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ABSTRACT 

The purpose of this study is to investigate a convectively-driven high wind event 

which affected the Texas Panhandle during the late afternoon/early evening hours of 30 

May 2001. This storm was characterized by a feature referred to as a bow echo, a 

phenomenon that has typically been associated with straight-line winds. To accomplish 

the analysis, WSR-88D level II radar data from the Lubbock, Texas, radar site was used 

to diagnose storm structure based upon reflectivity and radial velocity data. Also, West 

Texas Mesonet data, along with the standard surface observing network, was obtained to 

identify storm-scale features in the low levels and investigate how these features may 

have affected the fransition from a supercellular convective mode to a linear bow echo 

mode. To complement the sparse upper-air network, an MM5 simulation was run for the 

event to diagnose features in the near-storm environment that may have had an 

organizing influence. 
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CHAPTER 1 

INTRODUCTION 

1.1 Convectively Driven High Wind Research 

High-wind events associated with convective storms have been a vibrant area of 

research for many years due to their destructive nature. The two general features most 

commonly recognized as the culprit for high winds are tornadoes and downbursts. 

However, it has been the aim of current research to identify those storms whose severe 

wind characteristics are primarily downburst-related rather than tomadic. Much progress 

has been made in this respect, and storm classification has undergone a degree of 

sophistication with the advent of powerful computers capable of running high-resolution 

simulations of individual convective storms. Initially, modeling studies such as 

Schlesinger (1978) and Wilhelmson and Klemp (1978) sought to make adjustments in the 

wind shear profile and identify the response convective storms had to this forcing. In 

doing so, modelers began to distinguish modes of convection associated with certain 

combinations of wind shear and instability (Weisman and Klemp 1982; Weisman and 

Klemp 1984). 

In particular, phenomenon called a bow echo was found to frequently develop in 

moderate to strong regimes of low-level wind shear (Weisman et al. 1988). Bow echoes 

were first identified observationally by Fujita (1978); however, their dynamics were not 

well understood. They are characterized by a quasi-linear radar reflectivity field that is 

stretched in the direction of motion along an axis perpendicular to the middle of the line 

segment (Figure 1.1). Fujita postulated this stretching to be caused by an axis of very 

strong downburst winds originating in an individual collapsing convective cell along the 

line. Typically, enhanced regions of vorticity were found to straddle the flanks of the 

stretched reflectivity field, with cyclonic vorticity to the north and anticyclonic vorticity 

to the south. 



Due to the controlled experiments afforded by modeling, Weisman (1993) and 

Weisman and Davis (1998) were able to adjust wind shear values to isolate those 

conditions ideal for bow echo development. Also, the hypothesis of a convective cell 

collapse could be tested under such conditions. It is found that bow echoes can develop 

under a wide range of low-level wind shears, and cells associated with the bow did not 

appear to collapse, but rather continual regeneration occurred along the leading edge of 

the storm induced outflow. The vorticity couplet is found to develop in tandem with the 

feature known as the rear inflow jet (RIJ) which becomes prominent as the bow echo 

develops. In fact, the bow may itself be a manifestation of the enhanced area of winds 

impinging upon cells within the line segment. With the inclusion of the RIJ, a more 

complete picture is formed of the quasilinear convective systems that can produce bow 

echoes (SmuU and Houze 1987). 

Since bow echoes are prone to produce damaging winds it would behoove 

forecasters to know how long such systems last and what mechanisms are responsible for 

their demise. A class of convective systems known as derechos (Johns and Hirt 1987) 

was found to have impressive time scales of damage with a quasi-steady structure to 

them. Certainly such systems are likely made up of multiple bow echoes or line echo 

wave patterns (LEWPs) due to their spatial extent, however investigators have begun to 

see that the most extreme derechoes are not exclusively multicellular in nature, but rather 

include embedded supercells (Doswell 1994). The presence of supercellular convection 

also increases the risk of wind-driven hail due to the enhanced updraft strength found 

within supercells. Several studies have investigated the ability of high-precipitation (HP) 

supercells to produce high winds in comparison to other supercellular modes (MoUer et. 

al. 1994). 

Rotunno et al. (1988) addressed the steadiness of such storms and the result of 

their efforts is the well-known local balance theory, or the Rotunno-Klemp-Weisman 

(RKW) theory for quasi-steady linear convective systems (Figure 1.2). Briefly, the 

theory states that there exists a local balance between the system-scale horizontal 

vorticity generated at low levels by the cold pool and horizontal vorticity generated by 



the ambient low-level wind shear. Should these circulations have equal strength, then 

convection should stay upright along the leading edge of the cold pool. As the cold pool 

circulation becomes sfronger due to deepening of the cold air, convective elements begin 

to be tilted upshear. Eventually, the cold pool becomes strong enough to overwhelm the 

low-level shear, and the system weakens. Some evidence has recently come forth 

stressing the importance of deep-layer shear (Coniglio 2001; Evans and Doswell 2001) in 

contrast to the aforementioned numerical studies which have focused on the importance 

of low-level shear (0-3 km shear). 

It should be noted that the simulations done by Rotunno et al. (1988) were done 

assuming a horizontally homogeneous environment in terms of thermodynamic and 

kinematic fields. In reality, many bow echo systems develop and propagate into 

environments with significant horizontal inhomegeneities. Therefore, it would be of 

great interest to see how such systems respond to interaction with features such as 

convective outflow boundaries or even sea breeze fronts. Some research has been done 

in this vein and the upcoming BAMEX project (Davis 2002) will delve much more 

deeply into this subject. 

Observationally, early stage bow echo development has not been rigorously 

studied; however, Klimowski et al. (2000) compiled a dataset of 110 cases and classified 

such evolutions. They found that many of the cases occurred after cell merger or close to 

preexisting boundaries. Another finding was that supercell to bow echo transitions 

occurred quite frequently when a boundary was present. Although the types of 

boundaries were not included in the statistics, their findings did state that typically 

stationary boundaries or slow moving Pacific fronts were involved with the transitions. 

The presence of boundaries and their influence on thunderstorm rotation is well 

known (Markowski et al. 1998; Maddox et al. 1980); however, many of these studies 

were dealing with storms that were tomadic in nature with fundamental dynamics quite 

different than that of a bow echo system. It would be of great interest to see how 

boundaries may be able to modulate a storm's characteristics apart from the classical 

tomadogenesis model. Boundaries serve as a source of low-level horizontal vorticity and 



so any interaction in regions of differential vertical velocities should generate tilting 

production of vertical vorticity. The question then arises whether such a mechanism can 

augment vorticity production from the ambient shear to enhance the development of 

rotation on the northern and southern ends of line segments. Also, are enhanced areas of 

wind damage found near the surface due to tilting of vorticity found along such 

boundaries? Unfortunately, the present study is unable to synthesize a vorticity budget 

due to the lack of a dense upper-air network. Therefore, indirect assessment of this must 

be gleaned based upon storm relative wind vectors (through MM5 output) and model-

derived kinematic fields. 

Current research by Trapp and Weisman (2002) has suggested that much of the 

wind damage found in bow echoes is not a direct manifestation of momentum transport 

from the rear-inflow jet to the surface, but rather associated with mesovortices which 

preferentially form on the north side of the apex of the bow. These mesovortices are 

initially triggered by tilting of ambient vorticity and then intensified by vortex stretching 

through the f-term in the vorticity equation. It was also found that mesovortex 

production is more prominent in bow echo systems embedded within highly sheared 

enviroimients. In the current study, the ambient shear is weak to moderate and the 

boundary-like feature is oriented in such a way as to not truly contribute to this proposed 

effect. However, mesonet and radar data are examined closely to determine the 

likelihood of mesovortices in the regions of the most intense wind damage. 

A primary motivation for this study is to document the evolution of a 

supercellular to bow echo transition that eventually would go on to produce significant 

severe weather after the transition. Many of these studies dealt with bow echoes either 

in strongly forced enviroimients, or in weakly forced envirormients typical of warm 

season derechos frequenting the Northern Plains. However, a parent study of weakly 

forced northwesterly flow events in the Southern Plains of West Texas, the Oklahoma 

Panhandle, and adjoining areas has not been done. Although the current study deals only 

with one case, it is hoped that this study would serve as a catalyst for further studies to be 

done on northwest flow convective events in the Southern Plains. Also, the ability of this 



particular bow echo to couple high winds with a prolific hail-producing structure merits a 

careful analysis of its structure and environment to assess why such a storm is able to 

efficiently produce such a dual threat. The conditions that could lead to severe bow 

echoes capable of producing attendant large hail have not been identified. Another 

interesting facet of this study is the existence of strong vortices on the storm scale 

occurring near regions of wind damage. It will be shown that much of the reported 

damage and strongest winds occurred when the vortices were in proximity to the site in 

question. In fact, the strongest winds occurred near this feature rather than the gust front 

itself when the storm was within Lubbock County. Finally, the mesoscale evolution of 

the surface wind field within a classic bow echo propagating through a distinctly 

horizontally inhomogeneous environment has not been as extensively studied, as in the 

current study. 
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CHAPTER 2 

DATA SOURCES AND ACQUISITION 

A primary focus of this thesis is to invesfigate the multiscale evolution of a high-

wind event within a weakly forced environment. To accomplish such a goal, a suite of 

datasets were used including data from the West Texas Mesonet, standard rawinsonde 

observations, hourly METAR surface observations, wind profiler data, and level II radar 

data from the WSR-88D in Lubbock, Texas. Unfortunately, other radar datasets of 

interest (specifically Cannon AFB, New Mexico) were not archived limiting the scope of 

this study. To complement the coarse resolution of the upper-air network an MM5 

simulation of the event was run to fill in the environmental "gaps" around the storm. 

Each dataset is described with concurrent limitations in the following sections. 

2.1 WSR-88D Radar Data 

2.1.1 WSR-88D Components 

A principal component of this study is the WSR-88D data archived from the 

Lubbock site. The WSR-88D consists of three primary modules: the Radar Data 

Acquisition (RDA), the Radar Product Generator (RPG), and the Principal User 

Processor (PUP). A schemafic of these components is given in Figure 2.1. The flow of 

operation begins with a pulse of electromagnetic radiation sent from an S-band (10.0-

11.1-cm wavelength) klystron transmitter. The pulse width (duration) is 1.57 

microseconds for a pulse repetition frequency (PRF) between 318 and 1304 Hz or a pulse 

width of 4.7 microseconds for a PRF between 318 and 452 Hz (Crum and Alberty 1993). 

Once the transmitted energy intercepts a scatterer, a fraction of that energy is reflected 

back to the receiver. Upon being received, the signal is processed in the RDA and is 

stored as base data. The base data is output in digital form by the signal processor and it 

can be recorded as Level II data, which is used in this study. The three datasets refen-ed 

to as the base data are reflectivity, velocity, and spectrum width. 



The RPG ingests the base data and executes algorithms to convert the digital data 

into meteorological and hydrological products. Many of these algorithms have been 

developed by the National Severe Storms Laboratory (NSSL) to improve severe weather 

prediction. For instance, the mesocyclone algorithm is implemented in the RPG whereby 

sustained rotation within convection is detected. In this study, the WSR-88D Algorithm 

Testing and Display System (WATADS) operating on a HP workstation is used as the 

RPG, so to speak. The RPG also performs product storage, velocity dealiasing, and 

control/status monitoring of the RDA. 

The PUP console serves as the user-interface workstation for the WSR-88D 

system. The workstation is equipped with two color monitors and an accompanying 

graphics tablet. An operator can select different products or change parameters by 

moving a puck across the graphics tablet. Also, the operator may select different display 

options such as re-centering, magnification, and multiple displays while viewing 

products. The format used to display radar data graphically is the well-known 

range/position indicator format (RPI). However, when viewing data the meteorologist 

must be aware that both the beam width and the beam height will vary depending on the 

range from the radar. For instance, the beam width of the WSR-88D antenna is 0.95 

degrees. As this beam is transmitted, it becomes 3.8 km in width at 230 km from the 

radar and at 345 km from the radar the beam width has increased to 5.7 km. The beam 

height also varies due to the tilt off the earth's surface, dependent on which tilt is being 

used. An example of a 0.5 degree tilt scan and the range dependency on various 

algorithms, products, and parameters is given in Figure 2.2. Again, an actual PUP 

console was not used in the current study, rather all graphical work was done on a HP 

workstation using the Radar Algorithm Display System (RADS) image display program 

within WAT ADS. However, the same limitations apply here when viewing radar data 

using RADS. 

2.1.2 WSR-88D Operation and Products 

The WSR-88D antenna scans the environment using 360-degree azimuthal 

sweeps at 14 different tilt angles off of the horizontal plane ranging from 0.5 degrees to 

8 



19.5 degrees. Each time the antenna performs a full scan of all tilts, the data is stored as 

an entire volume scan. During severe weather operations, volume scans are completed 

every 5 minutes whereas sampling is less frequent during clear-air mode operations. 

Using the 360 degree scarming strategy, base reflectivity data can be obtained for 

each desired elevation angle. As previously discussed, the resolution of base reflectivity 

data depends upon the range with 1-degree by 1-km resolution for 230 km and a 1-degree 

by 2-km or 1 degree by 4-km resolution out to 460 km. Also, to detect meteorological 

entities associated with high reflectivities (severe storms) as well as those associated with 

low reflectivities (outflow boundaries) the WSR-88D is capable of observing echoes as 

weak as -28 dBZ and as strong as 75 dBZ, depending upon the scarming mode (Klazura 

and Imy 1993). 

In regions of moving scatterers, the Doppler effect can be utilized to find the 

radial velocity, i.e., motion strictly towards or away from the radar. Due to the sensitivity 

of the WSR-88D, the measurement of radial velocities in optically clear air near the 

boundary layer can be obtained. This occurs due to the wealth of scatterers within the 

boundary layer compared to that aloft. To assess the motion of scatterers with respect to 

an observer on the ground, the mean radial velocity product is used. Like the base 

reflectivity, the mean radial velocity depicts a fiill 360 degree azimuthal sweep of data for 

selected elevation angles. Since small-scale boundary layer processes such as tornadoes 

or wind shear need to be detected, fairiy good resolution is required. Near the radar this 

is possible as a 1-degree x 0.25-km resolution is obtained up to 60 km out. Further from 

the radar the resolution drops to 1-degree x 0.5-km resolution at 115 km and 1-degree x 

1-km at 230 km. 

At times, we are concerned with seeing what a convective storm "sees" as it 

moves through its environment. The storm-relative velocity product gives this option as 

it is simply the speed and direction of storm movement subtracted from the base velocity. 

Due to the sensitivity of storm-relative velocity on stonn motion, the user can set the 

storm motion if he/she feels the cell tracking algorithm-derived motion is incorrect. The 

resolution is 1-degree x 1-km out to 230 km. 



2.1.3 WSR-88D Data Processing 

Since the data used in this study was taken directly off of the RDA as level II 

data, a processing program was needed to put the volume scans into a usable format. 

Also, once the volume scans have been processed, an imaging program is needed to view 

the reflectivity, radial velocity, and spectrum width. To achieve this, the archived level II 

data from NCDC was processed by WAT ADS. Using WAT ADS is fairiy straight

forward as a graphical user interface which supplants the tedious task of working by 

command line prompts. The only information that WAT ADS needs to process the data 

into 5-minute (or 10-minute depending on the scan mode) volume scan files is sounding 

data and the name of the radar in question. Also, much like the RPG in the WSR-88D 

system, meteorological and hydrological algorithms can be used on the data to enhance 

identification of storm-scale features. Once the data has been sufficiently processed, the 

user may select the RADS image display program in WAT ADS to view the processed 

volume scans. The image program utilizes the RPI format in displaying data, and it has 

capabilities of constructing cross sections as well. User chosen parameters such as storm 

motion and image loops can also be utilized in RADS. 

2.2 Surface Observations 

As thunderstorm research has progressed, there is a growing body of evidence 

that surface-based features exert a great amount of forcing on the structure of storms, 

either through preferred regions of redevelopment or through the ingestion of locally 

enhanced horizontal vorticity (Johnson and Mapes 2001). Therefore, it would be of great 

interest to synthesize small-scale features as much as possible with a high-resolution 

surface network. Fortunately, a substantial number of West Texas Mesonet surface 

observational sites were in operation during the 30 May 2001 convective event. 

Although the network has grown to 37 individual sites, those that were operational 

(Figure 2.3) on 30 May 2001 sfiU recorded a suite of surface variables useful for the 

current study. Each site samples 5-minute meteorological data including temperature, 

wind speed, wind direction, barometric pressure, etc. A fiill listing of the variables can 
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be accessed via the web at www.mesonet.ttu.edu. Although features on the order of 20 

km or less in width and of temporal scales less than 5 minutes may be missed by such a 

network, storm-scale features such as broader circulations and shear lines may be 

sampled. 

To complement the fine-scale observations within the South Panhandle, the 

standard Automated Surface Observing System (ASOS) network operated by the 

National Oceanic and Atinospheric Administration (NOAA) is used in this study. 

Although a much sparser network, many synoptic and sub-synoptic scale feattires can be 

analyzed with the available spacing. The temporal resolution is also much coarser in 

comparison to the West Texas Mesonet as typically only the houriy data is archived. In 

reality, ASOS samples at a much higher rate, but that which is available for research 

interest is typically saved by the hour. The wind direction and wind speed are reported as 

a 2-minute average updated every 5 seconds. Wind gust information is also updated 

every 5 seconds, although that data will not be used extensively in this study. Pressure 

values are updated once a minute, while temperature and dewpoint temperatiu-e are 

calculated as 5-minute averages. For more information concerning ASOS operation the 

reader is referred to the ASOS user's guide at http://205.156.54.206/asos/aum-toc.pdf. 

2.3 Upper Air Data 

Standard level data ( 850, 700, 500, and 250 mb) was obtained from the Storm 

Prediction Center at 12 hour intervals. This data is available in objectively analyzed 

format from http://www.spc.noaa.gov. To specifically study the conditions in the Texas 

Panhandle, sounding data obtained from archived upper-air files was plotted using both 

RAOB and Sharp sounding programs. Stations that took upper air observations in the 

region of interest were Amarillo, Texas and Midland, Texas. Although informative, this 

dataset certainly is not dense enough to identify some of the mesoscale features that were 

located within the near-storm environment. Therefore, it is the goal of the modeling 

simulation to synthesize features such as low-level vorticity vectors, regional variations 

in storm-relative winds, and locally enhanced areas of CAPE. 
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In addition to the standard upper-air network, the NOAA wind profiler network of 

404 MHz radar systems was employed to obtain high temporal resolution datasets of 

vertical wind profiles in the near-storm environment. Although such systems do not 

fimction well in precipitation, the isolated nature of the storms allowed for substantial 

sampling of the vertical wind field with a high degree of confidence. 

