vorticity tendency equations were ignored. Of the remaining terms, the

vertical advection term, the vorticity conversion term, the stretching term, and the tilting

term were all shown to have considerable magnitudes for both vorticity tendency equations.

The first portion of Chapter 4 examined each of the relevant terms in the curvature

vorticity tendency equation. Conclusions concerning the net contribution of each term from

both vorticity tendency equations near the center of the TC were made by observing the

evolution of each term on the scales of azimuthal wavenumbers 0, 1, and 2 throughout the

simulation. These tendencies were typically confined to within 0.25◦ of the vortex center

due to its small size. The vertical advection of curvature vorticity was shown to have a

net negative contribution at lower levels (below 850 hPa) and positive tendencies above

this consistent with the net upward flux of curvature vorticity within the vertical. The

shear to curvature vorticity conversion term displayed a dipole with positive conversions

on the eastern side of the vortex and negative conversions on the western side. These

conversions were hypothesized to be forced from the diffluence induced by vertical wind

shear. This signal was strongest at lower levels and gradually weakened with height. The

stretching of curvature vorticity was also shown to have a strong wavenumber 1 signal with

positive tendencies on the southern side of the vortex in areas of convergence and negative

tendencies on the northern side of the vortex in areas of divergence. As the vertical wind

shear vector strengthened and rotated back to a more northerly orientation, the positive and

negative stretching tendencies rotated clockwise with the vertical wind shear vector. The

net contribution of this term indicated positive tendencies associated with stretching below

700 hPa. Areas of net negative tendencies were found above this level consistent with the

destruction of cyclonic curvature vorticity due to divergence at upper levels. Towards the

latter hours of the simulation, negative tendencies were also observed inwards of the positive

maximum in association with an eye-like feature. The tilting of curvature vorticity was

typically observed to have a positive maximum on the western side of the vortex at lower

levels with negligible tendencies on the eastern side. Substantial asymmetries were observed

throughout the vertical for the tilting term with little temporal coherency on the scale of

wavenumber 0.

The asymmetrical nature of the curvature and shear vorticity tendency terms made it

difficult to visually interpret their net impact on the evolution of the vortex. To resolve this

issue, layer averages of the previously mentioned terms and their magnitudes were computed,
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compared, and correlated with changes in minimum sea level pressure. It should be noted

that the choice of horizontal area and vertical levels used for layer averaging for both vorticity

tendency equations could have masked any true correlations with intensity change that may

have actually existed in the data. In addition to this, the small sample size of the population

calls into question whether the correlation coefficients were statistically significant. Layer

averages of the magnitudes of each term showed considerable increases in all terms studied

at lower levels in the simulation. The most important terms at this level were the shear

to curvature vorticity conversion term, the stretching term, and the tilting term. All

tendencies were observed to decrease in magnitude with increasing height consistent with

what would be expected for tendencies associated with a warm core vortex. In particular, the

magnitude of the stretching term was observed to decrease with height most precipitously

causing it to become of secondary importance at mid-to-upper levels. The majority of the

results of layer averages of terms yielded data that requires more interpretation given its

temporal variability as well as having a sign contrary to dynamical intuition. The positive

tendencies of the stretching term at low-to-mid levels and negative tendencies of the vertical

advection of vorticity at low levels were among the only data that appeared as expected

from previous studies. The average magnitudes of the correlation coefficients between the

curvature vorticity tendency terms and intensity change were typically around 0.30 with a

maximum magnitude of 0.52 for the stretching term in the lowest layer of the atmosphere.

The magnitude of the correlation coefficients typically decreased with height for all terms.

Similar to the results of the layer averages, the values of some of the correlation coefficients

require additional examination. While results hinted at weak relationships between intensity

change and the various terms in the curvature vorticity tendency equation, no single term

was observed to have a strong relationship with changes in intensity.

The second portion of Chapter 4 studied the relevant terms in the shear vorticity tendency

equation. The net tendencies associated with vertical advection of vorticity yielded negative

tendencies that tilted radially outwards with height. Radially inwards of these negative

tendencies, beginning at approximately 850 hPa, were positive shear vorticity tendencies.

