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ABSTRACT 
 
Preliminary results from observations of a severe thunderstorm near Bird City, Kansas on 29 
June 2000 during the Severe Thunderstorm Electrification and Precipitation Study (STEPS) are 
presented.  Storm characteristics included large hail, frequent positive cloud-to-ground lightning, 
and an F1 tornado.  The tornado was present for the period 2328-2344 UTC.  Analysis of single 
radar measurements of reflectivity and radial velocity showed that the storm formed ahead of an 
advancing surface boundary and turned right near the time that it became tornadic and 
electrically active.  A noteworthy tornadic vortex signature and mesocyclone were observed, 
even though a well-defined hook echo (often interpreted as an indicator of tornadic potential) 
was missing.  Triple-Doppler wind synthesis was employed for five storm-volume scans for the 
period 2305-2343 UTC.  Three-dimensional wind fields indicated that this storm had a sequence 
of small, but intense, updrafts that followed a larger-scale, quasi-steady path that entered the 
storm on the southwest flank, ascended through the storm turning anticyclonically, and exited 
into the anvil on the northeast flank.  This quasi-steady airflow with embedded updrafts (a 
distinctly multicellular behavior) of some so-called supercells has been documented in the 
literature and is discussed herein.  At times, the storm exhibited weak echo regions coincident 
with updrafts, and there is evidence that a rear-flank downdraft was present.  When compared to 
previous classification criteria, this storm resembled a “classic” supercell for only a short period, 
but rather it exhibited characteristics across several regimes throughout its lifetime.    
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1.  INTRODUCTION 
 

Summer convective storms can become severe and produce heavy rain, lightning, strong 
winds, hail, and occasionally tornadoes.  These phenomena can be devastating to the public by 
causing loss of life and property damage.  Though significant improvements have been made 
since the modernization of the National Weather Service (NWS), especially with the addition of 
the WSR-88D radars, forecast uncertainties remain.  To have improved forecasting capabilities 
there must be advancements in our scientific understanding of these storms, hence the Severe 
Thunderstorm Electrification and Precipitation Study (STEPS) was established.  The general 
goal of STEPS-related research is “to achieve a better understanding of the interactions between 
kinematics, precipitation production, and electrification in severe thunderstorms on the High 
Plains” (NCAR/MMM, 2000).  The study aims to find a relationship between the microphysics 
and dynamics of severe storms on the High Plains and their unique positive cloud-to-ground 
lightning production.   

During the STEPS field campaign, the storm types of particular interest were severe 
storms that produced predominantly positive cloud-to-ground lightning (PPCG) and low-
precipitation (LP) supercells because they have not been well documented in the literature.  
PPCG-producing storms have positive charges descend to the ground in a lightning discharge, as 
opposed to a descending negative charge that is considered more common.  The campaign took 
place between 17 May 2000 and 20 July 2000 near Goodland, Kansas.  This region was chosen 
because of its high frequency for these storms.  Instrumentation and observing systems operated 
during STEPS included: three S-Band Doppler radars (two of which were multi-parameter 
research radars) for mapping the three-dimensional structure of precipitation and storm winds; a 
team of mobile mesonet stations for determining surface and sub-cloud conditions within and 
near the storms; in situ electric field balloons to measure in-storm parameters including 
temperature, pressure, wind, and electric field; armored aircraft storm penetrations for in situ 
wind, hydrometeor, and electric field observations; a mobile sounding unit for environmental 
wind and thermodynamic profiles near the storm; the National Lightning Detection Network 
(NLDN) to display the cloud-to-ground lightning strike location and polarity in “real time”; and 
a lightning mapping array to provide a detailed map of all lightning activity.  

