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ABSTRACT 

It is a generally accepted fact that convection plays an important role in tropical 

cyclone intensificat ion, yet convective-scale processes are absent from many tropical cy-

clogenesi.s theories. Results from cloud-resolving, full-physics simulations carried out with 

the CSU RAMS suggest that convective-scale dynamical processes play a significant, if not 

crucial, role in the transition from a midlevel MCV to a tropical cyclone. In addition, deep 

convective hot towers occurring within this environment possess large, localized positive 

vertical vorticity values generated by the tilting and stretching of MCV related vorticity on 

the updraft scale. This study seeks to understand both the role that deep convection plays 

in tropical cyclone formation and how the vortical nature of these hot towers influences the 

formation process. 

First, we conduct a simple correlation analysis to demonstrate that deep convective 

activity is statistically related to mesoscale intensification. This analysis confirms that 

intensification of the midlevel mesoscale vortex lags deep convective bursts by a few hours. 

Next, we review a theory that explains how convectiYe-scale processes induce spin up of the 

mesoscale circulation using Eliassen's balanced vor,ex model. The mesoscale meridional 

and tangential circulations predicted by this theory are qualitatively and quantitatively 

similar to those predicted by the model, with the dominant forcing for the balance equations 

being contributions from quasi-steady, deep convective activity in the form of the diabatic 

heating term. 
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We next address the question as to why the MCV environment is conducive to such 

quasi-steady convective activity. To answer this question, we must determine how the 

mesoscale environment influences hot tower characteristics. The most notable influence is 

the contribution of ambient vorticity which leads to the formation of vortical hot towers 

{VHT). Preliminary results from a series of sensitivity trials for an isolated updraft suggest 

that vorticity has a positive influence on individual updraft lifetimes and future updraft 

formation. The simulations also demonstrate that the moderate vertical shear present 

in the parent MCV leads to a tilting of VHTs downshear with height. This orientation 

displaces the cool dry downdraft air from the updraft core which delays the decay of the 

updraft. 

It appears that both the ambient vorticity and moderate vertical shear of an MCV 

play roles in the sustenance of deep convective activity in these simulations. However, the 

exact nature of these relationships is still unclear. Further high-resolution simulations and 

analyses, as well as convective-scale observations of tropical cyclogenesis environments, are 

advocated to test the robustness of the vortical hot tower phenomenology. 
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Chapter 1 

INTRODUCTION 

In active tropical storm regions, such as monsocn and Atlantic easterly wave regions, 

it is common to observe large cloud clusters containing several mesoscale convective systems, 

or MCSs (Gray 1998). Diabatic processes within the stratiform precipitation region of these 

MCSs often lead to the production of midlevel mesoscale convective vortices, or MCVs 

(Johnston 1981; Bartels and Maddox 1991). MCVs may last for several days, long after 

the dissipation of the parent MCS, and are believed to spawn convective redevelopments. 

Several instances of tropical cyclones forming in the vicinity of these tropical M CV s have 

been observed and documented in recent years (Bosart and Sanders 1981; Harr et al. 1996; 

Bister and Emanuel 1997, hereafter BE97; Simpson et al. 1997, hereafter S97; Raymond 

et al. 1998). It is generally believed that the initial MCV plays a crucial role in the 

development of a tropical cyclone, and as such this form of tropical cyclogenesis has received 

much attention in the last decade. The benefits of understanding this phenomena are 

twofold. The first results from our current ability to identify MCVs using satellite and 

radar data. In understanding the conditions undec which a tropical MCV will lead to 

tropical cyclone formation, we will greatly improve our abilities to predict this type of event. 

The second benefit lies in improving our fundamental understanding of the mechanisms 

responsible for tropical cyclogenesis, which in turn leads t a better understanding of all 

aspects of tropical cyclones. 



1.1 Definition of Tropical Cyclone "Genesis" 

As of yet, there is no universally accepted definition for tropical cyclogenesis. Many 

government agencies use the presence of organized convection and a definite surface circu-

lation to classify a tropical cyclone. Although the determination as to whether or not these 

criteria have been met is made by experienced forecasters, it is an inherently subjective 

process. This classification can be further complicated in a case where a tropical cyclone 

develops out of an existing midlevel mesoscale convective vortex (MCV). Numerous such 

cases have been documented, with observational projects such as TEXMEX (1991) and 

TCM-92 (1992) contributing largely to this data set. In this situation, the initial mesoscale 

circulation is at a maximum at middle tropospheric levels (z = 4- 6 km). In a strongly 

statically-stable atmosphere, we may expect this circulation to be restricted mainly to mi-

dlevels. However, atmospheric conditions typical of a summertime tropical climate are of 

low enough static stability to allow the mesoscale circulation to penetrate some depth of 

the atmosphere. Observational studies of MCVs at midlatitudes confirm that a weak but 

positive cyclonic relative circulation is often found below MCVs, extending down to just 

above the surface (Knievel 2001). One such study, described in Raymond et al. (1998), 

presents evidence of a relative cyclonic circulation existing below the midlevel MCV that 

developed into Hurricane Guillermo. In the presence of organized convection (i.e., if the 

MCV is associated with an active MCS) this type of system should meet the common 

criteria for tropical cyclone classification. 

There exists one crucial characteristic that separates an MCV with associated or-

ganized convection from a tropical cyclone - the vertical profile of tangential winds. A 

tropical MCV has a tangential wind maximum at midlevels, while a tropical cyclone is 

characterized by maximum winds near the surface. Assuming thermal wind balance, the 

vertical profile of an MCV's tangential winds gives a cold core mesoscale vortex at low 

levels. This characteristic is unlike the typical warm core structure of a tropical cyclone. 

Hence, the presence of a cyclonic surface circulation may not be sufficient criteria for defin-
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ing the formation of a tropical cyclone. In cases where a tropical cyclone forms out of an 

existing MCV, we propose that it is the transition from a cold core to warm core vortex 

structure at low levels that defines the birth of a tropical cyclone. 

1.2 The Downward Development of the MCV: An Overview 

The mechanisms whereby an MCV develops into a tropical cyclone are still uncertain. 

T~is area of atmospheric research experienced a surge of attention in the 1990's, when 

several field projects (e.g. TEXMEX (1991), TCM-92 (1992)) were conducted to investigate 

the role of mesoscale pr,::icesses in tropical cyclone development. These projects resulted in 

a series of papers on the subject, most of which focus on potential mechanisms whereby 

the midlevel potential vorticity maximum of the initial M CV develops down to the surface. 

After th·s downward d~velopment occurs, it is hypothesized that surface-based fluxes of 

heat and moisture ( e.g, WISHE) activate to intensify the system to a tropical cyclone. 

This common idea of the downward extension of the midlevel M CV -led Montgomery et al. 

(2003, hereafter MNCS03) to refer to these types of theories as "top-down" descriptions 

of tropical cyclogenesis. We will now give brief summaries of two "top-down" theories 

presented in recent studies. 

1.2.1 Mesoscale Vortex Interactions in the Tropical Cyclogenesis Process 

S97 documented the development of Tropical Cyclone Oliver (1993). This devel-

opment was observed during the TOGA-COARE (1993) field project. S97 described the 

genesis of TC Oliver as being the result of multiple midlevel MCV mergers in the pres-

ence of a monsoon trough. The monsoon trough acted to locally enhance low and mid-level 

cyclonic vorticity on the synoptic scale. S97 argued that the monsoon trough provided a re-

gion of reduced deforn:ation radius, which improved the efficiency of the midlevel mesoscale 

vortex interactions and increased the amplitude of the merged vortices. They attribute the 

development of the surface circulation that becomes TC Oliver to this mechanism. They 
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also state that the monsoon trough provided suitable low-level shear that allowed the MCVs 

to generate strong MCSs before merging. S97 state that this convective redevelopment is 

also associated with the development of TC Oliver. However, no mechanistic explanation 

of the convective bursts' role in this process was provided. 

1.2.2 Precipitation Processes and the Transformation of a Midlevel MCV to a 

Tropical Cyclone 

In 1991, a field campaign was conducted in the tropical E. Pacific (Tropical Experi-

ment in Mexico, or TEXMEX) with the primary goal of "extensively studying the process 

of tropical cyclogenesis" (BE97). During one of the six intensive operation periods, Hurri-

cane Guillermo was observed to form from an existing MCS with an embedded MCV. The 

genesis of Hurricane Guillermo is documented in BE97. The two main flights of interest 

occurred at 64 and 14 hours before Guillermo was classified as a tropical storm. Each of 

these flights took in situ and Doppler radar measurements from a NOAA WP-3 aircraft at 

middle and lower levels. 

Radar data from both WP-3 flights revealed a broad-scale cyclonic circulation that 

was cold core in the lower troposphere - a vortex structure typical of a midlevel M CV. 

During the second flight of interest, which occurred approximately 14 h before Guillermo 

was classified as a tropical storm, a small (~ 50 km) warm core vortex was discovered 

within the broader cold core circulation. BE97 hypothesized that an increase in convective 

activity just prior to the identification of the warm core vortex had provided significant 

precipitation that was responsible for the downward extension of the midlevel MCV air to 

the surface. 

BE97 provided a schematic for their conceptual model of this process, which is pre-

sented here in Figure 1.1. The first step in their mechanism (Figure l.la) depicts the 

generation of a midlevel MCV from evaporative cooling (and anvil warming). This vortex 

is cold core at low levels and warm core in the upper troposphere. However, forced subsi-
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dence results in a layer of warm, dry air just above the surface. As precipitation processes 

continue, evaporation leads to a cooling and moistening of the atmosphere below the MCV 

and the subsequent lowering of the level of maximum cooling. The level of maximum cool-

ing is also the level of maximum vertical gradient in the diabatic heating rate, which is 

responsi le for the mesoscale production of the potential vo:-ticity that formed the initial 

MCV. Through this lowering process, the cold core vortex extends downward into the low-

est levels (Figure I.lb), favoring convective redevelopment. The vortex winds enhance sea 

surface fluxes while the cold core aloft decreases the boundary layer 0E required to rede-

velop convection. Figure l. lc depicts the enhancement of low level vorticity ( and hence 

wind speed) due to the redevelopment of convection and its associated latent heating. The 

transition from cold to warm core system (tropical cyclone genesis by our definition) occurs 

within this last stage of BE97's genesis schematic. Unfortunately, the exact mechanism for 

this near-surface tangential wind enhancement is not given. 

1.3 The Role of Deep Convection in Tropical Cyclone Formation 

The "top-down" approaches discussed above focus on the mechanisms whereby a 

surface circulation is created from an existing MCV. Howe-,er, it is not the intent of this 

thesis to address how a weak cyclonic surface circulation is generated within an MCV 

environment. We believe that the development of a warm-core vortex at low levels is 

the crucial step that defines tropical cyclogenesis. Further, we believe this process is not 

guaranteed to occur in the presence of a weak surface circulation due to the existence 

of a threshold tangential wind velocities that mus-; be met to activate the surface flux 

mechanism of WISHE (Rotunno and Emanuel 1987). Hence, we believe it is necessary to 

take a closer look at the time period between the c.evelopment of a weak surface cyclone 

and the development of a mesoscale warm core surface vortex in order to fully understand 

the genesis process. 

Deep convective activity appears to be a common occurrence in the two "top-down" 
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Figure 1.2: Satellite irr..agery from the genesis of Hurricane Guillermo. Taken from BE97. 

studies discussed abov~. In particular, convective bursts after convectively sparse time 

periods are observed ~ortly before tropical depression classifications were made in the 

formations of Hurrica•e Guillermo and TC Oliver. BE97 and S97 both allude to the 

importance of deep cowective activity (associated with MCSs) in the formation of the 

respective tropical cyc~ones. For example, satellite images presented in B97 show a burst 

of deep convection (Figure l.2e) occurring in the vicinity of the initial MCV approximately 

18 h prior to the ideatification of a low level warm-core mesoscale vortex (Figure l.2f). 

However, neither BE9"' nor S97 addresses the explicit role that convective-scale processes 

play in these genesis CGSes. Observations presented in Gentry et al. (1970), Zehr (1992) and 

Molinari et al. (2003) ~ow that deep convective bursts often precede and/or accompany the 

formation of a tropical cyclone, which further supports the hypothesis that deep convective 

bursts play a significa::it role in the triggering of tropical cyclone formation. 

We certainly de not mean to imply that the importance of deep convection in the 

tropical cyclogenesis µocess is a new idea. In fact, several theories have emerged regarding 

this role. In recent times, Simpson et al. (1998) and Ritchie et al. (2002) have hypothesized 

that subsidence arour.d deep convective plumes acts to warm and lower the pressure near 
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the surface in order to aid in the formation of the tropical storm 'nascent eye.' From a 

more dynamical perspective, Montgomery and Enagonio (1998, hereafter ME98), Moller 

and Montgomery (2000, hereafter MM00) , and Enagonio and Montgomery (2001, hereafter 

EM0l) proposed that deep convective hot towers can be parameterized by their diabatically-

generated PV. Using quasigeostrophic, asymmetric balance models initialized and pulsed 

with these convective-scale PV anomalies and a seedling mesoscale vortex, these works 

demonstrated that low-level vortex mergers and axisymmetrization processes could intensify 

the initial vortex into a tropical storm within realistic times. 

This latter-mentioned pathway to tropical cyclogenesis does not rely on the initial 

MCV as a source of vorticity that must somehow extend downwar to the surface. Rather, 

they focus on interactions between convective-scale and mesoscale features that act to 

"build" the tropical cyclone vortex at low levels utilizing the pre-existing vertical vorticity 

associated with the MCV vortex. For this reason, MNCS03 has dubbed this route to 

tropical cyclogenesis as a "bottom-up" approach. 

1.4 "Bottom-up" Approach to Tropical Cyclogenesis 

Current observational constraints generally prevent the collection of data with tem-

poral and spatial resolution adequate for the resolution of convective-scale features over the 

deep tropical oceans. In addition, sea clutter and dropsonde wetting issues make airborne 

radar observations and in situ measurements at levels below z < 1.5 km unreliable. These 

restrictions make it very difficult to acquire the high-resolution low-level observations nec-

essary to accurately test the "bottom-up" hypotheses. Currently, we believe our best efforts 

at further investigating convective processes within tropical cyclogenesis environments lie 

in modelling studies. Recently, several studies have been conducted to examine the results 

presented in ME98, MM00 and EM0l. We will now discuss two of these studies, conducted 

using high-resolution, non-hydrostatic, convection-resolving models, and the insights they 

have provided into the role of convective-scale processes in the formation of a tropical 
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cyclone. 