2.4 MM5 Model 

Modelling studies of the event were conducted using the Perm State University/ 

NCAR Mesoscale Modeling System Version 3 (MM5V3). The MM5V3 is a limited-area 

nonhydrostatic terrain-following sigma coordinate model used to simulate mesoscale and 

regional-scale atmospheric circulation systems ranging from sea breezes and mesoscale 

convective systems on the smaller scale to synoptic scale fronts and extratropical 

cyclones at the larger scale. Although the model was designed to simulate events at the 

mesoscale (grid spacing > 10 km) the nonhydrostatic option allows for the reasonable 

simulation of events which have an aspect ratio somewhat close to unity, i.e., the vertical 

scale of the disturbance approaches the horizontal scale of the disturbance. Certainly 

convective phenomena fall within this characterization, although features smaller than 

cloud-scale do not. It should be noted that although simulation at such high resolutions 

may be accomplished, accuracy may suffer somewhat due to turbulence 

parameterizations that are one-dimensional. When at the cloud scale, the turbulence terms 

neglected in the three-dimensional framework may be important (Bryan and Fritsch 

2000). Also, the resolution dependence of explicitly modeled convection may skew the 

results of overall convective organization due to the coarse scales used in the MM5 

(Weisman et al. 1997). Nevertheless, the goal is to simulate the storm-scale environment 

and, in general, investigate how convection responds to this environment rather than draw 

inferences from individual cells simulated within the model. 
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2.4.1 Model Physics Specifications 

In order to accurately represent meteorological phenomena at such a wide range 

of spatial scales (2-200 km) numerous physics parameterizations are offered within MM5 

to better represent such diverse features. Cumulus, planetary boundary layer, explicit 

moisture, and radiation parameterizations are available according to the phenomena 

modeled. 

2.4.1.1 Explicit Moisture Scheme 

A simple ice scheme parameterization is used in this study (Dudhia 1999), which 

allows for ice but does not account for supercooled water. Also, ice is constrained to 

melt immediately after passing the freezing level. Such a simple scheme allows for the 

possibility of sublimation and its attendant cooling, yet not making physical processes too 

complicated within the cloud. This is reasonable since the focus of the modeling is not to 

simulate a convective mode, but rather to identify atinospheric parameters within the 

preconvective environment. 

2.4.1.2 Cumulus Parameterization 

No explicit cumulus paramterization is used for this model run, as most cumulus 

parameterization options in MM5 are suitable for larger scales (grid sizes >30 km). Since 

the convection in question did not congeal into such a complex until late in its life cycle 

(after the strongest winds were produced), it was preferred that convection would be 

represented at scales much less than this initially. 

2.4.1.3 Planetary Boundary Layer (PBL) Parameterization 

The high-resolution Blackadar PBL scheme was used for this study to better 

simulate the small-scale features that occurred near the surface. This scheme has 5 

layers in the lowest kilometer with a surface layer < 100 m thick. Four stability regimes 

are used including a free convective mixed layer. 

13 



2.4.1.4 Radiation Parameterization 

A Cloud-Radiation scheme is used that is able to account for longwave and 

shortwave interactions with explicit clouds and clear air. Atmospheric temperature 

tendencies are calculated, which in turn provide surface radiation fluxes. 

2.4.2 MM5 Preprocessing 

The flow chart illustrating the components involved in an MM5 simulation are 

shown in Figure 2.4. The first step in rurming the model is to use the TERRAIN program 

to create a grid (or nested grid). The Terrain program accomplishes this by reading data 

from landuse input files and then creating a grid for the particular region to be simulated. 

The nested grid structure to be used in this simulation is shown in Figure 2.5, with the 

terrain and land use data as well. A grid spacing of 2, 6, and 18 km are chosen for grid 

D03, D02, and DOl, respectively. In this study, results from DOl and D02 will be 

examined due to the lack of physically interesting phenomena in D03 upon simulation. 

Once TERRAIN has executed, the created grid file is given to REGRID which 

subsequently reads in archived meteorological analyses and then interpolates those fields 

onto the horizontal grid and map projection within the created terrain file. Data is then 

sent to RAWINS for the purpose of performing an objective analysis on the first guess 

data created in REGRID. A Cressman or multiquadric objective analysis can be chosen 

by the user, and other options are available to improve the initial analysis. After data has 

been smoothed and quality controlled by RAWESTS, the modified first guess field is sent 

to ESfTERP where data is then fransformed to be used in the MM5 model. Model initial, 

lateral, and boundary conditions are generated in INTERP from this process to be used in 

the simulation. Variables are interpolated from pressure coordinates to hydrostatic sigma 

coordinates within INTERP. Also the base state, vertical velocity, and perturbation 

pressures are calculated in INTERP and used for the initial conditions. The resultant 

conditions are then sent to MM5, where prognostic equations are solved for various 

atinospheric variables. Output from MM5 can be viewed in the GRAPH program; 
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however, the RIP program was chosen for this study due to its greater flexibility and ease 

of use in viewing model output. 
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(a) (b) 

(c) 

Figure 2.5. MM5 domain characteristics, (a) Nested grid structure used for MM5 simulation. The grids of 
interest for this study are DOl and D02. (b) Terrain data used in the MM5 simulation, (c) Land use data 
used for the MM5 simultaion. Note the anomalous region along the Texas/New Mexico border. This 
coincides with a region of anomalously high dewpoints within the simulation. 

19 



CHAPTER 3 

SYNOPTIC AND MESOSCALE OVERVIEW 

3.1 Evolution of Upper Air Features 

The day previous to the 30 May 2001 high wind event was more representative of 

a classical severe weather set-up with a significant short-wave, negatively-tilted trough 

moving out of the desert Southwest. This feature had fairly substantial upper-level winds 

accompanying it, and the moderately strong low-level wind fields led to large values of 

deep layer wind shear, supportive of supercell thunderstorms (Marshall et al. 2002). As 

the system moved eastward into Kansas by 1200 UTC, the Texas Panhandle came under 

somewhat confluent flow aloft. However, a subtle shortwave trough can be seen at 300 

mb approaching New Mexico at this time (Figure 3.1) in northwest flow with an even 

weaker shortwave over eastern New Mexico. Although a significant region of embedded 

cyclonic curvature can be seen with the stronger shortwave, an attendant area of 

significantly enhanced winds does not appear to be present. However, a pocket of winds 

>30 kt at 300 mb can be seen with this data, and 500 mb data from the NWS difax charts 

show winds around 40 kt approaching New Mexico from the northwest (not shown). It is 

of interest that this feature and its attendant region of higher relative vorticity damps 

considerably at lower levels. According to quasi-geostrophic theory, synoptic scale 

ascent due to differential positive vorticity advection probably occurred across northern 

New Mexico during the afternoon hours of 30 May due to this decrease in vorticity 

towards the surface (Holton 1992). It is likely that this ascent destabilized the 

atmosphere over New Mexico and allowed for upslope conditions to trigger severe 

convection. At 700 mb, northwest flow dominated the Texas Panhandle with winds in 

the 10-20 kt range and a weak baroclinic zone with associated cold air advection across 

Colorado and Western Kansas (Figure 3.2). Closer to the surface, the 850 mb map 

indicates a weak confluent zone associated with two differing airstreams, a cool and dry 

fetch from the northwest and a warm and somewhat moist fetch from the southwest 

(Figure 3.3). 
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The Amarillo sounding for this fime reveals (Figure 3.4) a fairly stable sounding 

in the low levels without any CAPE. The culprit for this stable stratification was a 

combination of both nocturnal cooling and weak cold air advection as substantiated by 

the steady backing of winds with height in the near surface layer. However, the steep 

lapse rates above the surface indicated the inherent potential for rapid destabilization 

should warm air advection, moisture advection, and/or surface heating all combine to 

warm and moisten the lower levels. 

As a result of the pronounced backing, storm-relative helicities were negative 

through 3 km, meaning that only those storms which moved to the left of the mean wind 

would be able to realize any streamwise horizontal vorticity (Davies-Jones 1984). 

Concurrently, the ambient horizontal vorticity would be of a moderate magnitude since 

the magnitude of the shear (0-6 km shear of approximately 19 m/s) was marginal but still 

significant. 

The Midland sounding for this time was somewhat more impressive (Figure 3.5) 

as a shallow moist layer could be seen with substantial veering in the low levels, denoting 

warm air advection. Capping the moist layer was a nocturnal inversion with steep lapse 

rates above the inversion. Should parcels be lifted through this cap, a CAPE of 1735 j/kg 

could be realized leading to significant updrafts. The warm and moist low levels are in 

contrast to the dry and cool layer in Amarillo. As will be shown in the surface analysis 

section, the disparity in values is likely due to the presence of a synoptic-scale surface 

boundary that passed through the Texas Panhandle on the morning of 30 May 2001 in 

association with a shortwave trough over the Kansas region. Therefore, two distinct 

stability profiles were in place over West Texas at this time, with regions north of the 

boundary being somewhat stable. 

As the day progressed, significant changes occurred at the surface whereas upper 

atmospheric features did not change as dramatically. Inspection of the Tucumcari, New 

Mexico, profiler shows that a moderate increase in wind speeds occurred in the 3-5 km 

layer from 16Z to 21Z on 30 May (Figure 3.6). Data from 300 mb (Figure 3.7) verifies 

the approach of a weak shortwave within the northwest flow over New Mexico while 
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little indication of this feature is seen at 500 mb (Figure 3.8). At 700 mb (Figure 3.9), a 

well-defined baroclinic zone oriented northwest to southeast approximately parallels the 

deep layer shear vector in accordance with the thermal wind relationship. Interestingly, 

an increase in wind speeds within the 3-5 km layer around the Amarillo sounding (Figure 

3.10) was not indicated, leading one to believe that either the accelerations associated 

with the disturbance are either tightly compact and localized, or some other influence 

such as terrain features or convective adjustment processes are resulting in the 

accelerated flow near Tucumcari, New Mexico. Accelerated winds due to storm-top 

outflow might be inferred from the 5 m/s increase in winds around 8 km at the Tucumcari 

profiler immediately preceding storm passage. Therefore, though a weak disturbance is 

resolved by the standard upper-air network, its ability to significantly enhance the deep-

layer shear appears somewhat limited. 

Soundings taken at 0000 UTC again show a complicated picture across West 

Texas within the preconvective environment. Strong surface heating throughout the day 

had developed an adiabatic layer near the surface to 2.5 km (Figure 3.10). However, the 

moisture profile did not take on the well-mixed appearance, which seemed a bit puzzling. 

Another interesting feature is the strong backing of winds that occurs within the 0-2 km 

layer, indicative of cold air advection. This seems opposed to the temperature profile at 

lower levels, however inspection of surface maps at this time does indicate an 

intensifying temperature gradient between Amarillo and Lubbock (not shown). Radar 

data verifies that this feature is not associated with convective outflow and is likely the 

effect of intensifying northeasterly flow associated with hydrostatically enhanced high 

pressure over southeast Colorado. The significance of this will be discussed within the 

surface analysis section. Due to the steepening of the lower atmospheric lapse rates in 

concert with increased surface heating, the CAPE had risen to neariy 2000 J/kg indicating 

a favorable environment for potentially severe updrafts within any deep, moist 

convection that may develop. An impressive elevated mixed layer is also located 

between 750 mb and 550 mb, enhancing mid-level lapse rates and potentially increasing 

the evaporative cooling within developing downdrafts. 
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Farther south in Midland, Texas, a deep mixed layer was present all the way up to 

600 mb (Figure 3.11) indicating intense surface heating preceding the frontal boundary to 

the north. Interestingly, the low-level moisture had mixed out significantly as indicated 

by the 5 °C dewpoint. Thunderstorms were ongoing at this time to the northeast of 

Midland producing large hail along the stalled out surface boundary. Deep layer wind 

fields are significantly weaker than that observed at Amarillo, indicating that should 

convection propagate into this region, it would be structurally different than storms 

fiarther north. In addition, the CAPE values are nearly zero in this region indicating that 

the drying of low layers has effectively removed any convective instability that might 

have been in place during the morning hours. The thermal contrast between the Amarillo 

and Midland sounding has more implications than just instability alone, as they both 

indicate the development of an intensifying thermally induced pressure gradient which 

would develop between the north Texas Panhandle and portions of western Texas, 

subsequently intensifying easterly flow within the Lubbock area. Another important 

observation, apart from the weakening low-level shear, is the presence of increasingly dry 

near-surface layers south towards Midland, indicating that the Lubbock storm moved 

through two fimdamentally different thermodynamic/sheared environments, making this 

an excellent case to look at convective mode sensitivity to such a transition. 

3.2 Evolution of Meso-P Scale Surface Features 

Surface pressure features early on 30 May 2001 were indicative of a weakly 

forced environment (dynamically) with strong thermal forcing. Pressure fields 

associated with synoptic-scale ascent/descent are strongly modulated by a hydrostatic 

background component associated with thermal forcing. For instance, at 1300Z (Figure 

3.12) a cyclonic circulation can be seen over Central Kansas associated with the 500 mb 

trough over south-central Kansas. This is cleariy forced by dynamics associated with the 

cold-core system, whereas a weak reflection of low pressure found near Odessa, Texas, is 

hydrostatic in nature associated with strong surface heating the previous day. A nose of 

higher pressure is seen over eastern Colorado and western Kansas, most likely associated 
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with weak cold air advection, synoptic-scale descent, and a hydrostatic component due to 

sfrong radiative cooling in the drier, elevated terrain. A weak surface boundary/cold 

front had moved through the Texas Panhandle and was situated from the Red River 

southwestward to north of Midland, Texas. Ahead of this feature temperattires were 

some 4-5 °C warmer than behind the boundary, with slightly higher dewpoints 

southward. To the west, moisture drops off rapidly as evidenced by the single digit 

dewpoints in Eastern New Mexico. 

By midday (Figure 3.13), pressures had risen appreciably over western Kansas 

and eastern Colorado, with north winds increasing across the Texas Panhandle in 

association with the increased north/south pressure gradient. Although sfrong heating 

had commenced throughout the Texas Panhandle, this radiative forcing was being 

somewhat retarded by weak cold air advection north of the frontal boundary. The frontal 

boundary represented a zone of confluence stretching from north of Midland, Texas, 

northeastward to the Fort Worth, Texas vicinity northward into Oklahoma. A deep, 

mixed layer was beginning to develop south of this boundary from Abilene to Midland as 

evidenced by the 30 °C temperatures and the 15-20 °C dewpoint depressions. The 

juxtaposition of pressure rises to the north and nearly steady to falling pressure values 

over southwest Texas was beginning to develop a strong easterly component to the 

boundary layer flow over the far western Texas Panhandle and eastern New Mexico. 

Around 1900 UTC, thunderstorms began to develop and intensify over 

northeastern New Mexico with the increasing upslope flow associated with the 

intensifying surface pressure gradients. Although residual boundary layer moisture had 

lingered somewhat within the Texas Panhandle, with dewpoints ranging form 13-18 °C, 

dewpoint depressions within the region of convective development were fairly high, 

leading one to believe that initial development was probably high-based. Soon after the 

development over northeast New Mexico, a line of thunderstorms began to develop along 

the surface confluence/frontal zone from northeast of Abilene to southwest of Midland at 

around 2115 UTC. 
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By 0000 UTC (Figure 3.14), the pressure fields had become distinctly hydrostatic 

as surface temperature and pressure are out of phase with one another, hi particular, the 

convection had begun to form an expansive cold pool with an associated mesohigh over 

northeastern New Mexico. The thermal low west of Midland, Texas, had deepened 

significantly since 1300 UTC and strong easteriy flow continued over the Texas 

Panhandle in response to this. Strong baroclinicity north of Lubbock, Texas was 

associated with the combined effects of the previous cold front and the evaporatively 

cooled outflow from the developing convection over northeastern New Mexico. Low-

level moisture had remained relatively constant throughout the day across the Texas 

Panhandle and therefore the CAPE stayed fairly the same with a general frend of 

decreasing CAPE southward into the drier air. During this time, the convection was 

moving southeastward into the Panhandle with two distinct cells, both having 

supercellular appearance, anchoring the southern portion of the convection (Figure 3.15). 

The southernmost storm was to become the Lubbock bow echo, which is the focus of this 

study, while the weakening supercell to the north will be referred to as the Deaf Smith 

supercell. Concurrently, the thunderstorms along the surface confluence/frontal zone had 

intensified. One storm in particular near Snyder, Texas produced an outflow boundary 

that began to race northwestward towards Lubbock. 

From 0000 UTC to 0300 UTC, the region of convection showed a general 

weakening trend as the Deaf Smith supercell weakened and congealed into a larger area 

of steadier precipitation north of Lubbock. Meanwhile, the Lubbock storm intensified 

and was entering Lubbock itself at 0300 UTC. The surface map shows the cold pool had 

expanded to cover nearly the entire Panhandle with the temperature and pressure fields 

still being nearly out of phase indicating a hydrostatic pressure field (Figure 3.16). 

Strong northeasterlies in association with the intense north-south pressure gradient were 

occurring just in advance of the convection. In fact, a substantial acceleration in low-

level northeasterlies can be seen in the Lubbock VAD wind profile leading up to 0300 

UTC (Figure 3.17). The cause for this acceleration may be due to decoupling of the 

boundary layer causing a wind maximum in a region of strong surface geosfrophic winds 
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such as that found in low-level jet studies (Blackadar 1957). Also, it may have been a 

low-level thermal wind response in association with the developing temperature gradient 

to the north. In any case, low-level inflow ahead of the Lubbock cell increased 

substantially leading up to 0300 UTC. Dewpoints had increased slightly, with fairly 

significant dewpoint depressions still present. A closed mesohigh can be seen in the 

pressure field over Amarillo in association with the large area of convective/stratiform 

precipitation over the Texas Panhandle. 

Finally, the 0500 UTC (Figure 3.18) analysis shows that the mesohigh had lost its 

integrity somewhat with a broader area of high pressure extending across the Texas 

Panhandle northwestward into northeastern New Mexico. Interestingly, winds that were 

south in the Midland/Abilene corridor had now begun to back and advect moisture 

westward as evidenced by the higher dewpoints for this time. This assisted in promoting 

the longevity of the Lubbock convective system. 
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(solid yellow), and isotachs (greater than 90 kt., shaded blue) analyzed. 
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Figure 3.8. 500 mb analysis for 0000 UTC 31 May 2001. Height (solid black, every 60 m), temperature 
(dashed red, every 2 °C) analyzed. Observed winds plotted. 
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Figure 3.9. 700 mb analysis for 0000 UTC 31 May 2001. Height (solid black, every 30 m), temperature 
(dashed red, every 2 °C), and dewpoint (solid green, greater than -4 °C) analyzed. Observed winds plotted. 
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Figure 3.10. Upper air sounding for Amarillo, TX (AMA) at 0000 UTC 31 May 2001. Temperature (solid 
red) and dewpoint temperature (dashed red) plotted. Hodograph axis in nautical miles per hour. 
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Figure 3.11. Upper air sounding for Midland, TX (MAF) at 0000 UTC May 31, 2001. Temperature (sohd 
red) and dewpoint temperature (dashed red) plotted Hodograph axis in nautical miles per hour. 
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Figure 3.12. 1300 UTC surface hand analysis. Isobars (solid black, every 2 mb) and temperature (dashed 

red, every 2 °C) analyzed. 
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Figure 3.13. 1800 UTC surface hand analysis. Isobars (solid black, every 2 mb) and temperature (dashed 
red, every 2 °C) analyzed. 
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Figure 3.14. 0000 UTC surface hand analysis. Isobars (solid black, every 2 mb) and temperature (dashed 
red, every 2 °C) analyzed. 
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Figure 3.15. Base reflectivity (0.5 degrees) for Lubbock (KLBB) at 0003 UTC on 31 May 2001. 
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Figure 3.16 0300 UTC surface hand analysis. Isobars (solid black, every 2 mb) and temperature (dashed 
red, every 2 °C) analyzed. 
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Figure 3.17. VAD wind profile for Lubbock (KLBB) from 0200 UTC to 02:45 UTC on 30 May 2001. 
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Figure 3.18. 0500 UTC surface hand analysis. Isobars (solid black, every 2 mb) and temperature (dashed 
red, every 2 °C) analyzed. 
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CHAPTER 4 

WSR-88D DATA ANALYSIS 

4.1 Early Evolution of the Deaf Smith and Lubbock Supercells 

Although low-level forcing in the form of confluence had moved south of the 

Lubbock region early in the day on 30 May, easterly flow provided an ideal set-up for 

upslope-triggered convection over the New Mexico mountains. Enhanced northeasterly 

flow associated with building high pressure helped to induce strong mesoscale lift over 

northeast New Mexico, with the possibility of background lift associated with the weak 

disturbance propagating through the northwest flow. Storms quickly took on a discrete 

structure and two in particular will be followed closely to investigate their evolution: the 

Lubbock storm that produced the high winds, and the Deaf Smith supercell. 

hiitial development of thunderstorms occurred approximately around 1900 UTC 

and subsequently moved southeastward off the higher terrain into the foothills northwest 

of Tucumcari, New Mexico. Some interesting features can be seen fi-om the Amarillo 

reflectivityjdata, despite the rather coarse resolution due to excessive ranges from the 

radar. First, storms began to take on a discrete appearance as evidenced by what would 

become the Deaf Smith County supercell (Figure 4.1a). Although by no means is this 

definitive evidence of a supercellular storm, it is recognized that discrete, and spatially 

expansive cells are indicative of a rather intense updraft capable of ingesting large 

amounts of low-level moisture, thereby weakening smaller convection by outcompeting 

for the available low-level instability. Areal extent notwithstanding, the most compelling 

evidence for supercellular modes is the existence of a persistent mesocyclone, found by 

looking at storm-relative velocity data. Although temporal continuity has yet to be 

established, a well-developed and rather broad mesocyclone can be seen in the storm 

relative velocity data (Figure 4.1b). Due to the lack of sampling at low levels, the degree 

of outflow retardation by the low-level easterly wind field cannot be inferred, and 

therefore it is unclear what influence outflow from the Deaf Smith storm might have on 

other regions of convection surrounding it. Surface data does show large dew point 
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depressions at the surface in this part of New Mexico leading one to believe that outflow 

might be particularly intense due to excessive cooling from evaporation in the downdraft. 

