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CHAPTER 1 

INTRODUCTION 

1.1 Introduction and Motivation 

Supercell thunderstorms produce a variety of severe 

weather including flooding, hail, lightning, extreme winds 

and tornadoes. The tornado is the rarest of these phenomena 

and is one of the most difficult to predict. Much 

attention has been devoted to the formation and behavior of 

tornadoes in an effort to increase public safety by 

extending the lead-time for tornado warnings and to reduce 

false alarms. Recently, there has been particular focus on 

the rear flank downdraft (RFD) region of the supercell 

thunderstorm and the possible role that it plays in 

tornadogenesis. While the function of the RFD in 

tornadogenesis is still being understood, there is a strong 

belief that its role is vital (Rasmussen 2002). 

Even with this primitive understanding of the role of 

the RFD, it would be useful to both the scientific and 

operational meteorological community to identify its 

presence within a supercell thunderstorm. To the 

researcher, identifying and tracking the movement and 

evolution of :the RFD may aid in understanding the 



tornadogenesis process, whereas the forecaster may use the 

existence (or lack) of the RFD to determine issuance and 

accuracy of a tornado warning. While lacking ideal 

resolution for RFD identification, the National Weather 

Service Weather Surveillance Radar - 88 Doppler (WSR-88D) 

has provided several favorable examples to investigate. 

1.2 Some Background on the RFD 

A supercell thunderstorm is a localized, quasi-steady 

state convective storm that loosely consists of a single 

rotating updraft and its associated (Glideman 2000). The 

downdrafts in a supercell thunderstorm are named based on 

their position with respect to the main updraft. Due to 

the increase of wind with height (vertical wind shear) , the 

majority of precipitation produced by the updraft falls 

downstream of the main updraft in what is called the 

forward flank in a storm relative sense. The forward flank 

precipitation area is responsible for the majority of the 

precipitation that a supercell produces, including hail. 

Subsiding air caused by precipitation regions are known as 

downdrafts and the forward flank downdraft (FED) is 

coincident with the area of forward flank precipitation. 

The rear flank downdraft is defined by Markowski (2 002) as 



"regions of subsiding air that develop on the rear side of 

the main updraft of supercell thunderstorms, and these 

regions of descent have a well-established association with 

hook echoes" (p. 856). Figure 1.1 (Lemon and Doswell 1979) 

shows the position of the main updraft (fine stippled area 

containing "UP"), the downdrafts (coarse stippled area 

containing "FED" and "RFD") as well as the surface winds 

(arrows) and the area where the tornado is most likely to 

be observed (circled " T " ) . 

One of the most common visual observations of the RFD 

is the existence of a cloudless area called a "clear slot" 

that often wraps around the back side of the updraft and, 

if present, wallcloud. This "clear" slot often contains 

large precipitation particles, but appears cloudless (Lemon 

and Doswell 1979) . In fact. Lemon and Doswell (1979) state 

that "the clear slot is the visual manifestation of the 

rear flank downdraft" (p. 1189) . It should be noted that 

the existence of a clear slot and RFD does not insure the 

existence of a tornado (Figure 1.2b), but is believed that 

the RFD is necessary to enhance low level convergence and 

vertical stretching of vorticity leading to supercell 

tornadogenesis (Rasmussen 2000). 



Figure 1.1, Plan view schematic of a supercell 
thunderstorm (From Lemon and Doswell 1979). 
Dark solid line indicates radar echo 
boundary. Frontal indicators locate 
localized baroclinic zones. Storm motion to 
the northeast. See text for more 
description. 



a. With tornado. (Photo by author) 
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b. Without tornado. (Photo by author) 

Figure 1.2. Examples of RFD "clear-slot" 



The RFD and radar hook echo are closely related. 

Markowski (2002) paraphrases Burgess et al. (1977) by 

stating that "the clear slot could be associated with a 

hook echo" (p. 857) . Markowski supports this claim by 

indicating that photogrammetric analysis of the 2 June 1995 

tornado near Dimmitt, TX, indicated an association between 

the hook echo and the clear slot. Hook echoes themselves 

have been 

documented to be several kilometers in length and several 

hundred meters in width (Markowski 2002). It is therefore 

not unreasonable to assume that the RFD has dimensions on 

the same order as the hook echo. Finally. Markowski 

suggests that the RFD is actually bigger than, though still 

on the same order as, the hook echo (personal 

communication). 

The dimensions of the RFD are but one of several 

reasons that there have been few formal attempts to 

identify its existence using radar, particularly the WSR-

88D. To clarify, the RFD may be hundreds of meters in 

width and the sampling area of the WSR-88D is also several 

hundreds of meters in width. More on this will be 

explained in section 2.2.2. Another problem with sampling 

the RFD with conventional Weather Service radar is that the 



clear slot does not always contain many. if any, 

hydrometeors (see Figures 1.2a and b). Without 

hydrometeors, such as rain and hail, the radar beam is not 

likely to be reflected efficiently and no radar echo is 

indicated. Other particulates, such as dust that may be 

lifted by the downdraft as it contacts the ground, may 

reflect the radiation transmitted from the radar, but the 

return is much weaker than those produced by hydrometeors 

(Doviak and Zrnic 1993) and might not show up in certain 

volume coverage patterns employed by the WSR-88D. Radar 

characteristics will be discussed in the next section, but 

Burgess and Magsig (1998) summarize the main problem with 

identifying the RFD, "Apparently, in many cases, there are 

not enough tracers (precipitation particles or 

particulates) in the rear flank downdraft airstream to make 

it visible to the radars (sufficient radar echo)" (p. 759). 



CHAPTER 2 

OVERVIEW OF WSR-88D OPERATIONS 

2.1 Sampling 

2.1.1 Why the WSR-88D 

There are three main advantages to using the data 

obtained by the WSR-88D over other radar types. The first 

is the number of tornadic storms that the WSR-88D has 

sampled. Thanks to the 24-hour-a-day, 3 65-days-a-year 

operational status of the WSR-88D, it samples an incredible 

number of meteorological phenomena. Multiply this by the 

approximately 140 WSR-88D sites around the United States 

(Crum and Alberty 1993) and the chances of sampling a 

tornadic supercell is quite high. 

The second advantage of using WSR-88D data is the 

availability of the data. The National Climatic Data 

Center (NCDC) attempts to archive all of the data collected 

by the network of WSR-88D radars. The current number of 

WSR-88D radars that NCDC is archiving is 159 according to 

their webpage: 

(http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?WWDI~RadarList~N) 

Although the data is not free of charge, it is easy to 

obtain. 

http://www4.ncdc.noaa.gov/cgi-win/wwcgi.dll?WWDI~RadarList~N


The final advantage is related to the previous two. 

The WSR-88D incorporates standard data acquisition 

operations that allow the data from any one of the radars 

in the WSR-88D network to be interpreted in the same way as 

any other WSR-88D. These combined characteristics imply 

that what the WSR-88D may lack in spatial resolution 

compared to research and/or mobile radars, it makes up for 

in the number of cases it samples. 

2.1.2 WSR-88D Characteristics 

This section will take a look at the characteristics 

of the WSR-88D. The WSR-88D transmits electromagnetic 

energy at a 10 cm wavelength, which translates into a 

frequency of approximately 2700 MHz, classifying it as a 

microwave transmitter. The peak power output is 750 kW in 

the form of a 0.95° 3 dB beamwidth in its main lobe with a 

first sidelobe of 27 dB below the main lobe. It transmits 

a pulse of about 1.57 |a,s for pulse repetition frequencies 

(PRFs) between 32 0 and 13 00 Hz (Crum and Alberty 1993). 



2.1.3 Reflectivity 

Since this is not a study on radar or electromagnetic 

theory, only a brief review of radar procedure will be 

presented. Much of the following explanation of radar 

reflectivity is adapted from Rinehart (1997). 