1.4.1 Gloud-Res,olving Modelling Approaches: The Appearance of the Vortical 

Hot Tower Pienomenon 

Using the Penn S:tate/NCAR three-dimensional non-hydrostatic numerical weather 

prediction model (MMa) , Davis and Bosart (2001) simulated the formati on of Hurricane 

Diana (1984) in a barodinic environment . In an attempt to explicitly represent convect ivf 

structures, a 3 km hor zontal grid spacing and no cumulus parametrization scheme are 

used on their finest grid . The role of deep convection in these simulated tropical cyclone 

genesis events was examined in Hendricks et al. (2003, hereafter HMD03). HMD03 found 

that deep convective plJmes forming in the vorticity-r ich environment of their simulat ions 

generated intense, smaL-scale cyclonic vorticity anomalies throughout the troposphere (i.e., 

vortex tubes) . BorroV"'ing from the "hot tower" terminology established by Riehl and 

Malkus (1958) , HMD03 referred to these intense convective plumes with anomalous positive 

vorticity values as "vortical" hot towers, or VHTs. 

HMD03 identified two roughly distinct phases in their genesis simulations. The first 

period was labelled a pre-conditioning" phase. During this period, individual hot towers 

were found to compete with one another for ambient CAPE and vorticity. However, due to 

their local generation ,)f strong positive vorticity, collectively the VHTs acted to increase 

the mesoscale low-level vorticity during this time. The later phase was characterized by 

VHT interactions. T i ese convective-scale vortex interactions were dominated by VHT 

mergers, which produced warm core anomalies and tangential momentum spin-ups. 

A similar pheno:nenon was documented in MNCS03. Using the CSU RAMS model, 

this study examined tte formation of a tropical storm from an ini tial MCV. The simulat ion, 

of MNCS03 were able to successfully model tropical cyclone genesis from a single tropical 

MCV within 24 h. Th_s result suggests that although mesoscale interactions may be crucial 

to the transition of an MCV to a tropical cyclone in some ocumented cases , it may not bf' 
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the sole route to genesis. In addition, sensitivity trials were run in which convective act ivity 

was delayed. The initial MCV failed to develop a tropical cyclone until after the onset of 

deep convection at t = 14 h, at which time the evolution of the system mimicked that of the 

control simulation. This result indicates that the presence of deep convection is crucial to 

the development of a tropical cyclone in these simulations, and provides compelling evidence 

for the further investigation of the role of convective-scale processes in this transition. 

The model used in MNCS03 is a three-dimensional non-hydrostatic weather predic-

tion model much like MM5. As in HMD03, the simulations of MNCS03 use fine-scale res-

olution on the inner grid (b.x = b.y = 2 km) and invoke no cloud parametrization scheme, 

so as to explicitly resolve convective-scale processes. Like HMD03 , MNCS03 observed an 

abundance of "vortical" hot towers in their simulations. Furthermore, interactions between 

VHTs, including VHT mergers, were observed during the time period prior to tropical cy-

clone formation. The apparent similarities in convective-scale processes between these two 

studies is quite remarkable given the fact that they simulated very different types of tropical 

cyclogenesis events. Hurricane Diana (1984) developed in the subtropics in association with 

a low-level front and an approaching upper level cyclonic PV anomaly (Bosart and Sanders 

1991; Montgomery and Farrell 1993; Davis and Bosart 2001), while MNCS03 simulated 

an idealized case of tropical cyclogenesis from a midlevel MCV in a convectively-favorable 

environment typical of the deep tropics. The appearance of VHTs in both of these distinct 

simulations suggests that "vortical" hot towers are robust structures that dominate the 

organizational process. 

Our current work seeks to build on the results presented in MN CS03 by developing 

a more complete understanding of the VHTs that form in their simulations. We are partic-

ularly interested in clarifying how the vortical nature of the hot towers affects the tropical 

cyclone formation process. 

An outline of this thesis is as follows. In Chapter 2, we will give an overview of the 

model setup. A list of the RAMS configuration settings used in these simulations is given 
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in Appendix B. Chapter 3 outlines the overall development of the control simulation. Here 

we define the tropical cyclogenesis time period and provide a description of the convective-

scale and mesoscale processes that dominate during this time. In Chapter 4, we will 

provide a description of model-generated VHTs and prnpose a mechanism for the convective 

generation of vorticity. We will discuss the characteristics that set VHTs apart from hot 

towers possessing signifi,::antly less vertical vorticity. Chapter 5 then addresses the problem 

of how deep convective E.ctivity affects the system-seal evolution . This chapter summarizes 

the balanced vortex theory of Eliassen, and describes how this theory predicts a mesoscale 

surface spin-up in response to quasi-steady convective heating, as discussed in M CS03. 

Chapter 6 examines more closely the effects vorticity has o the strength and longev ity of 

individual hot towers . A simple theoretical argument for the vorticity- related protect ion of 

hot towers is given, and this theory is tested via a series of preliminary sensitiv ity trials .. 

focussing on isolated \'HTs. In Chapter 7, we take a step back and consider how the 

simulated MCV environment as whole is conducive to quasi-steady deep convective act ivity. 

Finally, in Chapter 8 we discuss our conclusions and propose future work necessary to test 

our preEminary results. 
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Chapter 2 

MODEL SETUP AND DATA ANALYSIS 

Given that the primary focus of this study is to investigate the role of convection in 

tropical cyclogenesis, it is desirable to use a model that will give an accurate representation 

of small scale processes relating to clouds, including cloud microphysics. Also , given that 

the convective structure of tropical systems during t he tropical cyclogenesis phase is often 

observed to be asymmetric, a 3-dimensional model is necessary. 

The numerical model used in this study is the Regional Atmospheric Modelling Sys-

tem (RAMS) which was developed at Colorado State University (P ielke and Coauthors 

1992; Cotton and Coauthors 2003). RAMS is a non-hydrostatic model that solves prog-

nostic equations for the three Cartesian velocity components, non-dimensional pressure 

perturbation, ice-liquid water potential temperature (Tripoli and Cotton 1981b), total wa-

ter mixing ratio and cloud microphysics , from which vapor mixing ratio and potential 

temperature are diagnosed (see Tripoli and Cotton 1981a]. Beyond the fact that it is a 

full-physics model with an elaborate cloud microphysics package, there are two more rea-

sons why we chose to use RAMS for our study. First, RAMS was developed here at CSU, 

and hence the largest source of documentation and assistance with the model is available 

"in house." Secondly, a similar modelling study was conducted using t he PSU-NCAR MM5 

by Davis and Bosart (2001), simulating the genesis of Hurricane Diana (1984). The role 

of deep convection in this simulated tropical cyclogenesis event was recently investigated 

by HMD03. Although this study involved the modelling of an actual tropical cyclogene-

sis event in a baroclinic environment in contrast to our involves an idealized deep- tropics 



simulations, both examine the dynamical influences Jf convection in the overall process 

of tropical cyclogenesis. Conducting our study using a different full- physics model will 

provide independent support to the work outlined in 3:MD03. 

2.1 Model Configuration 

The full details of the model configurat ion can be found in MNCS03. Appendix A of 

MNCS03 lists the model setup parameters for side-by-side comparison, and is included here 

in Appendix B. This study uses the microphysics scheme developed by Walko et al. (1995). 

This scheme includes categories for cloud droplets, rain , pristine ice, snow, aggregates, 

graupel and hail. The surface parameterizations of heat , vapor and momentum fluxes is 

based on the Louis (1979) scheme. T he surface roughness lengt h over water is dependent 

on the surface wind speed according to t he relation derived by Charnock (1 955). Long and 

short wave radiation is included using a scheme by Harrington ( 1997) , which 

includes interactions with cloud hydrometeors. A first order Smagorinsky (1963) sub-grid 

scale sc eme is used, with modificat ions made by Lilly (1 962) and Hill (1974) that enhance 

diffusion in unstable conditions and reduce diffusion in stable condit ions. 

Since no cloud parametrization scheme was employed , spatial resolut ion needed to be 

fine enough so as to explicitly resolve cloud scale features in the MCV region. A two- way 

interactive multiple nEsted grid scheme, developed by Clark and Farley (1984) , was used. 

This scheme allowed us to use an adequately fine sca:e in the smallest, innermost grid while 

having a large enough overall domain size so as to minimize impacts of lateral boundary 

conditions. For the most of the simulations discussed in this thesis, three nested grids fixed 

in space with horizo tal grid spacing 24 km, 6 km, a.nd 2 km 1 and (x,y) grid dimensions 

(64,64) , (90,90) , and (137,137) , respectively, were used. Each nested grid was centered 

within the next coarsest grid (as shown in F igure 2.1). 

In order to allow finer vertical resolution at t he l west model height levels whi le 
1 Although Bryan et al . (2003) suggests that this is not a fine enough scale to adequately resolve convective 

processes, our ~ x = 1 km results discussed in Chapter 6 sug5est t hat 2 km resolution adequately capt.urf'-'> 
the overall structure desired for this study. F iner-scale simulat ions are current ly underway. 
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Figure 2.1: Schematic of horizontal model grids for Expt. A 1 (control) and all other 6. x = 2 
km simulations discussed in this work. The outermost grid consists of 64 x 64 grid points 
with 24 km spacing between data points. The middle grid consists of 90 x 90 grid points 
with 6 km spacing between data points. The innermost grid (enlarged in the upper right) 
consists of 137 x 137 grid points with 2 km horizontal spacing. 

representing the entire necessary vertical domain, a stretched vertical grid increment was 

used. The lowest vertical level is at z = 137 m with a first vertical grid increment of 400 m. 

The vertical spacing was gradually stretched with height to the top of the domain at 22 km , 

including a total of 26 vertical grid levels. The radiation condition discussed by Klemp and 

Wilhelmson (1978) was used at the lateral boundaries, which assumes that disturbances 

reaching the boundaries move as linearly propagating internal gravity waves. A Rayleigh 

friction layer is employed at upper levels in order to reduce reflection of gravity waves from 

the top of the model. The depth of the surface Rayleigh friction layer in the simulat ions 

was 5 km. 
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2.2 Model Initialization: Control Simulation 

The intent of these model runs was to successfully simulate and di agnose tropical 

cyclogenesis from a single, tropical MCV. In particular, we hoped to investigate the role 

that convective-scale processes play in this transition. As such, it was necessary to initialize 

the simulations with a convectively favorable environment. The model temperature profile 

was initialized using an Atlantic hurricane season sounding developed by Jordan (1958) , as 

shown in Figure 2.2. T e humidity profile was also developed from the Jordan sounding, 

but was modified by moistening the sounding values in the domain center in order to mon' 

accurately represent th2 environment in which tropical cyclogenesis is thought to occur . 

This moistening has a maximum value of 2 g kg- 1 at the surface in the center of the 

domain, and decreases a.s you move away from this point. Vertical profi les· of ambient and 

center BE are shown in Figure 2.3. 

The initial sounding contains a 1 km mixed- layer convective available potential energy 

(CAPE) value of 997 J kg- 1 2 . This thermodynamic initializat ion is certainly conduciw 

to deep convective acti,,ity. However, we believe that this environment is by no mean unre-

alistic as a typical tropical cyclogenesis environment . Recently, the Jordan mean sounding 

with moisture enhancEment was used in single-cell and squall line simulat ions conducted 

by Ooyama (2001). In addition, a sounding taken in the at Majuro, Marshall Islands on 

August 15, 1996 is sh,Jwn in Figure 2.4. This sounding, taken from Barnes (2001) , was 

meant to demonstrate the large conditional instability that can be present in the equato-

rial trough zone. This sounding exhibits surface-based CAPE values of 3500 J kg- 1, well 

above those present in our simulated environment. 

The surface mojsture enhancement of the Jordan sounding is further supported by 

the results of a recent study of atmospheric moisture vertical profiles of Saharan air layers or 
2 1-km mixed layer refers to the fact that the thermodynamic properties of the lowest 3 model levels 

(z = 197 m , 610 m and 1049 m) were averaged before th e CAPE calculat ion was made. The rationale 
for computing mixed layer CAPE as opposed to surface-based CAPE lies in t he fact t hat, parcels are not 
typically lifted from the 3urface, but rather from somewhere within the boundary layer . Assuming the 
boundary layer is well-mixed, the mixed-layer CAPE value is more representative of the ac tual CAPE 
experienced by lifted air parcels. 
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SALs (Dunion and Velden 2004). Dunion and Velden (2004) generated composite vertical 

moisture profiles of SAL and non-SAL sounding taken in the tropical N. Atlantic, and 

compared these profiles to the Jordan mean (1958) sounding (Figure 2.5). Notice that 

the non-SAL moisture profile is very similar to that of the Jordan mean profile at most 

levels, with the greatest deviation occurring at low levels where the Jordan sounding is 

actually drier than the non-SAL profile. Since tropical cyclones are rarely observed to 

form in SAL regions, we feel comfortable that the Jordan mean sounding with a slight 

surface moisture enhancement represents an adequate environmental scenario for a tropical 

cyclogenesis environment. 

2.2.1 Ini_tial MCV 

The initial MCV was prescribed as a vortex in hydrostatic and gradient wind bal-

ance. The maximum tangential winds are approximately 6 ms- 1 at height z = 4 km and 

occur at a radius of r = 70 km. The tangential velocity field decays as you move vertically 

and horizontally away from this position. A cross-sectional view of the initial tangentia l 

wind field is shown in Figure 2.6 (see MNCS03 for further details on how this vortex wa.s 

prescribed). Notice that although the tangential winds are at a maximum at midlevels , 

there does exist a mesoscale -cyclonic surface circulation of approximately 1--3 ms- 1• Al-

though a weak surface circulation does exist at the onset of our simulations, we believe 

we are initiating our model well before the onset of tropical cyclone genesis based on the 

arguments given in Chapter 1. 

Figures 2.7 and 2.8 show plots from Raymond et al. (1998) that describe the condi-

tions observed during the second and fourth reconnaissance flights of Hurricane Guillermo, 

respectively, taken during the TEXMEX field campaign (1991). BE97 describes the forma-

tion of Hurricane Guillermo, which is believed to occur from an initial MCV. From BE97, 

Flights 2 and 4 were taken during time periods approximately 64 h and 14 h prior to the 

classification of the system as a tropical depression, respectively. Flight 4 occurs shortly 
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Figure 2.3: Vertical profiles of center (solid) and ambient (dashed) BE at t = 10 min. 