Another interesting feature of the inifial development is the successive indication 

of a small area of positive storm-relative winds (winds approaching the storm from the 

rear) impinging on the rear flank of the cell as can be seen in Figure 4. Id. Such a rear 

inflow one would expect with a more linear system, however there is evidence to suggest 

that supercells may have rear inflow jets associated with them at times (Bluestein and 

Gaddy 2001). Moving on in time, the apparent rear inflow continues for several volume 

scans, while the Lubbock county cell continues to intensify with what almost appears to 

be a circulation couplet, which one would expect to flank the updraft of a convective cell 

in mean westerly shear (Figure 4.Id), ft is interesting to note that in later volume scans 

discrete reflectivity features do appear to shed off of the left flank of the Lubbock County 

cell, indicating a possible anticyclonic left mover; however storm relative velocity data 

does not significantly justify this. Hail on the order of 2.75 inches was reported east of 

Mosquero, New Mexico, around 2130-2145 UTC with the Deaf Smith County supercell 

while the Lubbock County cell produced hail on the order of 1.75 inches around 2230 

UTC near the town of Quay, 

(http ://www. srh.noaa.gov/abq/climate/Monthlyreports/May/May3 001 .htm) 

As the storms approach the New Mexico/Texas state line, the Lubbock cell 

continued to show a broad cyclonic circulation on its southern flank and an increasing 

area of high reflectivities (Figure 4.2). hitensification is not particularly surprising as the 

storms are moving into an environment with higher values of low-level moisture and 

higher boundary layer relative humidities. Also, shear values were somewhat favorable 

for intensification according to the Tucumcari profiler (Figure 4.3). Due to the clockwise 

turning of the shear vector with height, motion off the hodograph would lead to inflow 

characterized by streamwise vorticity. Such flow can lead to net updraft rotation, thereby 

enhancing dynamic hft (Davies-Jones 1984; Klemp 1987). Cell trends follow this line of 

thought as the Deaf County supercell begins to produce reflectivities in excess of 65 dBZ 

along with a tight reflectivity gradient on its forward edge, with weak indications of an 
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inflow notch (Figure 4.4a). The Lubbock County storm meanwhile remains somewhat 

enigmatic in its reflectivity structure as a well-defined "hole" in reflectivity shows up on 

its rear flank with an expansive area of high reflectivities. The reflectivity-free region 

near the rear flank has temporal continuity and at first glance a trained eye might assert 

that this is an indication of a bounded weak echo region (BWER) associated with an 

intense updraft. Cross-sections however show otherwise as reflectivites do not cap the 

region of interest through its existence, leading one to believe that this is an intense 

mesoscale downdraft of some sort, or a sampling problem. Certainly this is within the 

region where one might find a rear-flank downdraft (RFD); however, storm-relative 

velocity at low levels is not available and therefore this cannot be confirmed. 

As the storms begin to cross into the Texas Panhandle, some fiindamental changes 

begin to take place to their structure. First, the Lubbock County storm precipitation core 

becomes increasingly large. Second, what appears to be a fine line emanating from the 

northeastern periphery of the Lubbock County precipitation core can be seen on the 

lowest tilt (Figure 4.4b) approaching the Deaf Smith County supercell. Although these 

may be dissipating precipitation elements, the northeastward movement suggests that 

either it is associated with outflow or it is associated with cloud elements that have 

deviant motion from the mean shear; i.e., a left-moving precipitation element. Finally, an 

enigmatic area of enhanced reflectivity oriented from northeast to southwest can be seen 

southeast of Dimmit. 

Shortly after this volume scan, the reflectivity within the Deaf Smith County 

supercell has begun to decrease while the Lubbock County cell continues to take on an 

interesting reflectivity structure (Figure 4.4c). Both tiU 1 and tilt 2 elevation angles 

continue to show a reflectivity free "hole" on the right flank of the system while a region 

of 45 dBZ or less reflectivities have begun to expand on its left forward flank. The tilt 2 

reflectivity reveals the Lubbock cell to be taking on somewhat of a comma-like structure 

associated with the echo free region on the right flank. Again it would seem that this 

might be associated with a mesoscale downdraft caused either by shear-induced forcing 

on the flanks of the updraft or by dynamic pressure perturbations. At odds with this view 
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is the fact that should the Lubbock cell have supercellular characteristics, we should find 

a region of preferential lift on its right flank due to rotationally-induced pressure 

perturbations (Klemp 1987) even if the shear is not oriented in such a way to produce 

shear-induced pressure perturbations (Rotunno and Klemp 1982). Interestingly, it was 

around this time (0000 UTC) that reports of severe straight-line winds began. Wind gusts 

in excess of 70 kt (35.7 m/s) were reported around Farwell, Texas, and Texico, New 

Mexico, from 2330 UTC-0000 UTC (Storm Data 2001). Due to the possibihty of human 

error in the Storm Data reports, it should be understood that these times are not exact and 

should be viewed with caution if one is looking for meticulous temporal detail. Also, 

previous to this time, the storms traversed relatively rural terrain so it is not known 

whether severe winds began at this time or were first observed at this time. Nevertheless, 

Figure 4.4d does show the approach of the Lubbock County cell at this time with a slight 

lag between the reflectivity and the associated strong winds reported at Farwell, if Storm 

Data is judged to be correct. Should this observation be temporally accurate, then one 

can assume the storm was somewhat outflow-dominant due to the lag between strong 

winds and reflectivity near Farwell. 

The development of the small shield of 45 dBZ reflectivities on the left forward 

flank of the system may have some interesting implications for rotation in this case. 

There may exist baroclinic generation of horizontal vorticity by inflow air should it have 

a component parallel to vortex tubes which would likely be oriented northeast to 

southwest in this case, along the reflectivity gradient associated with this shield. It must 

be noted here that low-level scans are not available. It cannot be asserted that this 

relatively moderate precipitation is reaching the ground. 

Approximately 35 minutes later (Figure 4.5a) the Deaf Smith supercell was 

beginning to weaken and lose its discrete form somewhat. Also, a large area of 

reflectivities greater than 30 dBZ covered much of the Panhandle northwest of Amarillo, 

Texas. It will be seen later that this large region of evaporational cooling was 

instrumental in producing an expansive cold pool that moved southeastward rather 

quickly. Formation of a mesohigh over the Amarillo area is hkely due to the combination 
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of both weak cold air advection and the evaporation of precipitation that is falling 

through this potentially cool air mass. The shield of reflectivites >34 dBZ continued to 

expand on the left front flank of the Lubbock County cell while reflectivities began to 

take on a more linear appearance. 

To get a more extensive picture of what is happening on the mesoscale, radar 

reflectivity from Lubbock is shown for nearly the same time (Figure 4.5b). As can be 

seen, strong convective activity is ongoing at this time near the boundary/frontal zone 

around the Abilene/Big Spring region. A separate cell near Snyder was propagating 

nearly upshear in association with convective development on the northwestward moving 

outflow boundary from these storms. This cell itself produced a secondary surge to the 

outflow boundary that subsequently moved northwestward towards Lubbock. 

4.2 Transition of Lubbock Cell to Linear Mode with Rotation 

The Lubbock cell began to intensify and take on characteristics indicative of an 

outflow dominant supercell as it moved into the Texas Panhandle. A strong surge of 

outflow, identifiable by an arc-shaped fine line on the right forward flank of the cell, 

indicates the presence of fairly dry subcloud layers or the intensification of a dynamically 

driven mesoscale downdraft (Figure 4.5c). Interestingly, the reflectivity field has begun 

to take on somewhat of a kidney-shaped appearance typical of what one might see with a 

high-precipitation supercell. Such a reflectivity is caused by the presence of 

hydrometeors being carried around the circulation of a midlevel mesocyclone oriented 

along the southwest edge of the kidney bean indentation. For this time it is impossible to 

assess whether mid-level rotation is the cause as storm-relative velocity is range-folded at 

the distance of the storm. However, the differential forward speed of the outflow along 

the leading edge of the storm leads one to believe that the appendage of high reflectivity 

that extends southeastward on the right forward flank of the storm is associated with 

convection developing on the progressive portion of the outflow. Therefore, the 

distortion of the reflectivity field may be due to new convective development rather than 

from a rotational component of the storm relative wind. Another interesting feature is the 
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appearance of an east to west fine line that intersects the fine line from the right flank 

outflow. This intersection is located within the reflectivity notch on the forward flank, 

and it may have contributed positively to storm scale rotation as will be discussed in a 

later section. Reflectivities have also increased at this stage with values greater than 65 

dBZ showing up. 

Some interesting structural changes take place by 0124 UTC as shown in Figure 

4.6a. The development of two separate reflectivity maxima is apparent with both featiires 

situated on the northern periphery of the low-level outflow surge. Positioning of these 

reflectivity maxima north of the surge apex, and the distinct absence of significant 

reflectivities south of the apex leads one to beheve that significant storm-scale lift may be 

preferred on the northern flank of the apex. Storm-relative flow at low levels would tend 

to place the zone of maximum convergence at the apex of the surge, however, differential 

movement in gust front speed and direction may serve to focus convection just to the 

north of the surge. Another possibility is the local enhancement of lift on the northern 

edge due to the intersection of the outflow with the east/west oriented fine line. Cross-

section data for this time suggests that the storm is moving into a transitory state with a 

weak evolution pattern possibly developing at the leading edge (Figure 4.6b). Browning 

and Foote (1976) describe the evolution of a Colorado hailstorm with the development of 

an embryo curtain on the downshear flank of an intense updraft associated with the gust 

front. The reflectivity data has many similarities to this with a fairly substantial embryo 

curtain. Reflectivity loops do not confirm a weak evolution pattern as new cell 

generation is barely discernible within the region of high reflectivities along the gust 

front. However, the existence of an embryo curtain/ weak echo region developing along 

the leading edge of a linear system indicates the possibility of a hail-producing system 

with the attendant threat of damaging winds. 

Storm-relative velocity data one volume scan later confirms the existence of a rear 

to front current at low levels. However, the fetch of this current is rather short as 

evidenced by the storm-relative velocity cross section for this time (Figure 4.7c). As can 

be seen, the region of maximum rear to front velocities is a small region situated at low 
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levels indicating that this might be associated with a distinct microburst rather than an 

organized RIJ. This lends credence to the cellular nature of the outflow at this stage and 

the lack of an organized rear-inflow jet. ft can also be seen that front to rear velocities 

take on a sloping appearance, and this is likely an indication of an upshear tilt to the 

vertical velocity field over the developing cold pool (Figure 4.7c). This has important 

implications for the dynamics of the system as such an upshear tilt will tend to create 

buoyancy gradients in the horizontal which may in fact serve to intensify a rear inflow 

component (Weisman 1992). However, the sloping interface between the outbound and 

inbound velocities spans approximately 20 km in extent making this a very small-scale 

zone of horizontal buoyancy gradients. 

During this time period, the Muleshoe mesonet station was recording 5-minute 

data and some subtle features can be seen in the wind data itself (Figure 4.8a,b). The 

wind speeds increased and the wind direction backed with time as the Lubbock cell 

approached the mesonet site. This may be in response to lowered pressure along some 

portion of the outflow's leading edge. Should this be the case, one would expect the 

storm-scale low pressure area to have propagated south of the Muleshoe mesonet site. 

Another interesting feature is the 3 °C increase in dewpoint as the storm approaches 

(Figure 4.8c). Previous to this time period an east-west oriented fine-line was located on 

radar indicating a possible convergence zone. Should this be the case, the increase in 

dewpoint temperature without the assistance of large-scale moisture advection may be 

attributed to moisture convergence along the fine line. If this were true, it can be 

speculated that a locally enhanced area of CAPE may be present along this convergence 

line which would subsequently enhance any stretching of preexisting vertical vorticity 

that may be present. Increases in low-level moisture like this have been seen in 

association with boundary layer rolls (Weckwerth 1996), and the fine line may be 

associated with such a feature. However, opposed to this destabilization mechanism is a 

concurrent drop in temperature associated with a brief increase in winds and a change in 

wind direction around 0100 UTC (Figure 4.8c,d). Therefore, it is likely that the fine line 

was indeed a physical boundary, however the increase in buoyancy associated with a rise 
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in moisture is offset by a decrease in buoyancy associated with the temperature drop. 

This has implications for horizontal vorticity generation as well since such generation 

requires a horizontal buoyancy gradient to exist. Consequently, it is likely that the 

boundary played little if any part in creating storm-scale rotation save for possibly 

enhancing convergence at the intersection of the gust front with itself 

Another interesting characteristic of the Muleshoe wind data is the presence of a 

bimodal signal contained within a larger envelope of high wind speeds. Such a pattern 

points to the presence of two distinct phenomena affecting the Muleshoe site. The first is 

associated with the strong outflow winds produced by the convective system as 

evidenced by the radar data near this time (not shown). Peak two however is likely 

associated with strong gradient wind associated with the hydrostatic mesohigh 

developing in the northern Texas Panhandle. 

4.3 Bula Vortex 

Around 0130 UTC, an interesting feature begins to appear in the storm-relative 

velocity and spectrum width data. Reflectivity for this time reveals a distinct surge along 

the gust front on the southern flank of the storm (Figure 4.9a). This surge occurs in a 

region of low reflectivities, however it also corresponds to the region where one might 

expect a surge to occur from a dynamically rear-flank downdraft. Such a feature is 

typical with organized supercells and an associated mesocyclone, a feature that this storm 

was not clearly exhibiting. Above the low-level surge a region of inbound velocities can 

be seen developing (Figure 4.9b). This feature remains coherent into the next volume 

scan as the developing cells along the surge are beginning to expand and intensify (Figure 

4.9c,d). Such temporal continuity allows us to assume that this region of differential 

storm relative velocities is likely due to a developing mesocyclone. To the north, the 

inbound velocities associated with stronger outflow can be seen. 

By 0145 UTC the circulation has intensified significantly and an inflow notch can 

be seen on the northern flank of the circulation within the reflectivity data (Figure 

4.10a,b). Reflectivities are filling in substantially along the gust front at this time and 
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northward of this circulation. Weakening begins to occur with this small-scale 

circulation by 0150 UTC as the associated inbound velocities are not as strong (Figure 

4.10d). The cold pool associated with the newly developing cell has intensified and 

nearly merged with the cold pool from the northern cells as evidenced by the two low-

level inbound velocity maxima (Figure 4.10d). The circulation appears to be elevated at 

all times based on this cross-section data however an interesting feature shows up on the 

spectinom width data at lower levels for this time period (Figure 4.11). A maximum in the 

spectioim width data can be seen near Bula at 0130 UTC along the gust front surge 

(Figure 4.11 a). Closer inspection reveals an asymmetry in the spectrum width values 

along the arc of the gust front surge. Therefore, more turbulence is likely being 

generated along the northern flank possibly indicating a wind maxima or greater 

convergence. Successive times show a well-defined cleft in the spectrum width field 

southeast of Bula indicating the possibility of a cyclonic circulation (Figure 4.1 lb,c). 

By 0150, this circulation feature has all but dissipated from the spectrum width 

data (Figure 4.lid). Therefore, this circulation feature lasted on the order of 20 minutes, 

and interestingly, as it was beginning to develop, a Storm Data report indicates wind 

damage just 1.6 km east of Bula where several trees were uprooted. Storm relative 

velocity data for this time verifies the existence of a bulge along the gust front and an 

associated vortex developing within the bulge southeast of Bula (Figure 4.12a,b,c). 

Within 15 minutes, this feature begins to dissipate as the cold pool to the north 

strengthens and most likely disrupts the circulation due to gust front accelerations from 

the north (Figure 4.12d). The question arises as to whether the upper and lower 

circulations were coupled or whether they were separate entities. And if they were not 

coupled, did one have a causal effect on the other or vice versa? Again the limited data 

set precludes any substantiated answer to this question, but it is interesting that the small-

scale surge near Bula had a mesocyclone within the 3-5 km range associated with it. It 

will be seen later that the larger scale surge associated with the more intense convection 

to the north developed a mesocyclone as well with a greater intensity and spatial extent 
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indicating a possible link between the gust front surges and developing mesocyclones in 

this particular storm. 

4.4 Outflow Strengthening 

As the storm moved southeastward some fundamental structural changes began to 

take place (Figure 4.13a). The presence of an inflow notch on the forward flank of the 

system has all but disappeared, replaced by an arc-shaped region of high reflectivity 

signifying the leading edge of the cold pool outflow. Another feature of note is the 

existence of a northeast to southwest-oriented boundary located from Tulia towards 

Muleshoe. Reflectivity loops (not shown) from the Amarillo WSR-88D show this to be 

the leading edge of a mesoscale cold pool associated with the large area of continuous 

precipitation in the northern Texas Panhandle. 

Storm-relative velocity data reveals an arc-shaped region of substantial storm-

relative outflow along the leading edge of the gust front with a northwestward extension 

of rear to front flow on the northern portion of the storm (Figure 4.9b). This axis of 

inbound velocities is bordered on both sides by weak regions of outbound velocities 

implying the existence of weak vorticity couplets of an opposite sense on each side. Such 

a signature is typical of a developing bow echo with bookend vortices associated with a 

RIJ as espoused by Fujita (1978). However, since there is some discontinuity in this 

band of rear to front flow, namely velocities are not continuous along the axis but rather 

decrease and then spike up as one moves northwestward, it may be that the radar beam is 

only sampling a small part of the descending rear inflow. The forward part of inbound 

velocities are lower in the atmosphere by virtue of the radar beam tilt, and, they may be 

associated with a continuous line of microbursts along the leading edge of the system. A 

closer inspection of radial velocity data will be presented later in vortex mechanism 

discussions. 