Any radar works on the premise that a transmitted beam 

of electromagnetic radiation from the radar encounters some 

object (scatterer) and is partially scattered back toward 

the radar. The amount of returned power is proportional to 

the size and/or number of scatterers the beam encounters. 

This beam is a three-dimensional conical shaped volume that 

expands from the radar. Recall that the WSR-88D has a 0.95° 

beam width. 

A general equation for the power received (Pr) at the 

radar from distributed targets (i.e., not a single 

scatterer) is: 

P̂  = (7l^PtG^e(t)T|K|^z)/(10241n(2)XV2) , (2.1) 

where Pt is the power that was transmitted by the radar, G 

is the gain of the antenna, 9 is the horizontal beamwidth, (j) 

is the vertical beamwidth, x is the pulse length, K is 

related to the complex index of refraction, X is the 
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transmitted wavelength, and r is the range to the sample 

volume from the radar. The radar reflectivity factor (Z) is 

defined by: 

Z = — Y D ' . (2.2) 

Here, V is volume, D is diameter of individual drops in V. 

In equation (2.1) the following are treated as constants: 

Pt, G, 0, (j), T, and X. K is a function of the composition 

of the target. For weather radar this has mostly to do 

with whether the hydrometeor is composed of ice or liquid 

water. 

Working under the assumption that the majority of 

hydrometeors are liquid water (2.1) reduces to: 

C,z 
Pr = -V' (2.3) 

r 

which obviously can be 

Z = C 3 P r r ^ ( 2 . 4 ) 

where Cx is a combination of constants. In other words, 

radar reflectivity factor is a function of range and the 

power that is returned to the radar. To complete this 
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concept, an empirical relationship has been formulated to 

describe the association between rainfall rate, R, and 

radar reflectivity factor, z. The basic mathematical 

relationship is: 

z = aR"", (2.5) 

and although there are dozens of variations on this 

formula, the most commonly used by the WSR-88D is stated by 

Kolb and Rogers (2000) as: 

z = 300R^-\ (2.6) . 

Values for z have been observed from lO"'' (mm̂ /m'̂ ) to 

10^ (mm̂ /m-̂ ) for meteorological phenomena (Rinehart 1997) . 

Due to this large span of possible values, it is useful to 

try to "compact" these values. The use of logarithmic 

values is common practice for this. Expressed as decibels 

of z, 

Z 
Z (dB) = 10 logio( 1—T) • (2-7) 

1mm /m 
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2.1.4 Velocity 

The major advantage of Doppler radar over conventional 

radar is the ability to determine the speed of the 

particles along the path that the radar samples. This is 

accomplished by measuring the frequency of the return pulse 

and comparing it to the frequency of the transmitted pulse. 

The principle is that a wave that is scattered from a 

target that is moving toward (away) the wave source will 

show an increase (decrease) in its frequency. This is 

known as the Doppler shift and is the reason why we call 

this type of radar a Doppler radar. 

Without going into detail about the components of the 

WSR-88D, the way in which the WSR-88D obtains the Doppler-

shifted frequency is by using a "pulse pair" method. 

Pulse-pair processing uses an autocorrelation function 

between two successive radar pulses to determine the mean 

Doppler velocity. The retrieved Doppler-shifted frequency 

is a function of the velocity of the target or hydrometeor: 

2V 
f = . (2.8) 

X 

Here, f is the Doppler-shif ted frequency, X is the radar 

wavelength, and V is the velocity of the target. 

13 



It is very important to note that the velocities that 

are measured are only the radial components of velocity, 

that is, toward or away from the radar. Unfortunately, for 

sampling purposes, the targets that the WSR-88D samples 

move in all directions and so with only one radar we can 

only get one component of the relative motion. 

When considering velocity sampling as a function of 

frequency, there is an upper limit of velocity that can be 

resolved. Rinehart (1997) described this as follows: 

There is a limit, however, of how large a phase 
(Doppler) shift a radar can detect. For example, 
if a target were moving away from a radar just 
fast enough that it traveled V2 a wavelength 
between two consecutive radar pulses, it would 
produce a shift of n radians. If it were moving 
toward the radar at the same velocity, it would 
produce exactly the same shift of n radians, and 
we could not tell the difference in their 
velocities. (p. 104) 

Rinehart continues to explain that if a particle's velocity 

were fast enough to travel a complete wavelength between 

pulses, its velocity would appear to be zero. This maximum 

velocity is called the Nyquist velocity, VN, and the 

corresponding maximum frequency is called the Nyquist 

frequency, fn- The two are related by: 

VN = - ^ . (2.9) 

14 



As was stated earlier, this upper limit is related to 

how the targets are sampled. The Nyquist frequency is a 

function of the radar's PRE: 

PRF/l 
fw = ——- . (2.10) 

It is therefore easy to see that the Nyquist velocity is a 

function of the radar's PRE: 

PRF/l 
VN = —-. (2.12) 

Observed absolute velocities greater than the Nyquist 

velocity are known as aliased velocities. This term is 

probably used because the reported velocities are different 

than the actual velocity. The aliased velocity is the 

difference between the Nyquist velocity and the difference 

of the real and Nyquist velocities for the first aliased 

frequency: 

Valiased = V N - (Vreal - V N ) (2.13) 

or 

Valiased = 2 V N - Vreal - ( 2 . 1 4 ) 

15 



Typical PRFs for the WSR-88D are approximately 1000 Hz, 

which produce Nyquist velocities near 30 m/s. When dealing 

with velocities within supercell thunderstorms, it is not 

uncommon to observe velocities on the order of 50 m/s. 

Therefore, some aliased velocity data should be expected 

for these cases. 

2.1.5 Spectrum Width 

When the radar samples a discrete volume of space, 

there are potentially "billions of raindrops present" 

(Rinehart p. 129). As the Doppler-shifted frequencies, f, 

for those individual targets are collected, a mean 

frequency is computed and a corresponding mean velocity for 

the volume. From the collected frequencies/velocities, the 

standard deviation can also be computed for the volume. 

The result, in terms of radar output, is called spectrum 

width and has units of velocity. 

One way of considering spectrum width is the 

uniformity of the movement of the scatterers in the sampled 

volume. If the movement of the scatterers is uniform 

(chaotic) then the spectrum width will have a low (high) 

value. The motion of the scatterers is a property of both 

the air flow and the scatterer characteristics. For 

16 



example, larger raindrops will tend to produce a more 

uniform movement than smaller drops will. Smaller drops 

will follow the environmental flow more easily (Metcalf 

1986) . 

Spectrum width is not a commonly used product of the 

WSR-88D. This is probably because there are many things 

that contribute to spectrum width, several of which are 

non-meteorological. It should be noted that "the cited 

spectral broadening mechanisms are independent of one 

another" (Doviak and Zrnic 1993, p. 116). The square of 

the total spectrum width <3^^ is the sum of the squares of 

each contributing factor: 

CTv̂  = CFŝ  + (^a + OA + QO^ + at^. (2.15) 

Those factors are from shear (Qs) , movement of the antenna 

(Qa) , different fall speeds of different sized hydrometeors 

(ad) , oscillation of the hydrometeor (Oo) , and turbulence 

(at) . 

Since this study will lean heavily on spectrum width 

measurements, it is beneficial to take a closer look at 

some of the terms in (2.15). The contribution to Ov̂  by (3^ 

is a combination of meteorological effects and those 

17 



attributed to the radar. Doviak and Zrnic (p. 117) state 

that the terminal velocities of different sized drops adds 

to broadening (i.e., increasing the value) of spectriim 

width and call this 0^0- They then cite Lhermitte (1963) 

that for almost any drop size distribution, the value of o^o 

is approximately 1 m/s. The elevation (9e) of the radar as 

it samples the falling drops will add to Gâ  due to the 

amount of vertical velocity that is being sampled. Oa^ is, 

therefore, defined as 

Gd̂  = (adosinee)^ (2.16) 

Radar sweeps with higher elevations will sample a greater 

vertical velocity component than lower elevations. 