Supercells have been the focus of much research due to their potential to produce severe 
weather.  They have commonly been defined as strong convective storms that are long-lived and 
contain a temporally and spatially (in the vertical) persistent mesocyclone (Moller et al., 1994).  
Specific characteristics about the structure and airflow of supercells have been discovered in case 
studies.  Due to the inherent variability of the weather, however, these characteristics may apply 
to many, but not all, supercells.  Some characteristics noted have been the development of a 
bounded weak echo region (BWER), forward- and rear-flank downdrafts, and a low-level hook 
echo.  The bounded weak echo region, or vault-like structure, has been associated with a strong 
and persistent updraft which does not allow hydrometeors enough time to grow from vapor 
condensation on cloud condensation nuclei (CCN) just above cloud base to significant sizes, 
hence the low reflectivity values (Browning and Donaldson, 1963; Browning, 1964).  The 
forward-flank downdraft is normally located in the forward and right flanks of the storm and 
produces a weak surface discontinuity (Lemon and Doswell, 1979).  A rear-flank downdraft 
(RFD) is located in the upwind side of the storm and is typically drier, more dense and cooler 
than the forward-flank downdraft (Lemon and Doswell, 1979).  Convergence between the low-
level environmental airflow and the strong outflow from the RFD lifts low-level moist air to help 
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sustain the updraft.  The hook echo, which partially surrounds the BWER and is usually detected 
at low levels, has been used to indicate the likely presence of a mesocyclone and is often 
associated with tornadoes (Browning, 1964). 
 Supercells have been divided into three classifications: high-precipitation (HP), “classic” 
(CL), and low-precipitation (LP; Bluestein and Parks, 1983; Doswell and Burgess, 1993; 
Rasmussen and Straka, 1998).  Not every supercell fits into these categories perfectly.  
Additionally, why different supercell types exist (especially LP supercells) is not well 
understood.  One hypothesis is that a recycling process accounts for the precipitation and/or large 
hail in supercell storms.  To serve as effective embryos for hail growth, Miller et al. (1988, 1990) 
discovered that particles entering the updraft must already be as large as 100 micron to 1 mm, 
thus implying that a recycling process is taking place.  If a single strong updraft is present in a 
highly sheared1 environment, the recycling process may be inhibited, therefore yielding less 
precipitation (Marwitz, 1972a, 1972b).  Some effort has been made to distinguish between these 
supercell classifications by categorizing the environmental conditions in which they form 
(Bluestein and Parks, 1983; Brooks et al., 1994; Rasmussen and Straka, 1998). 

Assessing the tornadic potential of severe storms has improved in recent years; however, 
our ability to accurately and consistently predict which storms might become tornadic is 
inadequate.  Previous research has identified certain radar-detectable features of tornadic storms, 
such as the hook echo and mesocyclone (Stout and Huff, 1953; Fujita, 1958; Donaldson, 1970).  
From a single radar perspective these features can be somewhat misleading, considering not 
every tornado has been linked to a hook echo and vice versa (Forbes, 1981).  Automated tornado 
detection algorithms have been employed in operational radars to aid in issuing tornado warnings 
regardless, and have proved to be valuable (Klazura and Imy, 1993; Mitchell et al., 1998).  Dual-
Doppler radar measurements have also proven useful in verifying that the single radar features 
are indeed associated with the tornado and mesocyclone (Brown et al, 1975).  Nevertheless, 
precipitation (rain versus hail) and tornado production processes in storms are still unclear.  
More studies of the broader range of supercell structures is necessary to help clarify the details 
that lead to such a diverse set of characteristics. 
 In addition to the varied precipitation features of supercells, they have a tendency to be 
PPCG-producing storms.  Why some storms produce PPCG lightning as opposed to the more 
commonly observed supercells that produce predominantly negative CG lightning is not well 
understood.  Some hypothesize that the difference lies in the structure and microphysical 
properties of the storm and some link the PPCG feature to increased severity of the supercell 
(Rust et al., 1985; Branick and Doswell, 1992; MacGorman and Burgess, 1994).  Nonetheless, to 
fully understand the mechanisms that determine the polarity of lightning in supercells, further 
research is needed. 
 This paper uses STEPS radar data, and to some extent the NLDN, to do a preliminary 
analysis of the relationship between the kinematics and microphysics that characterize the 29 
June 2000 tornadic storm.  The primary focus will be to distinguish general characteristics of this 
storm and how they relate to previously defined storm types.  The following section will include 
a description of the data and methodology used.  Section 3 will discuss the observations.  A 
summary and discussion comprise Section 4. 
 