At this time, the complex was passing to the northeast of the Morton mesonet site, 

with the attendant outflow moving through Morton. Time series show some similarities 

with that from the Muleshoe mesonet site, namely a steady increase in wind speed as the 
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system approached with an abrupt maximum as the gust front crosses the site (Fig. 4.14). 

A weak bimodal signal in the wind magnitude can be seen with a secondary maximum 

appearing shortly after the initial surge. In contrast to Muleshoe, this secondary surge 

was not even half the strength of the initial surge, perhaps due to the relative proximity of 

the respective mesonets to transient pressure features within the storm. The separation 

between Morton and features such as the RIJ or the theorized circulation on the northern 

flank of the system could be the cause of this disparity between mesonet observations. 

Interestingly, leading up to the convective system, the Morton wind direction time series 

appears somewhat periodic in wind direction. 

4.5 Mature Bow Echo Phase 

Progressing in time, the system continued to maintain a linear appearance with a 

developing vortex signature on the northern periphery of the system (Figure 4.15). As 

can be seen in the reflectivity data, significant deformation is taking place in the 

precipitation field on the northern edge of the system with an arc of higher reflectivity 

begirming to wrap in a cyclonic manner towards the rear of the system. Storm-relative 

velocity data does not show a discrete RIJ unambiguously until sweep 3 (2.4 degree tilt). 

Curiously, the greatest horizontal shear is indicated on the anticyclonic side of this RIJ, 

whereas shear is somewhat weaker locally on the cyclonic side, despite the appearance 

that this vorticity couplet is much stronger. However, over a larger area a much broader 

yet coherent cyclonic shear zone and subsequent circulation can be seen, explaining its 

dominant influence on the reflectivity field. 

Shortly after this time, substantial intensification of the northern vortex occurs as 

evidenced by the highly deformed reflectivity pattern on the northern edge of the storm 

(Figure 4.16a). The storm-relative velocity supports this as an intense cyclonic shear 

zone, or couplet, is indicated in the region of greatest reflectivity deformation (Figure 

4.16b). Interestingly, reflectivity values greater than 65 dBz have taken on a very narrow 

linear orientation with an area of bowing located near the vortex on the northern end with 

a concurrent wave in the reflectivity pattern to the south. Cross-section data reveals the 

46 



narrowness of this zone of intense reflectivity, with a secondary maximum in reflectivity 

directly behind the main band (Figure 4.17). Although one might mistake this as the 

collapse of a decaying cell typically seen in the multicellular life cycle, it can be seen that 

the secondary spike is actually due to precipitation elements from the main band that are 

being wrapped around the cyclonic circulation. Descent associated with precipitation 

loading must have occurred throughout the cyclonic trajectory as storm relative velocity 

data (discussed in Chapter 5) indicates a deep circulation that is not confined to only low 

levels. The close proximity of a strong cyclonic circulation with respect to a narrow zone 

of hail formation has important implications for the wind damage potential of this 

complex. First, the transport of hail towards the rear of the band of highest reflectivities 

means that locations around the vortex will receive an extended period of hailfall. Also, 

the fransport of this precipitation cyclonically will resuh in the hailstones being brought 

into an environment with higher momentum values near the RIJ. This in turn will 

enhance vertical momentum flux due to precipitation loading of the higher momentum 

air. Therefore, the cyclonic vortex appears to have been instrumental in creating extreme 

wind gusts within a small area around the vortex itself This will be lexamined later 

within the mesonet data later on. 

The gust front can be seen stretching from Anton to Levelland at this point with 

the greatest surge occurring on the forward edge of the system. Little separation has 

occurred between the gust front and the region of high reflectivities, suggesting that the 

convection is remaining anchored to the leading edge of the gust front, a balanced state as 

espoused by Rotunno et al. (1988). 

During this time, the gust front was beginning to pass through Levelland and over 

the Levelland mesonet site (Figure 2.3). Positionally, this site compares favorably with 

the Morton site with respect to storm structure as the main precipitation core and northern 

vortex pass well to the northeast. Time series show some interesting features associated 

with the gust front and ensuing cold pool (Figure 4.18). First, a bimodal signal is evident 

in this data, as the wind maximum peak appears to be one large signal, with two high 

amplitude variations found within. Initially, a wind surge occurs at around 0215 UTC 
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associated with accelerated inflow preceding the gust front passage. Minutes later 

(-0220 UTC) the gust front passes through accompanied by calm/weak winds associated 

with stagnation at the nose of the density current (Droegemeier and Wilhelmson, 1987). 

A high amplitude signal is then seen following this stagnation associated with accelerated 

flow behind the gust front. Winds then increase to a much higher magnitude (maximum 

gust of 30.2 m/s at 0325 UTC) with a significant northeast component as the comma head 

(signifying the rotation) passes well to the northeast of the site. This second surge of 

wind maximum behind the outflow surge may be associated with both transport of high 

momentum associated with the rear inflow jet, and superposition of gradient winds 

associated with the mesohigh to the north. However, it occurs at a time well removed 

from the Lubbock convection, implying that the influence of the Lubbock storm is 

probably minimal and not of primary importance in forcing these severe surface winds. 

A more likely mechanism is the passage of the gust front associated with convection over 

the northern Texas Panhandle. Although a fine line cannot be recognized with this 

feature due to the lack of scatterers, it can be seen northeast of the Lubbock storm and 

extrapolation of this feature to the southwest would bring it into proximity of the 

Levelland mesonet site at the time of the wind surge (Refer to Figure 4.27 ). Finally, a 

secondary surge occurs at around 0410 UTC and radar data shows this to be associated 

with convection elevated over the gust front (not shown). 

As the storm continues to progress into a mature bow echo structure, some typical 

earmarks of a bow-echo storm can be seen. Comparing the reflectivity data with storm 

relative velocity data, one can see the rear inflow jet fiilly developed with low-level 

reflectivities attaining their highest value at the terminus of the rear inflow jet (Figure 

4.19). Certainly this agrees favorably with Weisman's (1992) prediction that a 

descending rear inflow jet might serve to substantially enhance convergence along the 

apex of a bow, thereby creating a storm-scale vertical velocity maximum at the apex. 

The presence of a well-developed rear inflow notch can be seen, with evidence of two 

separate inflow notches on the lowest scan, hiterestingly, the upstream extent of the rear 

inflow jet is fairly small, with most of the highest velocities and the core of the jet located 
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within the highest reflectivities along the leading edge. This has implications for the 

actual mechanism by which the rear inflow developed. For instance, it has been show in 

various squall line studies that the rear inflow has a fairly extensive reach upstream from 

the core of highest reflectivities along the leading edge (Houze 1989). However, these 

systems are characterized by a trailing region of steadier, stratiform precipitation sloping 

upshear from the leading edge. The rear inflow jet typically is located along the interface 

between the cold pool and this upshear sloping zone of buoyant, cloudy air. In fact, 

Weisman cites the vertical buoyancy gradient as a primary mechanism by which the rear 

inflow jet develops, due to counterrotating roll circulations which develop along the 

vertical buoyancy gradient (Figure 1.2). A reflectivity cross section for this time (Figure 

4.15) shows an upshear sloping reflectivity region that stretches more than 30 km 

rearward of the leading edge reflectivities. It is unlikely that a strong buoyancy interface 

also stretched this far as the cold pool associated with the Lubbock cell was probably not 

quite as deep. Therefore, the localized nature of rear inflow may have been due to the 

small scale of the Lubbock cold pool and in general, the finer scale of all features in 

comparison to squall line phenomena. In addition, a local enhancement of the rear inflow 

jet likely occurred near the cyclonic vortex, and this will be looked at later. 

4.6 Onset of Extremely Damaging Winds Near Reese 

Reflectivity nearly 20 minutes before the 40 m/s winds were recorded at Reese 

mesonet shows the apex of the bow just northwest of this location (Figure 4.20). The fine 

line associated with the gust front was passing through Reese at this time with a 

corresponding increase in wind speeds (Figure 4.21). However, the strongest winds do 

not occur until higher reflectivities have moved over the mesonet site well after the gust 

front passage. Storm-relative velocity becomes a little bit more problematic at this time 

as surface winds have become oriented perpendicular to the radar beam, making an 

estimate of wind magnitudes difficult. Nevertheless, an interesting meso-y feattire having 

both divergent and cyclonic shear characteristics can be seen as the storm moves over 

Reese Center and western portions of Lubbock. The development of this feature and how 
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it might have produced the severe winds at Reese and adjacent locations will be looked at 

in more detail later in this chapter. 

Again the wind data shows a large envelope of higher winds with three distinct 

maxima superimposed (Figure 4.21). The first maximum is not from the initial gust front 

passage but rather associated with storm-enhanced inflow just prior to gust front passage 

with a peak around 0220 UTC. After this surge, a distinctly higher peak occurs 

associated with the gust front passage and intense storm-induced outflow. Wind speeds 

during this peak were as high as 47 m/s, with a 5-minute average of greater than 30 m/s. 

A third peak occurs nearly an hour after the second peak and is likely within the gust 

front passage associated with convection in the northern Panhandle. Winds gusted to 

25.6 m/s with the second surge. As the southwest/western periphery of the northern 

bookend vortex passed over Reese, the strongest winds occurred around 0305 UTC. The 

finer details of this will be considered in more detail later. 

Minutes prior to the highest recorded wind gust at Reese, multiple boundaries can 

be seen within Lubbock County with the dominant boundary associated with the gust 

front (Figure 4.22). However, a separate boundary stretching through the southeast 

comer of Lubbock Coimty is the northwestward moving gust front generated from 

convection near Snyder, well to the southeast. Since this feature is within the storm 

relative inflow of the Lubbock cell, its thermodynamic properties will soon be ingested 

into the convection on the leading edge. Data from the Slaton mesonet shows a 

significant increase in wind speed as the northwestward moving gust front passes through 

around 02:56 UTC with a gradual decline in temperature (Figure 4.23) and a concurrent 

rise in dewpoint temperature. Although the rise in dewpoint temperature can be thought 

of as a surface-based destabilizing influence, the much sharper drop in air temperature 

should tend to offset this effect. Another mesoscale storm feature with little obvious 

explanation is the presence of an east/west-oriented fine line through the center of 

Lubbock and intersecting the Lubbock cell's gust front just west of the city. The source 

of this fine line is somewhat enigmatic as it becomes definitive only over the previous 

volume scans. Also of note are the narrow, yet intense reflectivities that have developed 
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along an arc north and east of the Lubbock bow echo. These reflectivities have 

developed along the outflow from the precipitation shield over the northern Texas 

Panhandle. Cross sections show these reflectivities to have some vertical integrity, 

suggesting that they are truly precipitating phenomenon and not false echoes. 

As the storm continues to move southeastward the rear inflow notch has grown in 

extent, possibly in response to intensification of the rear inflow jet. Due to the 

orientation of the storm, this cannot be verified by storm-relative velocity alone. A very 

impressive comma shaped reflectivity signature can be seen on the northern fringe of the 

rear inflow notch, indicating intense rotation (Figure 4.24a). Within the area covered by 

the rear inflow notch, winds in excess of 60 kt (30.6 m/s) were occurring at the surface 

near Wolfforth (Storm Data reference). Reflectivities themselves were very close to the 

surface at this sweep, with the region sampled just south of Reese being approximately 

0.3 km above the surface. Therefore, the cyclonic vortex itself was nearly, at the surface, 

and the intense surface winds may have been due to both microburst outflow and 

organized gradient (or cyclostrophic) circulations around the vortex. 

During this period of intense wind damage. Figure 4.24a reveals a complex 

pattern at low levels with the primary gust front from the Lubbock convection leading the 

highest reflectivities somewhat. Meanwhile, two separate east/west-oriented fine lines 

are located north of Floydada and south of Crosbyton, respectively. The Floydada fine 

line traces its origin to large-scale diabatic cooling from the convective complex over the 

northern Texas Panhandle, while the southern boundary is somewhat more puzzling. It 

does reside in a region of large-scale temperature gradient, and mesoscale frontogenetic 

processes coupled with a southward moving high pressure system enhanced by diabatic 

cooling may have served to create a separate mesoscale boundary. However, mesonet 

data from Floydada (Figure 4.25) does not show a coherent signal in multiple variables 

for the southernmost boundary. The northern boundary on the other hand clearly passes 

through at 0330 UTC as evidenced by the abrupt rise in pressure and wind magnitude, 

with a backing of the wind to a more northwesterly direction. In regard to the Lubbock 

cell, it is the southern boundary that evokes interest as its western extent appears to 
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collide with the Lubbock cell's gust front. Should preexisting vorticity be present, the 

enhanced convergence at this intersection would create stretching of vortex tubes and 

concomitant advection westward would bring such vorticity-rich parcels into the cyclonic 

vortex, ft should be noted that the cyclonic vortex began to take shape near Muleshoe, so 

this was not likely the mechanism that initiated rotation. Possibly fiirthering this 

argument is the presence of small-scale perturbations within the storm-relative velocity 

field near the intersection of the two boundaries (not shown). However, these 

perturbations are not particularly clear in their vorticity sense due to the weak signal and 

only serve to represent a perturbation to the uniform convergent signature along the gust 

front. Certainly perturbations would be expected in such a region of turbulent flow, and 

so advection of these perturbations into the vortex region may have served to augment 

dissipation in much the same way some have postulated that flanking lines may be a large 

source of vertical vorticity via advection (Finley 2001). 

Finally, it is interesting to note the presence of a wave train as indicated by 

multiple fine lines south of Tahoka (Figure 4.24a). The coherence of these waves may be 

indicative of a stabilizing boundary layer acting as a wave duct, thereby resisting 

dissipation of wave energy. Consequently, the Lubbock cell is likely moving into an 

increasingly stable atmosphere in the low levels and continual development will require 

forced lifting through a stably stratified surface layer. 

Time series of wind data from Tahoka reveals the existence of the outflow and 

subsequent pulses emanating from the convection to the south (Figure 4.26). Actual gust 

front passage from the Lubbock storm occurs around 03:20 UTC as evidenced by the 

sharp spike in wind speed and the fine line passing through Tahoka at this time (not 

shown). Interestingly, the wind data again shows a trimodal nature to the wind maxima 

within a larger envelope of higher wind speeds. The initial peak associated with the gust 

front passage attains a five-minute average of nearly 20 m/s with a peak of 27 m/s. 

Nearly 20 minutes later a much higher peak occurs with a peak gust of 34 m/s. This peak 

occurred as the trailing edge of high reflectivities was passing over the mesonet site. 

Wind directions were also veering to a more easterly direction after taking on a 
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northwesteriy direction. Also, the center of circulation associated with the northern 

vortex was passing just to the northeast of the station at this time, much like the 

positioning of Reese during its period of high winds. The existence of high winds to the 

west/southwest of the northern vortex seems to have been common to both sites. Finally, 

winds peaked again with a maximum of 32 m/s around 0440 UTC and this surge was 

likely associated with the northern gust front passage. 

4.7 Bifurcation of Vortex 

The duration of the cold pool associated with the Lubbock cell, and the persistent 

rear inflow feature suggests that Coriolis effects may begin to have significance in the 

evolution of this complex. It has been shown by Skamarock (1994) that mesoscale 

convective systems of the linear variety begin to take on the asymmetric structure, as 

espoused by Houze (1990), due to weakening of the southern bookend vortex by 

planetary vorticity of the opposite sense. Also, a zonally directed rear inflow would be 

expected to turn rightward with time due to Coriolis forcing, and therefore a more 

meridional component to the cold pool would be expected. 

The Lubbock northern vortex persisted for nearly 90 minutes upon entering 

Lubbock proper. As it continued southeastward, some significant structural changes 

begin to take place, as shown by Figure 4.27a. Due to penetration of the RIJ and 

concomitant dry intrusion, the reflectivity field is beginning to separate into two distinct 

regions, that associated with the cyclonic vortex and a southward component associated 

with the surging gust front. Once again, highest reflectivities are located on the 

northeastern flank of the cyclonic vortex implying the presence of a vertical velocity 

maximum within this region, possibly associated with the gust front intersection near 

Slaton or greater preferential surface convergence due to a northeast flow more 

perpendicular to the gust front. Storm relative velocity indicates increasingly higher 

outbounds on the south side of the cyclonic vortex, possibly associated with a more 

southward directed rear inflow jet with time under the influence of Coriolis forcing 

(Figure 4.27b). 
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The O'Dormell mesonet station also recorded the passages of the northwestward 

moving boundary and the Lubbock cell gust front as evidenced by the two similar spikes 

in data with a slight time lag compared to that of Tahoka (Figure 4.28). Contrastingly, 

the primary gust front does not maintain the same duration of strong winds immediately 

behind it, but rather what appeared to be a weak trimodal signal in the wind field at 

Tahoka has broken down into an apparent wave train propagating behind the initial 

density current passage. This becomes more lucid when examining the pressure data and 

its close correspondence to similar oscillations within the wind data. The evolution of the 

post-density current flow into a series of waves may be due to a few mechanisms 

associated with the changing environment. First, the low levels are becoming 

increasingly stable creating an ideal environment for wave packets to propagate without 

significant dispersion of energy. Another possibility is the transition of the storm into a 

strong evolution multi-cellular mode through which multiple waves would be generated 

by the periodic development of microbursts associated with the attendant periodic 

development of new cells. At odds with this view is the reflectivity data, as it shows that 

reflectivity remains fairly uniform with little if any periodic nature to it. 

Continuing southward, it is of note that the storm is beginning to "feel" two 

fiindamental changes within its environment. First, as evidenced by the 0000 UTC 

Midland sounding, the storm is progressing into an increasingly dry subcloud 

environment. At the same time, the low-level shear is also beginning to decrease in 

magnitude as it moves southward implying by the RKW balance paradigm, the storm 

should become increasingly outflow-dominant with the convective cells becoming 

increasingly separated from the accelerating density current. This would be due to the 

strengthening of the cold pool by increased evaporative cooling in the face of weakening 

low-level shear. Radar data does indeed indicate this as the outflow on the southern 

periphery of the complex has advanced considerably ahead of the active convection 

(Figure 4.29a). 

Over the next several volume scans some important structural changes take place 

with the storm itself First, on the mesoscale, backed flow at the surface south and east of 
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the Snyder region has resulted in the transport of potentially unstable boundary layer air 

into the region ahead of the southward moving gust front (not shown). Positionally, the 

area of high reflectivities and residual cyclonic vorticity is well removed from the 

southward-moving gust front, with the tallest echoes being located within the region of 

the vortex (Figure 4.29b). Interestingly, the gust front on the forward side of the system 

has not become detached from its parent convection, illustrating the effect of storm-

relative easterly flow in retarding its forward progress as well as perpetuating 

development. Several volume scans following this, new convective development occurs 

on the southward-propagating gust front of a fairly shallow nature giving the system an 

unmistakably asymmetric structure (Figure 4.29c). Finally, the reflectivity associated 

with the former cyclonic vortex completely separates from the linear convection along 

the southward-moving gust front (Figure 4.29d). The transition of this particularly 

compact system from a symmetric structure to an asymmetric structure is particularly 

interesting, and one wonders if the small scale of the system has anything to do with the 

intensity of the surface winds produced by the convection. 