However, Lemon (2002) states that by limiting the WSR-88D 

to a maximum tilt of 19.5°, the vertical contribution of 

velocity is small. 

Another contributor to spectrum width broadening 

associated with the radar is Oa , 

Ga^ = (aXcosee/27rei)^ln(2) , (2.17) 

18 



where a is the antenna's angular velocity with 0i being the 

haIf-power radar beamwidth. 

Using maximum values for the WSR-88D from the Federal 

Meteorological Handbook Number 11 (FMH-11) part B (1991), 

much of the maximum contribution to Gv̂  by the radar can be 

ascertained. A maximum a of 36° s"""" and maximum 0e of 19.5° 

provide a maximum Oa^ of approximately 0.2 5 m/s and a 

maximum a^^ of 0.11 m/s, respectively- Additionally, Doviak 

and Zrnic (1993) stated that "spectral broadening GQ due to 

changes in the orientation or vibrations of hydrometeors is 

small..." (p. 118). It is therefore safe to assume that 

contributions to (2.13) other than turbulence and shear are 

less than 0.5 m/s. This is important, since this study is 

interested in identifying areas of shear and turbulence 

that may be caused by the RFD. It is suggested in the USAF 

Air Traffic Control Specialist Technical Training Manual 

(1993) that "Relatively large spectrum widths - 7 m/s or 

higher - are usually associated with significant turbulence 

and/or wind shear" (p. 16) . It should then be safe to say 

that a 0.5 m/s variation in spectrum width is acceptable. 

19 



2.1.6 Scanning Strategies 

The final topic of the standardized operation of the 

WSR-88D deals with scanning strategies. The WSR-88D is 

quite versatile in how the user can point the antenna to 

sample a certain area, however it is almost exclusively 

operated in one of several predetermined volume coverage 

patterns (VCP) . A VCP is a set of predetermined elevations 

at which the radar will perform a 360° sweep. Different 

VCPs may also incorporate different PRFs. While there are 

many possibilities for a VCP, the NWS operates in only 

four: two for observations of precipitation events and two 

non-precipitation or "clear-air modes." 

VCPs 31 and 32 are the clear-air VCPs. Since this 

study deals with supercell thunderstorms, none of the cases 

use VCP 31 or 32. The two "precipitation mode" VCPs are 11 

and 21. The most noticeable difference between VCP 11 and 

VCP 21 is the number of elevations that are scanned. The 

lowest tilt angle (elevation) for both precipitation mode 

VCPs is 0.5° and the highest is 19.5°. See Figures 2.1a and 

2.1b. 

VCP 21 utilizes eight tilts at 0.5, 1.45, 2.4, 3.35, 

4.3, 6.0, 9.0, 14.6 and 19.5 degrees. The antenna rotates 

20 



more slowly, an average of approximately 12.5° per second, 

and can complete an entire volume scan in a little over six 

minutes (WDTB 2002). This allows for more radar beam pulses 

to be transmitted and received along each degree of azimuth 

providing a more accurate reading for each gate along the 

azimuth. A slower scan rate also commits less wear and 

tear on the radar hardware. 

The disadvantage of a slower rotation rate, however, 

is that the evolution of some storm-scale meteorological 

phenomena is on the order of minutes. VCP 11 can complete 

a volume scan in approximately 5 minutes. Considering that 

features like tornadoes, downbursts and localized gust 

fronts generally last for 10 minutes or less (Bluestein 

1992), a faster update cycle can be very beneficial. Of 

course, the faster rotation rate (~ 20° per second) does not 

provide as many radar beam pulses to sample the target 

volxome as many times. However, VCP 11 still allows for 41 

to 66 pulses along each 1 degree azimuth as opposed 41 to 

111 pulses per radial for VCP 21. 

21 



Number of Scans: 14 Beam Width: 0.95 degrees 

19.5 16.7 14 0 - 2 0 10 0 8 70 7 50 6 20 5 25 
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1 45 
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a. VCP 11. (Courtesy National Weather Service) 

Number of Scans: 9 Beam Width: 0.95 degrees 

19.5 14.6 9.90 6.00 

20 40 60 80 
Horizontal Range (nmi) 

100 

4.30 

3.35 

2.40 

: 1.45 

0.50 

120 

b. VCP 21. (Courtesy National Weather Service) 

Figure 2.1 Volume Coverage Pattern (VCP) 
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Finally, even though VCP 11 scans at a faster rate, it also 

scans 14 elevations (0.5, 1.45, 2.4, 3.35, 4.3, 5.25, 6.2, 

7.5, 8.7, 10.0, 12.0, 14.0, 16.7, and 19.5 degrees), 

providing not only better temporal resolution but also 

better spatial resolution. 

It should be noted that for both VCP 11 and VCP 21, a 

"split-cut" scanning strategy is employed for the lowest 

two elevations. This means that the radar scans a complete 

360° at a low PRE (approximately 320 Hz) and then scans 

another 3 60° at a high PRE (approximately 1000 Hz) at the 

same elevation (WDTB 2002) . By scanning at a low PRF, the 

radar can sample at long ranges allowing the user to 

observe meteorological echoes out to 400 km. 

Unfortunately, a low PRF forces a low Nyquist velocity. 

Therefore the radar scans the second time at a higher PRF 

in order to sample target velocities more effectively, but 

at the expense of a smaller maximum range. Above tilts one 

(0.5°) and two (1.45°), the radar transmits at a PRF closer 

to 1000 Hz. 
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2.2 Limitations of the WSR-88D 

During the 10 years of operation, the WSR-88D has 

proven to be an extremely valuable tool for remote sensing 

of a wide variety of events, meteorological and otherwise. 

Every radar has limitations to its capabilities and its 

accuracy, and the WSR-88D is no exception. The next 

several sections will discuss the limitations of the WSR-

88D with regards to meteorological phenomena, specifically 

pertaining to the RFD. 

2.2.1 Aspect Ratio 

Inherent features of supercell thunderstorms are areas 

of rotation such as mesocyclones and tornadic vortex 

signatures (TVS). These occurrences can sometimes be 

poorly sampled by the WSR-88D because of a problem known as 

aspect ratio. 

As was stated previously, the benefit of the Doppler 

radar is the ability to measure the velocity of the targets 

within the sample volume. The observations of radial 

velocities of these discrete volumes can provide the radar 

user with a great deal of information. For example, if a 

particular range gate is measuring a velocity away from the 
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radar (outbound) and the next consecutive gate further from 

the radar along the same azimuth is measuring a velocity 

toward (inbound) the radar, then the user could deduce that 

there is some sort of convergence in the area of the two 

range gates. Similarly, if two range gates at the same 

range but at two consecutive azimuths have velocities of 

opposite sign, one could assume that there is some sort of 

rotation in that area. 

Recall that the WSR-88D transmits a beam of energy in 

a 0.95° cone. At a distance of 100 miles (-161 km), the 

diameter of that cone would be approximately 2.69 km. At 

this width, a TVS or even a small mesocyclone could "fit" 

entirely within the sample volume. Figure 2.2 illustrates 

this concept. 

Range From Radar 

Figure 2.2. Aspect Ratio: The circles, identical in 
diameter, represent areas of rotation at 
different ranges from the radar. 
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The same consideration must be made with the RFD. As 

was stated earlier, the RFD has a width on the order of 

hundreds of meters. For this reason, to have any chance to 

sample the RFD flow, measurements must be made close to the 

radar. Even if the flow within the RFD is laminar 

(producing a low spectrum width) at the edges, one would 

expect significant shear and possible turbulence and hence 

high spectrum width returns. Considering the aspect ratio 

argument, there would then be a greater chance of sampling 

this area of shear and/or turbulence without being 

influenced by the environmental flow if the cross-sectional 

width of the sample volumes are smaller as they are close 

to the radar. In other words, if the radar were to sample 

shear/turbulence in a broad range gate, the spectrum width 

return may not be quite as high as it would be with smaller 

bins closer to the radar. 