 
 
                                                 
1 Shearing is the change of wind speed and/or direction with height. 
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2.  DATA AND METHODS 
 
i.  STEPS Radar Observation Network 

Data collection occurred during STEPS on the High Plains near Goodland, Kansas.  This 
region was selected based on its climatological frequency of severe hailstorms and PPCG storms.  
Additionally, the dry line is climatologically located in this area and has been associated with LP 
supercells (Bluestein and Parks, 1983).  The CSU-CHILL polarimetric Doppler radar, the 
National Center for Atmospheric Research (NCAR) S-Pol polarimetric Doppler radar, and the 
Goodland, Kansas National Weather Service (NWS) WSR-88D radar comprised the triple-
Doppler radar network used to take the radar measurements.  The three radars were arranged in a 
rough equilateral triangle with approximately 60-km sides (Figure 1).  
 

 
Figure 1.  The triple-Doppler radar network (and associated dual/triple-Doppler lobes)  

for the STEPS field campaign (STEPS Scientific Overview).  East-west and north-south straight 
lines are CO-KS, CO-NE, and NE-KS state borders in this and Figures 3-4 and 6-9.  All 

distances are east-west (x) and north-south (y) from Goodland, Kansas in this and subsequent 
figures.  Contours are 3, 4, 5, and 6 kft topography levels. 

 
All three radars are S-band Doppler radars; however, the CSU-CHILL and NCAR S-Pol 

radars are dual linearly polarized and can transmit and receive horizontally and vertically 
polarized electromagnetic waves.  This capability enables the radar to detect hydrometeor shape 
and size that, when combined with air temperature, can be used to infer hydrometeor type.  Only 
the horizontal reflectivity (Zh) and radial velocity (Vr) measurements from all three Doppler 
radars will be exploited in this preliminary study.  Later work will include a more detailed 
microphysical study, including processes that lead to significant hail production. 
 
ii.  Data Processing 

The wind synthesis was completed for five volume scans before and during the storm’s 
tornadic phase: 2305, 2318, 2325, 2336, and 2343 UTC.  The radar data were interpolated from 
radar space (polar coordinate system) onto a Cartesian grid using NCAR’s Sorted Position Radar 
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INTerpolator (SPRINT).  Grid resolution was 0.5 km in both the horizontal and vertical 
directions.  Before the interpolation process, the velocities had to be locally unfolded2 to place 
adjacent measurements used in the bi-linear interpolation within a new Nyquist co-interval 
centered on one of the measured values rather than zero.  This process maintains the 
discontinuity that was originally due to folding (Miller et al., 1986).  After the grid interpolation, 
the velocity data were globally unfolded by means of NCAR’s Custom Editing and Display of 
Reduced Information in Cartesian Space (CEDRIC) software (Mohr et al., 1986).  CHILL data 
were omitted where polarimetric measurements indicated a second trip echo.  The three 
dimensional wind fields were computed using the radial velocities from all three radars when 
available; otherwise winds were computed from only two radars.  The speed and direction of 
storm movement were calculated and used for the advection parameters.  The vertical velocities 
were obtained by integrating the continuity equation in three ways: upward, downward, or 
variationally (O’Brien, 1970).  All three results were evaluated, and the variational integration 
scheme was determined to be most representative of the true vertical velocities (see Appendix for 
limitations of the data analysis methods).      
 
3.  OBSERVATIONS 
 
i.  Overview of Storm Evolution 

The environmental conditions (Figure 2) from the NCAR Mobile GPS/Loran Sounding 
System (MGLASS) on 29 June 2000 indicated that there was moist, southerly flow in the pre-
storm environment ahead of an advancing surface boundary that was oriented northeast to 
southwest in the northwestern corner of Kansas and propagating to the southeast.  The wind 
profile for 2022 UTC (Figure 2a) at Goodland indicated a southerly component to the low-level 
flow and veering winds up to the tropopause ahead of the surface boundary.  The environment 
was also abundant in Convective Available Potential Energy (CAPE).  A sounding taken at 2338 
UTC (Figure 2b) behind the surface boundary showed a much drier environment, and the storm 
seemed to form along this boundary; thus, at times the upwind side of the storm was exposed to 
this drier air.  The winds from the 2338 UTC sounding showed veering in the low-levels and 
slight backing from northwesterly to westerly between 650 hPa and 350 hPa.  The upper-level 
winds at both times were westerly and as strong as 40 m s-1.  