These patterns in the tendency associated with vertical advection of vorticity were due to the

reversal of the vertical vorticity gradient in the horizontal near the RMW due to its outward

expansion with height. At lower levels, the stretching term in the shear vorticity equation

was shown to have net positive tendencies found at the surface due to surface convergence
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and negative tendencies aloft due to compensating divergence. Negative tendencies were

also observed to be close to the center throughout the simulation in association with the

divergent motion from an eye-like feature. Lastly, the tilting of shear vorticity generally had

a maximum in positive tendencies that wrapped around the vortex in a counterclockwise

manner from its southwestern to its eastern side at low levels. An area of negative tendencies

were consistently found radially outwards of this region. Later on in the simulation, positive

tendencies associated with the tilting of shear vorticity also became substantial in magnitude

on the western side of the vortex due to the development of a new outer band of convergence.

Like the signal of wavenumber 0 for the tilting of curvature vorticity, there was no consistent

contribution from this term during the simulation.

Similar to the treatment of the terms from the curvature vorticity tendency equation,

layer averages of the shear vorticity tendency terms were used for intercomparison and

correlation with changes in minimum sea level pressure. With the exception of the tilting

term, the three remaining terms showed considerable increases in magnitude during the

simulation. The increases in the stretching and vertical advection terms were not on the

scale of those seen for the terms in the curvature vorticity tendency equation. The layer

averages of the magnitudes of terms showed the curvature to shear vorticity conversion term

to be the dominant of the four at low levels. Its relative importance decreased at mid-to-

upper levels as it and the tilting term had the largest values. As was the case for the curvature

vorticity tendency equation, the results for the layer averages of the shear vorticity tendency

equation terms require additional work before conclusions can be made. Of the results that

were meaningful were the negative vertical advection tendencies in the lowest layer and

positive tendencies at upper levels associated with the net vertical flux of vorticity upwards

in the vertical. The average value of the correlation coefficients had a magnitude around

0.30 with a maximum magnitude of -0.39 for stretching at mid-levels. Further investigation

of these results are necessary to correctly interpret the values of correlation coefficients for

some of the terms. Once again, only weak relationships with intensity change were shown

for each of the terms. These correlations were even smaller, on average, than those for the

corresponding terms in the curvature vorticity tendency equation.

Given the sensitivity of curvature and shear vorticity to the reference frame used, a

preliminary analysis of vorticity budgets was also provided in storm relative coordinates.

The use of this coordinate system provided meaningful interpretation to the Eulerian time
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tendency and horizontal advection terms by eliminating the contribution of the translation of

the TC from these terms. A preliminary analysis of these budgets at 900 hPa was presented in

Section 4.5 and showed substantial differences between the Earth relative and storm relative

Eulerian time tendency terms with more minor differences in the horizontal advection and

tilting terms between reference frames. Specifically, there were indications that the Eulerian

time tendency term in the curvature vorticity tendency equation was sensitive to changes in

the intensity of the TC while the corresponding term in the shear vorticity tendency equation

did not show such a relationship. Both the horizontal advection and tilting terms showed

stronger vorticity tendencies in the storm relative reference frame. Of the remaining terms,

the vertical advection, vorticity conversion, and stretching terms exhibited little sensitivity

to the change in reference frame.

6.2 Statistical Analysis of Intensity Change and
Shear to Curvature Vorticity Conversions

The second portion of this study attempted to find a correlation between the shear

to curvature vorticity conversion term and intensity change using data from the initial

hour of HWRF hindcasts of selected TCs from 2004–2006 Atlantic hurricane season. The

ultimate goal of this investigation was to find a statistically significant correlation for use

as an operational intensity change forecasting parameter at NCEP. Before the results of the

correlation were presented, a case study, TC Emily (2005), was presented in order to validate

that vorticity conversions are primarily influenced by the circulation induced by vertical wind

shear.

Although preliminary, the statistical analysis did not show evidence of a relationship

between intensity change and vorticity conversions. Rather, a strong correlation between

vorticity conversions and intensity at the initial hour of the hindcast was observed. A robust

relationship between current strength and intensity change was found as well. Much of this

correlation was hypothesized to have resulted from the initialization method used although

further investigation is required. The use of the initialization scheme was thought to be

equivalent to prescribing a given amount of vorticity conversions for a vortex of a given

intensity. In spite of the strong agreement between the observed and initial vortex minimum

sea level pressure and maximum wind speed, the strong relationship between intensity and

strength indicated that the structure of the initial TC was fairly idealized.
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Further supporting the idealized nature of the initial vortex was the gradient adjustment

that occurred during the initial hours of the hindcast. An analysis of the evolution of the

wind-pressure relationships was used to gauge the extent of the adjustment of the vortex.