2.2.2 Sidelobe Contamination 

When discussing how a radar samples a volume of space, 

it is often described as a beam of energy with a finite 

width. This is quite untrue, not only is the edge of the 

directed beam not finite, the radar inadvertently transmits 

(and receives) radiation from areas other than where the 
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antenna is pointing. Due to electromagnetic properties 

including wavelength, as well as the properties of the 

transmitting and receiving antenna, radiation transmitted 

from a radar is scattered in all directions. Fortunately 

the majority of the radiation is concentrated into a main 

beam or lobe of energy and is focused in the direction that 

the antenna is pointing. 

It was mentioned previously that the half power 

beamwidth of the WSR-88D is 0.95°. To clarify this 

statement, the width of the radiation pattern at a point 

that is half the transmitted power in the main lobe is 

0.95°. 

There is a non-negligible amount of energy transmitted 

and received outside of the main lobe in what are called 

sidelobes. It is basically impossible to eliminate 

sidelobes from a radar. The problem of energy received 

through sidelobes has been handled by identifying the 

sidelobe characteristics for the radar and identifying 

situations that may introduce sidelobe contamination. In 

the WSR-88D it is documented that the first sidelobe (i.e., 

the strongest and closest sidelobe to the main lobe) is 

less than or equal to -27 decibels relative to the main 
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lobe and 1.2 degrees away from the mainlobe (FMHll p. 3-

25). According to the FMH-11 (part B), this means that 

...in order to detect a signal through the first 
sidelobe, at a signal strength equal to that 
detected through the mainlobe, the reflectivity 
of the meteorological signal in the sidelobe . . . 
must be stronger than the signal in the mainlobe, 
by at least the two way, first sidelobe isolation 
(i.e., > 50 dB) (p. 3-25). 

The above criterion basically states that a reflectivity 

gradient of 40 dB degree"''' is required in order for sidelobe 

"contamination" from the first sidelobe to affect the radar 

signal appreciably. This is echoed by Doviak and Zrnic (p. 

198). A 40 dB degree"""" reflectivity gradient is not very 

common, even in supercell thunderstorms, however, the WSR-

88D has more than one sidelobe, as do all radars. FMHll 

states that a reflectivity gradient of 60 dB over 6° (or 10 

dB degree"-̂ ) can affect the reflectivity measurement. This 

is because of the multiple sidelobes beyond the first 

sidelobe, and this situation is not quite as rare. 

Sidelobe contamination is notorious for producing what 

is known as "ground clutter." This is a result of energy 

transmitted through the sidelobes that is reflected off of 

ground-based targets like buildings and radio antennae. 

Fortunately, these targets are stationary and produce zero 
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velocity, and according to Doviak and Zrnic (p. 197) have a 

small (< 1 m/s) spectrum width. They also cite that "The 

exact assessment of sidelobe influence on spectral moments 

requires knowledge of the reflectivity and velocity fields" 

(p. 198) . For this reason, this study will attempt to 

correlate spectrum width with reflectivity and velocity 

measurements at the same location. 

2.2.3 Scatterers in the RFD 

There is some question as to the amount, or even 

presence, of scatterers in the RFD. Recalling earlier 

statements. Burgess and Magsig (1998) said that there were 

few or no scatterers in the RFD. Markowski (2 002) claims 

that the RFD is bigger than, and contains, the hook echo, 

which by definition contains a large number of scatterers. 

RFD clear slots have been observed both with and without 

and precipitation at the surface. It is not uncommon in 

either case to observe dust being lofted by the RFD gust 

front. This provides some form of tracer, but these are 

relatively small for the radar to detect compared to rain 

drops (Doviak and Zrnic 1993) . Even if RFD blown dust is 

observed, it is only observed at the lowest elevation scan 
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of the radar. The origins of the RFD are still under 

debate. Obviously the presence of meteorological targets 

within the RFD is also not clear, but it can be argued that 

since the RFD has not been readily identified, it may very 

well be due to a lack of scatterers. 

2.3 Radar Algorithms 

2.3.1 Need for Algorithms 

It should be obvious by now that a weather radar 

provides a wealth of information to the user. While the 

radar user observes the incoming information in less detail 

than described above (although the user should know the 

underlying principles of reflectivity, velocity and 

spectrum width measurements reported by the radar), the 

information displayed to the user still has a plethora of 

meteorological information. 

The NWS forecaster in charge of observing storms and 

issuing warnings is under a considerable amount of pressure 

and time constraint as he or she is watching the radar and 

considering issuance of warnings. (Typically, warning 

forecasters do more than just these two tasks.) To aid the 

forecaster in identifying areas of concern within a storm, 

radar based algorithms were devised and have been employed 
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since the first WSR-88D came into operation (Stumpf et al. 

1998) . 

FMH-11 (part C) lists at least 16 algorithms that were 

in service when the WSR-88D was introduced. A few of these 

algorithms include a mesocyclone detection algorithm (MDA), 

a tornado vortex signature detection algorithm (TDA), and a 

bounded weak echo region (BWER) algorithm. Although there 

are many other algorithms that run automatically with the 

WSR-88D, the MDA and TDA will provide a good overall 

example of how algorithms are used during radar operations. 

2.3.2 Mesocyclone Detection Algorithm 

The original MDA, as with most of the WSR-88D 

algorithms, is a pattern-recognition type of algorithm. 

The first part of the algorithm is to search through the 

velocity data and identify regions of significant azimuthal 

shear. This process entails finding "a consistent increase 

of Doppler velocity in the azimuthal [clockwise] direction 

at a constant range with clockwise antenna rotation" (FMH

ll part C, p. 5-4). Once such an area has been located, it 

is then compared to predetermined threshold values that are 

characteristic of a mesocyclone. 
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These thresholds were originally based upon 

theoretical values and a small set of in situ measurements 

as well as remote observations made by the few Doppler 

radars in operation prior to the WSR-88D. Basically, the 

thresholds were designed to recognize a Rankine-like 

vortex, or a vortex for which radial wind velocities 

increase linearly from the center to some maximum velocity 

and then decrease as 1/radius. In time, it was discovered 

that the original MDA was not detecting a significant 

portion of mesocyclones that were producing severe weather 

such as tornadoes, large hail, high winds, etc. (Stumpf et 

al. 1998) 

Armed with a data set of radar observed mesocyclones 

that is "several orders of magnitude" (Stumpf et al. 1998) 

larger than the original, the National Severe Storms 

Laboratory (NSSL) produced their own MDA. The NSSL MDA 

incorporated different thresholds, four-dimensional 

correlation, quantification of mesocyclone strength, and 

improved range biasing. 

2.3.3 Tornado Detection Algorithm 

The WSR-88D is incapable of directly sampling the 

majority of tornadoes due to the WSR-88D's spatial 
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resolution compared to that of a typical tornado (aspect 

ratio). The rare exception is large tornadoes very close to 

the radar. Small areas of extreme shear, however, have 

been identified by radar in association with tornadoes and 

are deemed tornado vortex signatures. 

In a similar fashion to the MDA the tornadic vortex 

signature (TVS) detection algorithm (the original TDA) is 

also a pattern recognition algorithm. The TDA algorithm 

searches for areas of enhanced shear, maximum inbound and 

outbound velocities (with respect to the radar) and the 

distance and orientation between these values. The TDA 

requires that these parameters are coincident with a parent 

mesocyclone and if a TVS is identified at two or more 

elevations, then it is indicated on the radar screen (FMH

ll part C) . While this specific algorithm produced very 

few false alarms, the probability of detection (POD) was 

also low. (Mitchell et al. 1998) 

Again, NSSL was able to improve upon the original 

algorithm. Over time, it was documented that not all 

tornadoes have parent mesocyclones (Wakimoto and Wilson 

1989) . For this reason, the NSSL TDA does not require the 

TVS to be associated with a mesocyclone. The NSSL TDA also 

has lower thresholds for the maximum inbound/outbound shear 



values and is independent of any other algorithm (Mitchell 

et al. 1998). This information on radar algorithms 

provides background information about the existence of 

algorithms for WSR-88D data as well as additions and 

upgrades to those algorithms. 