The storm (will refer to this storm as Storm A; see Figure 3) was first seen on radar at 
2130 UTC and appeared to have formed along the aforementioned boundary.  Another storm (B 
in Figure 3) prior to this time persisted throughout most of Storm A’s lifetime, although it did not 
become severe.  During the period 2130-2325 UTC before Storm A became tornadic, it moved 
southeastward, from about 295º at a speed of about 9.7 m s-1 (Figure 4).  By 2230 UTC the storm 
began exhibiting high reflectivities near 65 dBZ.  The first cloud-to-ground lightning discharge 
was detected by the NLDN (and was positive) near 2245 UTC; however, CG activity did not 
become significant until ~2328 UTC.  At this point, Storm A turned right from 295 to 330 and 
began to travel more slowly with a velocity of 8.9 m s-1.  A tornado was first reported at 2328 
UTC, and vigorous positive CG activity was detected beyond this point (Figure 4).   

                                                 
2 Velocity folding occurs when a true velocity is outside of the maximum radial velocity range that the radar can 
measure (this maximum is called the Nyquist velocity).  For the S-band radars used in this study the Nyquist value 
was ~26 m/s.  Unfolding the velocity adds (or subtracts) the Nyquist value to the extraneous measurement and 
allows the proper velocity to be displayed. 
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a) b)  
 

Figure 2.  MGLASS soundings on 29 June 2000: (a) 2022 UTC at Goodland, Kansas and (b) 
2338 UTC in northeastern Colorado near Sterling.  

 
 
 

 

B
AA

X-DISTANCE (KM) 

Figure 3.  2215 UTC base reflectivity from KGLD indicating a surface boundary (thin 
line radar echo) behind (northwest) Storm A.  Storm B is an earlier storm (see Section 3).  The 

black arrow points to the surface outflow boundary.  The 25 dBZ contour is in black.  
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X-DISTANCE (KM) 

Figure 4.  Swath of base reflectivities from KGLD for the period 2100-0251 UTC with 
NLDN lightning data overlaid (X= positive CG, O= negative CG).  Black arrow points to 

tornado track.  Relevant times along the swath are designated in UTC.  25 dBZ is contoured as 
in Figure 3. 

 
The tornado (Figure 5) remained on the ground until 2344 UTC and traveled eastward (see 
Figure 4).  According to Storm Data, the tornado was categorized as an F1 on the Fujita scale, 
and a second brief tornado (of F0 ranking) was reported between 2343 and 2344 UTC to the 
southwest of the first one.  The first tornado occurred within the rear flank of the storm, along an 
area with a strong reflectivity gradient and an obvious radial velocity tornadic vortex signature 
(TVS) in all three polar coordinate data sets.  When compared with the radar observed 
reflectivities, the tornado’s location, as reported by the mobile mesonet crew 
(http://mrd3.nssl.ucar.edu/~eras/www/SSR/index.htm), did not appear to occur within the new 
turrets, but rather on the back edge of the main storm most likely in association with an older 
updraft.  The accuracy of this interpretation assumes spatial and temporal errors in the tornado 
report and radar data are negligible.  The second tornado did not exhibit a strong radial velocity 
TVS and may have been associated with a new turret (updraft) above the outflow boundary.  