Figure 2.4: Skew T - log p atmospheric sounding plots for Majuro, Marshall Islands on 
8/15/96 (taken from Barnes 2001). 
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Figure 2.5: Mixing ration vs. pressure for SAL regions (dashed blue), non-SAL (solid blue) 
and Jordan mean (1958, solid black). Taken from Dunion and Velden 2004 

after a burst of deep convective associated with the midlevel MCV. Notice that the plots 

of relative and absolute circulation show a positive relative circulation at low levels dur-

ing each pre-Guillermo reconnaissance flight. This indicates that although the mesoscale 

cyclonic circulation is at a maximum at midlevels (z = 4- 5 km) , there still exists cyclonic 

circulation near the surface. It is not possible to deduce the corresponding tangential winds 

from the Raymond et al. (1998) plots without knowing the area over which the circulations 

were computed. However, the ratios of the midlevel to low-level circulation values at each 

of these pre-genesis times are approximately 0.2 and 0.7 as compared to 0.5 for our initial 

MCV, suggesting that our initialization is not totally unrealistic. 

2.2.2 Initiating Convection: Surface Warm Bubble 

To speed up the initial development of convection a heating anomaly, or "warm 

bubble," was applied at 50 km east of the vortex center at the surface, as is shown in 

Figure 2.9. The surface heating was applied for 300s, after which time the model was 

allowed to run with no further prescribed forcings. It is worth noting that one of the 
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Figure 2. 7: Vertical profiles radar-observed quantities taken from Flight 2 of IOP 5, just 
prior to the formation of the tropical depression that became Hurricane Guillermo (taken 
from Raymond et al. 1998) 
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Figure 2.8: Vertical pr•)files radar-observed quantities taken from Flight 4 of IOP 5, just 
prior to the formation •)f the tropical depression that became Hurricane Guillermo (taken 
from Raymond et al. D98) 

sensitivity trials was in_tialized without the warm bubble but with all other parameters the 

same as the control. Although convection is delayed by about 14 hours , once convection 

does appear the overall development of the system is found to be qualitatively similar to 

that of the control case. 

2.3 Data A nalysis 

The RAMS was configured to output the following six standard meteorological field 

variables on the finest grid at each temporal output interval: 3D velocity (u = D x/Dt, 

v = Dy/Dt, w = D z/ Dt), potential temperature (0 ), pressure (p), and water vapor mixing 

ratio (qv) - In the RAMS model, variables are defined on a staggered Arakawa-C grid , so 

that thermodynamic V:1riables and velocity variables are defined at different horizontal grid 

points. Also, vertical velocity is defined on a grid that is vertically staggered from the of 

the other variables. T.:ie first step in the processing of the output data is to interpolate all 
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Figure 2.9: Heating rate 10 minutes into the simulation (5 minutes after application of 
warm bubble). Contour interval is .05 K day-1 

variables to a common spatial grid at each output time. This grid has the same horizonal 

grid increments of 2 km, and extends from 500 m off the ocean surface up to 18 km with 

vertical height levels specified at z = 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, 18, and 

20 km.3 

Absolute vertical vorticity (17) and Ertel dry potential vorticity (PV) were computed 

at each spatial gridpoint at each time using the following definitions 

17 = av - au+ f (2.1) ax ay 
(+f (2.2) 

PV = '10 · fi 
p 

(2.3) 

where the Coriolis parameter used in our simulation corresponds to a latitude of 15° N, 

f = 3.77 x 10- 5 s-1. In order to compute PV from the model output, the following relations 

p = pRT · (2.4) 
3 Initial analysis was performed at vertical levels extending from z = 0.5 km to z = 20 km at 500 m 

increments. These data fields were compared to those interpolated to our 18-vertical level scheme, and were 
found to be nearly identical. In light of space considerations, the latter scheme was used. 
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(2.5) 

were also used. 
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Chapter 3 

SUMMARY OF 72-H DEVELOPMENT OF CONTROL SIMULATION 

In the control simulation, the data was output every 10 min during the first 24 hand 

every 30 min for the remainder of the 72 h run. It develops a hurricane-strength mesoscale 

circulation by t = 60 h. We will now summarize the evolution of the data fields over the 

entire 72 h simulation. 

3.1 Azimuthal Mean Evolution 

The control simulation is initialized at 1200 local thne. The initial MCV has max-

imum azimuthal mean tangential winds of 6 ms-1 at height z = 4 km and radius r = 70 

km, and they decay as one moves away from this region (Figure 3.la) . At the initial time, 

the midlevel MCV is in hydrostatic and gradient wind bala,nce. 

Figure 3.2 shows the azimuthal mean tangential velccity, radial velocity, vertical ve-

locity and diabatic heating rate at t = 24 h. By this timE, a tropical depression-strength 

system has developed. Comparing Figure 3.2b with Figure 3.1, we can see that the az-

imuthal mean tangential velocity field has increased signifi-::antly. This increase is greatest 

at the lowest model levels, where the winds have increased from 3 ms- 1 to 11 ms- 1 in 

the radius range of r = 40-55 km. Figure 3.2a shows the d~Yelopment of strong azimuthal 

mean radial outflow at upper levels, weak radial inflow near the surface and moderate radial 

inflow at midlevels. Figure 3.2c suggests this is a time of deep convective activity, with an 

azimuthal mean vertical velocity maximum at a radius of r = 50 km. It is a o interesting 
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Figure 3.2: Azimuthal averages of (a) radial wind, (b) tangential wind , (c) vertical velocity, 
( d) diabatic heating, ( e) absolute vertical vorticity, and ( f) potential vorticity at t = 24 h 
(from MNCS03). 

to note that the regions of highest azimuthal mean diabatic heating rate (Figure 3.2d) are 

coincident with the regions of strongest azimuthal mean vertical velocity (Figure 3.2c). 

By t = 48 h, the model has developed a near tropical storm-strength surface vortex. 

Azimuthal mean tangential surface winds have reached 14 ms- 1 (Figure 3.3b) , radial out-
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flow at upper levels remains strong and radial inflow near the surface has increased (Figure 

3.3a) . The mean radius of deep convection has contracted to r = 20- 30 km (Figure 3.3c) 

and the azimuthal mean vertical velocity and diabatic heating rate fields are still collocated 

(Figure 3.3d). 

At the end of t e simulation, t = 72 h, the system has reached the intensity of a 

strong hurricane. Near surface azimuthal tangential winds have reached a maximum of 

46 ms-1 at radius r = 10 ms-1 (Figure 3.4b), with surface radial inflow of 4- 6 ms- 1 and 

outflow at upper levels of up to 10 ms- 1 (Figure 3.4a). Strong, sustained upward motion 

is present. at the radius of maximum winds (Figure 3.4c), with the azimuthal mean vertical 

velocity field exhibiting the classic tilted eyewall structure. 

3.2 Definition of the 'Pre-Genesis' Time Period 

It is the intent of this study to examine the role of deep convection in the transition 

from a m·dlevel MCV to a surface-concentrated mesoscale vortex (e.g. tropical depression). 

It is somewhat difficult to pinpoint the time at which this transition is occurs, mainly 

because there is no universally accepted definition for tropical cyclogenesis. However we 

can use certain defining characteristics of tropical storms to determine the point at which 

the transition has occurred. The initial MCV in our study is defined in thermal wind 

balance, and hence has a cold core structure in the lower troposphere (z < 4.5 km). We 

will define tropical cyclogenesis to have occurred when this cold core vortex structure is 

replaced by a warm core structure, indicative of the transition from a midlevel mesoscale 

circulation to a surface-concentrated vortex. 

Figure 3.5 shows azimuthal mean tangential winds versus azimuthal mean potential 

temperature perturbation during the first 24 h. At t = 0 h, the mesoscale vortex exhibits 

a negative potential temperature perturbation near the surface, indicating the cold core 

surface structure common to midlevel MCVs. By t = 12 h, the negative potential temper-

ature perturbation near the surface has weakened considerably and the azimuthal mean 
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tangential wind field shows a maximum near the surface with a secondary maximum near 

z = 7 km. At this time, the mesoscale vortex exhibits a structure that is not distinctly 

cold nor warm core near the surface, but rather a combination of the two. By t = 24 h, 

a positive potential temperature perturbation appears at low levels with an even warmer 

anomaly aloft. Also, a negative potential temperature anomaly is now present at midlevels. 

The azimuthal mean velocity field exhibits a maximum at the surface of 11 ms- 1. At this 

time, it appears that the mesoscale vortex has a predominantly warm-core structure at 

low levels throughout much of the troposphere, as is typical of a tropical storm vortex. 

These results establish that the transition from midlevel MCV to surface-based mesoscale 

circulation occurs within the first 24 h. 

3.3 Description of the 'Pre-Genesis' Time Period 

3. 3.1 WI SHE or Pre- WISHE'? 

In order to proceed with our analysis of convective-scale processes in these trop · -

cal cyclogenesis experiments, we must first investigate whether this transition is simply a 

consequence of a wind-induced surface heat exchange process. This axisymmetric process, 

known as WISHE, relies on the existence of a surface-concentrated finite amplitude vor-

tex. When the surface circulation reaches a threshold intensity, increased fluxes of heat 

and moisture from the ocean surface can lead to rapid intensification of the surface vortex 

(Rotunno and Emanuel 1987). The midlevel MCV used to initialize our control simulation 

has an associated mesoscale circulation of 1-3 ms-1 near the surface, and as such WISHE 

may be occurring during the pre-genesis time period. If the genesis process is distinct from 

WISHE, then it must be shown to occur before the onset of WISHE. 

As one way of identifying the time period before WISHE is occuring (hereafter re-

ferred to as the 'pre-WISHE' time period or phase) , we will follow the methods used in 

Molinari et al. (2003). The Molinari et al. observational study examines the development 

of Hurricane Danny (1999) in the Gulf of Mexico. In order to detect the onset of increased 
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heat and moisture fluxes from the ocean surface that define WISHE, Molinari et al. (2003) 

chose to examine near-surface equivalent potential temperature (BE) derived from U.S. Air 

Force reconnaissance flight-level and dropsonde data taken during the storm's evolution. 

Molinari et al. (2003) defined the 'WISHE stage' as the time when the interior near-surface 

BE values became significantly elevated above the ambient values. They named the time 

period prior to this BE elevation the 'pre-WISHE' phase, and argued that low-level vor-

tex processes such as mergers, alignment, and axisymmetrization dominated this time in 

Danny's development . 

In our study, we examined the BE of Bolton (1980) at the lowest vertical model leve 

(z = 197 m) . The near-surface BE values at various times during the control experiment are 

shown in Figure 3.6. Figure 3.6a shows the BE values at t = 3 h. At this early time, there 

is a clear BE maximum of approximately 356 K at the center of the domain, largely due 

to the surface moisture enhancement discussed in Chapter 2. Notice that there also exists 

a lqcal BE minimum ( dark green contour <X 350- 352 K) about 30 km to the northeast of 

the domain center. This minimum region is collocated with the region of initial convective 

activity (Figure 3.7a) , and is thus most likely caused by convective downdrafts. At t = 15 

h (Figure 3.6b), continued convective downdrafts (Figure 3.7b) have depleted most of the 

center BE maximum, leaving a local minimum at 42 km west and 14 km north of the 

mesoscale vortex center. Figure 3.8 shows the vertical BE profile at the center of this local 

surface minimum before (solid) and after (dotted) deep convection is act ive in this region. 

Before the onset of convection, there exists a sharp maximum in BE near the surface. After 

deep convection passes through this region, the surface BE maximum is has been replaced 

with lower BE values comparable to those present at midlevels. This vertical profile suggests 

that convective downdrafts have transported the low BE air at midlevels to the surface. By 

t = 24 h, convective activity is concentrated along an annulus of approximate radius r = 50 

km (Figure 3.7c), and thus a local 0E minimum is also located in that region (Figure 3.6c). 

However, a small local maximum of BE reappears near the domain center. Fifteen hours 
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later, at t = 39 h (Figue 3.6d), a strong local 0E maximum is present . This maximum 

has 0E values of 4-10 K larger than the ambient value and is collocated with the center 

of convection (see Figure 3.7d) . It appears evident that at this later time WISHE is fully 

active. Since there is ID indication of elevated 0E values for t < 24 h, WISHE does not 

appear to exact a major impact on development during this time. We must therefore look 

to other processes -:;o exi::lain the transition from warm to cold core mesoscale vortex during 

the first 24 h of our sim-1lation. 

3. 3. 2 Dormnant Coherent Structures in 'Pre-Genesis' Environment: Vortical 

Hot To'I.J;ers 

The pre-genEsis time period of our control simulation (t ::; 24 h) is characterized by 

deep convective activity. As Figure 3. 7a shows, this convective activity is spatially localized 

at first . However, as tirr.e passes the deep convection assumes a more circular orientation 

of radius of r = 50 km (Figure 3.7b-c) about the doma.in cen-:;er. 

Figures 3.9, 3.10 E.nd 3.11 show absolute vertical vorticity f + (, diabatic heating 

rate iJ and vertical velo ity w respect ively, at the z = 1, 4, and 7 km height levels . A 

100 x 100 km subset certered on the horizontal domain has been chosen so that we may 

focus on the convectively active region of the simulation at this time. Comparing Figure 

3.11 with Figures 3.9 and 3.10 we can see that the de,2p convective hot towers located to 

the northwest of the domain center are collocated with anomalously high values off + ( 

(30-40 x10-4 s- 1 ) and 9 (200- 280 K h- 1) . In our control simulation and most of our 

sensitivity trials, all mocel-generated deep convective hot towers possess intense cyclonic 

vorticity in their co:.-es. Csing the terminology of HMD03 , we will refer to these structures 

as "vortical" hot tcwers, or VHTs. We will now take a closer look at the structure and 

characteristics of VHTs i::1 our simulations. 
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Chapter 4 

VHTPHENOMENOLOGY 

A universally-accepted definition of a convective hot tower does not yet exist (e.g. , 

Zipser 2003) . Here we follow common practice and define a hot tower as an intense convec-

tive tower that reaches and/or penetrates the model tropopause (z 14 km). Elaborating 

on this definition, J. Simpson referred to hot towers as "undilute or nearly undilute pene-

trative cumulonimbus clouds that carried high 0E air from the subcloud layer to the upper 

troposphere" (Simpson et al. 1998; Riehl and Malkus 1958, Zipser 2003). When an intense 

updraft forms in a vorticity-rich environment, however, another factor must be considered. 

As demonstrated by HMD03, convective hot towers forming in a vorticity-rich local envi-

ronment may be highly vortical in nature, possessing intense vertical vorticity within or 

near their cores. But how are the low level vertical vort icity anomalies produced? 

4.1 VHT Structure 

For the purposes of this study, we will define of hot tower by a vertical velocity 

signature of greater than 1.0 ms- 1 extending from near the surface (z = 1 km) up to the 

tropopause ( z = 14 km) . Based on the vertical velocity values typical of deep convection in 

our simulations, we will require that this vertical velocity signature obtain a magnitude of 

at least 10 ms- 1. In the control case (Expt. Al) , the model-generated updrafts range from 

5- 20 km in diameter. The average updraft lifespan is on the order of one hour, although 

individual updrafts have been tracked for as long as 3 h. Many updrafts, but by no means 

all, are observed to achieve our definition of a hot tower for brief time periods during their 
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pressure perturbation (ri5ht, incr = 0.1 mb) . 

life cycle, and sometimes reach hot tower status multiple times. 