The results showed significant changes in the mass field during the first 6 hours of the

hindcast indicating that the initial structure of the vortex was not consistent with the model.

The adjustment became even more extreme with increasing intensity such that very intense

storms appear to enter an entirely different regime of wind-pressure relationships than from

the best track data. In spite of this change in structure, the relationship between vorticity

conversions and intensity is not observed to change dramatically between hours 6 and 12.

Attempts at computing correlations between vorticity conversions and intensity change at

hours 6 and 12 in the hindcast did not yield any improvement relative to the initial time.

While the diagnostic relationship between the shear to curvature vorticity conversion term

and intensity change appears to be strongly influenced by the vortex replacement method

used in the HWRF, the spatial resolution of the model and the parameterization schemes

used likely play an important role as well.

6.3 Future Work

Of primary importance for future research is performing all computations using the

correct derivation of the shear and curvature vorticity tendency equations as provided

in Viúdez and Haney (1996). To accomplish this, the vorticity tendency equations in

Cartesian coordinates will need to be derived anew. Additionally, a more extensive analysis

of the curvature and shear vorticity budgets is necessary in a storm relative reference frame to

test the sensitivity of the results presented here. Further work is necessary to determine how

extensive the differences between terms in the different reference frames are and whether the

physical interpretation of each term changes. Most importantly, efforts need to be focused on

providing rationale behind the Eulerian time tendency and horizontal advection terms which

were excluded from the current analysis. Analysis of the budgets from two additional cases,

TCs Dennis (2005) and Helene (2006), not included here due to time restrictions, would be

beneficial in order establish some overlying trends in the data in addition to increasing the

statistical significance of the results.

Future budget studies should expand upon the results obtained in this study in regards to
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the correlation between intensity change and the vorticity tendency terms. Specifically, focus

should be placed on interpreting the results of the correlation analysis in order to provide

dynamical interpretation to the data. This would be especially useful for results that are

currently unclear such as the existence of positive correlation coefficients for the tendency

terms in the lowest vertical layer studied. In addition to this, different combinations of

vertical levels should be chosen for correlation with changes in intensity to test the robustness

of the correlations computed in this study. More of an effort should be made to understand

the relevance of the asymmetrical spatial distribution of each of the terms in the tendency

equations and how this influences the temporal variability of intensity and structure in a

TC. Examining these terms from a symmetric versus asymmetric perspective would be an

interesting approach towards evaluating the data as well.

While the error reduction methodology was helpful in closing the vorticity budgets, future

investigations would benefit from a more concerted effort in trying to limit the errors arising

in the budget computations. Specifically, terms should be computed on the native model

grid using the differencing schemes utilized in the MM5. Data should also be outputted at

a significantly higher temporal frequency in order to properly observe features important on

the mesoscale. In addition to this, the friction term should be calculated as it appears in

the model to avoid the introduction of error from the use of an alternative scheme such as

that used in this study. If the use of the error reduction methodology is still required, the

sensitivity of the terms in the budgets to this approach should be more rigorously quantified

to determine how significantly the interpretation of the data is being changed.

An additional set of experiments should be conducted using the same methodology from

Chapter 5 but with storm relative coordinates to determine if a link exists between intensity

change and the shear to curvature vorticity interchange term. The inconsistencies existing

from case to case in regards to the translation speed would make such an analysis more

credible. Other terms in the vorticity tendency equations should also be tested to determine

if any statistically significant correlation exists with intensity changes or intensity. It would

also be interesting to use a dataset other than the HWRF both to serve as an intercomparison

as well as to avoid the issues resulting from the vortex initialization methodology.

Lastly, the results presented here have indicated that issues exist with the structure of

the initial vortex used in the HWRF. Testing should be undertaken to further investigate

how idealized the initial structure of the initial vortex is. Specifically, wind profiles
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utilizing Holland’s methodology (Holland , 1980) should be computed for a given intensity to

determine the degree to which the initial vortex is altered by the use of the 3-D VAR data

assimilation. Comparisons of the degree of adjustment for this vortex versus those used in

other operational models could serve as a means for estimating the relative performance of

the initialization scheme used in the HWRF.
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APPENDIX A

DERIVATION OF NATURAL COORDINATE

EXPRESSIONS FOR THE SHEAR AND

CURVATURE VORTICITY TENDENCY

EQUATIONS

The following section provides an explicit derivation of the curvature and shear vorticity

tendency equations from the momentum equations in natural coordinates. From Section 2.4,

the momentum equations in natural coordinates are:

dV

dt
= −

δφ

δs
(A.1)

V
dα

dt
= −fV −

δφ

δn
(A.2)

Section 2.4 should be referenced for the definition of the terms and variables for all equations.