  Several thin line echoes (typically related to storm outflow boundaries) are visible 
throughout Storm A’s evolution.  A thin line echo is present at 2334 UTC extending 
southwestward from the right rear-flank of the storm (Figures 6 and 7).  This echo is likely 
associated with low-level outflow from the storm that results in a gust front.  A typical hook echo 
is not present early because internal winds are unable to fill this area with significant 
precipitation.  Instead, only narrow curtains of precipitation tend to wrap around the updraft at 
upper-levels.  With time, this area of the storm does fill in with higher reflectivities and by 0009 
UTC, the storm has a more “classic” supercell appearance (compare Figures 8 and 9).  Near 0005 
UTC (30 June) a new cell (C in Figure 7) appeared along one of the thin line echoes that 
propagated in from the north.  Within the next hour, a second cell (not shown) developed west-
northwest of Storm A and merged with Cell C.   
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Figure 5.  Photograph of tornado (courtesy Matt Biddle, NOAA/NSSL). 

 
Storm A exhibited its maximum reflectivity (75 dBZ) near 0054 UTC possibly indicating 

large, wet hail within the storm.  The strength of storm reflectivity diminished between 0100 
UTC and 0200 UTC; however, near 0230 UTC, a very strong core of reflectivity was again 
present, that within an hour, began decaying and shrank rapidly.  This possibly indicates that as 
the storm deteriorated, precipitation unloading occurred.   
 

 
X-DISTANCE (KM) 

Figure 6.  2334 UTC base reflectivity from KGLD.  The ‘T’ indicates the location of the 
tornado at this time.  NLDN data overlaid as in Figure 4.  The black arrow points to the thin line 

echo.  25 dBZ is contoured as in Figure 3. 
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X-DISTANCE (KM) 

Figure 7.  0004 UTC base reflectivities from KGLD indicating the thin line echo 
(indicated with a black arrow) is still present and more defined than in Figure 6.  NLDN data 

overlaid as in Figure 4. C is a new cell (see Section 3) that developed along a southward-moving 
outflow boundary from storms behind (north and northeast) Storm A.  25 dBZ is contoured as in 

Figure 3.  
 

 
 

Figure 8.  0009 UTC 2 km interpolated reflectivity from KGLD when the storm resembled a 
“classic” supercell (compare with  Figure 9). 
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Figure 9.  Schematic of a “classic” supercell illustrating the reflectivity structure and location of 
the updraft and flanking line in such storms (courtesy University of Illinois Urbana-Champaign, 

http://ww2010.atmos.uiuc.edu/(Gh)/guides/mtr/svr/type/spr/sch.rxml). 
 
ii.  Detailed Mid-level Evolution and Vertical Storm Structure 

Several transient vaults, or BWERs, were evident as the storm evolves and were most 
apparent in the mid-levels of the storm as in Figures 10-14.  The BWERs were directly 
associated with the updraft when the reflectivity and vertical velocity fields were compared.  In 
the early syntheses (2305; Figure 10), a broad updraft (with local maxima) was present, yet it 
was not clear if the minima in the reflectivity were weak echo regions associated with new 
updrafts or if  they were separations between the newly developing turrets.  On the other hand, 
by 2318 UTC a traditional weak echo region was evident along the rear flank of the storm and 
was directly associated with the updraft maximum (Figure 11).  At 2325 UTC, a well-defined 
BWER and associated intense region of updraft were very evident in the synthesis (Figure 12).  
Throughout the remaining syntheses, the BWER became increasingly more bounded by stronger 
reflectivities (Figures 13 and 14).   

 a) b)  
  X  (KM)      X  (KM) 

Figure 10.  2305 UTC 5 km synthesis with storm relative streamlines overlaid on (a) S-Pol 
reflectivity and (b) vertical motion.  For reference, S-Pol reflectivity contours are overlaid in (b). 
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a) b)  
   X   (KM)      X   (KM) 

Figure 11.  Same as Figure 10 except 2318 UTC. 

a) b)  
   X   (KM)     X   (KM) 

Figure 12.  Same as Figure 10 except 2325 UTC.  The position of the low-level cloud rotation is 
denoted by a , near (x,y)=(12,26). 

a)  b)  
   X  (KM)     X  (KM) 

Figure 13.  Same as Figure 10 except 2336 UTC.  The ground position of the tornado is denoted 
by a , near (x,y)=(14,26). 
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a) b)  
   X  (KM)      X  (KM)  

Figure 14.  Same as Figure 10 except 2343 UTC.  The ground position of the tornado is denoted 
by a , near (x,y)=(16,26). 