4,1 .1 Over'l.1iew: VHT Azimuthal Mean Structure 

It has been n,Jted that the hot towers in our model simulations are closely associated 

with intense vorticity aoomalies. To characterize these struciures, we have computed the 

azimuthal mean values (-with respect to the updraft core) of several thermodynamic and 

kinematic variables for =. 2 hot towers that occur during the first 12 hours of our control 

simulation. 1 Azimuthal mean values were taken during each hot tower's peak intensity, 

which is defined as the time during which inner core vertical velocities reach a maximum. 

We then averaged these ·,alues to generate composites, which are shown in Figures 4. 1, 4.2, 

4.3 and 4..4. We will no-n use these composites to describe the main features of VHTs in 

our contr.:>l simulation. 
1 We only used V=-'!Ts frJm the first 12 hours of the simulation because during this time, convective 

activity was more isola.ted. At later times convective activity spread to cover much of the domain , making 
it more difficult to idrntify mid isolate individual hot towers. 
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From Figure 4.1 (left), we can see that our VHT composite achieves a maximum 

azimuthal mean vertical velocity of 16-18 ms-1 at heights z = 9-10 km. Figure 4.2 shows 

that VHTs possess strong positive potential temperature perturbations of approximately 

3.0 K in their cores just below (z = 8-9 km) the height of maximum vertical velocity. 

Just below the maximum potential temperature perturbation at z = 7-8 km, the diabatic 

heating rate reaches a maximum value of greater than 200 K h- 1 within the VHT core. 

Figures 4.3 and 4.4 show the azimuthal mean kinematic fields associated with VHTs. 

Figure 4.3 illustrates the large absolute vertical vorticity (left) and dry Rossby-Ertel PV 

(right) present within hot tower cores, justifying the term "vortical" hot tower. The az-

imuthal mean absolute vertical vorticity attains core values on the order of 10-3 s- 1, with 

a maximum at low levels. This maximum value represents an average, with individual hot 

towers possessing maximum rJ values of 30-40 x 10-4 s-1. Similarly, azimuthal mean PV 

attains maximum values of 8-10 PVU . Along with the strong positive vorticity anoma-

lies within their cores, VHTs exhibit significant tangential circulations (Figure 4.4, right) 

43 



accompanied by radial inflow at low levels and outflow near the tropopause (Figure 4.4, 

left). Figures 4.3 and 4.4 show that VHTs in our simulations are highly locally vortical and 

possess relatively strong associated tangential circulations, suggesting that VHTs behave 

as coherent vortices. 

4-1.2 Example: Initial VHT in Expt. Al 

In the previous section, we discussed the overall characteristics of VHTs based on 

composites of the relevant thermodynamic and kinematic fields. However, the fact tha: 

VHTs in the control simulation are not always vertically aligned (to be discussed later in 

Chapter 7) may lead to significant error in the magnitude of these azimuthal mean values. 

In particular, individual VHTs are observed to have stronger vertical velocities, diabatic 

heating rates and vorticity values in their cores than is represented by our composite plots . 

In order to illustrate the complexity of the VHTs' 3-dimensional structure, we will now 

look in detail at the first VHT to form in Expt. Al. 

The first updraft appears at approximately 20 minutes into the simulation (Fig. 

4.5a). It achieves hot tower status at t = 40 minutes, extending vertically .to z = 16 km 

and with a maximum vertical velocity of 33 ms-1 at z = 10 km (Fig. 4.5b). This is twice 

the maximum value represented in the azimuthal mean composite in Figure 4.1. This initial 

updraft 's lifetime spans roughly 2 h. As Fig. 4.5b shows, a dipole of anomalous absolute 

vertical vorticity, 'T/, is generated by the initial updraft. A similar dipole structure is evident 

in PV (not shown). As this updraft attains hot tower status at 40 minutes, the positive 

portion of the vorticity dipole structure attains values on the order of 10-3 s- 1 within the 

model troposphere. This anomalous cyclonic vorticity is significantly larger than that of 

the local environment just prior to the formation of th:s updraft. For instance, at z = 9 

km the vertical vorticity at t = 0 minutes is 3.8 x 10-5 s- 1 in the vicinity of the initial 

updraft. Forty minutes later, the convectively-generated vorticity maximum at that same 

level is 4.8 x 10-3 s-1, more than 100 times the preconvective value. In general, the VHT-
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related vorticity anomalies range from 3 to 100 times larger than the vorticity of their local 

environment. 

4.2 Vorticity Tilting and Stretching 

Given that the dipolar structure of the vorticity anomalies is approximately collocated 

with the hot towers, the following vorticity generation mechanism is proposed: The ini tial 

MCV provides an environment rich in horizontal and vertical vorticity. As the first updraft 

forms, it tilts ambient horizontal vorticity into the vertical while at the same time stretching 

MCV-generated vertical vorticity. As the updraft intensifies to become a hot tower, both 

ambient and tilting-generated vertical vorticity is stret hed even more, leading to a strong 

convectively-generated vertical vorticity anomaly. At later times in the simulation(s) the 

tilting and stretching phenomenology is admittedly more complex, but not fundamental y 

different. 

As described previously, our control simulations are initialized with a weak mid-level 

vortex elevated above the sea surface. At radii less than 75 km, the main vortex has a basic 

state cyclonic wind field that increases in magnitude with height below z = 4.5 km and 

decreasing above. Ignoring buoyant effects for the time being, we can consider the horizontal 

vorticity profile at initial times as being solely associated with the vertical wind shear of 

the initial MCV. As sketched in Fig. 4.6, this vertical shear profile will generate a radial 

vorticity profile that, when tilted upwards by an updraft , generates negative (positive) 

relative vertical vorticity anomalies on the radially-inward side of the updraft below ( above) 

z = 4.5 km. 

As positive vertical vorticity is generated in the region of an updraft , vortex tube 

stretching further intensifies the positive vorticity anomaly. Returning to Fig. 4.5b, we 

can see that the VHT's vorticity dipole structure exhibits this orientation and magnitude 

difference, supporting our mechanism. Unlike the tilting term, however, the intensification 

of vertical vorticity by stretching can be exponential if the convergence is approximately 
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Figure 4.6: Schematic of vortex tilting within the initial MCV. Purple lines represent 
vortex filaments. (a) Radial vorticity generated by vertical shear profile of initial MCV. 
(b) Updraft tilts radial vortex filament upward, generating a vertical vorticity dipole with 
negative relative vorticity radially inward (outward) at heights below (above) z = 4.5 km. 

constant during the parcel's ascent through the tower. 

Let us now look more closely at the two main mechanisms of vertical vorticity gen-

eration and their respective expected contributions. Recall the equation for the material 

rate of change of vertical vorticity (Eqn 4.16 of Holton 1992): 

D( =-(!+()(au + av)- (awav _ awau) + l (apap _ apap) + aFy _ aFx, Dt ax ay ax az ay az p'2- ax ay ay ax ax ay 
( 4.1) 

where ( is the relative vertical vorticity. The terms on the right-hand side of this equation 

represent contributions to the material rate of change of ( due to horizontal convergence, 

tilting, solenoidal effects, and sub-grid scale flux derivatives, respectively. The RAMS 

model ( and other cloud models we are aware of) disallows any contribution from the 3rd 

term on the RHS of (4.1). We furthermore ignore the x and y components of the sub-grid 

scale terms, given by the vertical component of the curl of the turbulent flux terms in the 

horizontal momentum equations. Justification of this assumption is based on Cram et al . 

(2002), where an analysis of a RAMS simulation of a convective line with f = 0 found 
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these sub-grid scale flux terms typically were two orders of magnitude smaller than the 

first two terms on the RHS of ( 4.1) . We henceforth focus on the convergence and tilting 

contributions to the material rate of change of(. 

Let us return again to the first convective hot tmver that forms in the control sim-

ulation. Following the Eulerian diagnosis outlined in C am et al. (2002) , the tilting and 

stretching tendencies on the right hand side of (4.1) were computed in the vicinity of this 

first updraft at various height levels. Since our focus is on vert ical vorf city generation at 

low levels, Figure 4. 7 shows these tendency values at z = 2.5 km. 

It is evident that at early stages of the updraft (t ~ 30 min) , most of the vertical vor-

ticity originates from tilting of ambient horizontal vorticity into the vertical. As the updraft 

continues to evolve , however, stretching of vertical vorticity starts to dominate . Qualita-

tively, these results are similar to those found for intense convection within a (midlatitude) 

mesoscale convective line as simulated by Cram et al. ,:2002) 2 . 

4.3 VHTs as Convective-Scale Vortices 

We have provided an explanation as to why we would expect deep convective hot tow-

ers in an MCV environment to possess substantial vortici ty values near their cores. We will 

now consider how this vorticity modifies the behavior of VHTs in our model environment. 

4.3.1 VHT Mergers 

Given their substantial vorticity values and induced tangential circulation, VHTs may 

be thought of as coherent convective-scale vortices . As such, we would expect to see vortex-

vortex interactions occurring between VHTs. Various interactions, such as VHT merger 

events, are observed to occur throughout the simulation time period. They are particularly 

abundant at t 2'. 24 hours, when convective activity extends over a large portion of the 

domain. This is a consequence of the fact that more VHTs within the domain leads to a 
2 A Lagrangian vorticity analysis following moist air parcel3 as they ascend the convective updrafts 

confirms the basic picture portrayed here using the Eulerian vorticity tilting and stretching tendencies (L. 
Trenary, personal communication ). 
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(a) t = 30 min 
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Figure 4.7: Model vertical velocity (w , m s- 1 , conto1.:r interval 2 m s- 1) and absolute 
vertical vorticity rJ (contour interval 5 x 10- 4s- 1) for be RAMS control experiment (but 
using ox = oy = 3 km) along with the instantaneom contributions of the t il ting and 
stretching terms ( co:itour interval 1 x 10- 6s- 2 ) in the equation for the material rate of 
change of vertical vcrticit:, at (a) t = 30 min , (b) t = 40 min., (c) t = 50 min. into the 
simulation. Values are shown for a 20 km x 20 km horizontal subdomain centered about 
a vortical hot tower, at height z = 3 km. 
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higher probability of VHTs coming into contact with each other, which in turn increases 

the probability of vortex interactions. 

MNCS03 examines one such merger event, occurring between t = 6 h 40 min and 

t = 7 h 20 min. MNCS03 notes that the dry Rossby-Ertel PV at z = l km increase' 

from approximately 18 PVU to 28 PVU over the time and domain of the merger event. 

Furthermore, in looking at the azimuthally averaged PV before and after the merger event, 

MNCS03 notes that the low level azimuthal mean PV ·ncreases from 13 PVU to 40 PVU 

during this time. We will now show examples of merger events occurring before (Merger 

1) and after (Merger 2) the merger event described in MNCS03. 

Figure 4.8 shows a VHT merger event that occurs just before the merger examined 

in MNCS03. This event occurs between t = 5 h 50 min and t = 6 h 30 min, and will be 

referred to as Merger 1. In this example, the convective-scale PV anomalies are observed 

to merge at z = l km and z = 3 km. At z = 3 km, the merger results in a PV anomaly 

that is stronger than either of the pre-merger anomali>es, whereas the PV anomaly that 

results from the merger at z = l km is of smaller magnitude than the stronger original 

PV anomaly. Results presented in MNCS03 suggest bat merger events result in merger 

PV anomaly of greater magnitude than either of the individual VHT anomalies. This 

example appears to contradict this assertion. Notice, however, that a third PV anomaly 

is approaching the merged structure during Merger 1. By t = 6 h 30 min, this second PV 

anomaly is of similar magnitude to the merged structure and is located 10-15 km to the 

southwest. Approximately 10-20 min later the merged and approaching PV anomalies go 

through a subsequent merger of their own, which is the merger event studied in MNCS03. 

This observed decrease in PV after Merger 1 may in fact be due to the fact that this merging 

complex appears to begin merging with a third PV anomaly before it has completed it's 

own merger. This example demonstrates the complexity of VHT interactions observed 

in our simulations. Vortex interactions of various tYI:es, including partial and complete 

mergers, are observed to occur frequently throughout the simulation. 
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Figure 4.9 shows another example of vortex merger (Merger 2) that occurs shortly 

after that of MNCS03. This example shows a complete merger of the two PV anomalies 

at z = 1 km, whilE the associated anomalies at z = 3 km do not merge. In this case, the 

merger at z = 1 km remits in a merged PV anoma.y of greater magnitude ( 40 PVU) 

than either of the re-ITBrger anomalies. This result is consistent with those discussed in 

MNCS03. 

4-3.2 Advection -:;f VHTs 

Vortical hot toweri:: are generally not advected with the local flow as passive scalars. 

The updraft cores associated with the VHTs are found w rotate about the MCV at approx-

imately 0.6-0.9 times thE local azimuthal mean tangential velocity. This phenomenon has 

also been observed for eyEwall mesovortices in the 1.3 km horizontal grid spacing simulation 

of Hurricane Bob (1991) (?ulton 2001) and the 2.0 km horizontal grid spacing simulation of 

Hurricane Bonnie (1998) :Braun et al. 2003) . Together, these findings suggest that the vor-

ticity towers in the high v=irt icity region of the seedling ~torm, o..nd the intense updrafts that 

support them, behave in some ways like Rossby solitons (e.g. Nezlin and Snezhkin 1993; 

Montgomery and Kallentach 1997). A future analysis of the VHTs from this perspective 

might prove insightful. 

4.4 Summary of Hot Tower Vorticity Dynamics 

In the presence of .:nodest low-level vertical vorticity (2.rising here from the initial 

MCV), a single convective hot tower can generate a vertical vorticity anomaly that is an 

order of magnitude greate::- than the ambient vertical vorticity within a time span of 20 min. 