Additionally, directional derivatives are used in place of partial derivatives for derivatives

with respect to s and n. Please refer to Section 2.1 for an explanation of the necessity of the

use of directional derivatives.

Before deriving the shear and curvature vorticity tendency equations, it is necessary to

define rules for interchanging partial derivatives in the natural coordinate system. Due to

the fact that the coordinate system uses the velocity vector to define its relative orientation,

interchanging derivatives leads to the introduction of terms involving α as seen below:

δ

δs
(
∂λ

∂r
) =

∂

∂r
(
δλ

δs
) −

∂α

∂r

δλ

δn
(A.3)

δ

δn
(
∂λ

∂r
) =

∂

∂r
(
δλ

δn
) +

∂α

∂r

δλ

δs
(A.4)
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δ

δn
(
δλ

δs
) =

δ

δs
(
δλ

δn
) +

δα

δs

δλ

δs
+

δα

δn

δλ

δn
(A.5)

where the variable r represents either the t or p (assuming isobaric coordinates) and λ is a

scalar (e.g. geopotential). Below are the equations for divergence and vorticity as presented

in Chapter 2:

∇p · V =
δV

δs
+ V

δα

δn
(A.6)

k · (∇p × V) = −
δV

δn
+ V

δα

δs
(A.7)

The two vorticity tendency equations are derived next. δ
δn

of Eq. A.1 is taken for the shear

vorticity tendency equation and δ
δs

of Eq. A.2 is taken for the curvature vorticity tendency

equation while using Eqs. A.3, A.4, A.5, A.6, A.7, and the expression df

dt
= V δf

δs
to complete

the derivation. The shear vorticity tendency equation is derived below:

δ

δn
(
dV

dt
) =

δ

δn
(−

δφ

δs
)

δ

δn
(
∂V

∂t
) +

δV

δn

δV

δs
+ V

δ

δn
(
δV

δs
) +

δω

δn

∂V

∂p
+ ω

δ

δn
(
∂V

∂p
)

=
δ

δn
(−

δφ

δs
)

δ

δn
(
∂V

∂t
) + (

δV

δn
)(∇p · V ) + V

δ

δs
(
δV

δn
) + V

δα

δs

δV

δs
+

δω

δn

∂V

∂p

+ ω
δ

δn
(
∂V

∂p
) =

δ

δn
(−

δφ

δs
)

The second equation of the three is obtained by taking the first and expanding the material

derivative on the left hand side and applying δ
δn

to each of the terms. The third equation

in the set can be derived by using Eq. A.5 to interchange the partial derivatives in the third

term of the second relation and then collecting the terms associated with the divergence of

shear vorticity.

∂

∂t
(
δV

δn
) + (

δV

δn
)(∇p · V ) + V

δ

δs
(
δV

δn
) + V

δα

δs

δV

δs
+

∂α

∂t

δV

δs

+
δω

δn

∂V

∂p
+ ω

∂

∂p
(
δV

δn
) + ω

∂α

∂p

δV

δs
=

δ

δn
(−

δφ

δs
)
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d

dt
(−

δV

δn
) =

δV

δs

dα

dt
+

δ

δn
(
δφ

δs
) − (−

δV

δn
)(∇p · V) +

δω

δn

∂V

∂p
(A.8)

The first of the two above expressions is obtained by applying Eq. A.4 to the first and last

terms on the left hand side of the last expression from the previous set of relations. The

final form of the natural coordinate equation for the shear vorticity tendency is obtained by

collecting terms to complete the material derivatives in the following terms: d
dt

(− δV
δn

) and

δV
δs

dα
dt

. The curvature vorticity tendency equation is derived next:

δ

δs
(V

dα

dt
) =

δ

δs
(−fV −

δφ

δn
)

δV

δs

dα

dt
+ V

δ

δs
(
dα

dt
) = −V

δf

δs
− f

δV

δs
−

δ

δs
(
δφ

δn
)

δV

δs

dα

dt
+ V

δ

δs
(
∂α

∂t
+ V

δα

δs
+ ω

∂α

∂p
) = −

df

dt

− f
δV

δs
−

δ

δs
(
δφ

δn
)

The second equation is obtained from first expression by expanding both sides of equation

and applying δ
δs

to each term. The next relation is obtained by expanding the second material

derivative on the left hand side of the equation and using the fact that df

dt
= V δf

δs
to simplify

the expression.

