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Abstract 

On 6 September 1994, an isolated thunderstorm over south­
ern Virginia split into separate left-moving and right-moving 
thunderstorms with respect to the mean 0-6 km wind. The left­
mover maintained its strength longer than the right-mover, and 
each storm produced large hail along their respective storm 
paths. An analysis of the structure of the thunderstorms was 
pel/ormed through an examination of products from the 
Weather Surveillance Radar-1988 Doppler located in Wake­
field, Virginia. The structure of the thunderstorms, with respect 
to base reflectivity and internal wind structure, indicated char­
acteristically high reflectivity returns, cyclonic rotation in the 
right-moving storm and anticyclonic rotation in the left-moving 
storm. However, the left- and right-moving storms also exhib­
ited oppositely rotating regions within each respective thunder­
storm, possibly induced by each storm's stronger dominant 
rotation. Also, low-le vel rotational velocities associated with 
the thunderstorms were indicative of possible tornadic activity 
yet tornadoes or funnel clouds were not observed. The absence 
of tornadic activity was most likely due to an unfavorable 
vertical wind profile in the storm-scale environment and the 
lack of depth of the circulations. 

1. Introduction 

Conceptual models of the characteristics of splitting thunder­
storms were first developed over 35 years ago when Hitschfield 
(1960) observed splitting thunderstorms on radar near Montreal, 
Canada. However, analysis of their splitting cell storm structure 
through the use of Doppler radar observations has not been 
extensively documented. 

The generally accepted conceptual model for splitting thun­
derstorms (such as Wilhelmson and Klemp 1981) describes 
cyclonic rotation in the right-moving storm and anticyclonic 
rotation in the left-moving storm. A recent study by Brown 
and Meitfn (1994) described Doppler radar observations of 
dominant left-moving storms in North Dakota. Rotating 
updrafts were not observed within right-moving and left-mov­
ing storms. However, during the splitting process, cyclonic 
vertical vorticity was observed in the developing right-moving 
storm and anticyclonic vertical vorticity in the developing left­
moving storm, which continued through the life of each storm. 

This study documents the life cycle of a splitting thunder­
storm, which occurred in southern Virginia on 6 September 
1994, based on Doppler radar observations from the Wakefield, 
Virginia (KAKQ) Weather Surveillance Radar-1988 Doppler 
(WSR-88D). A single thunderstorm developed around 2200 
UTC 6 September 1994 near Volens, Virginia in Halifax 
County. The storm began to move southeastward at approxi­
mately 20 kt and generally with the mean wind until about 
2250 UTC, when the split occurred. The left-mover tracked 
nearly due east through Charlotte, Lunenburg, southern Notto-
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way, Dinwiddie and southern Prince George Counties. The 
right-mover tracked southeast through eastern Halifax County 
and Mecklenburg County, then dissipated as it entered North 
Carolina. Large hail was produced by both storms. However, 
tornadoes were not reported and only two events of minor wind 
damage were observed. The left-mover was the more dominant 
storm, maintaining its strength longer than the right mover. 

The WSR-88D storm-relative velocity data indicated low­
level velocity couplets within each storm. The right-mover 
exhibited cyclonic rotation on the southern (inflow) side, while 
the left-mover exhibited anticyclonic rotation on the southern 
side. Conversely, the rotation on the north sides of the right­
moving storm and left-moving storm were anticyclonic and 
cyclonic, respectively . Interestingly, the stron aest rotation 
observed in both storms was cyclonic. The low-l:vel rotations 
suggested possible tornadic activity in both storms based on 
the magnitude of maximum inbound and outbound values 
observed by the WSR-88D (Kuhl 1994; Burgess et al. 1995), 
but tornadic activity was not observed. The lack of tornadic 
activity was possibly due to the unidirectional wind profile in 
the thunderstorms' environment, and the shallow nature of the 
internal circulations . 

The WSR-88D radar products presented in this study will 
focus on the base reflectivity and storm-relative velocity charac­
teristics of the splitting thunderstorm and the resultant left- and 
right-moving storms. Atmospheric soundings and hodographs 
generated by using the Skew-T Hodograph Analysis and 
Research Program (SHARP; Hart and Korotky 1991) worksta­
tion, will also be presented to illustrate atmospheric stability and 
vertical wind shear characteristics of the split cell thunderstorm 
environment. 

2. Characteristics of Splitting Thunderstorms 

Many cases of splitting thunderstorms have been docu­
mented. Burgess et al. (1976) focused on 16 splitting pairs and 
created a table of basic characteristics of splitting thunder­
storms. Brown and Meitfn (1994) updated the table to 31 pairs 
and summarized the characteristics based on this larger data 
set. They concluded that right-movers deviated an average of 
29° from the mean wind (typically density or pressure-weighted 
mean from cloud base to the tropopause) at a speed of about 
22 kt, while left-movers deviated an average of 26° at about 
34 kt. The left-mover propagated faster than the riaht-mover 
in all 31 cases. Both storms can produce hail, but right-moving 
storms produced tornadoes more consistently than left-moving 
storms. Damaging winds are a less reported phenomena but 
are possibly overlooked due to the more noteworthy hail or 
tornado damage. 