The behavior of deep con~ctive towers is believed to modify their behavior, as evidenced by 

the tendency for VHTs tc undergo vortex-vortex interactions and retrograde with respect 

to the mean circulation. 1-.lthough the specific details are likely to be somewhat resolution 

dependent until truly cloud resolving scales are attained •'. Bryan et al. 2003) , and while some 
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Figure 4.8: Dry Ertel potential vorticity, PV, at heights z = l km (left) and z = 3 
km (right) at times before (top), during (middle), and after (bottom) merger event. Red 
contours are positive, blue contours are negative, and the contour interval is 2 PVU. 
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Figure 4.9: Dry Ertel potential vorticity, PV, at heights z = l km (left) and z = 3 
km (right) at times before (top), during (middle), and after (bottom) merger event. Red 
contours are positive, blue contours are negative, and the contour interval is 4 PVU. 
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of the simulated convective vorticity anomalies are spatially small ( ~ 5 - 10 km - arguably 

not well resolved here), it will soon be shown that within the protected environment of 

the initial MCV the intense vorticity anomalies tend to persist and interact with each 

other in ways that serve to sustain themselves. We know of no substantive reason why the 

fundamental vortex phenomenology presented here and below should c ange significantly 

at higher spatial resolution. 
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Chapter 5 

HOW DO VHTS CONTRIBUTE TO 'SYSTEM-SCALE' SPIN UP? 

To understand the role deep convective hot towers play in the transformation from 

a midlevel circulation to -a surface-concentrated tropical depression, we must understand 

the relationship between jeep convection and the mesoscale circulation. We will begin by 

demonstrating the e:cisten::e of a statistically significant correlation between deep convective 

activity and change~ in tle mesoscale circulation. 

5.1 Correlation Between Deep Convection and Re-Intensification of 

Midlevel MCV 

Although a topic o-: much research interest over the last several decades, the exact 

nature of the relatimiship between a long-lived MCV and associated deep convective out-

breaks is not well unders ood. MCVs are believed to form in the stratiform precipitation 

region of MCSs (Johnston 1981). Observations suggest that MCVs may last several days 

after the clissipatiox:. of the parent MCS, and are linked to future convective outbreaks. 

Raymond and Jiang (1900) present a mechanism whereby a midlevel potential vorticity 

anomaly leads to an upward bulge in the underlying isentropes. Given a suitable relative 

shear profile, this can leac to isentropic ascent at low levels below the PV anomaly, which 

in turn will lead to c:mved ion if the isentropic ascent surpasses the level of free convection. 

Fritsch et al. (1994) confirmed this mechanism in studying a long-lived MCS that tracked 

across the United States. 

Although MCVs are believed to owe their existence to the heating profile of the strati-



form precipitation region, deep convective activity may also have an effect on these midlevel 

circulations. Deep convection is associated with large diabatic heating rates throughout 

much of the troposphere, owing in large part to the release of latent heat. Although not 

confined to midlevels, this heating is substantial in the middle to upper troposphere and 

may have a significant impact on the strength and structure of the midlevel MCV. 

Based on observations of a long-lived MCS that developed over ~E Colorado and 

propagated eastward over the US Great Plains and Midwest, Rogers and Fritsch (2001) 

proposed a mechanism whereby convective heating can affect the intensity and vertical 

extend of a midlevel MCV. Although not the main focus of their paper, Rogers and Fritsch 

(2001) presented observational evidence suggesting a rela ionship between deep convective 

events and intensification of the midlevel MCV. They observed periods of MCV intensifica-

tion approximately 4 hours after deep convective episodes. A previous study by Zhang and 

Fritsch (1987) found similar correlations in midlatitude MCVs, with midlevel intensification 

lagging deep convection by 4-8 hours. 

A similar phenomena was observed in our model results in the time period before 

tropical storm intensity was reached. Analysis of the azimuthal tangential wind fields re-

vealed multiple re-intensifications of the midlevel circulation. Even after the development of 

a tangential wind maximum at the surface, secondary maxima in the mean tangential wind 

field would occasionally appear at middle to upper levels. Similar behavior was observed in 

independent RAMS simulations of Hurricane Dolly (L. Trenary 2003, personal communi-

cation). We will now use a simple statistical analysis to investigate the link between deep 

convective outbreaks and subsequent midlevel MCV i::ltensification in the tropical MCV 

simulations of MNCS03. 

Given the convectively-favorable initial conditions, the control simulation develops 

into a tropical storm in a short amount of time. By t = 24 hrs, the azimuthally averaged 

tangential velocity exceeds 12 ms- 1 at the surface. As discussed previously, once the surfa e 

winds reach a threshold velocity the WISHE mechanism is activated. This mechanism is 
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believed to play a crucial role in tropical storm intensification. In order to exclude the 

potentially complicated scale interactions this mechanism may bring, we will only look at 

time periods before the o:i.set of WISHE for this analysis. We chose the beginning of each 

time series to be at the =irst instance of deep convective activity. The end of the time 

series was defined by the onset of the WISHE phase, using the same method of diagnosis 

via near-surface 0E value:. as outlined in Chapter 3. These restrictions leave a relatively 

short time period suitable for studying convective cycles in Expt. Al. In order to lengthen 

our observational time pe:riod, we will focus on three sensitivity runs that develop more 

slowly than the control. P-0r consistency, we will utilize the ex~eriment naming scheme of 

MNCS03 (see Appendix C). 

Each sensitivity trial is identical to the 3 km horizontal resolution control simulation 

(Expt. A2), with the exc~ption of a single parameter that has been changed. The first, 

called Expt. Bl, has initia.l conditions identical to the control without the presence of an 

initial surface warm bubhle to stimulate convection. This case does not experience any 

significant convective acti7 ity until about t = 13 h. At this time, frictional convergence 

leads to a ring-shaped com-ective outbreak, and the system proceeds to develop in a similar 

fashion as the control, wit:l the onset of WISHE occurring by t = 27 h. The second case, 

called Expt. B4, has lower: surface-based CAPE values than the control. This is achieved 

by increasing the temperature at upper levels by about 2 K. This case develops into a 

tropical storm at around t = 60 h, with the onset of WISHE appearing at t = 24 h. The 

third case, Expt. B5, is irritialized with SSTs of 26 degrees C (versus control value of 29 

degrees C). This is tte slovest case to develop, failing to development a WISHE signature 

in the near-surface 0E values by t = 72 h. 

5.1.1 Definition oj Time Series 

In order to perform a simple correlation analysis, we needed to generate two time 

series from our three-dimensional data: one series representing deep convective activity and 
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the other representing the intensity of the midlevel MCV. Previous analysis found that the 

typical convective hot tower is 5-20 km in diameter , achieves maximum vertical velocity 

values of up to 35 ms-1 in its core, and penetrates up to or beyond the model tropopau8€ 

(at z = 14 km). Although convective characteristics vary between each of our sensitivity 

cases, the qualitative aspects of deep convection are found to be robust. Here we define 

deep convective "events" as local maxima in total num er of model grid points possessing 

a deep convective signature. In order to parameterize deep convective events, we chose to 

count the number of grid points at an upper-tropospheric level , zr, that meet or exceed a 

threshold vertical velocity value, wy. We will call this val e the deep convection parameter , 

DCP. The results reported here1 are for zr = 10 km and wr = 10 ms- 1 . 

In defining a quantity that describes the intensity of the midlevel MCV, we chose to 

use depth-integrated circulation. Our MCV intensity parameter, MVP, is defined as the 

radial mean of the depth-integrated circulation, r DJ ( r), which is defined by 

r DI(r) = I r(r, z)dz (5 .1) 

Given our interest in changes occurring at midlevels, this integral is taken over z = 3-

8 km. The circulation r is computed assuming axisymmetry in the wind fields so that 

r(r, z) = 21rrvt . Finally, the radial mean is taken from r = 30-75 km in order to capture 

only circulation changes characteristic of the system scale. MVP has been normalized by 

the total volume over which the depth-integrated circulat ion is computed. 

5.1.2 Correlation Analysis 

Before discussing the results of our statistical ana:ysis , we first step back and examine 

the validity of the MVP parameter. Figures 5.1 through 5.3 shows the raw time series for 

both our parameters in each case. The original motivation for this st dy was based c,n 

subjective analysis of the azimuthal mean tangential wind fields. Periods of the observed 
1 Values of zr = 6 km and wr = 2, 6, and 16 ms- 1 were also used . Although the shape of individual 

peaks in the DCP time series did change, the overall shape of the series as well as the correlation results 
did not change significantly. 
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Figure 5.1: Experinent Bl: time series for DCP (top) and MVP (bottom). 

midlevel re-intensification are indicated on the MVP time series plots by an orange line. 

Notice that the orange linBs match relatively well with local maxima in the MVP parame-

ter. Although somewhat crude, this check confirms that the observed MCV intensifications 

are well represented by 111 C P. 

In looking at the rav data series (see Figures 5.1 through 5.3), we can see that peaks 

in DCP are of higher ami:litude than those in the MVP data series. Also, it appears that 

several of the peaks in MVP occur a few hours after peak3 in DC P. This suggests that there 

may indeed be a correlation between deep convection and midlevel MCV intensification in 

the model, with the formEr leading the latter by a few hours. To test this hypothesis, we 

computed the correla.tion coefficients for both the raw and linearly detrended data series 

at time lags ranging frorr.. -15 to +15 hours, where a negative (positive) time lag value 

implies that MVP leads Oags) DCP. The detrended time series are presented in Figures 

5.4 through 5.6 and the 13.sged correlation coefficients are presented in Figures 5.7 through 

5.9. Notice that each of tm correlations reaches a maximum at lag values of 2- 4 h, implying 

that the correlation is thE strongest when MVP lags DCP by 2 to 4 h. The Student 's t 
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PARAMETER TIME SERIES - RAW 
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Figure 5.2: Experiment B4: time series for DCP (top) and MVP (bottom). 
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Figure 5.3: Experiment B5: time series for DCP (top) and MVP (bottom) . 
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PARAMETER TIME SERIES - LINEARLY DETREhJOED 
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Figure 5.4: Experiment Bl: linearly detrended time series for DCP (top) and MVP 
(bottom) 

test was used to asEess the significance of these correlations. The correlation coefficient, 

R, corresponding to a 95 percent confidence level is represented by a dotted line on each 

correlation plot. We can see that the peaks of Expt . Bl and Expt . B5 lie within the 95 

percent confidence range. 

It should be noted that the WT selected in the definition of DC P influences the 

number of degrees of freedom in our analysis. As we increase the WT value that defines 

'deep convection,' we will decrease the persistence of the DCP time series. This is caused 

by the decreased time period during which a convective plume will be considered 'deep 

convection.' On the other hand, if WT is set low a hot tower may be counted as 'deep' over 

several hours. However, as WT is increased, this time period is limited to the time when 

the hot tower is at its strongest intensity, which may only last for a half an hour. Hence, 

as we increase the value of WT, we will increase our degrees of freedom of our D CP time 

series, which in turn increases the degrees of freedom used in our Student's t calculation. 

Given the realizat" on that our 95 percent confidence levels are somewhat arbitrary, 

we cannot say with certainty that these correlation values are significant. However, a 
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PARAMETER TIM E SERIES - LINEARLY DETRENDED 
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Figure 5.5: Experiment B4: linearly detrended time series for DCP (top) and MVP 
(bottom) 
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Figure 5.6: Experiment B5: linearly detrended time series for DCP (top) and MVP 
(bottom) 
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LAG CORRELATION OF DCP AND MCP RAW SERIES 

~~m=z=J 
- 6 -4 -2 0 2 4 6 

log time (hrs) 

-6 -4 -2 0 2 4 6 
log time (hrs) 

Figure 5.7: Experiment Bl: lag correlation coefficient values for raw (top) and detrended 
(bottom) time series 
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Figure 5.8: Experiment B4: lag correlation coefficient values for raw (top) and detrended 
(bottom) time series 
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LAG CORRELATION OF DCP AND MCP RAW SERIES 
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Figure 5.9: Experiment B5: lag correlation coefficient values for raw (top) and detrended 
(bottom) time series 

correlation maxima when MVP lags DCP by 2-4 hours is present in all of our cases, and 

can be considered a robust result. Assuming that we have chosen our parameters DCP 

and MVP correctly, this result would suggest that intensifications in our model midlevel 

M CV occur a few hours after deep convective events. This analysis confirms our suggestion 

that convective scale phenomena, namely VHTs, are linked to changes in the mesoscale 

circulation field. But how do these phenomena of vastly differing spatial scales modulate 

each other? In particular, we want to know how VHT activity results in a spin up of the 

mesoscale system at low levels, which in turn leads to tropical storm formation. 

5.2 A Theory for VHT Influence on the Mesoscale Circulation 

MNCS03 provides a theory for how the quasi-steady release of heat by VHTs can lead 

to an increase in the mesoscale tangential winds at low and midlevels. We will summarize 

this theory and the Eliassen's balanced vortex results from MNCS03 here. 
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5.2.1 Summary of Balanced Vortex Diagnostics and Results 

Using the non-l:ydrostatic CSU RAMS, MNCS03 ran cloud resolving simulations of 

tropical cyclogenesis com a single initial midlevel mesoscal€ convective vortex (MCV) em-

bedded within a mois~ened tropical environment. They found that the time period before 

tropical cyclone formation (t < 24 h) is dominated by nearly continuous deep convective 

activity. MNCS03 des:ribes a relationship between VHTs and the mean mesoscale merid-

ional c·rculation based on the balanced vortex theory of Eliassen (1951). Application of 

this theory rests on the assumption that the mesoscale vortex, forced by local heat and 

momentum sources, Evolves slowly and in an approximate axisymmetric fashion, main-

taining hydrostatic and gradient wind balance. These forcings F and Q ( defined below) 

are a superposition of axisymmetric forcing and azimuthally-averaged 'eddy' fluxes, which 

are supplied in part by deep convective activity. MNCS03 uses a Boussinesq version of 

Eliassen's balanced voctex theory on an f-plane in the pseudo-height coordinate of Hoskins 

and Bretherton (1972: . The balance equations used in this formulation are 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

MNCS03 defined the 'heat forcing' as Q = g/8o(-u'80'/8r-w'88'/8z+0), where the 

first two terms repres~nt eddy radial and vertical heat fluxes, and 0 is the mean diabatic 

heating rate. Similarl;, the 'momentum forcing' was defined as F = -u' (' -w' 8v' / 8z+ F sG, 

where the first two terms represent the eddy radial vorticity and eddy vertical momentum 

fluxes, and F sG is the term owing to subgrid-scale processes in the numerical model ( com-

prising both diffusive and the surface-layer processes). By insisting that equations (5.2) 

to (5.5) maintain axisymmetric thermal wind balance, MNCS03 derived a single partial 
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differential equation for the mean toroidal circulation 

a ( - av 2) a ( - - av) aQ a (--) - u~-+wN -- ue11+we- =- - - eF. ar az az az 8r az 

Defining the toroidal streamfunction 'if;: 

_ 18'1/J 
u=---

r az 
_ 18'1/J w---- r ar' 

(5.6) 

(5.7) 

substituting into (5.6), and rearranging, yielded the Sawyer-Eliassen equation for the az-

imuthal mean toroidal circulation 

(N2
) 8

2
'1/J _ 2 (l av) 8

2
'1/J + (l77) 8

2
'1/J + [ a (N2

) _ a (l av)] 8'1/J 
r 8r2 r az 8r8z r 8z2 ar r az r az 8r .....__.,. ---- ..____, 

Afr B/r C/r 

+ [ a (l11) _ a (l av)] a'if; = aQ _ a re F). (5_8) 
az r 8r r az az ar az \<; 

(5.8) is a second order partial differential equation with coefficients dependent on r 

and z. We impose boundary conditions of zero normal flow along the r- z boundaries, which 

implies that 'if; = 0 along these boundaries. The PDE in ( .8) is elliptic and has a unique 

solution if the ellipticity condition of a non-negative discriminant is satisfied everywhere in 

the fluid. This ellipt icity condition is given by 

AC - B 2 > 0, (5.9) 

and is found to be satisfied almost everywhere in our simu ation domain. The coefficients 

in (5.8) represent physical quantities that act to constrain fluid motions in the r- z plane 

(Eliassen 1951; Shapiro and Willoughby 1982). The static stability N 2 = 82¢/8z2 is the 

square of the Brunt- Vaisfila frequency and represents the vertical restoring force per unit 

mass per unit length to vertical parcel displacements at constant r. The inertial ( centrifu-

gal) stability l11 = (f + W/r)(f + 8(rv)/r8r) represents the radial restoring force per unit 

mass per unit length to axisymmetric parcel displacements along constant height surfaces 

(Eliassen 1951). The discriminant AC - B 2 represents the axisymmetric inertial (centrifu-

gal) stability to parcel displacements along isentropic surfaces (Shapiro and Montgomery 

1993). 