δV

δs

dα

dt
+ V

δ

δs
(
∂α

∂t
) + V

δ

δs
(V

δα

δs
) + V

δω

δs

∂α

∂p
+ ωV

δ

δs
(
∂α

∂p
)

= −
df

dt
− f

δV

δs
−

δ

δn
(
δφ

δs
) +

δα

δs

δφ

δs
+

δα

δn

δφ

δn

δV

δs

dα

dt
+ V

δ

δs
(
∂α

∂t
) + V

δ

δs
(V

δα

δs
) + V

δω

δs

∂α

∂p
+ ωV

δ

δs
(
∂α

∂p
)

= −
df

dt
− f

δV

δs
−

δ

δn
(
δφ

δs
) −

δα

δs
(
dV

dt
) −

δα

δn
(V

dα

dt
+ fV )

δV

δs

dα

dt
+ V

∂

∂t
(
δα

δs
) − V

∂α

∂t

δα

δn
+ V

δ

δs
(V

δα

δs
) + V

δω

δs

∂α

∂p

+ ωV
δ

δs
(
∂α

∂p
) = −

df

dt
− f

δV

δs
−

δ

δn
(
δφ

δs
) −

δα

δs

∂V

∂t

− V
δα

δs

δV

δs
− ω

δα

δs

∂V

∂p
− V

δα

δn

dα

dt
− fV

δα

δn
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In the above grouping of equations, the first is obtained by breaking apart the last term on

the left hand side of last equation from the previous set and using Eq. A.5 to interchange

partial derivatives for the last term on the right hand side of the equation. The second to

last term in second equation of the three from above uses Eq. A.1 to substitute in for δφ

δs

while the last term in that same expression utilizes Eq. A.2 to substitute in for δφ

δn
. The last

relation in this set is obtained by using Eq. A.3 to exchange partial derivatives in the term

V δ
δs

(∂α
∂t

) and then expanding the second to last term from the previous equation.

∂

∂t
(V

δα

δs
) + V

δ

δs
(V

δα

δs
) +

df

dt
= −

δV

δs

dα

dt
− V

δω

δs

∂α

∂p

−
δ

δn
(
δφ

δs
) − f(∇p · V ) + V

∂α

∂t

δα

δn
− ωV

∂

∂p
(
δα

δs
) + ωV

∂α

∂p

δα

δn

− V
δα

δs

δV

δs
− ω

δα

δs

∂V

∂p
− V

δα

δn
(
dα

dt
)

∂

∂t
(V

δα

δs
) + V

δ

δs
(V

δα

δs
) + ω

∂

∂p
(V

δα

δs
) +

df

dt
= −

δV

δs

dα

dt

− V
δω

δs

∂α

∂p
−

δ

δn
(
δφ

δs
) − f(∇p · V ) + V

∂α

∂t

δα

δn
+ ωV

∂α

∂p

δα

δn

− V
δα

δs

δV

δs
− V

δα

δn

∂α

∂t
− V

δα

δn
V

δα

δs
− ωV

δα

δn

∂α

∂p

df

dt
+

d

dt
(V

δα

δs
) = −

δV

δs

dα

dt
−

δ

δn
(
δφ

δs
) − f(∇p · V )

− V
∂α

δs
(∇p · V) − V

δω

δs

∂α

∂p
(A.9)

d

dt
(f + V (

δα

δs
)) = −

δV

δs

dα

dt
−

δ

δn
(
δφ

δs
) − (f + V

δα

δs
)∇p · V − V

δω

δs

δα

∂p
(A.10)

The first relation from the set is obtained by collecting the terms associated with the

divergence of planetary vorticity and by combining V ∂
∂t

( δα
δs

) and − δα
δs

∂V
∂t

into one term.