The evolution of splitting storms as depicted in radar reflect­
ivity was described by Achtmeier (1969); Burgess et al. (1976); 
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and Brown and Meitfn (1994). They proposed the following 
sequence of events: 

1) Formation stage. The thunderstorm develops and begins 
to propagate while a pronounced reflectivity gradient develops 
along the thunderstorm's rear flank; 

2) Elongation stage. The thunderstorm elongates into an ellip­
tical shape with the major axis generally perpendicular to the 
direction of storm motion. The intense reflectivity core splits 
and each core grows apart as the reflectivity gradients intensify 
along the left and right storm flanks; 

3) Splitting stage. The central portion of the echo rapidly 
diminishes in size and intensity leaving two separate thunder­
storm cells; and, 

4) Deviation stage. The left-mover moves left of the mean 
wind and increases in forward speed. Conversely, the right­
mover moves right of the mean wind and decreases in forward 
speed. Horizontal distance between the split storms increases 
with time. 

Characteristics of Doppler radar velocity signatures in split­
ting thunderstorms are not widely documented but typical char­
acteristics were described by Brown and Meitfn (1994) based 
upon previous studies (Burgess et al. 1976; Kubesh et al. 1988; 
Brown 1992). Typically, the updraft of a right-moving storm 
rotates cyclonically and the updraft in the left-moving storm 
rotates anticyclonically. Additionally, the left- and right-movers 
can develop rotations characteristic of mesocyclones, each pro­
ducing severe weather such as large hail, damaging winds and 
sometimes tornadoes. 

However, the rotation (or vorticity) associated with the thun­
derstorm updrafts in previous studies was not always strong 
enough to be classified as a mesocyclone. Nominal threshold 
values for classification as a mesocyclone are a function of 
radar resolution. The WSR-88D radar mesocyclone algorithm 
assesses counterclockwise circulations, which are vertically 
correlated and are symmetrical (Klazura and Imy 1993). Conse­
quently, left-moving, anticyclonically rotating thunderstorms 
cannot be labeled as a mesocyclone by the WSR-88D. The 
vertically correlated circulations must be detected on at least 
two consecutive elevation angles. 

Specific rotation (or vorticity) value thresholds for meso­
cyclone detection are not applied to the Doppler radar data. 
Mesocyclone detection is based on the magnitude of shear for 
a region within a thunderstorm and is then checked for vertical 
correlation and symmetry (Federal Meteorological Handbook 
11, Part C 1991). The NEXRAD (NEXt generation RADar) 
Weather Service Forecast Office (NWSFO) in Norman, Okla­
homa (OUN) developed subjective thresholds for mesocyclone 
classification based on their past experience with rotating thun­
derstorms (National Weather Service 1994). Additionally, some 
preliminary values of average rotation depicted by the WSR-
88D, for the formation of tornadoes in the NWS Eastern Region, 
have been determined based on a study of 15 confirmed tornado 
cases (Kuhl 1994; Burgess et al 1995). Average rotational 
velocities for FO and Fl tornadoes at 0.5 0 or 1.5 0 were as low 
as 20 kt at a distance of 26.5 and 72.7 miles respectively from 
the Radar Data Acquisition (RDA) site. This is characterized as 
borderline minimal mesocyclone criteria determined in Norman, 
Oklahoma. Average depths of the circulations in the east coast 
tornadic storms were 10,000 to 11,000 ft for FO and Fl tor­
nado events. 

The Norman NWSFO defines both 2 nm and 5 nm diameter 
mesocyclones as having a minimum of 25 kt average rotation 
(adding the maximum inbound and outbound velocities in the 
meso cyclone core and dividing by 2) within 5 nm of the RDA. 
However, at a range of 125 nm from the RDA, the values 
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decrease to 15 and 21 kt for 2 and 5 nm diameter mesocyclones 
respectively. Figure 1 depicts nomograms of threshold values 
for minimal to strong mesocyclones with respect to average 
rotational velocity, mesocyclone diameter and distance from 
the RDA, developed by the NOAA National Severe Storms 
Laboratory (NSSL). These are the only nomograms that aid in 
determination of the strength of a mesocyclone that have been 
developed. Hence, the nomograms are used as reference 
throughout the NWS and are gradually being adjusted by local 
offices. Additionally, these circulations must last a minimum 
of 10 minutes. Vorticity value thresholds for mesocyclones 
vary from 1 X 10- 2 S - l near the radar to 5 X 10-3 S-l beyond 
100 nm,from the RDA (Vasiloff et al. 1993). 