2.3.4 WATADS 

A common tool used to access WSR-88D Level II archived 

radar data is the WSR-88D Algorithm Testing And Display 

System (WATADS). WATADS ingests the raw radar data, which 

is in binary format, and allows the user to view the data 

through a graphical user interface. The display is very 

similar to that used in NWS offices. A WATADS user has the 

ability to zoom into and out of areas of the displayed 

radar data allowing him or her to observe the individual 

radar bins. The user has the ability to click on a desired 

radar bin with a mouse and WATADS will display the value 

(i.e., reflectivity, velocity, or spectrum width) of that 

bin along with the azimuth, range and elevation of that bin 

with respect to the radar. 

The display allows the user to identify features in 

the radar data such as convergence zones, reflectivity 

gradients and areas of rotation, to name a few. Beyond its 
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display properties, WATADS also runs severe weather 

algorithms designed and used by both the NWS and the NSSL. 

In addition, WATADS performs some basic, but much needed, 

algorithms such as velocity unfolding. 
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CHAPTER 3 

DATA SET 

3.1 Case Profile 

This chapter will discuss the cases that comprise the 

data set of this study. Along with identifying the cases, 

the reason that they were chosen will be provided. In 

addition, a description of how the data from the cases were 

obtained, processed, and checked for quality will be 

discussed. 

3.2 Acceptance Criteria 

The criteria for whether a case could be used or not 

is determined by the arguments provided in the previous 

pages. To be more specific, the following are the criteria 

used: 

1. Existence of the RFD; 

2. The dimensions of the RFD; 

3. Radar resolution (i.e., aspect ratio and range 

from the radar); 

4. Accurate documentation of the tornado position and 

time of occurrence. 
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The existence of a RFD is qualified by a supercellular 

tornado (Rasmussen 2000). All of the cases in the data set 

contain a supercell thunderstorm that produced a tornado, 

and therefore a RFD was present. 

The dimensions of the RFD, according to literature, 

are on the order of kilometers in length and hundreds of 

meters in width. The dimensions of the WSR-88D radar beam 

are 0.95° in cross-sectional area (in azimuth and elevation) 

and are archived at one kilometer in length (range) for 

reflectivity measurements and 250 meters for velocity and 

spectrum width. From the discussion of aspect ratio, we 

know that the cross-sectional area becomes greater with 

greater distance from the radar. If s is the width of that 

cross-section and r is the range from the radar, then 

0.95° 
s = 27ir X ( ) . (3.1) 

360° 

This means that at a range of 2 0 km from the radar, the 

cross-section of the radar beam is 332 meters, and at a 

range of 40 km s is 663 meters. 663 meters is probably 

approaching the upper bound of the RFD width dimension, and 

therefore 40 km (approx. 2 5 nm) is the maximum range this 

study uses to attempt RFD identification. 
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Finally, an accurate temporal and spatial placement of 

the tornado is required. Knowing the time of the tornado 

allows us to determine the closest radar volume scan for 

which the tornado is occurring, ensuring the presence of a 

RFD. Since tornadic thunderstorms can have more than one 

mesocyclone present at the same time, specific tornado 

placement helps to determine the correct circulation. 

The National Climactic Data Center (NCDC) publishes a 

document called Storm Data, which documents all extreme 

weather events in the United States and its territories. 

Storm Data was used to locate, often with specific detail, 

the locations of tornadoes for possible cases. Table 3.1 

lists the cases used in this study. Figure 3.1 displays 

the location where each tornado formed with respect to the 

radar. To locate these positions the Storm Data location 

and the TVS displayed by WATADS at the lowest elevation 

angle are considered. 

The set consists of 537 samples, where a sample is the 

center of rotation of the tornado-producing mesocyclone at 

a single azimuth, range and elevation for a particular 
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Table 3.1 Cases Used 

C a s e s 

A m a r i l l o , TX 

F o r t Wor th , TX 

Good land , KS 

L o u i s v i l l e , KY 

S t e r l i n g , VA 

L i t t l e Rock, AR 

Oklahoma C i t y , OK 

R a d a r I D 

KAMA 

KFWS 

KGLD 

KLVX 

KLWX 

KLZK 

KTLX 

E v e n t D a t e 

0 9 / 1 9 / 2 0 0 1 

0 3 / 2 8 / 2 0 0 0 

0 6 / 2 9 / 2 0 0 0 

0 5 / 2 8 / 1 9 9 6 

0 4 / 1 6 / 1 9 9 3 

0 3 / 0 1 / 1 9 9 7 

0 6 / 1 3 / 1 9 9 8 

F - S c a l e 

(max) 
FO 

F3 

F l 

F 2 , F 4 

F l 

F 1 , F 2 

F2 

Az i n t u t h / R a n g e 

( d e g r e e s / k m ) 

6 5 . 9 / 9 . 1 

3 4 2 . 7 / 2 1 . 5 , 
5 8 . 2 / 2 1 

2 0 . 6 / 2 9 . 4 

3 0 8 . 4 / 2 9 . 6 , 
6 3 . 6 / 2 3 . 1 

2 7 6 . 3 / 2 5 . 7 

1 7 8 . 2 / 1 7 . 1 , 
3 4 . 5 / 2 4 . 7 

3 2 9 . 4 / 3 2 . 4 

Figure 3.1. Tornado origin locations 
with respect to the radar, 
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volume scan. in most cases for supercellular 

thunderstorms, a mesocyclone maintains continuity from 

volume scan to volume scan, i.e., the same mesocyclone can 

be identified earlier or later in time. These samples are 

drawn from each elevation available for each radar and 

include volume scans prior to and after the tornado 

occurrence. Two of the radars were operating in VCP 21 (9 

elevations each) and the remaining 5 were in VCP 11 (14 

elevations each). 

3.3 Data Access and Processing 

Once the cases have been decided, it must be 

determined how to access the data and in what form are they 

required for analysis. Since Level II archived radar data 

are stored in binary format, a decoder must be developed to 

make the data into a text format that is readable by 

humans. Decoding was achieved with the use of a C computer 

programming language that incorporates C libraries 

developed by the National Aeronautical and Space 

Administration (NASA). Also during this process, the 

output layout was designed. Surrounding the output 

process, WATADS was used to view the data graphically. 
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The first step of the process was to decode the data 

from the "raw" binary files. NASA has developed an object 

oriented C language library that they call the Radar 

Software Library (RSL). This library reads in the binary 

files and stores them into structures that can be accessed 

by making programming calls within a C program. The 

structure is hierarchical in that it temporarily stores the 

data in the form of radar volume, elevation, azimuth and 

range. 

The C program that was written accesses the structure 

and formats the output into columns of volume number, 

elevation, range in meters, reflectivity azimuth, 

reflectivity value in decibels of reflectivity (dBZ), 

velocity azimuth (note, velocity and reflectivity 

measurements and not taken coincidentally in the lowest two 

tilts) , velocity in m/s, spectrum width in m/s, and the 

time that the value was recorded. All elevations and 

azimuths are in degrees. Output from the different 

azimuths for reflectivity and velocity was necessary 

because the lowest two tilts of VCPs 11 and 21, uses a 

split-cut strategy (see Sec. 2.1.6). The reflectivity and 

velocity are recorded about 2 0 seconds apart and not always 

along the same azimuth. So in order to obtain accurate 
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reflectivity and velocity locations, both azimuths were 

displayed. 

The next step was to narrow down the data to the 

specific area of interest. This step is necessary because 

the typical output file from the initial decoding is 

roughly 35 megabytes and approximately 650000 lines. The 

specific area of interest surrounds the center of the 

circulation or mesocyclone associated with the tornado. 

This was covered previously and will be discussed again in 

the next chapter. Using WATADS, the center of the parent 

mesocyclone was established by clicking on the center and 

recording the location provided by WATADS as an elevation, 

azimuth and range. This searching process was performed 

for over 600 possible samples. 