66 



MCNS03 found that the azimuthal mean diahatic heating rate term, 0, dominates 

all other forcing term; in (5.8). The azimuthal mean toroidal circulation predicted by 

this PDE is shown in Figure 5.10 (left). This toroidal circulation consists of an azimuthal 

mean radial inflow at low- and mid-levels (Figure 5.10) . The mesoscale inflow acts to 

converge planetary and MCV-related vorticity, leading to an increase in the azimuthal 

mean tangential wind field at low levels and thus the development of a surface concentrated 

mesoscale vortex. The3e predicted changes in the mesoscale wind fields are qualitatively and 

quantitatively similar to the changes observed in the model's azimuthal mean vortex fields. 

Note that the predicted toroidal circulation shown in Figu:-e 5.10 has negligible azimuthal 

mean inflow at midlev==ls (z = 2-6 km). This indicates that although Eliassen's model does 

an adequate job of predicting the inflow at low levels that leads to near-surface spin-up of the 

mesoscale vortex, it ci:>es not explain the occasional midlevel re-intensifications discussed 

in the previous section. This would lead us to the conclru;ion that separate processes are 

responsible for the carrelation between deep convection c..I1d midlevel mesoscale spin-up 

demonstrated in this 7/ork and others (eg. Fritsch et al. 1994; Rogers and Fritsch 2001) . 

Investigation of : hese processes is beyond the scope of the current study, yet may warrant 

future investigation. 

MNCS03 used quasi-balanced dynamics to describe the system-scale evolution in 

their model. This throry, however, hinges on the assumption that convective latent heat 

release is occurring in an approximately sustained fushion on the system scale. Given the 

fact that the first 24 i ours of the control simulation are dominated by nearly continuous 

deep convective activity, this is a reasonable assumption. 

In light of the tteory for convective contribution to tropical cyclogenesis developed in 

MNCS03, we see.k to discover what factors lead to this quasi-steady convective activity. In 

Chapter 4, we discussEd the heightened vorticity associated with deep convective hot towers 

and how this vortici~ modifies their behavior. We will :r..ow ask how, if at all, vorticity 

influences the sustena.=ice of deep convective activity in our simulations. 
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Figure 5.10: 12 h time average (denoted by < >) of system-scale (a) RAMS mean 
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simulation, Expt. Al. Zero contour omitted. Negative contours dashed (from MNCS03). 
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Chapter 6 

INFLUENCE OF AMBIENT VORTICITY ON THE STRENGTH AND 

LONGEVITY OF INDIVIDUAL HOT TOWERS 

In Chapter 5, v..e identified deep convection as the primary forcing for the secondary 

circulation predkted ty Eliassen's balanced vortex theory. This secondary circulation con-

sists of a mesosc.ale re.dial inflow at low levels that converges angular momentum on the 

storm scale and leads to cyclonic spin-up of low-level tangential velocity. We propose that 

longer-lived hot towere will provide more efficient thermal forcing in this context, and hence 

should contribute to faster spin-up of the tropical storm depression. 

It is interesting -;o note that Expt. Cl (see Appendix C), which is initiated without a 

rnidlevel MCV, is the :mly simulation that fails to develop a mesoscale surface circulation. 

This trial experiences an initial convective burst which is triggered by the warm bubble, 

but after t = 4 h therz is no further convective activity. This result leads us to ask what 

characteristics o:f the initial MCV lead to further vigorous convective convective activity 

observed in Expt . AL 

In Chapter 4, -wve showed that our model-generated hot towers are associated with 

strong localized vertical vorticity anomalies. We also provided theoretical support as to why 

we would expect to observe such vortical hot towers in the pre-tropical cyclone environment, 

given the presence of sufficient ambient vorticity (eg. tropical waves, MCVs associated 

with tropical MCCs a:id MCSs) . The ambient vorticity present in Expt. Al is an order of 

magnitude greater thE.n that of Expt. Cl, and in this section we will show that the VHTs 

generated in the formEr simulation are more vortical than those present in the latter. Given 



our interest in determining what factors may lead to longer-lived deep convection, we will 

now examine the role convectively-generated vorticity plays in the growth, sustenance, and 

strength of hot towers. 

From Schubert and Hack (1982), we can express the Rossby radius of deformation 

as, 

(6.1) 

where N is the Brunt-Vaisala frequency, H is the characteristic height scale of the distur-

bance, and f2 is the inertial stability on constant z-surfaces, where 

{6.2) 

It is easily shown that 12 = (r; represents the radial restoring force per unit mass 

per unit length to axisymmetric parcel displacements along constant height surfaces. From 

Equation 6.2, we see that an increase in local tangential velocity will lead to an increase in 

the inertial stability and hence a decrease in LR- Schubert and Hack {1982) applied this 

idea to tropical cyclones, demonstrating that as the tangential mean flow increases in a 

developing storm, the local Rossby radius decreases. They showed that this decrease in LR 

allows less of the energy associated with latent heating in deep convection to be transported 

away from the developing tropical cyclone via radiating inertia-buoyancy waves. This in 

turn allows more of the heat energy to go into intensifying the mean tangential flow. Given 

the highly vortical nature of deep convection in these simulations, it seems natural to ask 

whether or not this principle can be applied on the scale of an individual VHT. Can a 

vortical hot tower decrease the local Rossby radius of deformation locally, on a scale of 

20- 30 km, so that less of its heat energy is lost to gravity waves? If so, the accompanying 

local increase in tangential winds lead to an increase in inertial stability, which in turn may 

provide protection against processes that normally frustrate convection (e.g. entrainment). 

If this is indeed the case, we would expect convectively-generated positive vorticity 

to increase the lifetime of hot towers. In the context of t he Eliassen's balanced vortex 
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theory presented in Cl:.apter 5, longer-lived VHTs would tend to increase the magnitude of 

the aggregate diabatic heat forcing term, which in turn would induce a stronger mesoscale 

meridional circulation. As such, we would expect vortical hot towers to play a stronger role 

in the transition from MCV to tropical cyclone than their non-vortical counterparts. 

To further explore the nature of the relationship between vorticity and convection 

in a tropical cyclogeD2Sis environment, we ran a series of simple sensitivity experiments 

focusing on a single localized convective event. All of our sensitivity experiments have the 

same initial conditions with the sole exception of those conditions that were explicitly noted 

as changed. We chose to focus on the first convective outbreak, which is triggered by the 

temporary insertion of a small-scale surface heat source, for two reasons. First, looking 

at the initial convecti.,.e outbreak allows us to accurately quantify the environmental con-

ditions. Given that ccnvective activity eventually alters the dynamic and thermodynamic 

aspects of the mesoscale environment, examining these early times should permit a clear 

interpretation of the rnesoscale environment. Second, looking at a localized convective re-

gion for a short amoUL,t of time (t =0- 3 hrs) allows us to use a 1 km horizontal resolution 

grid. These higher rernlution runs should give us a better indication as to the robustness 

of any t rends we observe in our 2 km data. 

6.1 Model Setup for Sensitivity Experiments 

Both of the following sensitivity experiments were run at 2 km and 1 km finest-grid 

horizontal resolutions. The grid definitions and overall model setup for the 2 km sensitivity 

runs are identical to hose used for the control simulation (Expt. Al in Appendix C) as 

described in Chapter 2. The 1 km runs were setup using the same grid structure as that 

used for the 3 km con::;rol simulation (Expt. A2) with the addition of a fourth nested grid. 

The horizontal grid dimensions were 40 x 40, 62 x 62, 92 x 92, and 92 x 92 for the 36, 9, 3, 

and 1 km resolution grids, respectively. The innermost grid was fixed and centered over the 

warm bubble at 50 km east of the fine grid center. All simulations had the same vertical 
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grid structure described in Chapter 2. The basic setup for each sensitivity experiment is 

outlined in Table 6.1. 

6.1.1 1 vs. 2 km Resolution 

Each sensitivity trial was run for 3 h, with the standard outputs recorded every 

10 min. In general, the 1 km resolution runs yielded convection with stronger maximum 

values of vertical velocity and vertical vorticity than that of the 2 km cases. Increased 

resolution also appears to shorten updraft lifetimes. Although quantitatively different than 

the 2 km runs, the qualitative characteristics of the updrafts were observed to be the same 

between the two. Specifically, maximum vertical velocities were found at around z = 10-

12 km, and strong vorticity anomalies were approximately collocated with convective hot 

towers. It is beyond the scope of this study to determine the horizontal resolution that fully 

resolves these convective structures. Given the fact that the qualitative behavior of these 

VHT structures at 1 and 2 km resolution are similar, we judge these resolutions as being 

adequate for giving a qualitative picture of the fundamental convective-scale dynamics. 

Since our 'control' simulation (Expt. Al) was run at 2 km horizontal resolution, we will 

only discuss 2 km results at this time. The basic trends that we will now discuss are present 

in both families of simulations. 

6.2 Sensitivity Experiment 1: No Initial MCV 

The first sensitivity experiment is identical to Expt. Al except for the omission of 

an initial MCV. In order to be consistent with the experiment naming scheme defined in 

MNCS03 (2004), we will refer to this sensitivity trial as Expt. Cla (Table 6.1). Given 

that the initial M CV was inserted as a vortex in hydrostatic and thermal wind balance, 

the initial thermodynamic profiles between these two experiments vary slightly. The Expt. 

Al experiment has slightly cooler temperatures at levels below 4.5 km and slightly higher 

temperatures at levels above (as expected from thermal wind considerations). The overall 
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No. 

Cla. 

Clb. 

Cle. 

Cld. 

Table 6.1: RA~S genesis experiments (initial updraft) - initial conditions 

no-vortex 2 

no-vortex 1 

no-vortex, lOf 2 

no-vortex, lOf 1 

tit 
(hrs) 

3 

3 

3 

3 

Notes 

Same as control (Expt. Al) except no initial 
vortex used. 

Same as no-vortex (Expt. Cl) with additional 
4th grid inserted within !:ix = tly = 3 km 
grid, centered over warm bubble (50 km east 
of domain center). 

Same as control (Expt. Al) except no initial 
vortex used and f set to 3.77 x 10-4 s-1 (10 
times that of control). 

Same as no-vortex (Expt. Cl) with additional 
4th grid inserted within !:ix = tly = 3 km 
grid, centered over warm bubble (50 km east 
of domain center). Also, J set to 3.77 x 10-4 

s-1 (10 times that of control). 

change in thermodync.Jllic structure is small, with a maximum temperature perturbation 

of +1.5 K (see Figure 6.1 for thermodynamic profiles). 

6.2.1 Compar-:son of Convection in Expt. Al and Expt. Cla 

The overall quantitative dynamical differences between updrafts in the MCV versus 

no MCV environmentE are summarized in Table 6.2. Both or the initial updrafts are induced 

by the same surf:ace W:1.rm bubble. Both experiments initiate convection at the same time, 

at appr ximately t = ~0 min, and both have their first updraft peaks at t = 50 min. Figures 

6.2 and 6.3 show the Expt. Al and Expt. Cla hot towers at their respective peaks. 

Quantitatively, at peak intensity the hot tower in Expt. Cla has comparable vertical 

velocity values to that in Expt. Al. The Expt. Al hot tower achieves a maximum vertical 

velocity value of 36 rr..s- 1 whereas the Expt. Cla hot tower has a maximum of 33 ms- 1. 
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Figure 6.1: Potential temperature difference, 0A1 - 0c1a, between Expts. Al and Cla 
initial environments at domain center (x = 0 km and y = 0 km, left) and the radius of 
maximum midlevel winds (x = 50 km and y = 0 km, right). Time shown is 10 min into 
the simulation. 

Table 6.2: Side-by-side comparison of relevant VHT characteristics at peak updraft inten-
sity (t = 50 min). 

I Expt. Al ( control) I Expt. Cla (no-vortex) I 
diameter 10 km 10 km 

max w (ms- 1) 36.3 32.6 
(at z = 12 km) (at z = 12 km) 

min w (ms- 1) -6.4 -4.2 
(at z = 7 km) (at z = 12 km) 

max f + ( (x10- 4 s - 1) 44 20 
(at z = 8 km) (at z = 10 km) 

max f +( at 24 7.6 
z = 1 km (xl0- 4 s - 1) 

lifetime > 180 min 100 min 
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z = 12km 

z=9km 

z=6km 

z=3km 

z = 500m 

20km X 20km subgrid centered at x=48km, y=6km 
t = 50 min 

Vertical Velocity Abs Vertical Vorticity 

-5/-10 -3/-5 -1 /0 1 /5 5/10 10/15 15/20 20/30 25/40 30/50 35/60 

Figure 6.2: Vertical velocity w and absolute vertical vorticity f + ( for initial updraft in 
Expt. Al during its peak intensity (t = 50 min) 

Both experiments exhibit a vertical velocity maximum at z = 12 km. However, the vertical 

velocity values of the hot tower in Expt. Cla are most less than those for Expt. Al. The 

maximum absolute vertical vorticity value achieved by the Expt. Cla initial updraft is 

19 x 10- 4 , less than half that attained in Expt. Al. Once again, both of these maximum 

values are attained at the same height level, z = 10 km. 