4.8 Vortex Development from WSR-88D Data 

Previously, it was pointed out that the Lubbock cell underwent a transition as it 

moved into the Texas Panhandle. Namely the storm began to take on rotational 

characteristics on its northern flank with the presence of an elevated RIJ typical of a bow 

echo. A steady progression of cross-sections will be examined to document the 

development of the northern vortex and what might have caused it. As the storm 

progressed into the Texas Panhandle at 0129 UTC, the most active convection was 

confined to the northern flank of an outflow surge along the forward edge of the Lubbock 

cell (Figure 4.30a). Cross section C-D (Figure 4.30b) shows that outflow winds are 

primarily confined to levels below 3 km with no indication of a developing vortex. A 

cross-section taken perpendicular to the gust front reveals the same depth save for a 

region of near zero radial winds extending above 5 km (Figure 4.30c). Another region of 
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near zero radial winds extends upshear of the system, possibly indicating the 

development of rear inflow. 

Nearly 10 minutes following this volume scan the region of reflectivities greater 

than 65 dbz has filled out along the length of the gust front except for the southernmost 

flank, indicating intensification along the line. Beginning at this time, radial velocities 

with a component towards the radar have begun to extend up to 5 km indicating the 

upward extension of an intensifying shear zone (Figure 4.3 Ic). A cross section 

perpendicular to the line also shows the upward extension of this feature as well 

intensifying flow towards the radar much farther upstream (Figure 4.3Id). Both cross 

sections reveal a small-scale maximum within the pocket of inbound velocities centered 

just below 5 km. Due to its small scale, it is either the southern flank of a developing 

vortex or it is the incipient stages of a developing RIJ. Within two more volume scans, 

positive radial velocities have continued to increase throughout the depth of storm with 

the midlevel maximum/vortex feature intensifying in strength and expanding in the 

vertical (Figure 4.3 lb,e). In fact, a velocity couplet can be seen at this level and a cross-

section along the axis of positive radial velocities reveals two distinct region of inbound 

maxima. One region persists primarily below 2 km and is associated with outflow at the 

leading edge of the storm. The other region has vertical integrity from 2 km up to 6 km 

and is located upshear of the first region. This secondary region is the location of the 

developing vortex as evidenced by the velocity and reflectivity data. Another interesting 

feature is the presence of a secondary inbound maximum near the surface upshear of the 

elevated vortex (Figure 4.3 le). It will be seen later that this flank of the vortex appeared 

to be a significant region for wind damage. 

Eventually, a well-defined vortex would develop (Figure 4.32b) with significant 

depth to it, indicating that perhaps this feature was being significantly sfretched and 

therefore enhanced. Again an extensive rear inflow jet has not developed, however a 

smaller scale maximum (10-13 km in length) does show up with a descending signature 

as it approaches the leading edge of the convection (Figure 4.32c). The vortex shows up 

well at this point with a positive radial velocity maximum vertically-oriented with 
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evidence of a mid-altitude radial convergence zone (MARC) (Schmocker et al. 1996) 

from 4-6 km. At 0219 UTC the base of the vortex extends to 2 km above the surface 

implying that the vortex was not surface-based at this point. The association of this 

vortex with a deepening cold pool, as evidenced by the deepening rear to front 

component, may be an indication that this feature was indeed caused by a tilting of storm-

induced easterly shear. In contrast, the data does not indicate a coherent vortex to have 

been stretched from low levels upwards as the vortex couplet first shows up at midlevels 

(3-5 km). Interestingly, the other surge along the developing cold pool developed a mid-

level mesocyclone as well as previously pointed out near Bula. However it began to 

deteriorate as the cells to the north intensified, meaning that the Bula mesocyclone was 

no longer located on a mesoscale line end (Skamarock et al. 1994). Since vortices of this 

type derive their vorticity from tilting on a line end (a horizontal vertical velocity gradient 

in easterly shear), it is possible that the demise of this feature indicates its source of 

rotation was indeed due to such tilting. 

4.9 Forcing for Extreme Winds near Lubbock 

Although recent research seems to be identifying alternative mechanisms for high 

winds in bow echoes (Trapp and Weisman 2001), typically the vertical flux of 

momentum has been espoused as a key component in the production of exfreme winds. 

Coupled with a region of intense downdrafts along the leading edge of a linear system, a 

very efficient mechanism for the fransport of momentum is created along the leading 

edge of linear systems, especially on the nose of a descending RIJ. At first glance, it 

would seem that the wind damage created by the 30 May 2001 thunderstorm would have 

its origins from transport of high momentum to the surface. Previous images (e.g.. Figure 

4.32c) show the presence of a small-scale rear inflow jet on the flank of the northern 

vortex within a region of descending motion. Indeed, a descending signature is seen in 

the cross-section data, and it seems that descent of this high momentum along the leading 

core of downdrafts would likely be the primary cause for wind damage. However, as the 

northern edge and concomitant vortex approaches the Reese mesonet station, an 
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interesting feature appears in the storm-relative velocity data. A high-resolution graph of 

wind speeds within a 30-minute interval surrounding the high winds shows two peaks in 

the wind field after gust front passage (Figure 4.33). The first is associated with the 

leading line of convection and associated downdrafts. This region of strong winds is 

likely associated with the momentum flux mechanism discussed previously as a well-

defined rear inflow can be seen descending along the leading edge and spreading out at 

the surface within this region (Figure 4.34). Winds averaging 22 m/s over a 10-minute 

period are associated with this region. 

After the passage of this region, a brief weakening occurs in the wind field at 

0300 UTC followed within 5 minutes by an extremely intense and small-scale wind 

maximum with gusts up to 47 m/s. Reflectivity data during the 5 minutes leading up to 

this small scale wind maxima reveals an arc of higher reflectivities to the north of the 

mesonet with a hook-like appendage just south of this region (Figure 4.35). Hook-like 

appendages are typically associated with vortices on a variety of scales (with the exfreme 

case being a storm-scale mesocyclone). However, as will be seen, this feature does not 

display temporal continuity beyond this volume scan. Surface wind direction at this time 

was from 325 degrees (northwesterly). Storm relative velocity reveals a meso-y 

divergent signature centered north of Reese corresponding to the region of high 

reflectivities (Figure 4.35). At first glance, it would seem clear that this is simply a 

region of intense downbursts within a line of precipitation-filled downdrafts. East of 

Reese a cyclonic shear zone is present, and it will be seen that this is likely due to a 

horizontal gradient in vertical momentum flux as the region of strong inbounds are within 

a region near the nose of the rear inflow jet. 

By 0305 UTC, the maximum was over Reese with the arc of highest reflectivities 

and the associated comma head immediately over the top of the mesonet site (Figure 

4.36). The divergent signature seen a volume scan earlier has expanded in size with an 

intense area of outbounds south and west of Reese (Figure 4.36). Storm Data reports 

estimate the wind to have been around 90 kt within this region. A small scale cyclonic 

shear zone can be seen around West Carlisle with a divergent signature extending 
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northwestward from this feature along the arc of highest reflectivities. Again, this region 

corresponds to the greatest horizontal gradient of vertical momentum flux. Mesonet wind 

data is northerly (348 degrees) at this time indicating a veering tendency in the winds. 

Continuing in time the circulation has moved south of the mesonet site as 

evidenced by the comma head in reflectivities southeast of the mesonet (Figure 4.37). 

The divergent signature continues to move south with the circulation center as a 

maximum in outbounds is approaching Wolfforth at this time. Damage surveys indicate 

winds gusted around 60-70 kt. in the Wolfforth area as the maximum was approaching. 

Surface winds had turned northeasterly at Reese indicating the presence of either higher 

pressure to the north or lower pressure to the southeast. Interestingly, the cyclonic shear 

zone southeast of the divergent signature had was located to the southeast of Reese; 

however, it is not known whether this feature had an associated area of lower pressure. 

Pressure data during the event indicates a drop in pressure (-1.2 mb) as the leading edge 

of reflectivities approached the mesonet location. After this pressures rose by 2.4 mb in 

approach of the small-scale wind maximum indicating the possibility of a storm-scale 

low pressure area within this region. Storm-relative velocity data indicates a small-scale 

cyclonic shear zone east of Reese at the time of this pressure drop but it is unclear if that 

is the forcing for this (Figure 4.38). At this time, winds had decreased substantially at 

Reese with a 5-minute average of 19 m/s being recorded. Beyond this time, wind 

damage continued to occur of a lesser severity to the south in association with the 

divergent signature and associated vortex aloft. 

Structurally, the wind maximum that occurred from 0345 UTC to 0355 UTC 

agrees well with conceptual models in that it is near the leading line of reflectivities along 

the apex of a rear inflow maximum. Such a location is favorable for enhanced vertical 

momentum flux due to the hydrometeor loading along the axis of an elevated RU. The 

second wind maximum is somewhat enigmatic and cross-sections will be looked at 

closely to ascertain where this feature may have found its origins, or at least whether the 

RU could be involved in such a phenomenon. A cross-section perpendicular to the rear 

inflow notch (and above the outbound wind maximum north of Reese) shows a 
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decoupled structure as the strong gradient of wind direction in the vertical indicates that 

fransport of westerly momentum from the rear inflow jet is not taking place within this 

region (Figure 4.39). Another cross-section taken along the jet axis reveals a channel of 

westerly momentum mixing down to the surface; however, this does not occur until 

reaching the leading edge reflectivities whereby hydrometeor loading causes an efficient 

fransport of momentum. Interestingly the narrow channel of westeriies that develops and 

advects to the surface may have been a primary cause in forming the cyclonic shear zone 

south and east of the divergent signature. 

During the time period when the most extreme winds were occurring at Reese, the 

structiu-e of the RIJ and the cyclonic shear continue, with an expansion of the divergent 

signature near Reese. Cross-sections reveal that the rear inflow remains uncoupled from 

the easterlies in the boundary layer to the rear of the leading-line convection (Figure 

4.40). Therefore, vertical momentum flux from the RU does not seem to have a direct 

influence on the extreme winds seen at Reese. A channel of westerlies to the surface 

continues, but this occurs well ahead of the extreme north/northeasterlies seen near Reese 

and Wolfforth. Consequently rear inflow arguments fail to be substantiated as a likely 

cause for the extreme winds to the west of the leading line since the direction of 

momentum at the surface is nearly 90 degrees different from the direction found within 

the RIJ. That is not to say that the severe northerlies found at Reese did not have a 

component of momentum originating from the rear inflow, rather it is unlikely that this 

was the main source due to the dissimilarity between the two. Also, although 

precipitation loading might have been an important source of localized outflow winds, it 

is interesting that downdrafts within other regions failed to produce winds of the 

magnitude seen at Reese despite having the same reflectivities. One argument for the 

downburst is that the region of extreme winds occurred over a small area indicating that 

the forcing for this was not steady state. This fact coupled with a vivid divergent 

signature would seem to make this mechanism the most plausible cause. 

Although it seems attractive to attribute the high winds solely to a negatively 

buoyant, precipitation-filled downburst, another factor seems to be working based upon 
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radar data. Schmidt and Cotton (1989) studied a High Plains squall line that satisfied the 

conditions for a derecho despite moving atop a stable boundary layer. They found that 

the source of unstable air for the system was ingested above the boundary layer within a 

region of sfrong storm-relative easteriies. In the present case, storm-relative easterlies 

above 1 km intensified greatly after 0200 UTC based upon Lubbock VAD data (Figure 

3.17). One would expect most of this afr to be lifted to its LCL and then to feed 

convective towers along the leading edge of the Lubbock storm. However, Fovell and 

Ogura (1989) showed that a ribbon of inflow air may be ingested across the updraft and 

subsequently descend through the leading line downdrafts. Binardet and Cotton (1998) 

also observed similar airflow in a numerical simulation of a bow echo complex above a 

stable boundary layer. Five minutes prior to the strongest winds at Reese Center cross-

section data to the north of the vortex shows an interesting picture (Figure 4.41a,b). 

Sfrong storm-relative easterlies above 1 km ascend over the outflow and low-level cold 

pool and then split into two apparent branches. One branch continues upward feeding the 

growing towers along the leading edge. However, a second branch appears to descend 

towards the back of the line and then increase in radial velocity away from the radar. 

Unfortunately a dual-doppler analysis is unable to verify whether such a 

circulation exists definitively, nonetheless such a downdraft has been seen in the 

aforementioned conceptual models and a possible mechanism for downburst 

enhancement lies herein. Cyclonic rotation within mid-levels in the northern vortex may 

have created substantial accelerations toward the storm through perturbation pressure 

gradients within the storm. This may have accounted for the accelerated inflow within 

the VAD wind profile. Subsequent lifting of stabilizing boundary layer air may have 

caused ascent in lower levels to be negatively buoyant before reaching the LFC. Should 

parcels undergoing such forced ascent encounter an intense downdraft such as seen on 

the northern edge of the system, they would descend rapidly with high values of easterly 

momentum. Upon encountering the surface, pressure gradient forces near the ground 

would accelerate the flow quickly southward away from the downdraft. Mesonet data for 

this time shows the station pressure to have risen by 2.9 mb within 25 minutes after 
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reaching a local minimum of 899.9 mb just ahead of the leading edge reflectivites (Figure 

4.33). Therefore a strong southward-directed pressure gradient was located at the 

surface, and once parcels had descended to the rear of the system, they would be acted 

upon by this force quickly. Schmidt and Cotton also showed that portions of the rear 

inflow jet became entrained in the cyclonic circulation which eventually carried such 

momentum to the surface. Therefore, it is likely that the production of high winds near 

the surface to the rear of the convective line was due to enhanced momentum flux within 

a particularly intense downburst. The strong easterly component in the outflow winds to 

the rear of the system suggests that high easterly momentum air ahead of the system was 

being enfrained and subsequently executed a descending, cyclonic trajectory to the rear of 

the system around the northern flank of the vortex. Westerly momentum may have also 

been enfrained into the circulation and wrapped cyclonically around the northern vortex 

until eventually descending on its rear flank. 

Once again, these results carmot be definitively proved due to the lack of three-

dimensional wind data, however the ribbons of dissimilar radial momentum within the 

storm-relative velocity does correspond to such a scenario. Also, previous studies have 

indicated such a structure adding credence to such a high wind mechanism (Schmidt and 

Cotton 1989; Bemardet and Cotton 1998). Future studies of such an event would seek to 

synthesize a three-dimensional wind field along with 6e conservation arguments to frace 

the origins of parcels within the downdraft (i.e., is the downdraft air a mixture of parcels 

from the forward inflow and the rear inflow, or is it characteristic of only one of these 

features?). 

One problem arises when interpreting the results in this manner. Should such a 

mechanism be in place, one would expect the production of high winds to continue as 

long as a deep updraft, strong storm-relative easterlies, a rear inflow, and a cyclonic 

vortex were in place. As the storm progresses southward consecutive volume scans 

reveal a deep cyclonic vortex with indications of a possible descending cyclonic 

trajectory along its north side as evidenced by small scale protrusions of momentum of a 

southerly origin into the regon of northeriies (Figure 4.41c,d and Figure 4.42). One 
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possible mechanisms for the weakening of the surface winds would be due to a 

deceleration in the storm inflow due to a weakening of the vortex. The last two images 

show a loss of integrity in the vortex circulation with an apparent sinking of this 

circulation. This may be due to a stabilizing of inflow air which subsequently would 

deteriorate any stretching processes that served to intensify the vortex. In fact, stretching 

of the vortex may have been the greatest cause for strengthening. For instance, if two 

branches of easterly flow did indeed into the vortex circulation, the lower branch 

descending and negatively buoyant with the other branch ascending and positively 

buoyant, a very efficient stretching mechanism could be created. However, as the inflow 

layer stabilizes, parcels that do reach the LFC within the ascending branch will not be as 

vigorous; and therefore, stretching would begin to deteriorate leading to a deceleration in 

inflow winds and a subsequent weakening in vertical momentum flux. Maybe the most 

important finding of this data set is the apparent ability of a bow echo to produce extreme 

winds in two favored quadrants of the storm with the greatest winds occurring in a region 

vertically decoupled from the RU. 
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Figure 4.1. WSR-88D data, (a) (0.4° tilt) from Amarillo (KAMA) for 2123 UTC. (b) storm- relative 
velocity data from Amarillo (KAMA) for 2123 UTC. Green denotes motion towards the radar. Storm 
Motion of 310° at 17 kt assumed, (c) as in (a) except zoomed in for 2213 UTC. (d) as in (b) except 
zoomed in for 2213 UTC. Storm motion assumed to be 310° at 20 kt. 
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Figure 4.2 Radar reflectivity data (0.4° tilt) from Amarillo, TX (KAMA) for 2243 UTC 

Figure 4.3 Hodograph derived from the Tucumcari, New Mexico, profiler for 2100 UTC. Rings denote 
lines of constant wind magnitude incremented by 10 knots. Red vector denotes estimated storm 
motion. 
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(a) (b) 

(c) (d) 

Figure 4.4. WSR-88D data, (a) (0.4° tilt) from Amarillo (KAMA) for 2100 UTC. (b) Same as (a) except 
for 2143 UTC. (c) Same as (a) except for a tilt of 1.4° at 0010 UTC. (d) Radar reflectivity data (0.4° tilt) 
from Lubbock (KLBB) for 0003 UTC 
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(a) (b) 

(c) 

Figure 4.5. WSR-88D data, (a) (0.4° tilt) for Amarillo (KAMA) at 0041 UTC. (b) Radar reflectivity data 
(0.4° tilt) for Lubbock (KLBB) at 0038 UTC with expanded view, (c) Radar reflectivity data (0.4° tilt) 
from KLBB centered on the Lubbock cell at 0100 UTC. 
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Figure 4.8. Muleshoe mesonet time series, (a) Station pressure and 5-niinute averaged wind speed, (b) 5-
minute averaged wind direction and temperature, (c) Wind direction and temperature for the 
time period from 0000 UTC to 0600 UTC. (d) Same as in (c) except for temperature and 
wind speed. 
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Figure 4.9. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) centered on the Lubbock storm for 0130 
UTC. (b) Storm relative velocity cross section data along line A-B in (a). Storm motion from 310° at 20 
kt. assumed. Radar is located to the southeast of the image, (c) As in (a) except for 0134 UTC. (d) Storm 
relative velocity cross section data along line A-B in (c). Storm motion from 310° at 20 kt. assumed. Radar 
is located to the southeast of the image. 
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Figure 4.10. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) centered on the Lubbock storm for 0144 
UTC. (b) Storm relative velocity cross section data along line A-B in (a). Storm motion from 310° at 20 
kt. assumed. Radar is located to the southeast of the image, (c) As in (a) except for 0149 UTC. (d) Storm 
relative velocity cross section data along line A-B in (c). Storm motion from 310° at 20 kt. assumed. Radar 
is located to the southeast of the image. 
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Figure4.11. Spectrum width data (approx. 1 km up at 0.4° tilt), (a) Centered near Bula, Texas for 0130 
UTC. (b) Same as (a) except for 0134 UTC. (c) same as (a) except for 0139 UTC. (d) Same as (a) except 
for 0144 UTC. 
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Figure 4.12. Storm relative velocity data, (a) Centered southeast of Bula, Texas at 0130 UTC. Storm 
motion assumed to be from 310° at 20 kt. Radar is located to the southeast of the image, (b) As in (a) 
except for 0134 UTC. (c) As in (a) except for 0139 UTC. (d) As in (a) except for 0144 UTC. 
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Figure 4.14. Morton mesonet time series, (a) 5-minute temperature and wind speed data, (b) Same as in 
(a) except with station pressure and wind direction. 
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(a) (b) 

Figure 4.16. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) from KLBB for 0219 UTC. (b) Storm 
relative velocity (1.4° tilt) data from KLBB for 0219 UTC. Green denotes motion towards the radar. A 
storm motion of 315° at 20 knots is assumed. 