The next expression is obtained by expanding the material derivative in the last term of

the previous equation and by merging ω ∂V
∂p

δα
δs

and ωV ∂
∂p

( δα
δs

) into one term. In the next

equation, the first three terms on the left hand side of preceding equation are merged into

the material derivative of curvature vorticity. Additionally, two sets of the terms (V ∂α
∂t

δα
δn

and ωV ∂α
∂p

δα
δn

) in this same expression are equal and opposite and will cancel. V δV
δs

V δα
δn

and V δV
δs

δV
δs

can also be brought together into one term representing the divergence of

curvature vorticity. To obtain the tendency equation for absolute curvature vorticity, the
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terms representing the divergence of planetary vorticity and curvature vorticity are merged

into one term representing the divergence of absolute curvature vorticity. Following the

same arguments, the material derivative of planetary vorticity and curvature vorticity are

combined into a term representing the material derivative of absolute curvature vorticity

concluding the derivation (Bell and Keyser , 1993).
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APPENDIX B

DERIVATION OF CARTESIAN COORDINATE

EXPRESSIONS FOR SHEAR AND CURVATURE

VORTICITY TENDENCY EQUATIONS

Given the difficulty of quantitatively evaluating the shear and curvature vorticity ten-

dency equations in natural coordinates, it is necessary derive expressions in an alternative

coordinate system to simplify the computations. The following is an explicit derivation of

equivalent Cartesian coordinate expressions for the shear and curvature vorticity tendency

equations in natural coordinates. The transformation of the equations into the Cartesian

coordinate system allows for relatively simple evaluation of the respective terms using finite

differencing.

The procedure used in the following derivation is same as that given by Bell and Keyser

(1993). Each term in the vorticity equations will be transformed with the exception of

the divergence term whose form is trivial given knowledge of the other terms. Each of the

following variables are representative of the same quantities as in Chapter 2. Additionally,

directional derivatives are used in place of partial derivatives with respect to s and n.

Chapter 2 should be referenced for more information on the necessity of the use of directional

derivatives.

The conversion of coordinate systems requires defining the Cartesian coordinates (x, y, p)

in terms of natural coordinates (s, n, p) using basic trigonometry. Using the angle α to define

the orientation of the natural coordinate axes with respect to Cartesian coordinates yields

the following relations:

x = s cos α (B.1)

y = s sin α (B.2)
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Eqs. B.1 and B.2 are expressions for the s-axis in Cartesian coordinates. Using these

equations along with the fact that n = k × s yield similar expressions for the n-axis:

x = −n sin α (B.3)

y = n cos α (B.4)

Using Eqs. B.1, B.2, B.3, and B.4 makes it possible to use the chain rule to obtain relations

for derivatives with respect to s and n. Noting that cosα = u
V

and sin α = v
V

, the expression

for the directional derivative with respect to s is derived below:

δ

δs
=

δx

δs

∂

∂x
+

δy

δs

∂

∂y

δ

δs
=

δ

δs
(s cos α)

∂

∂x
+

δ

δs
(s sin α)

∂

∂y

δ

δs
=

u

V

∂

∂x
+

v

V

∂

∂y
(B.5)

Following this is the derivative with respect to n:

δ

δn
=

δx

δn

∂

∂x
+

δy

δn

∂

∂y

δ

δn
=

δ

δn
(−n sin α)

∂

∂x
+

δ

δn
(n cos α)

∂

∂y

δ

δn
= −

v

V

∂

∂x
+

u

V

∂

∂y
(B.6)

Eqs. B.5 and B.6 represent two of the four equations necessary to complete the derivation

of the vorticity tendency equations. The other two expressions involve general relations for

the differentiation of V and α in Cartesian coordinates. Remembering the definition of these

two variables, it is possible to deduce the necessary relationships. The first expression to be

derived will be for any derivative of V :
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∂V

∂r
=

∂

∂r
(u2 + v2)

1

2

∂V

∂r
=

1

2
(2(u∂u

∂r
+ v ∂v

∂r
))

(u2 + v2)
1

2

∂V

∂r
=

u

V

∂u

∂r
+

v

V

∂v

∂r
(B.7)

where the variable r represents either x, y, p, or t. Next, the equation for the general

Cartesian relation for all derivatives of α is given as follows:

∂α

∂r
=

∂

∂r
(arctan

v

u
)

∂α

∂r
=

1

u
∂v
∂r

− v
u2

∂u
∂r

u2

u2 + v2

u2

∂α

∂r
= −

v

V 2

∂u

∂r
+

u

V 2

∂v

∂r
(B.8)

Note that the derivative of arctanx (arctanx = 1

1+x2 ) is used in the derivation to obtain the

second equation.