 
The synthesis at 2336 UTC (Figures 15 and 16) illustrates many key features of this 

storm, therefore most of the remaining discussion will focus on this time.  The BWERs at this 
time were capped by high reflectivity at upper levels (Figure 15).  The updrafts were located in 
the rear flank of the storm throughout the syntheses (see Figures 10-14), yet the storm was 
evolving (as indicated by the transient vaults) and by 2336 UTC a newer updraft was seen in the 
right rear flank, while at higher levels the older updraft was still evident to its northeast (Figure 
15).  A southerly component to the low-level inflow and environmental winds were evident 
(Figure 16a).  The mid-level inflow (Figures 16b and c) from behind the storm was from the 
northwest while the upper-level winds (Figure 16d) were from the west.  These Doppler-derived 
winds are consistent with environmental winds from the soundings described previously, and 
also support the notion that the storm was entraining drier air from behind and above the surface 
boundary.  By 2325 UTC there was a strong vorticity maximum (16x10-3 s-1) at 2 km (not 
shown) located to the north of the tornado’s location when it first touched down at 2328 UTC.  
This 2 km vorticity maximum was in close proximity to the ground position of the tornado at 
2336 UTC and persisted through 9.5 km (Figure 16).  It tended to tilt slightly to the east with 
height and appears to be coincident with an older updraft located downwind from the tornado 
and at higher levels. 

Photographs verify the storm’s multicellular nature as a sequence of cloud turrets along 
the western side of the storm (Figure 17).  These multiple turrets, or updrafts, could have been 
due to the low-level inflow’s inability to sustain an intense updraft as described by Browning 
(1977).  The storm had a quasi-steady larger scale flow within which the turrets developed 
because each individual turret, or new updraft, followed a general curved path that entered the 
storm on the southwest flank from the southeast, ascended through the storm turning 
anticyclonically, and exited the storm on the northeast flank (as seen in the streamlines of 
Figures 15 and 16).   This trajectory for updrafts to enter (exit) the storm from the  
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a) b)  

c) d)  
   X  (KM)     X  (KM) 

Figure 15.  2336 UTC synthesis with storm relative streamlines overlaid on 5 km (a)  S-Pol 
reflectivity and (b) vertical motion, and on 10 km (c) S-Pol reflectivity and (d) vertical motion.  

For reference, S-Pol reflectivity contours are overlaid in (b) and (d). 
 

right (left) flank is consistent with the findings described by Moller et al. (1994).  The updrafts 
appeared to persist through the deepest layer in the storm during its beginning and middle 
phases.  Near the end of each updraft’s evolution, the remaining updraft was only detectable in 
the mid to upper levels.   
 
4.  SUMMARY AND DISCUSSION 

This paper presents a preliminary radar-based analysis of the 29 June 2000 tornadic 
storm.  An overview of the storm’s evolution based on single Doppler radar reflectivities and 
radial velocities as well as a discussion of the synthesized observations at five times was given.  
Narrow curtains of precipitation tended to wrap around the updraft and mesocyclone in some 
levels, but a hook echo was not apparent early due to the lack of sufficient filling of the low-
levels with precipitation.  In the traditional or “classic” supercell, a well-defined hook echo is   
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a) b)  

c) d)  
   X  (KM)     X  (KM) 

Figure 16.  2336 UTC vorticity and storm relative streamlines at (a) 2 km, ( b) 4.5 km, ( c) 7 km, 
and ( d) 9.5 km.  For reference, S-Pol reflectivity contours are overlaid. 