It is to be expected that the initial updraft in Expt. Cla generates smaller vorticity 

values than that in Expt. Al. The simple explanation for this is that Expt. Cla has 

less initial environmental vorticity, both horizontal and vertical, initially present. Without 

an initial MCV, the relative vertical vorticity ( = 0 in Expt. Cla, so that the absolute 

75 



z = 12km 

z= 9km 

z= 6km 

z= 3km 

z = 500m 

20km X 20km subgrid centered at x=50km, y=-2km 
t = 50 min 

Vertical Velocity Abs Vertical Vorticity 
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Figure 6.3: Vertical velocity w and absolute vertical vorticity f + ( for initial updraft in 
Expt . Cla during its peak intensity (t = 50 min) 

ambient absolute vertical vorticity f + ( = f = 3.77 x 10- 5 . As can be seen in Figure 

3.1 , the relative vorticity associated with the initial MCV is a factor of 10 greater than f 

throughout most of the model domain. Hence, initially there is no horizontal vorticity to 

be tilted into the vertical and less absolute vertical vorticity to be intensified via vortex 

tube stretching by intense updrafts . Perhaps a somewhat unexpected result here is that 

the maximum magnitude of the convective vorticity anomaly for Expt. Al is twice that 

of that for Expt. Cla, and yet the initial ambient vorticity is greater by a factor of three . 

This implies that even in the presence of a modest amount of initial vorticity (eg. planetary 

vorticity), a hot tower is capable of locally stretching this vorticity over and over again to 
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continually amplify the convective anomaly. It is this exponential amplification process 

that results in VHTs. 

Another distinction of interested between these two cases is the lifetime of the initial 

updraft. The first updraft in Expt . Cla was found to last for 100 min 1 . The first updraft 

in Expt. Al, however, lasts through the end of the 3 h time period. The overall comparison 

results are presented in Table 6.2. 

There is a caveat to comparing these two cases. Beyond having different environ-

mental vorticity profiles, Expt. Al has a mean tangential wind profile not present in Expt. 

Cla. This mesoscale circulation and its associated vertical shear may introduce additional 

factors influencing VHT strength and longevity, as will be discussed in Chapter 7. If we 

wish to make assertions regarding the effects of ambient vertical vorticity on VHT lifetimes, 

we must introduce environmental vorticity without an associated mesoscale tangential flow . 

6.3 Sensitivity Experiment 2: No Initial MCV and a 10-fold Increase 

in Planetary Vorticity 

We next consider an environment without an initial MCV but with an increased 

planetary vorticity. This was done by using the Expt. Cla setup and using a Coriolis 

parameter equal to 10 times that of the Expts. Al and Cla, with a value of 3. 77 x 10- 4 

s-1 , in the RAMS model. Continuing with the naming scheme introduced in MNCS03, we 

will refer to this sensitivity trial as Expt . Cle (Table 6.1). Although admittedly unphysical , 

this idealized experiment gives us the opportunity to increase the environmental vorticity 

without introducing a mean tangential flow, and eliminating the tangential flow-related 

effects mentioned in the previous section. 

Once again, the warm bubble stimulated the first updraft at about 10- 20 min into 

the simulation. This updraft was observed to peak at t = 50 min (Figure 6.4), as in 
1 A second updraft was found to form in the vicinity of the initial updraft at t = 110 min. This updraft 

was weaker than the first, and its lifetime exceeds the t = 3 h simulation time. This second convective 
development can be tracked in Expt. Cl , which has identical initial conditions but with 3 km horizontal 
resolution , 30 min output intervals and is run out to t = 72 h . It appears that this second updraft lasts 
until t = 210 min and no further convective activity ensues for the remainder of the 72 h simulation . 
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Expt. Al and Expt. Cla. At this peak time, the maximum vertical velocity value of 

27 ms- 1 is attained at z = 9 km. The maximum absolute vertical vorticity achieved is 

f + ( = 50 x 10- 4 , which occurs just at the z = 1.5 km (not shown). The lifetime of the 

initial hot tower in Expt. Cle is found to be approximately 80 min. 

It is interesting to note that this updraft does not achieve the vertical depth that 

those in Expts. Al and Cla attain. The maximum vertical velocity value for Expt. Cl e 

occurs 3 km lower than in the other two cases, suggesting that the conditions in Expt. Cle 

are acting to suppress the vertical motion of the updraft. Also, even though the absolute 

vertical vorticity value attained in this updraft is of comparable magnitude to that of the 

VHT in Expt. Al, the majority of its vorticity is confined to the lowest model levels . The 

initial VHT in Expt. Al experiences a maximum in absolute vertical vorticity at around 

z = 9 km. These results suggest that the vertical distr·bution of the positive vertical 

vorticity may affect how vorticity modifies an updraft's structure and longevity. 

6.4 Comparison of VHTs Formed in Distinct Dynamical Environ-

ments 

We will now investigate the effects that increased vorticity at midlevels will have 

on updraft entrainment. To do so, we will do a closer comparison of the initial updrafts 

formed in Expts. Al and Cla, the latter of which has significantly smaller vorticity values 

associated with it. These updraft are initialized by the same surface warm bubble, and 

develop in nearly identical thermodynamic environments. Hence, the major differences 

between the environmental conditions of these experiments are the ambient vorticity and 

wind profiles. For the moment, we will ignore the second difference and concentrate on the 

vortical distinctions between the two updraft environments. 

Given the fact that the first VHT to form in Expt. Al is longer-lived and more 

intense than that in Expt. Cla, we must ask the question of how the vorticity magnitude 

modulates a VHT structure and lifetime. As we demonstrated at the beginning of this 
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Figure 6.4: Vertical velocity w and absolute vertical vorticity f + ( for initial updraft in 
Expt. Cle during its peak intensity (t = 50 min) 

chapter, local increases in vorticity associated with deep convection will lead to a theoretical 

increase in inertial stability and decrease in Rossby deformation radius about the updraft 

core. The result of these dynamical alterations is a decrease in the ability of outside air 

to penetrate into the updraft core, which will have different impacts on the updraft at 

different height levels. At lower levels, this amounts to a restriction of the near-surface 

inflow that feeds to updraft. In this capacity, increased vorticity is acting to limit to 

intensity of the convective hot tower and is thus having a negative impact on hot tower 

strength and longevity. On the other hand, localized increases in vorticity at midlevels will 

act to reduce entrainment. Entrainment of cooler, drier environmental air at middle to 
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upper levels will serve to decrease the buoyancy of the updraft core air and hence weaken 

the updraft. This is believed to be a particular problem fur intense tropical convection, as 

it is usually of smaller diameter than midlatitude deep convection (Barnes 2001). Hence, 

the vortical restriction of inflow at middle and upper levels should have a positive influence 

on hot tower intensity and lifetime. 

To examine the presence of entrainment in our model updrafts, Figure 6.5 shows 

azimuthal mean plots of radial velocity and tangential velocity at t = 50 min for the initial 

updraft in Expt. Al (left) and Expt. Cla. The azimu-;hal means are taken about the 

updraft centers. These plots show that the hot tower in Expt. Al possesses moderate 

inflow at low levels and intense outflow near the tropopause. The initial hot tower in 

Expt. Cla, however, has a vertical profile consisting of alternating inflow and outflow. 

This pattern suggests that the updraft core is exchanging air with its surroundings at all 

vertical levels, indicating the presence of entrainment. Looking back to Figures 6.2 and 

6.3, we can see that the hot tower in Expt. Al has stronger vorticity values at middle and 

upper levels than those of Expt. Cla. These preliminary results support the idea that the 

increased inertial stability of VHTs in Expt . Al acts to reduce entrainment of lower 0E 

air at middle and upper levels into the updraft core, which may lead to longer individual 

updraft lifetimes. However, we must be careful not to rely too heavily on these findings, 

because the size of our horizontal resolution (Llx = 2 km) is not fine enough to resolve the 

turbulent motions that comprise updraft entrainment. Higher-resolution simulations must 

be conducted to verify these preliminary results. 

In summary, we have shown that high vorticity alone does not guarantee longer 

convective lifetimes. However, the relationship between vorticity and updraft structure 

and longevity appears to be more complicated than originally hypothesized. We have found 

evidence suggesting that vortical hot towers generated in an idealized MCV environment 

are longer-lived than their less vortical counterparts that form in an environment of zero 

ambient relative vorticity. Preliminary results from our sensitivity experiments further 
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Figure 6.5: Updraft-centered azimuthal mean radial velocities (vr) and tangential velocities 
(vt) for the initial updraft in Expt. Al (left plots) and Expt. Cla (right plots) at t = 50 
min. 

suggest that VHTs with larger vorticity values at midlevels may experience less detrimental 

entrainment, whlch may explain the difference in initial hot tower lifetimes between Expts. 

Al and Cla. Next, we will include the effects that the MCV-related horizontal winds in 

our investigatio of the MCV's_ influence on VHT character. It is the main goal of the 

next chapter to fully examine which aspects of the MCV environment make it conducive 

to quasi-steady convective activity. 
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Chapter 7 

HOW DOES THE MCV ENVIRONMENT CONTRIBUTE TO 

QUASI-STEADY CONVECTIVE ACTIVITY? 

In the previous chapter, we explored the effects that MCV-related vorticity have on 

individual hot towers. The sensitivity experiments discussed in Chapter 6 indicate that the 

relationship between vorticity and hot tower structure and life span is more complicated 

than we had originally hypothesized. In hopes of better understanding this problem we 

will take a step back and consider how the overall kinematic structure of an M CV environ-

ment, including the associated vorticity and wind fields, affects convective nature. Given 

our underlying interest in isolating the environmental conditions that lead to quasi-steady 

deep convection (as discussed in Chapter 5), we will focus on the role that the MCV envi-

ronment plays in supporting long-lived individual hot towers and frequent deep convective 

redevelopments. 

7.1 MCV Contribution to Long-Lived Individual VHTs 

The most notable difference between the physical structure of VHTs in the MCV 

environment (Expt. Al) versus the still environments (Expts. Cla and Cle) is the presence 

of a downshear tilting with height. This tilt displaces the downdraft downshear of the 

updraft core. This tilt can be seen in the three-dimensional vertical velocity and absolute 

vertical vorticity plots of the initial updraft in Expt . Al that are shown in Figure 6.2. 

A more convincing illustration is provided in Figure 7.1, which shows vertical velocity 

contours at z = 1 km for the first updraft in Expt. Al at various time during its lifetime. 
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Figure 7.1: Expt. Al: Near-surface downdraft signature associated with initial updraft at 
different times during updraft lifetime. 

The first time shown (t = 50 min, Figure 7.1, left) is the time at which the first evidence of 

a downdraft is detectE.d in this field. Notice that the downdraft (dashed contours) appears 

to be offset slightly north of the updraft core. By t = 1 h and 20 min into the simulation 

(Figure 7.1, right ), the downdraft appears to be weakening. Although the northern portion 

of the updraft core hc.S been replaced by the downdraft, the remaining regions of updraft 

still possess substantial vertical velocity signatures at this height level. 

Referring back ~o Figures 6.3 and 6.4, we can see that the hot towers that form in 

the environments wifaout an initial MCV do not exhibit a noticeable tilt. Once again, 

Figures 7.2 and 7.3 sh.::>w contour plots of vertical velocity at z = 1 km for the first updraft 

in Exp s. Cla and Cle, respectively. The VHTs in the still environments appear to be 

vertically upright, so their downdrafts occur in the center of their updraft cores. Notice 

that in each of these cases, the downdraft signature appears to significantly weaken the 

strength of the updra::t core vertical velocities (Figures 7.2 and 7.3, right frames) . 

Simple supercell theory would suggest that the tilted orientation of VHTs in Expt. 

Al would be the preferred scenario for long-lived VHTs. The vertically upright orientation 

of Expt. Cla and Cle introduces contamination of the updraft core by the colder, drier air 

of the downdraft. However, the tilted orientation displaces the downdraft from the updraft 

core, decreasing this contamination and allowing for longer-lived VHTs. This tendency to 
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Figure 7.2: Expt. Cla: Near-surface downdraft signature associated with initial updraft 
at different times during updraft lifetime. 

tilt downshear with height is observed in many VHTs in Expt. Al , and is presumably a 

result of the mesoscale vertical shear profile associated with the initial MCV. Typically, 

vertical shear is thought of as a factor that frustrates deep tropical convection, acting to 

shear apart convective plumes. However, our results suggest that the weak to moderate 

vertical shear within the mesoscale environment may actually act to increase VHT lifetimes. 

Hence, when analyzing the influence of the MCV environment on deep convection we must 

consider the combined effects of the MCV-related vorticity and wind fields. 

7.2 MCV Contribution to Convective Redevelopments 

Until now, we have focused on impacts of the MCV environment on individual hot 

tower lifetimes. There exists another factor contributing to quasi-steady convective activity 

that we have yet to examine: convective redevelopments. In the control, new convection 

is often observed to form in the vicinity of existing convection. The still-environment 

sensitivity trials experience at most one convective redeve opment, with no further deep 

convection. The first theory as to why these developments occur in the MCV environment 

is coldpool lifting. The MCV wind field results in the relative flow across the VHTs at low 

levels, which may be converging at the coldpool boundary and spawning new convection. 

However, the coldpools in our study are relatively weak, with potential temperature deficits 
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Figure 7.3: Expt. Cle: Near-surface downdraft signature associated with initial updraft at 
different times during updraft lifetime. 

ranging from 0.6-1.0 K below the environmental value. The weakness of the buoyancy 

difference between coldpools and the environment does not rule out the possibility the 

coldpool lifting i3 occurring in our model, but we believe we must look elsewhere for a more 

convincing explanation. 

In looking at a few cases early in the simulation, it appears that convective redevel-

opment is favored downshear-left of an existing updraft. This phenomenon is illustrated 

in the convective redevelopments shown in Figures 7.4 and 7.5. These figures show the 

vertic velocity fields at z = 3 km, and the mean z = -6 km shear vector across the 

redevelopment domain. In both figures, a new convective signature appears downshear to 

downshear-left af the original updraft. 