(a) (b) 

Figure 4.17. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) from KLBB for 0219 UTC. (b) 
Reflectivity cross section along line E-F in (a). Note impressive bounded weak echo region on the forward 
flank of the system. 
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Figure 4.18. Levelland mesonet time series, (a) Station pressure and 5-minute wind speed data, (b) 
Same as in (a) with wind durection and temperature plotted 
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Figure 4.19. Six-panel reflectivity/storm-relative velocity for 0235 UTC. Elevation angles go 0.4°, 1.4°, 
and 2.4° from left to right across the top row for reflectivity. Bottom row same convention as the top row 
for storm relative velocity assuming a storm motion of 315° at 20 knots. 

Figure 4.20. Radar reflectivity data (0.4° tih) from KLBB for 0240 UTC. 
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î  1-/ l 
1 1 1 1 1 

-- 30 

35 

25 ^ 

20 5 

2 
10 g. 

E 
5 P 

0 

o o o o o o o o o o o o o o o t o O ' ^ o r o p r o p c o p o o p r o 
(<5roOOr-^^cJcsi<r)rO'*^iif5iH 
CSI CM 

Time {UTC) 

SP 

.WS 

.WD 

T 

. ID 

(b) 

Figure 4.21. Reese mesonet time series data, (a) Station pressure and 5-minute wind speed data, (b) As in 
(a), but with the wind direction and temperature data plotted. 
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Figure 4.23. Slaton mesonet time series, (a) Station pressure and 5-minute wind speed plotted, (b) As in 
(a) but with the wind direction and temperature plotted. 
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Figure 4.25. Floydada mesonet time series, (a) Station pressure and 5-niinute wind speed plotted, (b) As in 
(a) but with the wind direction and temperature plotted. 
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Figure 4.26. Tahoka mesonet time series, (a) Station pressure and 5-minute wind speed plotted, (b) 
As in (a) but with the wind direction and temperature plotted. 
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Fig. 4.28. O'Donnell mesonet time series, (a) Station pressure and 5-minute wind speed plotted, (b) 
As in (a) but with the wind direction and temperature plotted. 
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(a) (b) 

(c) (d) 

Figure 4.29. Radar reflectivity data (0.4° tilt) for KLBB at (a) 0356 UTC. (b) 0416 UTC. (c) 0431 UTC. 
(d) 0501 UTC. 
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(c) 

Figure 4.30. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) from KLBB for 0129 UTC. Solid black 
lines denote cross section locations, (b) Storm relative velocity cross section along line C-D in (a). Green 
denotes velocity towards the radar. Storm motion estimated as 315° at 20 knots, (c) Same as in (b) except 
that the cross section is along line A-B. 
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Figure 4.31. WSR-88D data, (a) Radar reflectivity (0.4° tilt) data from KLBB for 0139 UTC. (b) Same as 
(a) except for 0149 UTC. (c) Storm-relative velocity cross section along line A-B in (a). Green denotes 
motion towards the radar. A storm velocity of 315° at 20 knots is assumed, (d) Same as (c) except along 
line C-D. (e) Same as (c) except along line A-B in (b). 
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Figure 4.32. WSR-88D data, (a) Radar reflectivity data (0.4° tilt) from KLBB for 0219 UTC. Solid white 
lines denote cross section locations, (b) Storm-relative velocity cross section along line C-D in (a). Green 
denotes velocity towards the radar. Storm motion estimated as 315° at 20 knots, (c) Same as in (b) except 
that the cross section is along line A-B. 
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Figure 4.33. Reese mesonet time series data from 0215 UTC to 0330 UTC on 30 May 2001. (a) Station 
pressure (SP) and wind speed (WS) plotted, (b) Wind direction (WD), temperature (T), and dewpoint 
temperature (TD) plotted. 
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ilS/31/01 Vol: 101 CtcAz: 249.Gdg 
03:00:48 UTC Svp: 1 CtcKn: 22.2kii. 

VCP: 11 Kag: 1G>: 
0.2 kp SclRn: 2J. Slon 
O.Sdw Nyqst: 23M/S 

(a) (b) 

(267.5 / 24.82) 

KIBB 05/31/ 1 03:00:48 DIC Vol: 101 Distances ia Idlawters 

(C) (d) 

Figure 4.39. WSR-88D data, (a) Reflectivity data (0.4° tilt) from Lubbock (KLBB) storm centered on 30 
May 2001 for 0300 UTC. (b) Storm-relative velocity data for the same time as (a). Storm motion of 310° 
at 20 kt. assumed, (c) Storm-relative velocity cross section data taken along line A-B in (a) and (b). (d) 
Storm relative velocity cross section data taken along line C-D in (a) and (b). 
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Figure 4.40. WSR-88D data, (a) Reflectivity data (0.4° tilt) from Lubbock (KLBB) storm centered on 30 
May 2001 for 0305 UTC. (b) Storm-relative velocity data for the same time as (a). Storm motion of 310° 
at 20 kt. assumed, (c) Storm-relative velocity cross section data taken along line A-B in (a) and (b). (d) 
Storm-relative velocity cross section data taken along line C-D in (a) and (b). 
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QS/31/Q1 val: 101 CtrAx; 241.9dn 
03:00:48 UTC Swp: 1 Ctriln: 18.2k^ 

(a) (b) 
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Cross-section (Storm Rel Velocity) 
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( C ) (d) 

Figure 4.41. WSR-88D data, (a) Reflectivity data (0.4° tilt) from Lubbock (KLBB) storm centered on 30 
May 2001 for 0300 UTC. (b) Storm-relative velocity cross section data taken along line A-B in (a). Storm 
motion from 310 degrees at 20 kt assumed, (c) Radar reflectivity data from Lubbock (KLBB) storm 
centered on 30 May 2001 for 0320 UTC. (d) Storm-relative velocity cross section data taken along line A-
B in (a). Storm motion of 334° at 17 knots assumed. 
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Figure 4.42. WSR-88D data, (a) Reflectivity data (0.4° tilt) from Lubbock (KLBB) storm centered on 30 
May 2001 for 0300 UTC. (b) Storm-relative velocity cross section data taken along line A-B in (a). Storm 
motion from 326° at 17 kt assumed, (c) Radar reflectivity data from Lubbock (KLBB) storm centered on 
30 May 2001 for 0320 UTC. (d) Storm-relative velocity cross section data taken along line A-B in (a). 
Storm motion of 319° at 19 knots assiuned. 

102 



CHAPTER 5 

MM5 SIMULATION 

5.1 Model Verification 

Model simulations provide an excellent method to investigate the meso-a 

environment of the storm given that certain salient features are simulated properly. 

Although the storm-scale features are not expected to be simulated w îth a high degree of 

accuracy, it would still behoove the investigator to run simulations on a storm-scale mesh 

to investigate hoŵ  modeled storms interact with their meso-a environment. This follows 

from the idea that the meso-a environment can be verified and simulated somewhat more 

accurately. As referenced earlier, Weisman et al. (1997) has shown that modeled 

convection is dependent upon model resolution size in its ability to accurately reproduce 

a mature convective system. As scales became somewhat coarser, it is shown that 

convective systems tend to develop somewhat slower than their actual counterparts. 

Weisman found this to be caused by an unrealistically slow transport of potentially cooler 

air to the surface by simulated downdrafts. To verify the accuracy of the MM5 

simulation, variables such as wind shear, thermodynamic characteristics, and simulated 

convection will be looked at to identify the validity of applying MM5 results to studying 

the actual event. 

A systematic progression of standard level charts for grid 1 shows the 

performance done by MM5 in simulating the synoptic environment (Figure 5.1). First, 

the model does well in simulating the progression of weak shortwaves through the flow, 

with a particularly subtle feature moving through eastern New Mexico at 1800 UTC 

(Figure 5.1a). At the surface, the pressure field seemed to be well-simulated (compare to 

Figure 3.13) with respect to the presence of a trough extending eastward from Midland 

towards the Red River, and a thermally enhanced low pressure center east of El Paso. 

The magnitude of the pressure features are fairiy overforecast however. This is likely 

due to the overforecasted surface temperatures adding an erroneously high hydrostatically 

induced component to the pressure field. Dewpoint temperatures are fairiy accurate 
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surprisingly, as one would expect the overforecast surface temperatures to result in 

increased mixing and drying, however this has not proved to be the case yet. Advancing 

in time, convection can be seen developing and intensifying at 2200 UTC over the high 

terrain in New Mexico (Figure 5.1c). The shortwave feature previously over New 

Mexico is advancing through the Panhandle. Flow over northern New Mexico continues 

to be northwesterly with a shortwave ridge within the region of convection. Surface 

temperature fields continue to be erroneously overforecast, especially within the region of 

convection eastward (Figure 5.Id). By this time, the surface moisture fields had 

responded to the intense surface heating with fairly good drying taking place as 

evidenced by the underforecast dewpoint values in comparison to the 2200 surface chart 

(Figure 5.2). This has serious implications for the evolution of convective mode as rather 

high LCL values develop from the relatively dry surface layer due to the overforecasted 

temperatures. Therefore, one would expect a strong cold pool to develop within this 

envirormient. 

The model successfiiUy simulates upslope easterly flow throughout eastern New 

Mexico and the northwesterly flow juxtaposed over the top of this. Successive cross 

sections are given (Figure 5.3a,b,c) which shows the mountain solenoid that develops 

over northern New Mexico early into the forecast. By 2000 UTC, moist convection had 

begun to develop over the high terrain with a well-mixed boundary layer present 

throughout the cross-sections. Although the thermodynamic fields are somewhat 

erroneous, it is encouraging that convection develops closely around the time actual 

initiation occurred on 30 May 2001. By 2200, deep moist convection had begun with a 

developing cold pool and a region of relatively low 0e air developing to the rear of the 

convection. 

At 0000 UTC, model temperatures continue to be overforecast (Figure 5.4a), yet 

the cold pool has yet to move far from the mountains in comparison to the actual cold 

pool (refer to Figure 3.14). Although this may seem counterinUiitive as a stronger cold 

pool should propagate faster than a warmer pool, it should be noted that the coldest 

surface temperature within the modeled cold pool is 23 °C whereas temperatures are 5 °C 
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cooler near the Lubbock cell's cold pool for this time. In fact, relative to its downshear 

environment the Lubbock cell cold pool is 9-13 °C cooler whereas the modeled 

convection at this point is neariy the same, with a 10-13 °C gradient. Therefore the actiial 

cold pool sfrengths are similar despite the drier subcloud environment within the model. 

This may be due to the more vigorous convection with the Lubbock cell derived from 

higher CAPE values. Modeled CAPE values are shown in Figure 5.4b and again avalues 

are significantly underforecasted in association with the drier boundary layer (refer to 

Figure 3.5). 

At midlevels, the precipitation mixing ratio field indicated two primary areas of 

convection in eastern New Mexico, with the primary region being in the general vicinity 

of the actual convection on 30 May (Figure 5.4c). Model wind fields were substantially 

overforecasted within the Texas Panhandle, as 20 m/s northwesterly winds near Amarillo 

are probably a result of the model exaggerating the strength of the upper level system 

over Kansas and Oklahoma. Another problematic feature is the presence of 

nortlVnortheasterly winds at 700 mb in the Texas Panhandle in the model, with actual 

conditions having a southwesterly wind (Figure 5.4d). To ascertain the impact this might 

have on storm structure, model hodographs are examined in comparison to the Tucumcari 

profiler derived hodograph (Figure 5.5). As can be seen, deep-layer shear magnitudes are 

nearly the same with the modeled hodograph being somewhat longer, possibly an artifact 

of more data points. However, a significant clockwise turning of the hodograph takes 

place within the real data up to 4 km, whereas a somewhat weaker turning of the shear 

vector takes place in the model. In fact, the model shear is nearly unidirectional with a 

possible steering level within the 600-400 mb layer. Although the differences are not 

overly drastic, the greater turning of the shear vector in the actual environment likely 

enhanced the storm-relative helicity to a greater degree. Therefore net updraft rotation 

was much more likely with the actual convection due to the high degree of streamwise 

vorticity in comparison to the model. 

Although significant large-scale changes are not present by 0100 UTC, some 

interesting characteristics are seen in the simulation. First, the surface temperature fields 
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continue to be overforecasted by some 9 °C in the northern Panhandle with the 

discrepancy somewhat less as one goes further south (Figure 5.6). Second, the wind field 

upshear of the convective complex had strengthened somewhat, possibly allowing for a 

greater transport of momentum in the convective scale downdrafts (Figure 5.6). This will 

be confirmed with cross-sections later on. 

Meanwhile, the deep-layer shear stayed virtually steady throughout the Panhandle 

with the only noticeable change occurring in the 300 mb wind field, possibly due to 

increased anvil level outflow from convection in New Mexico (not shown). Although 

upper-air data is not available at this time to verify a concomitant increase on 30 May, 

surface wind fields can be examined to verify whether low-level shear fields increased. 

Interestingly, most of the mesonet observations show a gradual increase in wind speeds 

leading immediately up to the gust front passage, but a steady increase throughout the 

afternoon was not seen. Therefore, it is likely that the Lubbock cell modified its local 

environment by accelerating the inflow. 

In summary, the coarse mesh did well in predicting the initiation of convection 

over the higher terrain of New Mexico. Unfortunately, surface temperatures were 

significantly overforecasted in the preconvective environment, and this may be due to 

increased insolation in the model due to the slow development of convection in 

comparison to its real-life counterpart, i.e., anvil debris from the actual convection 

decreased insolation somewhat earlier than in the model. In response to the increased 

dewpoint depressions at the surface, CAPE values were underestimated in the Texas 

Panhandle. Also, deep-layer shear values were somewhat higher in the model due to an 

overforecast of upper-level winds. Hodograph comparison from Tucumcari, New 

Mexico, also reveals subtle yet important differences between the model atmosphere and 

the actual atmosphere. Significant turning of the shear vector takes place within the 

actual atmosphere, and this appears to be caused by the overforecasted strength of 

northwesteriy flow within the model due to an overforecast of the trough to the east. 

Convection did develop in the right region and precipitation mixing ratio fields 

indicate that it remained somewhat close to the advancing gust front. However, lack of 
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CAPE precluded vigorous updraft development, and so the convection was in a 

somewhat elevated and weakened state compared to that which came out of eastern New 

Mexico on 30 May. Fortunately, as convection moved into domain 2, it began to show 

signs of developing a vortex on its northern fiinge. This will be looked at in context with 

the ability of such an atmosphere to force vertical vorticity, and any link this might have 

with vortex development on 30 May 2001. 

5.2 Vorticitv Development along the Gust Front 

As the simulated convection moved into D02, some interesting features began to 

show up. First, a well-defined gust front moved into the northwestern periphery of the 

domain associated with the expanding cold pool (Figure 5.7). This feature, although not 

tinaly associated with the Lubbock cell on 30 May, does give us some insight as to the 

organizing mechanisms for convection. The actual convectively-generated gust front that 

had a scale on the order of the simulated feature did not pass through Lubbock until after 

the bow echo had moved south. Therefore, the Lubbock bow echo was not anchored to, 

nor was its rotation forced by features along the large-scale gust front. However, the 

Lubbock cell did indeed produce its own storm-scale cold pool and associated gust front 

with a definite terminus to the cold pool on its northern edge. Therefore, the interaction 

of a line end with the ambient shear in the model may give some insight into the 

interaction of the convection on the northern end of the Lubbock cell with the ambient 

shear on 30 May. Once again, the ambient shear displayed discrepancies in the model 

compared to what actually happened, but mesoscale forcing on storm structure can still 

be gleaned from this information. 

5.2.1 Vorticity Forcing Mechanisms 

The MM5 model does not explicitly compute components of the vorticity 

equation, making a budget analysis somewhat difficult. However, indirect methods can 

be applied to assess those terms in the vorticity equation responsible for forcing rotation 

107 



within the simulated event. We can write the time rate of change of vorticity following 

the flow as: 

DC 

(5.1) 

where the first term on the right refers to the change of vorticity caused by vortex 

stt-etching, the second term is due to tilting of horizontal vorticity into the vertical. The 

effects of viscous dissipation are neglected, as they cannot be indirectly ascertained. 

Also, solenoidal generation of horizontal vorticity has been shown to be important in 

generating a source for the tilting term to act on in supercell thunderstorms (Rotunno and 

Klemp 1985) and that term can be written as: 

—^ = a> • VV, + V X (5k) 
^ ^ (5.2) 

This states that vortex tubes align themselves perpendicular to the buoyancy gradient and 

vertical motion within such a zone will create vertical vorticity via the tilting term given 

in eq. (5.1). Once again, the analysis will be qualitative, and therefore only weak 

assumptions can be made about the magnitude of each term and its predominance in 

forcing regions of high vorticity. 

5.2.2 Stretching and Tilting Terms 

Vortex stretching (shrinking) can result in concomitant strengthening (weakening) 

of a pre-existing vorticity center. The key here is that vorticity must already be present, 

and therefore this term cannot account for the actual development of a vortex. Two 

methods can be used to assess this forcing, and they are both fiandamentally the same. As 

can be seen from eq. (5.1), the vortex stretching term results in an increase (decrease) of 

vorticity when convergence (divergence) is present. Also by the incompressible, inviscid 
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continuity equation it can be inferred that convergence is associated with vertical 

velocities increasing upward (stretching) (Holton, 1992). Therefore, we can assess the 

effect of stretching in our simulated vortex-like feature by looking at the divergence 

fields within the domain and their locations with respect to regions of positive vorticity, 

or we can look for an increase of vertical velocity with height juxtaposed over regions of 

high relative vertical vorticity. The former technique will be used in the interest of space, 

and vertical velocity fields will be considered in diagnosing the tilting effect on vertical 

vorticity. 

To assess tilting, a crude assessment of the direction of vortex tubes associated 

with the modeled environmental shear will be made based upon model soundings and 

hodographs. Vertical velocity gradients will be looked at and the tilting of environmental 

shear will be thus estimated. Another source of horizontal vorticity that could be used for 

tilting would be the presence of a buoyancy gradient and its associated vortex tubes. 

Such vortex tubes would have to lie along a vertical velocity gradient for any generation 

to occur. 

The location of simulated convection at 0130 UTC can be seen in Figure 5.7a,c 

with a rather unorganized divergence field throughout the domain, save for that found 

along the gust front. A storm motion of 8.2 m/s from the northwest is chosen in keeping 

with the Lubbock storm velocity. Although the vertical shear in the model is somewhat 

different than actual shear profiles, the actual shear magnitude is virtually the same if not 

greater throughout the cloud-bearing layer (600 mb - 200 mb). Storm-relative winds in 

Figure 5.7 are fairly strong and directed towards the system at the surface, with winds 

accelerating closer to the convection. Strong outflow winds can be seen in the northwest 

domain with a sharp confluence zone approaching the Texas/New Mexico border. An 

arc-shaped zone of convergence can be seen along the gust front, with somewhat higher 

values located on the northern fiinge. Comparison of divergence with the vertical 

vorticity (Figure 5.7b,d) at this level reveals the juxtaposition of a vorticity maximum 

with convergence on the northern fiinge. Unfortunately, this feature just began to 

develop upon entering D02, and it is impossible, given the coarse nature of DOl, to 

109 



assess whether this feature was ongoing before entering D02. It can be said that vorticity 

significantly increased along the gust front upon entering D02. Up to 1.5 km elevation 

the convergence field increases appreciably due to a strengthening of both the outflow 

winds and storm-relative inflow winds above the boundary layer (Figure 5.7c). The 

vorticity maximum also increases in this region (Figure 5.7d) with an even fiirther 

increase up to 2.5 km (not shown). Therefore, based upon the vorticity tendency 

equation, an increase in vorticity should be seen on the northern fringe of the gust front at 

low levels. At higher levels (>4 km) the vorticity (Figure 5.8b) decreases rapidly with a 

concurrent decrease in convergence as well (Figure 5.8a). 