 

a) b)  

c) d)  
Figure 17.  Photographs of the western side of the storm as seen from S-Pol at (a) 2311 UTC, (b) 

2323 UTC, (c) 2335 UTC, and (d) 2347 UTC  (courtesy Charles Knight, NCAR/MMM). 
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behind a gust front associated with a rear-flank downdraft.  Multiple updrafts that followed a 
quasi-steady, larger-scale path were found.  Although a vault-like structure was observed 
throughout much of this storm’s lifetime, it was more transient than in a “typical” supercell.  
However, in a broader sense, this storm is still consistent with the “classic” supercell empirical 
model.  Although it was fairly unsteady and lacked a well-defined hook echo, a gust front feature 
most likely associated with a rear-flank downdraft was present, and cyclonic rotation 
(mesocyclone) was evident in the rear flank of the storm throughout multiple levels.   

The updraft evolution of this storm is similar to that which has been depicted by Foote 
and Frank (1983; Figure 18).  They suggest that there is a range of evolution regimes among 
storms: supercell, “weak evolution” multicell, and “strong evolution” multicell.  They consider 
the supercell to have a steady-state updraft, while a multicell storm that has new updrafts 
separated from the next is classified as having “strong evolution”.  In between these two regimes 
is a classification called “weak evolution” in which a new updraft develops in close proximity to 
the previous one.  It is noteworthy that Doswell and Burgess (1993) argue that the only criterion 
required for a supercell classification is that a storm must have a deep, persistent mesocyclone; 
thus the stricter steadiness characteristic need not apply.  This is certainly the case for the 29 
June storm.  Its evolutionary characteristics tended to resemble “strong evolution” in its 
beginning phases, and then it tended toward the “weak evolution” regime later, finally becoming 
more steady in its later phase.      

  

 
 

Figure 18.  Schematic of updraft evolution as depicted by Foote and Frank (1983).  Contours are 
isotachs of vertical wind speed. 

  
Further synthesis and analysis is to be done for this storm.  Polarimetric fields available 

from the CHILL and S-Pol radars will be analyzed.  Finally, this research plans to incorporate 
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numerical simulations for comparison with the observations.  The ultimate goal of this project is 
to establish a relationship between the kinematics, microphysics, and electrification of this storm.   
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APPENDIX 
 
Limitations  

A few limitations of this study need to be considered when interpreting the data.  Radial 
velocity is a function of reflectivity, so along strong reflectivity gradients, the radial velocities 
may not be representative.  Further, there were second-trip echoes contaminating the low-level 
CHILL and KGLD data and sidelobes contaminating the upper-levels for all three radars.  Areas 
with second trip echo were eliminated for CHILL and KGLD, leaving us with only radial 
velocities from S-Pol.  Advection was done during the synthesis in order to put all radial velocity 
information into the storm’s moving coordinate system and at a fixed instant for the entire 
volume scan.  This step requires a reasonably accurate estimate of the storm motion.  Since the 
research radars were synchronized only at the beginning of the storm-volume scan, time 
differences between separate radar measurements at a grid point gradually increase as radars 
scan the storm, reaching as much as ~2 min near storm top.  Further, the Goodland radar scans 
only in prearranged elevation angle sequences which take about 5-6 min to complete.  Therefore, 
an error in storm motion of about a meter per second will result in a repositioning (advection) 
error of about 120 to 360 meters, depending on the radar.  Such an error would be less than the 
synthesis grid resolution and, therefore, relatively unimportant.  However, for larger storm 
motion errors, the positioning error can become comparable to the grid resolution and would 
impact our ability to resolve smaller features such as tornadic vortices.  

Three types of vertical velocity integrations can be performed, although each contains 
uncertainties.  The upward integration tends to become more suspect the farther it gets above the 
surface boundary condition.  The downward integration is not as poor as the upward throughout 
most of the column and is most representative in the mid to upper levels.  The variational 
integration attempts to redistribute errors throughout the entire column and, because of this, 
tends to be the best method.  However, the lack of low-level data (at and near the surface) 
contributes to errors in the boundary conditions for all three integration techniques.  Interpolation 
of the data from radar coordinates to Cartesian coordinates contains some uncertainty as well.  
Nonetheless, the measurements appear to be representative, and while conclusions based on the 
measurements are constrained by the limitations presented herein, they are still upheld with 
confidence.   
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