The presentation of these two examples does not yet prove that VHT redevelopment 

is preferred in the downshear-left direction. Based on a subjective analysis of the vertical 

velocity field during the first 24 h of the simulation, this phenomenon does appear to be 

prevalent during the tropical cyclogenesis time period. Although on a much smaller scale, 

this observation is consistent with the preferred convective region for a hurricane-like vortex 

(Corbosiero and Molinari 2003; Reasor et al. 2003; Braun et al. 2003). Evidence presented 

in Cha_ ter 4 suggests that VHTs forming in an MCV-like environment behave as coherent 

convective-scale vortices. As such, we may be able to apply the vortex theories recently 
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Figure 7.4: Expt. Al from t = 40-80 min: Vertical velocity w at z = 3 km ( contour interval 
2 ms- 1) of a single VHT before (a) and during (band c) convective redevelopment. The 
vector representing the average local vertical shear (units of 0.5 ms-1) from z = I km to 
z = 6 km has been plotted in the upper righthand corner for reference. 
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Figure 7.5: Expt. Al from t = 170-190 min: Vertical velocity w at z = 3 km (contour 
interval 2 ms- 1 ) of a single VHT before (a) and during (band c) convective redevelopment. 
The vector representing the average local vertical shear (units of 0.5 ms- 1) from z = I km 
to z = 6 km has been plotted in the upper righthand corner for reference. 
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developed in the aforementioned papers to VHTs in order to describe their behavior. Given 

the difference in scales between hurricane and convective vortices, further investigation is 

required to assess thE applicability of such theories, such as isentropic upgliding, Ekman 

pumping and the do"-nshear-left convective preference for hurricane-like vortices, to these 

convective-scale vortices. 
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Chapter 8 

CONCLUSIONS 

8.1 Summary 

We have proposed a modified definition of tropical cyclogenesis. This revised defini-

tion was motivated by the assertion that the existence of a weak surface circulation, such as 

that associated with a midlevel MCV in an atmosphere of low to moderate static stability, 

does not mark the formation of a tropical cyclone. This surface circulation must develop 

a warm core vortex structure at low levels to complete the transition to tropical cyclone, 

and in the case of a pre-existing MCV it must first eradica-:;e its cold core low-level vortex 

structure. 

In the current study, we have sought to understand the processes responsible for 

the transition from a cold-core surface vortex with weak cyclonic circulation to a warm 

core tropical cyclone. The RAMS simulations presented here suggest that this process can 

occur, for a single MCV in a convectively-favorable tropical environment, in the absence of 

external processes such as MCV mergers and wind surges. As such, a detailed look at the 

internal processes responsible for · the genesis in these RAM3 simulations was conducted. 

We have reviewed the genesis mechanism proposed · y MNCS03. This mechanism 

relies on the quasi-steady release of diabatic heat within convective hot towers, which drives 

a toroidal circulation that acts to converge cyclonic angular momentum at low levels and 

thus spin up the tropical cyclone vortex. This process is strongly dependent on the presence 

of sustained deep convective activity on the system scale during the first 24 hours of the 



control simulation. 

Close examination c,f model-generated hot towers revealed them to be highly vortical, 

much as those in the MM5 simulations of Hurricane Diana documented in HMD03. These 

"vortical" hot towers (VHTs) experience vorticity values of 3- 100 times that of their envi-

ronment throughout the troposphere. With diameters of 5-20 km, they attain maximum 

vertical velocities in excess of 30 ms- 1 just below the model tropopause. At early times, 

as these intense updrafts form, they tilt MCV-related horizontal vorticity into the vertical. 

Updraft-related convergence leads to intense stretching of local vertical vorticity on the 

convective scale, which ::-esults in the strong cyclonic vorticity values collocated with up-

draft cores. Examinatio:i of the updraft-centered, azi:nuthal mean wind field reveals that 

VHTs have strong, localized tangetial circulations with them, making them small, coherent 

vortices. This discovery led to the investigation of vorticity's impact on hot tower structure 

and longevity. 

Through a series of single-updraft sensitivity e>.-periments, it was found that positive 

vorticity acts to suppress entrainment at midlevels. This suppression is believed to occur 

because of the increased inertial stability at midlevels due to the increased vorticity and 

tangetial circulations associated with VHTs. This increased inertial stability acts to "pro-

tect" the updraft core by suppressing radial motions that would entrain the cooler, drier 

environmental air into the updraft . Given the fact :hat entrainment of lower 0E air into 

the updraft core will d=crease the buoyancy of updraft air parcels (Holton 1992), which in 

turn reduces the inten ity of the updraft, it is reasonable t assert that increased vorticity 

at mid- to upper levelt may have a positive influence on updraft strength and longevity. 

In addition, the vertical shear provided by the MCV tangential wind profile is found 

to tilt VHTs downshear with height. This orientation tends to displace the downdraft 

downshear of the updraft core, which also serves to increase updraft lifetimes. The com-

bination of these effects is believed to contribute to the longer lifetime experienced by the 

individual VHTs in be control simulation as compared to those in our sensitivity trials. 
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In turn, the enhancement of individual hot tower lifetimes contributes to the quasi-steady 

nature of deep convection that is crucial to the rapid formation of a tropical cyclone in our 

control simulation. 

8.2 Future Work 

The initial-updraft sensitivity trials conducted for this thesis were a first attempt at 

understanding how localized, convectively-generated positive vertical vorticity affects the 

structure and longevity of deep convective hot towers. Given the fact that these runs chron-

icle the development of a single hot tower within three distinct dynamical environments, 

the conclusions presented here are preliminary and must be verified. These preliminary 

hypotheses can be tested with a statistical analysis relating key updraft characteristics 

(e.g. maximum vertical velocity, size, lifetime) to vorticity over a substantial population 

of VHTs. In addition, our individual updraft analyses exclude the influence of VHT-VHT 

interaction on hot tower character. Given the VHT merger results presented in Chapter 

4, these convective-scale vortex interactions may play a substantial role in the dynamical 

evolution of the system. A collective VHT analysis would allow us to make more general 

claims regarding vorticity's influence on hot tower characteristics. 

The flx = fly = 1 km resolution sensitivity experiments of the initial updraft (Ex-

pts. Clb and Cld) described in Chapter 6 exhibited larger maximum vertical velocity and 

vertical vorticity values and slightly shorter lifetimes than those run at 2 km horizontal 

resolution (Expts. Cla and Cle, respectively). Higher-resolution simulations of the control 

experiment should be conducted in order to verify that the flx = fly= 2 km simulation is 

adequately capturing the pertinent convective-scale dynamical processes of interest. Since 

most incipient environments posses some vertical shear, it would be interesting to see how 

the introduction of environmental vertical shear over the initial MCV (perhaps a more real-

istic setup) affects the VHT phenomenology presented here, as well as the overall evolution 

of the system. Finally, we believe that the results of this study and those documented in 
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HMD03 and MNCSCi3 illwtrate the need for a field campaign to observe and document the 

phenomenology of convective-scale processes in a tropical cyclogenesis environment 
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Appendix A 

Definition of variables and constants 

r 

z 

u 

V 

w 

Vt 

f 
( 

11=!+( 
p 

Po 

Penv 

Cp 

K, 

"fi = U ..!.. <,) U + 2v Ir) 
N2 = {J2¢/iJz2 

radius 

azimuthal coordinate 

vertical (pseudo-height: coordinate 

eastward velocity 

northward velocity 

vertical velocity 

radial velocity 

tangential velocity 

Coriolis parameter (plwetary vorticity) 

relative vertical vorticity 

absolute vertical vorticity 

pressure 

standard sea level pressure 

basic state pressure 

potential temperature 

basic state potential temperature 

diabatic heating rate 

geopotential 

specific heat of air at -::onstant pressure 

gas constant for dry air 

azimuthally-averaged inertial ( centrifugal) stability 

azimuthally-averaged static stability 
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Appendix B (From MNCS03) 

List of model parameters 

Number of grids - 3 

Number of horizontal grid points - 60/90/137 

for grids 1/2/3 

Number of vertical levels 

Horizontal coordinate 

- 26 

Cartesian 

Horizontal grid increment for - 24 km/6km/2km 

grids 1/2/3 

Vertical grid increment 

Vertical grid stretch ratio 

Grid top 

Grid time step for grids 1/2/3 

Center latitude 

Center longitude 

Lateral boundary 

Lower boundary 

Upper boundary 

Radiation 

Turbulence closure 

- 400 m at the surface 

1.065 

- 22.6km 

- 30s/10s/5s 

- 15 degrees 

- -40 degrees 

- Klemp and Wilhelmson (1978) radiation condi-

tion. 

- Sea surface temperature 302.15K. Charnock's con-

stant set to 0.018 in the surface roughness formu-

lation. 

- lligid lid with a 5km deep high-viscosity layer 

aloft. 

- Harrington (1997) long/short wave model with a 

tendency update frequency of 900s. 

- Smagorinsky (1963) deformation-K closure 

scheme with stability modifications made by Lilly 

(1962) and Hill (1 974). Value of Smagorinsky's 

constant set to 0.25 for both horizontal and 

vertical mixing. Ratio of eddy mixing coefficients 

for heat and momentum equal to 3. 
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Cloud micropiysics Single-moment scheme (Walko et al., 1995) with 

categories for rain, snow, aggregates, graupel and 

hail using mean mass diameters of 1.1mm, 0.3mm, 

0.5mm, 0.5mm and 1 mm, respectively. The value 

of the shape parameter for the generalized gamma 

distribution is set to 1 for rain (i.e. Marshall-

Palmer) and t 2 for all other categories. A cloud 

water category is used with a fixed cloud condensa-

tion nuclei concentration of 0.2 109 /m3 . There is 

also a pristine ice category which has a prognostic 

equation for n mber concentration (two-moment 

scheme, Meyers et a., 1997). 
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Appendix C (From Ml\-CS03) 

RAMS genesis experiments - initial conditions 

Al. CONTROL 75 

A2. 3km 75 

Bl. no-bubble 75 

B2. cape-less {2 km) 75 

B3. cape-less {3 km) 75 

B4. cape-morestable 75 

maxv 

Notes 

6.6@ 4 km ti.x = ti.y = 2 km. SST= 29 
C. Metamorphosis to surface vor-
tex successful. Becomes minia-
ture tropical cyclone by approx-
im tely 60 h . Mean tangential 
near-surface wind 12 m s-1 at 
24 h, and 46 m s- 1 at 72 h. 

6.6 @ 4 km Same as control, except ti.x = 
ti.y = 3 km. Metamorphosis to 
surface vortex successful. Mean 
tangential near-surface wind~ 13 
m s-1 at 24 h, and 46 m s- 1 at 
72 h. 

6.6 @ 4 km Same as control, except ti.x = 
ti.y = 3 km and No initial con-
vective anomaly used. M etamor-
phosis as in Expt. A 1 once deep 
convection ensues at t 24 h .. 

6.6 @ 4 km Same as control, except ti.x = 
ti.y = 2 km. Low-level moisture 
decreased by 2 g kg-1 . Meta-
morphosis succesful, but slower 
rate of development. Mean near-
surface tangential wind 10 m 
s-1 at 48 h. 

6.6 @ 4 km Same as control, except ti.x = 
ti.y = 3 km. Low-level moisture 
decreased by 2 g kg-1 . Meta-
morphosis succesful, but slower 
rate of development. Mean near-
surf ce tangential wind~ 9 m s- 1 

at 48 h. 

6.6 @ 4 km Same as control, except ti.x = 
ti.y = 3 km and surface-based 
CAPE reduced by increasing tem-
perature aloft by approx. 2 
K. Metamorphosis successful, but 
slower development. Tangential 
wind~ 15 m s-1 at 48 h. 
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RAMS genesis experiments - initial conditions (cont.) 

BS. sst26 75 

B6. sst28 75 

B1. center-bub hie 75 

BS. broad-moist 75 

B9. radiation 75 

Cl. no-vortex 

C2. big-rmw 100 

C3. weak-vortex 75 

max v 

6.6@4 km 

6.6 @ 4 km 

6.6 @ 4 km 

6.6 @ 4 km 

6.6 @ 4 km 

6.6 @ 4 km 

5.0@ 4 km 
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Notes 

Same as control, except b..x = 
b..y = 3 km, and SST = 26 C. 
Metamorphesis successful. Sur-
face tangential wind~ 10 m s-1 

at 48 h, tropical storm strength 
at 72 h. 

Same as control, except b..x = 
b..y = 3 km, and SST= 28 deg C. 
Metamorphosis successful. For-
mation of miniature tropical cy-
clone with mean tangential near-
surface winds 40 m s-1 at 72 
h. 

Same as control, except b..x = 
b..y = 3 km, and initial warm 
convective anomaly located under 
center of mid-level MCV. Meta-
morphosis successful. 

Same as control, except b..x = 
b.y = 3 km and low-level mois-
ture anomaly increased from 100 
km radius to 200 km radius. 
Metamorphosis successful. Tan-
gential wind~ 23 m s- 1 at 48 h, 
hurricane at 72 h. 

Same as control, except b..x = 
b..y = 3 km and model initialized 
12 h later to investigate diurnal 
effect of radiation. M etamorpho-
sis successful as in Expt. Al. In-
tensification to hurricane strength 
vortex by '72 h. 

No initial vortex. No surface de-
velopment whatsoever. 

b..x = b..y = 3 km. Metamorpho-
sis successful. Tangential wind 
22 m s-1 at 48 h. RMW = 20 km 
at 48 h. 

b..x = b..y = 3 km, and RMW = 
50 km at 48 h. Metamorphosis 
successful, but slower rate of de-
velopment. Mean tangential wind 

9 m s- 1 at 72 h. Circulation 
very asymmetric even after 72 h. 



RAMS genesis experiments - initial conditions (cont.) 

C4. weak-small-vortex 50 

C5. raised-weak-vortex 75 

Dl. no-tfz-qfz 75 

D2. no-mtmflux 75 

El. zero-Coriolis 75 

maxv 

Notes 

5.0 @ 4 km ~x = b..y = 3 km. Meta-
morphosis successful, but as in 
Expt. C3 slow rate of develop-
ment. Mean near-surface tan-
gential wind 8 m s-1 at 48 
h. Very asymmetric circula-
tion at 72 h. 

5.0@ 5 km b..x = b..y = 2 km. Meta-
morphosis successful, but as in 
Expt. C4 slow rate of develop-
ment. Mean near-surface tan-
gential wind 8 m s-1 at 48 
h. Asymmetric circulation at 
72 h . 

6.6 @ 4 km Same as control, except b..x = 
b..y = 3 km and surface SEN-
SIBLE s!,Dd LATENT HEAT 
FLUXE::; turned OFF. Meta-
morphosis successful. Mean 
near-surface tangential wind 
12 m s- 1 at 24 h. No subse-
quent intensification. 

6.6 @ 4 km Same as control, except D.x = 
D.y = 3 km and surface MO-
MENTUM FLUXES turned 
OFF. Metamorphosis success-

1, but surface development 
slower than Expt. Al. Contin-
ued intensification to minimal 
tropical storm strength vortex 
at 72 h. 

6.6 @ 4 km Same as control, except b..x = 
b..y = 3 km, and Coriolis 
parameter set to zero (f = 
0). Metamorphosis successful. 
Develop surface-concentrated 
vortex as in control, but no 
subsequent intensification ob-
served through 72 h. 
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