Using Eqs. B.5, B.6, B.7, and B.8 makes it possible to derive Cartesian coordinate

expressions for the natural coordinate vorticity tendency equation terms. The first term

that will be derived is the expression for shear vorticity:

−
δV

δn
= −

v

V

∂V

∂x
+

u

V

∂V

∂y

−
δV

δn
= −

v

V
(
u

V

∂u

∂x
+

v

V

∂v

∂x
) +

u

V
(
u

V

∂u

∂y
+

v

V

∂v

∂y
)

−
δV

δn
= −

1

V 2
(u2

∂u

∂y
− v2

∂v

∂x
− uv(

∂u

∂x
−

∂v

∂y
)) (B.9)

where Eq. B.6 is used to obtain the second equation after which relation B.7 is utilized to

derive the final equation. Following this is the conversion of the expression for curvature
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vorticity into Cartesian coordinates:

V
δα

δs
= V (

u

V

∂α

∂x
+

v

V

∂α

∂y
)

V
δα

δs
= −

u

V 2
(v

∂u

∂x
+ u

∂v

∂x
) +

v

V 2
(u

∂v

∂y
− v

∂u

∂y
)

V
δα

δs
=

1

V 2
(u2

∂v

∂x
− v2

∂u

∂y
− uv(

∂u

∂x
−

∂v

∂y
)) (B.10)

where Eq. B.5 is used in the first step and Eq. B.8 is used in the second step.

Next is the derivation of the shear to curvature vorticity conversion terms which is found

below starting with conversion factor 1a:

δV

δs
=

u

V

∂V

∂x
+

v

V

∂V

∂y

δV

δs
=

1
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(u(

u

V
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∂x
+

v

V
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u

V

∂u
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v

V
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))
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V 2
((u2

∂u
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+ v2

∂v

∂y
) + uv(

∂v

∂x
+

∂u

∂y
)) (B.11)

Eq. B.5 is used to obtain the derivative of V with respect to s followed by the use of Eq. B.7

to eliminate the derivatives with respect to V . Following this is the derivation of shear to

curvature vorticity conversion factor 1b. Vorticity conversion factor 1b utilizes the inviscid

momentum equations in isobaric coordinates to eliminate the material derivatives. The

inviscid momentum equations in isobaric coordinates are found below:

du

dt
= fv −

∂φ

∂x
(B.12)

dv

dt
= −fu −

∂φ

∂y
(B.13)

Using Eqs. B.12 and B.13, the derivation of the Cartesian coordinate expression for

conversion factor 1b is presented as follows:

dα

dt
= −

v

V 2

du

dt
+

u

V 2

dv

dt

dα

dt
=

1

V 2
(−v(fv −

∂φ
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) + u(−fu −

∂φ

∂y
))

dα

dt
= −f +

1

V 2
(v

∂φ

∂x
− u

∂φ

∂y
) (B.14)
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In the above derivation, Eq. B.8 is used to obtain the right hand side of the first line. Next,

the inviscid momentum equations, Eqs. B.12 and B.13, are used to substitute in for du
dt

and

dv
dt

. The subsequent series of expressions feature the steps needed to obtain the equation for

conversion term 2:

δ
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The first step in the first equation uses Eq. B.5 to obtain a relation for δφ

δs
. Following this,

Eq. B.6 is applied to every term on the right hand side of the first line.
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) (B.15)

To simplify the equation, the first, fifth, ninth, and thirteenth terms in the previous step

are multiplied by u2+v2

V 2 . The final form of the equation is obtained by eliminating terms
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that are equal and opposite. The last two sets of equations are the tilting terms for the

curvature vorticity and shear vorticity tendency equations respectively. The derivation of

the expression for the curvature vorticity tilting term is provided first:

−V
δω
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∂p
= −V (
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)) (B.16)

The curvature vorticity tilting term derivation consists of applying Eq. B.5 to ω to obtain

the right hand side of the above equation and expanding those terms to obtain the final

result. Finally, the derivation of the shear vorticity tilting term is given below:
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)) (B.17)

Eq. B.17 utilizes Eq. B.6 to obtain the right hand side of the equation which is then expanded

to obtain the final form of the expression (Bell and Keyser , 1993).
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