Weak vertical velocity is present below 2 km along the gust front, likely due to 

the forced nature of the convection in an environment of neufral if not negative buoyancy 

(not shown). However, vertical velocity increases rapidly at and above 2 km (Figure 

5.8c) with low to mid-levels revealing a maximum in the region of high vorticity and 

convergence and higher levels having a more uniform field (Figure 5.8d). Since 

environmental vorticity vectors in the cloud-bearing layer are oriented northwest to 

southeast, one would expect a cyclonic vortex to develop on the southern fiinge of the 

vertical velocity gradient on the northern flank and an opposing anticyclonic circulation 

farther north. Little indication of this is seen from the vorticity fields. 

As for the development of solenoidally-generated vorticity, we can certainly 

expect this to be the case along the gust front, however lifting is fairiy uniform along the 

gust front, save for the local maximum on the northern fiinge at low levels. At higher 

levels, a vertical velocity maximum does exist in the cloud bearing layer (~5 km) at the 

midpoint of the gust front (Figure 5.8d). Such an orientation would favor cyclonic 

vorticity increase near the region of the vortex. However, most of the rotation is centered 

around 2-3 km, and so tilting of vorticity at mid-levels cannot explain this, especially 

since its effect is fairly minimal in creating positive vorticity at 5 km. Also, the 

temperature gradient along the gust front is located at low levels, and so tilting by mid-

level updrafts would not be important for this mechanism. 
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Based upon the previous analysis, one would expect a spin-up of vorticity at low 

levels due to sustained convergence in the region of high vorticity. Stretching above this 

feature associated with the convergence should continue to intensify the positive 

vorticity. Tilting of environmental and baroclinically generated vorticity seems to be of 

second-hand importance, while initial generation of vorticity seems to have come from 

lateral shear associated with accelerated outflow adjacent to weaker environmental 

easteriy flow. Vorticity values do indeed increase in the region of pre-existent vorticity 

with a developing cyclonic vortex signature at 2.5 km for 0200 UTC (Figure 5.9a). 

Vorticity values are somewhat higher at 2 km, but much of this may be attributed to an 

enhanced cyclonic shear zone associated with a wind maximum in the outflow, rather 

than the development of a vortex. Divergence fields continue to show the greatest 

convergence below 4 km with peak magnitudes found near 2 km (Figure 5.9b). The local 

maximum of convergence on the northern flank of the gust front continues to be present 

at low levels, with convergence somewhat more uniform at higher levels along the gust 

front. An arc-shaped region of lift continues to be maintained along the gust front, with 

these values being more uniform and sfronger above 2 km (Figure 5.9c). A local 

maximum in vertical velocity continues to be located on the northern fiinge of the gust 

front, with significant stretching likely taking place over the region of positive vorticity. 

Again, tilting of the environmental shear does not explain the sustenance of positive 

vorticity due to the lack of an increase in vorticity to the south of the vortex. However, 

perturbation shear due to storm-induced flow may become important at this stage, as 

tilting of this type of shear (which is easterly) would result in a cyclonic vortex on the 

northern flank (Weisman and Davis 1998). Finally, a double maximum horseshoe 

signature in the vertical velocity field shows up at 8 km, with a region of descent located 

in the center of the horseshoe (Figure 5.9d). Such a vertical velocity field is similar to 

that which would be expected along an intense bow echo. 

By 0230 UTC, the convection has begun to move into the Panhandle with a 

particularly strong region of precipitation along the surge and just south of positive 

vorticity (Figure 5.10a). Interestingly, vorticity values have decreased from the surface 
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to 3 km in this region, while vorticity values have gradually increased at 4 km. Such a 

time lag between vorticity increases may be due to the vertical advection of vorticity 

within the updraft. A vortex-like signature seems increasingly apparent within the 2-4 

km layer, although the vorticity zone is somewhat elongated and this can be attributed to 

the east/west shear zone associated with the gust front (Figure 5.10b). Vertical velocities 

continue to remain fairly persistent as a linear feature along the gust front at low levels, 

while a particularly impressive maximum has developed just south of the elongated 

vorticity zone and almost directly east of the cyclonic vortex (Figure 5.10c). One would 

expect this persistent sfretching to enhance vorticity within the vortex should this forcing 

be dominant. Again, tilting would seem to cause a rightward propagation to the vorticity 

field due to the vertical velocity gradient from the new updraft. Finally, the horseshoe 

shaped vertical velocity field again shows up at 8 km indicating the possibility of 

significant tilting along the north and south flanks (Figure 5.10d). However vorticity 

fields do not correlate well with this and therefore seem to be of secondary importance. 

Intensification and slight rightward propagation did indeed occur as vorticity 

rapidly intensified underneath and to the right of the vertical velocity maximum at nearly 

all levels below 5 km by 0230 UTC (not shown). This intensification continued to occur 

at all levels below 5 km, except for 3 km, during the time period from 0230 UTC to 0300 

UTC (not shown). At this stage, uniform deep lift has begun to decrease along the gust 

front likely due to the stabilizing of the boundary layer. However, a new maximum has 

developed along the gust front in association with a developing convective cell. The 

convective mode has begun to take on a high-based muhicellular mode, with periodic 

new development along the gust front, but with large intervals between redevelopment. 

Cross-sections through the gust front and along the storm motion vector are given in 

Figure 5.11 and Figure 5.12. It can be seen that from 0200 to 0330 the initial cell moves 

upshear with respect to the gust front and a new cell begins to develop around 0300. The 

period for redevelopment is somewhat slow compared to that found for other 

multicellular simulations (Fovell and Ogura 1989), and the mature rearward-propagating 

cell appears to maintain its intensity for far too long. It is unclear why this occurs, as a 
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vigorous updraft persists even after moving well behind the stable surface layer. As can 

be seen, the weak upper-level winds are causing a sharp upshear propagation of 

precipitation intensifying the already impressive cold pool. In this respect, the model is 

doing well to simulate the events that transpired in the northern Texas Panhandle on 30 

May, north of the Lubbock cell. The lack of individual cells ahead of the gust front is not 

very representative of 30 May however. Unfortunately, the model was not able to 

replicate an elevated rear inflow jet. histead, a pocket of intense outflow winds can be 

seen just above the surface, associated with strong gradient winds. Convergence has 

weakened across the gust front with the cyclonic vortex remaining within a convergent 

region (Figure 5.13a). Interestingly, it appears that vorticity advection may play a role 

with features along the northern edge of the gust front. Strong storm-relative easterlies 

seem capable of advecting pockets of higher vorticity westward along the elongated shear 

zone (Figure 5.13b). 

During the time period from 0230 UTC to 0300 UTC, a bow echo-type structure 

intensifies along the gust front. Vorticity fields at 4 km (Figure 5.13c) reveal vorticity 

maxima of the opposite sense along the surging part of the gust front, with the 

anticyclonic member intensifying since 0230 UTC. Although the anticyclonic member 

does not persist through a particularly deep layer, its presence may have some dynamic 

importance on the generation of strong winds. First, it has been shown by Weisman 

(1993) that bookend vortices may act together to enhance the rear inflow by a 

superposition of winds in between the vortices. Also, it will be shown later that a 

mesolow is collocated with this anticyclonic member possibly enhancing vertical motion 

in this part of the system. The generation mechanism of this anticyclonic member cannot 

be explained by stretching processes from the surface as no parent anticyclonic center 

was present at low levels to initiate such a process. A lifting mechanism behind the gust 

front is not intuitively obvious as a cross-section (Figure 5.13d) through the region of 

stretching reveals the existence of a convective core above the gust front but not rearward 

in the vicinity of the anticyclonic center. Close inspection reveals that the presence of 

vigorous convection at the leading edge of the surge creates the appearance of an obstacle 
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flow-hke phenomenon. Therefore, it appears that flow tends to accelerate around the 

primary updrafts at 0300 UTC creating a cyclonic and anticyclonic shear zone, 

respectively. However, this may simply be an artifact of tilting and stretching with the 

former being dominant as forcing for the anticyclonic member. Tilting of solenoid 

generated easteriy shear induced by the cold pool/inflow interface on the flanks of intense 

lift would produce vorticity of the correct sign (Davis and Weisman 1998, Trier et al. 

1997). 

To the north, the development of strong cyclonic vorticity at low levels through 

the stretching of lateral shear, augmented by tilting of environmental shear just south of 

the cyclonic shear zone allows for a stronger cyclonic member in this region with a 

deeper circulation. Coriolis effects are not likely a cause for the disparity in vorticity 

sfrength as the anticyclonic member has only been coherent for a short time. One would 

assume that the presence of a bow-echo type signature could lead to the development of 

sfronger surface winds due to the increased westerlies above the boundary layer. Surface 

wind fields do not support this, and it appears that the stabilization of the boundary layer 

has a overly deleterious effect on the strength of developing convection and its ability to 

produce strong downdrafts. Winds are still approaching if not exceeding severe criteria 

in the boundary layer, and this is fairly impressive given the weak stability and moderate 

shear that is present. In contrast to the counterrotating vortex-like signatures, the 

precipitation mixing ratio field does not reveal a bow echo shaped signature. Rather a 

fetch of high-level precipitation is streaming upshear near the region of greatest outflow 

winds with a slight break south of this, transitioning into the newly developed cell 

associated with the vertical velocity maximum along the gust front (Figure 5.12a). 

It should be noted that the presence of a vorticity maximum does not necessarily 

imply a vortex so to speak, and that should be kept in mind when these terms are referred 

to, i.e., they are not interchangeable. In fact, the presence of a vortex is a rather 

subjective concept in this study, but for practical purposes the presence of a closed circuit 

will be viewed as a vortex. With this definition, the cyclonic shear zone exhibits the 

characteristics of a vortex much more persistently than the anticyclonic shear zone to the 
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south. Indeed, the anticyclonic shear zone has a marginal vortex signature at best around 

0300 UTC and virtually no vortex at all other times in the storm-relative sense. 

However, such strong shear zones would probably be seen as vortices from a ground-

relative framework. 

By 0330 UTC, the anticyclonic shear zone and weak vortex signature have 

weakened somewhat in both areal extent and magnitude (Figure 5.14a). This is 

somewhat surprising given the strong tilting effects that appeared to be present at 0315 

UTC. The cold pool continues to surge southeastward with a distinct northerly 

component to surface winds south of the cyclonic shear zone. Such a sfrong rightward 

turning of the wind may be due to Coriolis forcing acting upon the cold pool that has 

been present for several hours at this point (Skamarock 1994). The cyclonic shear zone 

to the north remains well-defined without the presence of a well-defined vortex, save for 

a weak circulation center that can be seen at 2 km (Figure 5.14b). The strong rear to front 

flow that was existent up to 4 km at the nose of the bow/surge feature has diminished 

significantly, especially at 3 km (not shown). The precipitation field continues to remain 

elongated upshear along the axis of strongest surface winds (Figure 5.14c) while rising 

motion has become much more uniform along the gust front (Figure 5.14d). Convection 

is distinctly multicellular at this point with new cells regenerating along the gust front. 

Along the surge axis, two distinct precipitation maxima show up, with a third seen at 4 

km (not shown) revealing a distinct strong evolution cycle along the axis of strongest 

surface winds. 

Weakening of the opposing vorticity fields continues into 0400 UTC at which 

point the presence of a bow shaped surge is virtually non-existent save for the arcing gust 

front to the north with a continuous region of lift at the leading edge of this feature, 

embedded in which are local maxima associated with new convection (Figure 5.15a,d). 

Concurrent with this weakening trend is a sloping updraft structure whereby newly 

developed cells attain their greatest vertical velocities upshear and rearward of the gust 

front (Figure 5.15b,c). This is likely due to a sfrengthening of the cold pool as diurnal 
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forcing begins to compete against the development of deep convection along the leading 

edge. 

5.3 Pressure Perturbation Analysis 

To better understand the maintenance of the wind surge along the northern region 

of the gust front, a pressure perturbation analysis was done. Perturbations were 

calculated within the RIP subprogram by subtracting actual pressure values from an 

MM5 mean state specified by the user, hispection of Figure 5.16a for 0215 UTC reveals 

a distinct perturbation low pressure center position along the northern edge of the gust 

front and somewhat upshear. The southward extent of low pressure terminates to the 

south of the wind surge and is replaced by a narrow band of perturbation high pressure 

along the gust front. This band of perturbation high pressure may be dynamically 

induced due to collection of mass within the gust front. Inspection of other levels shows 

the collocation of convergence and perturbation high pressure up to 4 km, at which point 

it is within a region of divergence. Another explanation is the presence of a gravity wave 

signal emanating from the gust front, although no other pressure perturbations can be 

seen downshear. It appears that maximum perturbations occur within the 4-5 km layer. 

Using the Boussinesq approximation, Hofton (1992) states that the diagnostic equation 

for disturbance pressure is forced by buoyancy and dynamic terms. It is shown that an 

increase in buoyancy with height will resuh in low perturbation pressure below the level 

of maximum buoyancy. Typically, buoyant motions will themselves produce pressure 

perturbations due to the mass transfer taking place around the parcel (Wakimoto 2001), 

however sufficiently large regions of elevated buoyancy can result in concomitant 

regions of perturbation low pressure as shown by Lafore and Moncrieff (1989). 

It is also shown by Houze (1993) that the dynamic pressure perturbation term 

within the diagnostic pressure perturbation equation can be reduced (neglecting the rate 

of strain term) to: 

-^^Pf) "^ PD "^ - f ' (5.3) 
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i.e., vorticity of any sense will produce a low pressure perturbation at the scale of 

thunderstorms. If we visualize an intensifying vortex that exists on a time scale small 

enough that Coriolis forcing can be ignored, then this resuh is just the manifestation of 

the pressure field coming into cyclostrophic balance (Houze 1993). If we look at vertical 

velocity and vorticity fields for 0215 UTC (Figure 5.16 b,c,d), it can be seen that the 

region of lowest pressure perturbation is collocated with the greatest superposition of 

vertical sfretching aloft (indicative of a buoyant plume) and vorticity. The slight bias of 

the perturbation pressure to be somewhat above the level of highest vorticity indicates the 

influence of buoyancy forcing on the pressure field. 

By 0244 UTC, the low pressure perturbation field has intensified somewhat at 

lower levels, with those levels having the highest relative vorticity yielding the lowest 

perturbations generally (Figure 5.17a,b). This indicates that vorticity forcing may be 

somewhat dominant at this time despite the presence of significant stretching. South of 

the main region of perturbation low pressure a new center has developed in association 

with a newly developed convective cell along the gust front. Since little vorticity exists 

at this location its primary forcing is likely due to vertical buoyancy gradients. 

Downshear of the primary low pressure perturbation, a weak signal of what might be a 

gravity wave is present from 2-3 km. Gravity waves caused by penetrative convection 

are typically somewhat higher up, although the presence of a stabilizing boundary layer 

and an advancing gust front may have caused such an oscillation. Another region of 

higher perturbation pressure that extends southward along the gust front may itself be due 

to a gravity wave oscillation or from mass convergence along the gust front. 

New regions of perturbation pressure develop by 0300 UTC, likely associated 

with buoyancy maxima along the gust front from convective development along the surge 

(Figure 5.18a,b). The low pressure perturbation along the northern edge of the gust front 

has weakened significantly and its deterioration is likely coupled with the weakening of 

convection along that part of the gust front. Conversely, the new mesolow south of the 

surge appears to have intensified in association with maturation of convection in that 

117 



region. A slight vorticity increase may have also contributed to the lowering of pressure 

within the new mesolow. In general, a broad region of low perturbation pressure is 

developing along and upshear of the gust front at this time and this is likely due to the 

extensive region of convection and associated vertical buoyancy gradients. 

As the gust front moves further into D02 by 0330 UTC, the mesoscale high 

pressure center can be seen at low levels in the western portion of the domain (Figure 

5.18c). This features owes itself to extensive diabatic cooling from large regions of high 

based convection. The gradient wind that has formed between this feature and the low 

pressure perturbations associated with the convection along the gust front continues to 

drive sfrong northwesterly winds at low levels. Despite the active convection, absent are 

the deep mesolows seen at earlier times. This is likely due to the weakening of the 

vortex-like features which are themselves a result of weakening within the vertical 

velocity fields through a deep layer. In general, the stabilization of the boundary layer is 

the main culprit for this transition. 

5.3.1 Effect of Pressure Perturbations on the Wind Field 

Hydrostatic arguments alone would explain the development of intense outflow 

winds in the modeled domain. Intense cooling behind the gust front within the 

evaporatively cooled subcloud layers likely resulted in an intense mesohigh, as seen in 

the actual data for 30 May 2001. The presence of convective scale downdrafts along the 

gust front also served to augment this effect and create local regions of higher wind 

speeds. It cannot be said that this was due to vertical momentum flux of the 

environmental winds as such a process would only serve to weaken the surface winds due 

to the somewhat weak midlevel winds present at this time. However, a substantial rear 

inflow component did develop and descend rapidly to the rear of the system upon 

reaching the mesoscale dovmdrafts (Figure 5.19). Correspondingly, this momentum 

enhanced the dynamically driven component to the large scale mesohigh due to enhanced 

subsidence. Therefore, precipitation loading and evaporative cooling had to account for 

much of the wind accelerations through enhanced momentum transport through 
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negatively buoyant subsidence, but unfortunately this cannot be quantified. Another 

mechanism that likely assisted in the strong winds at the surface near the gust front is the 

presence of vertical momentum flux oiperturbation low level winds. As the mesolow 

developed between 2-4 km in response to buoyant forcing and stretching a strong 

pressure gradient developed on the flank of this feature. A cyclostrophic balance likely 

developed with this feature, and the region of greatest pressure gradient forcing coincided 

with the region of greatest sinking motion due to negatively buoyant downdrafts (Figure 

5.18d). Therefore, the region of greatest vertical momentum flux also corresponded with 

the strongest region of winds between 2-4 km. Over time, Coriolis forcing probably 

became important within the persistent cyclonic shear zone on the northern flank of the 

gust front. 

5.4 Comparison of Modelled Convection to Actual Convection 

At this time it should be obvious that the primary mode of convection simulated 

by the model differs from the Lubbock storm greatly. A strong evolution multicellular 

mode dominated in the modeled convection with the greatest tendency for this to occur at 

the apex of individual surges along the gust front. The Lubbock cell on the other hand, 

was a discrete mode with supercellular characteristics early in its history transitioning 

into a linear weak evolution tj'pe bow echo with strong rotation on its northern edge. 