A second program, written in the PERL programming 

language, asks the user for the center of the mesocyclone. 

Once this location has been entered, the program searches 

and records only the data surrounding the center of the 

circulation up to a specified radius. This radius will 

also be discussed in the following chapter. Unfortunately, 

the radar velocity data is not unfolded meaning that 

velocities exceeding the Nyquist velocity (but less than 

twice the Nyquist velocity) get recorded as lower absolute 

42 



velocities and of opposite sign. A third short program was 

written to locate and unfold any velocity data that 

required it. 

Finally, the data were compared to the values reported 

by WATADS as a means of comparison and quality assurance. 

30 samples have been drawn randomly and compared to WATADS 

for location (azimuth and range) as well as the value of 

the parameter. WATADS is a well established tool and is 

widely used by researchers, NWS employees, and students 

across the United States and is supported by NSSL, 

therefore the values provided by WATADS are considered to 

be reliable. 
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CHAPTER 4 

PROPOSED RFD IDENTIFICATION TECHNIQUES 

4.1 Algorithm Approach (Quantitative) 

An algorithm has been developed in an attempt to 

quantify the existence of an RFD based on spectrum width 

measurements and the correlation between spectr'um width and 

reflectivity and spectrum width and velocity measurements. 

It is proposed that at the edge of the RFD areas of shear 

and/or turbulence are present. In this case, spectrum 

width values should be greater. The RFD is coincident with 

the hook echo and should be in close proximity to the 

tornadic mesocyclone. At the lower levels, at least, the 

RFD should be located at the back side of the mesocyclone 

in a storm-relative sense. 

The proposed algorithm is patterned after existing 

WSR-88D algorithms in that it is a pattern recognition 

algorithm. Similar to the MDA and TDA algorithms, the 

first step of this algorithm identifies areas of rotation 

within a thunderstorm that meet already specified 

mesocyclone criteria. A center of the mesocyclone is 

determined and a radius from that center circumscribes a 

circle concentric with, and on the order of, the 
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mesocyclone. The sub-sample of data within the circle will 

be called a "circle sample," see Figure 4.1. Ideally, this 

radius will be varied and compared to the original circle 

sample at the same radar, elevation, azimuth and range, to 

examine the influence of the sample circle size, if any. 

The reflectivity, velocity and spectrum width data 

within this circle are then analyzed. This analysis 

includes correlating reflectivity, velocity and spectrum 

width values in a variety of combinations, which are 

described in Chapter 5. 

Based on Burgess and Magsig's (199 8) comments 

regarding little reflectivity within the RFD, it is 

anticipated that there might be a significant negative 

correlation between spectrum width (maxim\im) and 

reflectivity (minimum) . For this reason, a cross-

correlation analysis is performed on the data within the 

circle, using the cross-correlation equation 

Lf^ix.^-iOiy,-y), (4.1) 

where xi and yi are two parameters such as reflectivity and 

spectrum width, respectively, and x and y are the means of 

those parameters. N is the total number of elements in the 

circle sample. For example, in a given circle sample 
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Overlavs | Maps I Zoom I Trends 

t # ? l 
nndl^CHANGE START 3hR-mdl=SH0W LINE raht=LAUNCH 

iBX\mmmmMMMMK-^.-^^9^M:: T::'.:'^r:-is h:23-,23:ji>3MMi 
03/29/00 Vol: 65 CtrAz: 343.3dg Val: 0009.5 SelAz: 343.2dg 
00:20:11 UTC Svp: 1 CtrBn: 21.Han Hgt: 0.2 km SeUtn: 21.21an 

VCP: 11 Mag: 16K El: 0.5deg Nyqst: 27iti/s 

Figure 4.1 Example of a "circle sample." The white 
circle has a radius of 3 km from the 
center of circulation. The data within 
the circle are the data that are analyzed. 

46 



there may be 1000 elements (N = 1000) of reflectivity and 

corresponding velocity and spectrum width. Each radar, 

elevation, centroid azimuth and range within the circle 

sample is a single element. 

Finally, the values are compared to null samples. 

These null samples have the same dimensions as the sample 

circles for the tornadic mesocyclone. They include general 

areas within the storm, but away from the tornadic 

mesocyclone such as: the forward flank reflectivity core; 

areas at the edge of the storm where reflectivities are low 

and/or have strong gradients; and non-tornadic 

mesocyclones. While there will be one null set with these 

specific types of samples, the majority of the null samples 

are randomly selected areas within the radar volume, again 

with the same dimensions as the tornadic "circle samples." 

A detailed explanation is provided in Chapter 5 of the 

types of measurements that is compared between the null 

sample and the tornadic sample. 

4.2 Three-Dimensional Observations (Qualitative) 

Among the many features provided by WATADS is the 

ability to perform vertical cross-sectional analyses. The 

user is able to specify an area of the plan-projected data 
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with a line (Figure 4.2a). WATADS will display a figure 

depicting the abscissa, the user-defined line, as the 

lowest elevation of the radar data and the ordinate as 

height above the ground level displaying the radar data as 

a vertical profile up to the highest tilts that the radar 

scans (Figure 4.2b). This can be helpful in better 

understanding the vertical structure of the storm at the 

defined region, as opposed to remembering previous 

elevation scans and comparing them to the one being 

currently viewed. 

Unfortunately, both products (plan-projected images 

and vertical cross-sections) are two-dimensional displays, 

thus requiring a little imagination to create a three-

dimensional mental image. A newer approach is to take a 

volume of radar data and create a three-dimensional image 

using a computer. The output provides surfaces of a 

constant value of a radar parameter such as reflectivity or 

spectrum width. 
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An example of a three-dimensional reflectivity surface is 

Figure 4.3. In this figure, one can cjuickly identify the 

hook echo and see its vertical structure as well as the 

horizontal structure simultaneously. It is desired that 

this three-dimensional representation indicates the area of 

the RFD either directly, or inferred by the relative 

pr̂.c;-! ti nn of other Identifiable features. 

Radar Image 

Figure 4.3 

Y X 
Three-dimensional rendering (using MATLAB) of 
radar data depicting a supercellular 
thunderstorm. Notice hook echo at X=17, Y=13 
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The procedure for this "volumetric processing" begins 

by fitting the radar data to a three-dimensional Cartesian 

grid. 

Once the data are gridded, they are read into a 

mathematical computer program called MATLAB. MATLAB then 

interpolates between the gridpoints providing a smooth 

surface of a constant value such as reflectivity in dBZ. 

(One of the undesired aspects of MATLAB is that the color 

scheme is not the same as that used by WATADS.) 
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CHAPTER 5 

STATISTICAL ANALYSIS 

5.1 Overview 

The total data available for this study consists of one 

tornadic case (TOR) containing 537 "circle samples" (to be 

explained later) and four null cases. The first null case 

(NULLO) contains six samples that were specifically chosen. 

They include two samples of each of the following: a 

significant reflectivity gradient, a reflectivity core, and 

a non-tornadic mesocyclone. Although the samples in the 

NULLO case are good for controlled comparison, the case is 

very small. 

It should be noted that all of the samples within each 

null set have the same dimensions as those of the tornadic 

set, namely a circular area with a radius of three 

kilometers on a given elevation centered about the center 

of circulation. That being said, NULLl, the second null 

case is a truly "random sample" of samples from anywhere in 

the radar volume. The 63 samples in this case were drawn 

by using a random number generator to pick the radar site, 

volume, elevation, azimuth, and range. While this case 

removes bias by the researcher, it includes areas within 
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the data that have no precipitation, nor storm. In other 

words, the sample contains clear-air returns. 

An attempt to create a null set that is biased toward 

significant radar echo and velocity returns associated with 

thunderstorms resulted in NULL2. NULL2 is like NULLl in 

that the samples were chosen randomly, however to attempt 

to obtain data related to a thunderstorm, a reflectivity 

threshold was set based on summing the reflectivity values 

for a circle sample area. If this threshold was not met, 

the sample was not used. This process was successful on a 

limited basis providing 22 samples. There was a greater 

probability of sampling precipitation returns related to a 

storm. However, if a sample was chosen that had a large 

number of elements, such as an area of low elevation near 

the radar, yet had no storm in that region, the 

reflectivity threshold could still be met because of ground 

clutter returns. 

Finally, NULL3 was produced by setting a high 

reflectivity threshold and was successful in obtaining only 

areas associated with significant precipitation returns. 

Since the threshold was higher, it was anticipated that 

fewer samples would be produced for the given input list of 

randomly selected areas. To obtain a larger number of 
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samples, 500 randomly selected areas were ingested and 108 

samples were produced for NULL3. NULLO and NULLl were 

checked closely for velocity aliasing, and it was 

discovered that in areas away from the strongest storm 

rotation, aliasing was negligible. Since the last two null 

cases (NULL2 and NULL3) were rather large, it was ass-umed 

that although there may be areas of aliased velocities, 

these areas were very few compared to the rest of the 

sample. This assumption is valid for two reasons: in 

examining the TOR set, the amount of velocity data that was 

aliased was considerably smaller for all the radars except 

the Little Rock, AR site (KLZK) and the chance of randomly 

selecting aliased velocity data is even smaller. Therefore 

there should be few, if any, elements of aliased data and 

any that are included should have little impact on the 

statistical output. The second reason is that KLZK data 

was not included in the null cases. 

5.2 Statistical Considerations 

Using a spreadsheet, several statistical parameters 

were calculated for each sample in each case. Initially, a 

cross-correlation coefficient was calculated for 

reflectivity and spectrum width and likewise for velocity 
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and spectrum width. Averages were calculated for 

reflectivity, velocity and spectrum width, respectively, 

for each sample and the standard deviation of the same 

three parameters was also calculated for each sample. The 

results appeared noisy and inconclusive. 

To attempt to find any significant "signal," several 

other parameters were calculated^ All of these parameters 

fall into one of three categories: cross-correlation 

coefficients, standard deviations and averages. These 

three calculations were performed on up to four variations 

of REF, VEL, and SPW. The first "variation" is the basic 

statistical calculation, or "raw" output. These include, 

for example, REF-SPW cross-correlation coefficient, 

standard deviation of VEL, and average SPW. 

Because velocity can have positive or negative values, 

performing calculations like an average can yield a result 

that is near zero. In an attempt to preserve the actual 

magnitude of motion of the winds within the circle sample, 

the absolute values of the velocity elements within the 

sample were recorded. The three statistical categories 

were calculated using the absolute value of velocity, where 

velocity was involved, and these categories are designated 

with a capital "A". This provided the second variation. 
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The third variation of the data also involves 

velocity. Since we are dealing with mesocyclones, 

inspecting those values associated with the greatest 

velocities could provide some insight. A filter was 

employed to produce only those values, including REF and 

SPW along with VEL, associated with velocities > (<) 90% of 

the maximum (nrtnimuffl̂  velocity—for—the—circlo—sample. 

Again, the three statistical categories were performed on 

all of REF. VEL, and SPW, and the output of these were 

designated with a capital "X" meaning "extreme." 

The fourth variation combined the absolute value and 

extreme values for calculations involving velocity, and 

this was labeled with "AX" . This created a total of 22 

parameters that were originally calculated. Each of these 

22 parameters was then normalized by one or more of the 

other 22 original parameters where appropriate. For 

example the VEL(AX)-SPW correlation coefficient was 

computed and then normalized by average VEL, average 

VEL(A), standard deviation of VEL(X), etc. Table 5.1 shows 

all of the parameters that were calculated for each of the 

five data sets as well as the normalization values. 
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Table 5.1. Parameters Calculated 

Parameters 

1) REF-SPW Correlation Coefficient 

2) REF(X)-SPW Correlation Coefficient 

3) VEL-SPW Correlation Coefficient 

4) VEL(A)-SPW Correlation Coefficient 

"51 VEL (xrp^^PirTJor'relariofr^CoefTi^iehr" 

6) VEL(AX)-SPW Correlation Coefficient 

7) Standard Deviation of REF 

8) Standard Deviation of REF(X) 

9) Standard Deviation of VEL 

10) Standard Deviation of VEL(A) 

11) Standard Deviation of VEL(X) 

12) Standard Deviation of VEL(AX) 

13) Standard Deviation of SPW 

14) Standard Deviation of SPW(X) 

15) Average of REF 

16) Average of REF(X) 

17) Average of VEL 

18) Average of VEL(A) 

19) Average of VEL(X) 

20) Average of VEL(AX) 

21) Average of SPW 

22) Average of SPW(X) 

Normalized By 

15, 21, 7, 13 

15, 16, 21, 22, 
13, 14 

17, 18, 21, 9, 10, 13 

17, 18, 21, 9, 10, 13 

TT.—TB^—TT,—2T",—22";^—9^ 
10, 11, 13, 14 
17, 18, 19, 20, 21, 22, 
9, 10, 11, 12, 13, 14 

15 

15, 16 

17 

17, 18 

17, 19 

17. 18, 19, 20 

21 

21, 22 
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Including non-normalized, or raw, correlations 83 

parameters were calculated and graphed for each of the null 

cases as well as the TOR case. In other words, 415 graphs 

were produced. The four NULL graphs for a particular 

parameter were placed on single page and the TOR graph was 

placed on another page. Each TOR graph was manually 

-inspected—and—compar-ed-~to—the—4—laULL graphs in an effort to-

find any significant differences. See Figure 5.1. 

One final comparison was made involving the 22 

original parameters of each case. An average of each 

parameter was made for each of the four null cases and then 

compared to the tornadic case. This step showed the 

greatest difference between the tornado and null cases as 

is displayed in Table 5.2. 
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- e — STD VEL(A) 

TorSet 

Individual Samples 

Figure 5.1 Cross correlation coefficient of absolute value 
of radial velocity and velocity spectrum width, 
normalized by average "extreme" reflectivity. 
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tndrvidual Samples 

10 20 30 40 50 60 

Individual Samples 

For Nul lO For N u l l l 

5 " 

10 15 20 

Indrvidual Samples 

SI/) 

JO 40 60 80 100 

Individuat Samples 

For Null3 d. For Null3 

Figure 5.2 Same as Figure 5.1 but for (a) NullO, 
(b; Nulll, (c) Null2, and (d) Nuil3. 
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Table 5.2. Average Values for Each Parameter, Per Data Set 

Parameter 
R-S Coef 
R(X)-S Coef 
V-S Coef 
V(A)-S Coef 
V(X)-S Coef 
V(AX)-S Coef 
AVG REF 
AVG REF(X) 
AVG VEL 
AVG VEL(X) 
AVG VEL(A) 
AVG VEL(AX) 
AVG SPW 
AVG SPW(X) 
STD REF 
STD REF(X) 
STD VEL 
STD VEL(A) 
STD VEL(X) 
STD VEL(AX) 
STD SPW 
STD SPW(X) 

NullO 
-0.1725 
0.0466 
•0.1173 
0.0722 

-0.0080 
0.5X71 

37.0829 
36.0561 
-2.2530 
-0.1918 
7.9450 

14.6905 
3.3458 
4.8721 

15.2306 
12.6468 
4.4661 
3.2401 

13.0905 
4.1854 
2.0867 
2.1634 

Nulll 
-0.1239 
-0.0819 
0.0052 
•0.0181 
0.0184 

"^^TDXT^ 
13.0060 
13.5870 
0.1458 
1.0323 
8.9501 

16.5069 
2.8874 
3.7496 
6.5178 
5.1748 
4.0094 
3.2320 
9.2539 
2.5236 
1.7643 
2.0599 