Late in its life cycle, after vortex bifiarcation, it produced convection on its southward 

propagating gust front that resembled the modeled convection. However, to make 

comparisons between the model and the actual events on 30 May 2001 we should turn 

our attention to the northern gust front that produced severe wind gusts after the Lubbock 

storm passed. As noted previously, the convection simulated in the model rapidly 

propagated upshear with respect to the surging gust front due to differential motion 

between the gust front and developing cells. Therefore convection began to take on an 

elevated appearance with cells either congealing into a continuous mass or being 

separated by short distances. Radar data at 0400 UTC shows some interesting featiares 

resembling that modeled (Figure 5.20). First, the surging gust front can be seen southeast 
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of Crosbyton and Slaton indicated by a northeast to southwest oriented fine line. The 

location of this fine line becomes lost due to the Lubbock storm, however mesonet data 

confirms that it is nearly through Tahoka as a sharp wind surge occurs just after this time 

in the Tahoka wind data. Upshear of this gust front a band of convective cells can be 

seen oriented northeast to southwest in the same way as the gust front. A cross-section 

through this band shows the presence of multiple cells within a larger region of weaker 

reflectivities (Figure 5.20). This is very similar to that found in the model and temporal 

continuity of this portion of the radar data with the model data shows that the simulation 

did well in reproducing the large scale gust front. It cannot be verified that the cyclonic 

shear zone and perturbation low pressure had a counterpart in the real atmosphere this 

day. 
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Figure 5.1. MM5 forecast fields, (a) 6-hour forecast for 500 mb in DOl. Winds plotted (long barb 
represents 5 m/s), temperature (dashed red) analyzed every 2 °C, heights (solid) analyzed every 30 m, total 
precipitation mixing ratio shaded, (b) As in (a) but for the surface in DOl. Surface wind barbs (full barb 
equal 5 m/s), temperature (dashed red) analyzed every 4 °C, dewpoint temperature (solid green) analyzed 
every 4 °C, total precipitation mixing ratio shaded, (c) 10-hour forecast for 500 mb in DOl. Winds plotted 
(long barb represents 5 m/s), temperature (dashed red) analyzed every 2 °C, heights (solid) analyzed every 
30 m, total precipitation mixing ratio shaded, (d) As in (b) but for the 10 hour forecast. 
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Figure 5.2. MM5 forecast fields, (a) 6-hour forecast cross section along line A-B in fig 5.2(a), vector 
component of wind parallel to cross section plotted, magnitude vector component contoured (solid black), 
total precipitation mixing ratio shaded, equivalent potential temperature (solid red) analyzed every 2 K. (b) 
As in (a) but for the 8-hour forecast along line A-B in fig. 5.3(d). (c) As in (a) but for the 10-hour forecast 
along line A-B in fig. 5.2(c). (d) 8-hour forecast for 500 mb in DOl. Winds plotted (long barb represents 5 
m/s), temperature (dashed red) analyzed every 2 °C, heights (solid) analyzed every 30 m, total precipitation 
mixing ratio shaded. 
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Figure 5.3. MM5 forecast fields, (a) 12-hour forecast for DOl, surface wind barbs (full barb equal 5 m/s), 
temperature (dashed red) analyzed every 4 °C, dewpoint temperature (solid green) analyzed every 4 °C, 
total precipitation mixing ratio shaded, (b) 12-hour forecast for the lowest sigma level with sea level 
pressure analyzed (solid) every 4 mb, CAPE (using a parcel lifted from this sigma level) shaded every 250 
j/kg. Long wind barbs represent 5 m/s. (c) 12-hour forecast for 500 mb in DOl. Winds plotted (long barb 
represents 5 m/s), temperature (dashed red) analyzed every 2 °C, heights (sohd) analyzed every 30 m, total 
precipitation mixing ratio shaded, (d) As in (c) but for 700 mb. 
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Figure 5.6. 13.5-hour D02 forecast with storm-relative wind barbs, ftiU barb is 5 m/s. (a) 0 km 
divergence (solid) contoured every 50 s"' ,total precipitation mixing ratio shaded, (b) 0 km vertical vorticity 
(solid) contoured every .01 s"' . (c) Same as (a) except for 1.5 km. (d) Same as (b) except for 1.5 km. 
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Figure 5.7. 13.5-hourD02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 5 km 
divergence (solid) contoured every 50 s"' ,total precipitation mixing ratio shaded, (b) 5 km 
vertical vorticity (sohd) contoured every .01 s"'. (c) 2.5 km vertical velocity (solid) contoured 
every 5 m/s (d) Same as (c) except for 5 km. 
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(c) (d) 

Figure 5.8. 14-hour D02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 2.5 km vertical 
vorticity (solid) contoured every .01 s ' (b) 2 km divergence (solid) contoured every 50 s"'. total 
precipitation mixing ratio shaded, (c) 2.5 km vertical velocity (solid) contoured every 5 m/s. (d) Same as 
(c) except for 8 km. 
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Figure 5 9 14.5-hour D02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 4 km 
divergence (solid) contoured every 50 s"' , total precipitation mixing ratio shaded, (b) 3 km vertical 
vorticity (solid) contoured every .01 s"' (c) 4 km vertical velocity (solid) contoured every 5 m/s. (d) Same 
as (c) except for 8 km. 
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Figure 5.10. MM5 forecast fields, (a) 14-hour D02 forecast 4 km divergence (sohd) contoured every 50 s 
' , total precipitation mixing ratio shaded, storm-relative wind barbs, full barb equal to 5 m/s. (b) Cross 
section along line A-B in (a), storm-relative vector component of wind parallel to cross section plotted, 
magnitude of storm- relative vector component contoured (solid), total precipitation mixing ratio shaded, 
(c) 14 5 hour D02 forecast 4 km divergence (solid) contoured every 50 s"' , total precipitation mixing ratio 
shaded, storm- relative wind barbs, full barb equal to 5 m/s. (d) Cross section along line A-B m (c), storm 
relative vector component of wind parallel to cross section plotted, magnitude of storm-relative vector 
component contoured (solid), total precipitation mixing ratio shaded. 
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Figure 5.10. MM5 forecast fields, (a) 14-hour D02 forecast 4 km divergence (sohd) contoured every 50 s" 
' , total precipitation mixing ratio shaded, storm-relative wind barbs, full barb equal to 5 m/s. (b) Cross 
section along line A-B in (a), storm-relative vector component of wind parallel to cross section plotted, 
magnitude of storm- relative vector component contoured (sohd), total precipitation mixing ratio shaded, 
(c) 14.5 hour D02 forecast 4 km divergence (solid) contoured every 50 s"' , total precipitation mixing ratio 
shaded, storm- relative wind barbs, full barb equal to 5 m/s. (d) Cross section along line A-B in (c), storm 
relative vector component of wind parallel to cross section plotted, magnitude of storm-relative vector 
component contoured (solid), total precipitation mixing ratio shaded. 
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(C) (d) 

Figure 5.11. MM5 forecast fields, (a) 15-hour D02 forecast 4 km divergence (solid) contoured every 50 ŝ  
, total precipitation mixing ratio shaded, storm-relative wind barbs, full barb equal to 5 m/s. (b) Cross 
section along line A-B in (a), storm-relative vector component of wind parallel to cross section plotted, 
magnitude of storm- relative vector component contoured (solid), total precipitation mixing ratio shaded, 
(c). 15.5-hour D02 forecast 4 km divergence (solid) contoured every 50 s ' , total precipitation mixing 
ratio shaded, storm- relative wind barbs, full barb equal to 5 m/s. (d). Cross section along line A-B in (c), 
storm relative vector component of wind parallel to cross section plotted, magnitude of storm-relative 
vector component contoured (solid), total precipitation mixing ratio shaded. 
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(c) (d) 

Figure 5.12. 15-hourD02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 2 km 
divergence (solid) contoured every 50s' ' , total precipitation mixing ratio shaded, (b) 2 km vertical 
vorticity (sohd) contoured every .01 s ' (c) 4 km vertical vorticity (solid) contoured every .01 s"'. (d) 
Cross section along line A-B in (c), storm relative vector component of wind parallel to cross section 
plotted, magnitude of storm-relative vector component contoured (solid), total precipitation mixing ratio 
shaded. 
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Figure 5.13. 15.5-hourD02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 4 km 
vertical vorticity (solid) contoured every .01 s"' (b) same as (a) except for 2.0 km (c) 5 km 
divergence (solid) contoured every 50 s"' ,total precipitation mixing ratio shaded, (d) 3 km 
vertical velocity (solid) contoured every 5 m/s. 
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Figure 5.14. 16-hour D02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 2 km 
vertical velocity (solid) contoured every 5 m/s. (b) Same as (a) except for 8.0 km (c) 5 km 
divergence (solid) contoured every 50 s"' ,total precipitation mixing ratio shaded, (d) 2 km 
vertical vorticity (solid) contoured every .01 s"' 
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Figure 5.15. 14.25-hour D02 forecast with storm-relative wind barbs, fiill barb is 5 m/s. (a) 3 km 
pressure perturbation (solid) 1 mb, total precipitation mixing ratio shaded, (b) 3 km vertical vorticity 
(sohd) contoured every .01 s ' (c) 2 km vertical velocity (solid) contoured every 5 m/s (d) Same as (c) 
except for 5 km. 
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Figure 5.16. 14.75-hour D02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 3 km 
pressure perturbation (solid) 1 mb, total precipitation mixing ratio shaded, (b) 3 km vertical vorticity 
(solid) contoured every .01 s"' (c) 2.5 km vertical velocity (solid) contoured every 5 m/s (d) Same as (c) 
except for 5 km. 
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Figure 5.17. 15-hourD02 forecast with storm-relative wind barbs, full barb is 5 m/s. (a) 3 km pressure 
perturbation (solid) 1 mb, total precipitation mixing ratio shaded, (b) 4 km vertical velocity (solid) 
contoured every 5 m/s (c) 15.5 hour D02 forecast with 3 km pressure perturbation (sohd) 1 mb, total 
precipitation mixing ratio (d) Same as (c) except for the 14.5 hour D02 forecast at 2 km. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The convectively-driven high wind event of 30 May 2001 in the Lubbock, Texas, 

area was looked at extensively to diagnose the forcing mechanisms for such an extreme 

wind event. It was found that convection developed within a moderately unstable 

upslope regime over northern New Mexico, and subsequently intensified into a severe 

wind producing line segment/bow echo mode upon entering the Texas Panhandle. 

Reasons for this transition are inconclusive, but are certainly related to the development 

of a vortex on the northern flank of the convection along with a region of higher CAPE 

foimd within the Lubbock area. The dry subcloud layer enhanced evaporative cooling 

within downdrafts and the fairly high values of CAPE enhanced hail generation. These 

two factors resulted in substantial negative buoyancy within downdrafts, and coupled 

with enhanced momentum transport resulted in catastrophic damage to crops and 

structures in and around the Lubbock area. Interestingly, hodographs over eastern New 

Mexico indicate the likelihood of rotating updrafts with any convective development, 

albeit weak due to weak low level shear magnitudes. Indeed, convection did have the 

appearance of discrete rotating updrafts within eastern New Mexico, with the 

southernmost member becoming the Lubbock cell. Again, it appears the transition hinges 

on the development of rotation on the northern edge of the cell. 

Although no definitive conclusions could be made about the source of rotation for 

the northern flank, radar data shows that the vortex intensified rapidly and deepened. 

During the period of rapid deepening the fetch of rear to fi-ont momentum deepened and 

one can infer that this was likely due to deepening of the cold pool underneath the 

convective complex. Such deepening of the cold pool in the face of strong vertical 

velocity gradients may have led to tilting of perturbation of easteriy shear, an efficient 

mechanism in producing bookend vortices as shown by Weisman and Davis (1998). 

Concurrently, a RIJ intensified on its southern flank, with a short upshear fetch. Most 

studies on RIJ's have cited the importance of buoyancy gradients between the sloping 
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updraft above the storm scale cold pool as an important generation mechanism. 

However, such systems are typically characterized by an extensive area of precipitation 

to the rear of the main convection, giving rise to the extensive buoyancy gradient. The 

Lubbock cell however did not generate such a region implying that the fundamental 

dynamics behind the RIJ appears to be dissimilar to that associated with classic studies. 

Due to its short upstream reach, it appears the jet may be caused by the intensification of 

the midlevel vortex. Such a vortex would generate a perturbation low pressure and 

coupled with a localized buoyancy gradient effect might have been the primary cause for 

the strong winds near the leading edge reflectivities due to enhanced vertical momentum 

flux. 

As the storm approached Lubbock, it appears that a complex interplay between 

precipitation loading, momentum flux, and intense storm-relative inflow led to the 

generation of a meso-y region of particularly intense winds in excess of 30 m/s to the 

northwest of the leading edge reflectivities. Storm relative velocity data shows the 

strongest winds to have occurred in an environment decoupled fi-om the rear inflow jet 

altogether. Therefore, the source of extreme horizontal winds had to have found its 

origins either through cyclonic descent of the rear inflow jet around the northern vortex 

or from an enhanced easterly vertical momentum flux mechanism. VAD wind profile 

data within the storm inflow shows significant accelerations in the low level easterlies 

ahead of the storm. Such inflow, if transported to the surface and then acted upon by a 

very strong horizontal pressure gradient, could very efficiently produce damaging 

straight-line winds. However, the most intense winds were not steady state and so this 

mechanism had to have quickly destroyed itself or one of the components weakened 

shortly afterwards, ft could be that the rapidly stabilizing boundary layer disallowed 

fiirther stretching of the cyclonic vortex due to decreasing CAPE which subsequently 

weakened storm relative inflow. The weakening of inflow would have subsequently 

diminished such a momentum flux. The storm motion vector also decreased on the 

eastern flank (near the vortex) shortly after the production of high winds meaning that 

storm relative winds also decreased, thereby decreasing the effect as well. 
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An MM5 simulation was conducted to ascertain mesoscale features that may not 

have been detectable within the conventional rawinsonde network. Although the model 

did well in forecasting the positioning of the synoptic-scale front, the upper-level trough, 

and the easteriy upslope flow over New Mexico, the mode of convection was erroneous 

due to critical errors in the boundary layer thermodynamics. Overforecasted heating 

within the preconvective environment created artificially low CAPE values due to 

substanfial mixing and drying of the boundary layer. Another source of discrepancy may 

be due to the faster propagation of convection out of the mountains into the Panhandle on 

30 May 2001. Since the actual convection propagated eastward more rapidly, it 

encountered smaller dewpoint depressions due to lesser insolation. Therefore, the CAPE 

was not degraded by intense mixing over eastern New Mexico. 

Another source of discrepancy and a likely culprit in the misrepresented 

convection was the lack of significant turning in the shear vector through the model 

atmosphere. Although the model cell modified its environment so as to locally enhance 

shear values and hodograph curvature (Figure 6.1) within the inflow, it still was of a 

much lesser magnitude than that found in the Tucumcari profiler derived hodograph. In 

fact, the unidirectional shear and steering level profile most likely enhanced the general 

linear/multicellular mode of the convection within the model, in contrast to the discrete 

supercellular mode that prevailed early on 30 May 2001. Surprisingly, the cold pool 

strengths were fairly similar between the modeled convection and that produced by the 

Lubbock cell. It may be that greater CAPE within the actual environment compensated 

for the moister boundary layer (and therefore less evaporational cooling) by creating 

vigorous updrafts capable of producing larger precipitation rates thereby increasing 

evaporational cooling. 

A storm-scale vorticity maximum was generated by the simulation on the 

northern flank of convection in much the same area as that found in the actual 

convection. Unfortunately, it would be inconsistent to assert that the fiindamental 

dynamics behind the two vortices would be the same since the modeled vortex was 

rooted near the surface and associated with a convective mode dissimilar to the actual 
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convection. In fact, the vortex within the actual convection seemed to generate (or 

augment) a cellular-scale rear inflow jet that seemed to serve as a possible catalyst for the 

damaging winds found at the surface due to momentum flux arguments. Interestingly, 

the model did successfully generate a perturbation low pressure region near and within 

the simulated vortex which subsequently resulted in strong gradient wind flow directed 

from the rear of the system to the front at low levels. Although larger and in a dissimilar 

environment than the actual vortex, the presence of this small scale circulation on the 

cyclonic shear side of an outflow surge does resemble the mesovortices modeled by 

Trapp and Weisman (2002). Also, significant downdrafts were generated by the model 

due to the inverted-V nature of the soundings within the Panhandle region. Therefore, 

this simulation actually proved to be an exercise in the importance of CAPE/hodograph 

curvature interaction as the distinct multicellular mode that the model developed varied 

significantly from the discrete supercellular mode seen in the actual atmosphere. The 

similar vorticity centers found on the northern end of each complex likely were the result 

of sfretching effects due to vigorous updrafts near the vortices. However, it appears 

tilting of perturbation shear was significant for the actual storm as the vortex seemed to 

intensify in association with a cold surge. 

6.2 Recommendations 

A major limitation of this study was the lack of three-dimensional wind data 

retrieved from the WSR-88D data, histead, estimates of wind direction and storm 

strucftire are made from the radial velocity data at opportune times during the life cycle 

of the storm, ft would be of great benefit to gather a significant dataset of 

supercellular/bow echo transitions using Doppler wind retrieval methods. Such a dataset 

may explain why vorticity suddenly increases on the opposing flanks of the storm to 

create a bowed strucftire characteristic of such damaging convective events. Hopefiilly, 

the BAMEX project will be able to do just that. 

Another interesting aspect of this study concerns the existence of an inflow 

maximum within the prestorm environment and its possible relation to enhanced 
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momentum flux along the northern and western flank of the cyclonic vortex, ft would be 

helpful to ascertain whether such convective modes are common, i.e. a nocturnal bow 

echo stioicture with momentum flux characteristics dissimilar of those found in an 

unstable boundary layer. Modelling studies of bow echoes have exclusively used an 

unstable atmospheric sounding by which storms continually feed on a CAPE-rich 

environment. However, as bow echoes encounter an increasingly stable environment is it 

possible that negatively buoyant inflow can be accelerated and descend on the northern 

end of the vortex with significant downward accelerations? A three-dimensional data set 

of nocturnal bow echoes would do much to answer this question. 

The model simulation was a lesson in simulated convection sensitivity to 

environmental parameters. The appreciable strength of the gust front created by the 

simulated convection allowed for continual regeneration in an erroneously stable 

environment due to intense forced lift at its leading edge. Consequently, a long period 

multicellular life cycle developed within an environment of unidirectional shear. A 

significant weakness in the midlevel winds allowing for a steering level, enhancing an 

overturning circulation along the leading edge of the convection. Although the 

overforecasted temperatures in the preconvective environment are not exclusively due to 

the slow propagation speed of the modeled convection, it certainly seems to have 

enhanced the dryness of the boundary layer due to extended mixing in comparison to the 

actual environment. Therefore it seems that the resolution problem discussed by 

Weisman et al. (1997) may have had a significant impact on the eventual evolution of 

convection due to the slow temporal development of the simulated cold pool. It would 

also be interesting to see if the MM5 does tend to overforecast temperatures within the 

West Texas boundary layer or if this is just an artifact of the PBL parameterization 

chosen. Also, the success of the model in simulating a mesoscale cold pool across the 

Texas Panhandle from mountain convection is encouraging. Such a phenomenon seems 

to be an integral part in forcing northwesteriy flow events across the South Plains and 

sensitivity studies done in the ftiture might help understand such events. In particular, it 

has been observed by the present author that northwest flow events in the Panhandle can 
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even generate their own mesoscale baroclinic zones which can provide a focus for fuUire 

thunderstorm development. It would be interesting to do an MM5 simulation with such a 

zone initialized to understand how such a feature can enhance or trigger convection in 

northwesterly flow events. 

Finally, this event brings up what the author feels to be a needed climatological 

study done within the Texas Panhandle/eastern New Mexico/western Oklahoma region; 

that being a climatological study of northwest flow convection within this region. Most 

northwest flow convective climatologies are associated with either High Plains 

phenomenon or with derecho events. However, significant convective events have 

occurred over the South Plains in conjunction with northwest flow since the author's stay 

in the region, and a look through the archives may verify this with environmental 

parameters atypical to maybe those found over the Northern Plains. Such a study may be 

pursued by the author in the ftature given the proper resources. 
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