Null 2 
-0.1594 
0.0009 
0.0551 
•0.0449 
-0.0384 
0.0925 

17.5620 
15.373S 
6.4042 
9.1565 
9.8482 

17.0150 
2.8232 
3.8613 
9.7878 
6.3670 
3.8811 
3.2574 
7.5000 
1.6512 
1.9945 
2.1982 

Nulla 
•0.1160 
-0.1227 
0.0275 
0.0120 
0.0548 
0.0889 

21.3471 
21.9670 
2.0070 
2.7948 
8.4962 

16.5916 
2.5669 
3.6479 
8.2713 
5.7129 
4.3017 
3.3271 

10.7173 
3.0206 
1.7290 
1.9392 

TorSet 
-0.0776 
-0.0444 
•0.0004 
•0.0070 
-0.0342 
0.0783 

27.4660 
29.0379 
3.1469 
6.6860 

13.9437 
31.8382 
4.2016 
5.4700 

11.6277 
7.6914 
11.4503 
8.1800 

23.5281 
7.7662 
2.3902 
2.3936 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Overview 

According to recent literature, the RFD is a probable 

key component of tornadogenesis. While there is no one-to-

—one correlation^ -between, -the—existence o± the^ PFD and thp 

presence of a tornado, the presence of the RFD can aide 

forecasters and researchers in better determining the 

likelihood that a supercell thunderstorm has a tornado 

associated with it. 

The National Weather Service's network of WSR-88D 

Doppler radars has collected a vast amount of data which 

includes samples of tornadic supercell thunderstorms. An 

additional benefit of using the WSR-88D is the standardized 

sampling techniques employed. Despite some minor 

differences between radars in the network, interpretation 

of the data from different radars is fairly uniform. 

Unfortunately, for the scale of the phenomena that are 

being considered in this study, range limits need to be 

imposed while using the WSR-88D. 

With the above considerations, a data set containing 

537 samples - areas three kilometers in radius from the 
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center of rotation within a single radar elevation sweep -

were collected from 10 tornadic thunderstorms. These 10 

thunderstorms were taken from seven different radars. An 

additional four null sets were collected from the same 

seven radars. The first null set contained six samples 

pertaining to specific features of different storms, while 

_jthe other__ Jthree„^null cases__jtferLe_ compxised o± randomly 

selected areas within the radar volume, providing a total 

of 199 null samples. 

Finally, the data were analyzed and the tornadic case 

was compared to the four null cases. In addition to the 

qualitative analysis, an attempt was made to identify the 

RFD qualitatively. By constructing three-dimensional iso-

surfaces of constant radar reflectivity, it was anticipated 

that greater detail and recognition of supercell features 

would be made more apparent. 

6.2 Quantitative Approach 

A total of 415 graphs were produced to quickly 

identify possible differences between the TOR case and the 

NULL cases, it was not apparent that anything significant 

could be noted. Additionally, averages of the 22 

parameters for each case were produced and provided the 
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greatest differences between the NULL cases and the TOR 

case. 

Upon closer inspection, these differences are not 

surprising. The first observation is that in 80% of the 

cross-correlation coefficients, the TOR set was an order of 

magnitude smaller (in absolute magnitude) than the NULL 

-earses. However, all the—-results are statistice 

insignificant with only one result greater than 0.18 in 

magnitude. 

Regarding the average of the averages (see rows 8-15, 

inclusive, of Table 5.2), the only mentionable result is 

that the average velocity magnitude "VEL(A)" and average 

extreme velocity magnitude "VEL(AZ)" of the TOR set was 

nearly double that of the NULL set. This should not be 

surprising when the winds that make up the TOR set are 

within three kilometers of a tornadic mesocyclone. 

Finally, the averages of the standard deviations 

followed a similar trend to that of the averages in that 

the only notable difference was in the velocity fields. 

Again, this result should not be surprising considering the 

makeup of the TOR set. 

The question now becomes "Why did this study produce 

non-significant results?" 
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There are four possible factors why this particular 

study failed to make statistically significant results. 

The first would be the beamwidth of the WSR-88D compared to 

the dimensions of the RFD. Recall that both are on the 

order of hundreds of meters in width. If the airflow 

within the RFD was turbulent, one would expect consistent 

_and_ significant areas_ of _high _S.̂ PW__nearj_j3jr__coinc_idexLt_wiJ:lL,_ 

the radar hook echo. This is not the case. 

Stated in section 2.2.1, even if the airflow of the 

RFD is laminar, we should expect shear and possibly 

turbulence at its edges and this should be reported by the 

WSR-88D as higher values of SPW. It is reasonable to 

consider that these shear (and possibly turbulent) areas 

are very localized and rather small in three-dimensional 

space. Even if sampled at a perfect aspect by the WSR-88D 

(i.e., shear at the edges of the RFD aligned along the 

radar's azimuth), these areas may be too small to provide 

much contribution to the sampled volume of a 1° beamwidth. 

The second possible reason for failure may be the way 

in which the radar data are archived. The reflectivity 

data, in particular, are stored at a coarser resolution (1 

km) than they are sampled (25 0 km) . Having higher 
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resolution data for the statistical correlations may 

produce different results. 

It is unclear what the lifetime is of the RFD which 

promotes tornadogenesis. This poses another possible 

problem to the success of this study. While the RFD is a 

feature of a quasi-steady state phenomenon (the supercell), 

it is the RED with the correct characteristic, according to 

Rasmussen (2000), which tend toward tornado initiation. 

How long is this particular RFD present prior to 

tornadogenesis? How long does it last? The relevance to 

this study is that the majority of samples were taken 

before the tornado occurs. If the RFD-occlusion-tornado 

process is rapid, i.e., within a radar volume scan or two, 

then the bulk of the analyzed data would not contain this 

special RFD. 

Finally, there has been debate about the depth of the 

RFD with respect to the parent storm. One party claims 

that the work of Browning (1963, 1964, 1965a, 1965b) et al. 

is accurate and the RFD originates at the middle levels of 

the troposphere. Others are beginning to argue that the 

part of the RFD that is responsible for formation of 

tornadoes develops only one or two kilometers above the 

ground. If it is the latter, and many of the samples in 
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this project are sampling the mid and upper levels of the 

storm, then we might be missing the RFD a significant 

amount of the time. 

6.3 Qualitative Approach 

Some very identifiable features could be noted in the 

-three-dimensional images that—were x:reated. The "vault, "._ 

the "overhang," and the "hook" were quite evident. The 

concave feature that was above and part of the hook 

appendage could be evidence of the RFD fitting Burgess and 

Magsig's claim that there are probably too few scatters for 

the radar to effectively sample the RFD. Unfortunately, 

only one volume scan was closely analyzed. To suggest with 

any confidence that we have qualitatively identified the 

RFD using this three-dimensional method, we should have, at 

the very least, assembled and analyzed many more volume 

scans using this procedure. 

6.4 Overall Conclusions 

As was expected, identifying the rear flank downdraft 

is a difficult proposition at best. There are many factors 

that lead to i this difficulty, from the nature of the 

phenomenon to the way in which it is sampled. It remains 
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my opinion that accurate and reliable identification of the 

RFD would be very beneficial, especially to operational 

forecasters, like those at the National Weather Service. 

The qualitative approach in this study may have some 

potential future applications, but it needs to be performed 

on many more cases, both tornadic and non-tornadic before 

it can be considered with any reliability,— _ _ _ _ _ _ .̂  

As for the quantitative approach to this study, it is 

clear that the specific statistical methods that were 

employed failed. Some minor variations might be considered 

in attempting to replicate this exercise. For example, a 

time/height continuity comparison between tornadic 

mesocyclones and some form of null sample. Another 

modification could be to vary the size of the radius 

defining the collection area on an elevation. 

It is hoped that the current study will be useful in 

quantifying the notion that the RFD cannot be effectively 

identified using these specific criteria or the WSR-88D, or 

radar data that are archived with this resolution. Perhaps 

with a smaller wavelength radar having finer resolving 

capabilities one might be able to employ the statistical 

techniques used herein. Or, one might avoid this 

statistical approach all together. 
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