3. AtmospheriC Stability and Vertical Wind Shear 

Figure 2 depicts the 0000 UTC 7 September 1994 sounding 
plot from Greensboro, North Carolina (GSO). This sounding 
was taken approximately 55 miles from the point where the 
thunderstorms developed, near Volens, Virginia, and 2 hours 
after the storms developed (Fig. 3). Although this sounding is 
not, by definition, a proximate sounding (Brooks et al. 1994), 
it was the closest upper-air observation to the event. Observed 
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Fig. 1. The modified NSSUWSFO OUN/OSF mesocyclone nomo­
grams based on a mesocyclone diameter of 5.0 nm and 2.0 nm. 
From the OSF Operations Training Branch (National Weather Ser­
vice 1994). 
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Fig. 2. The 0000 UTC 7 September 1994 Greensboro, North Caro­
lina sounding and hodograph (From SHARP Workstation, Hart and 
Korotky 1991). 

and modified sounding parameters from the 0000 UTC 7 Sep­
tember 1994 Gsa sounding did support the development of 
split cell thunderstorms. Additionally, low-level flow was from 
the southwest and upper-level flow was uniform from the north­
west. The vertical wind profile from the 0000 UTC 7 September 
GSa sounding was in close agreement with the Velocity Azi­
muth Display Wind Profile (VWP) from KAKQ. This implies 
that the wind profiles and advection patterns across southern 
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Fig. 3. Map of southern Virginia and northern North Carolina with 
the tracks of the splitting thunderstorms. Counties that are labeled 
were affected by the storms. The time of development of the initial 
storm (2154 UTC), time of the split (2253 UTC), and time of dissipa­
tion of each storm (0103 UTC for the right-mover and 0127 UTC for 
the left-mover) are depicted along with mean storm motion for each 
storm (327° at 22 kt for the right-mover and 265° at 30 kt for the 
left-mover). 

Virginia and northern North Carolina were quite uniform, and 
were representative of the GSa 0000 UTC 7 September sound­
ing. GSa was the closest upper-air site and due to the fact that 
split cells did occur, observed and modified GSa sounding 
parameters are considered to reasonably represent the storm­
scale environment over southern Virginia. 

Significant instability was present with a Lifted Index (U) of 
- 6 (surface based) and Convective Available Potential Energy 
(CAPE) of 1535 J kg-I. Further inspection shows that the Total 
Totals (IT) was 50 and the K Index was 27. A TT of 50 
indicated a moderate potential for severe thunderstorms (Miller 
1972) and a K Index of 27 suggested enough moisture for 
possible thunderstorm development. The relatively high IT 
was due to moist air between the surface and 850 mb while 
the relatively low K Index indicates a lack of deep moisture. 
The cap strength of 1.3° C suggests that if the boundary layer 
temperature was raised 1.3° C, convection could be initiated. 

Two other dimensionless parameters, the Bulk-Richardson 
Number (BRN; Weissman and Klemp 1982) and the experimen­
tal Energy Helicity Index (EHI; Johns et al. 1990), can help 
alert forecasters to potential severe weather, particularly with 
the development of severe thunderstorms. A BRN of 45 or 
below supports supercell thunderstorms, while a BRN above 
45 supports multicell storms. An EHI greater than 1.00 indicates 
there is sufficient shear and CAPE available for tornadic devel­
opment, while an EHI of less than 1 supports single or multicell 
thunderstorms. The 0000 UTC 7 September 1994 Gsa sound­
ing indicated a BRN of 42, supporting supercell storms. How­
ever, the EHI was 0.17, which does not typically support torna­
does (Brooks et al. 1994). 

Figure 2 also depicts an unedited 0000 UTC 7 September 
GSa hodograph, representing a vertical wind profile that virtu­
ally matched the KAKQ vertical wind profile through the epi­
sode. Veering of the wind with height was evident in the lowest 
3 km of the atmosphere, with little directional shear present 
above 3 km. The Storm-Relative Helicity (SRH) was 34 m2 

s -2 (units henceforth dropped) for the lowest 3 km. This value 
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was well below 150, which is the threshold for mesocyclone 
formation described by Davies-Jones et al. (1990) . 

Substantial vertical speed shear was present as the wind 
speed consistently increased with height. Hodographs, which 
depict very little directional shear but considerable speed shear, 
can illustrate conditions favorable for splitting thunderstorms 
(Rotunno and Klemp 1982). Speed shear typically creates a 
horizontal vortex of some magnitude, exhibiting vorticity of 
which there are two types, crosswise and streamwise, depending 
on the direction oflow-1evel inflow (typically the 0-3 km layer). 

Crosswise vorticity occurs when the low-level (0-3 km) 
storm inflow is relatively perpendicular to the horizontal vortex 
created by the speed shear. Conversely, streamwise vorticity 
occurs when the storm inflow is relatively parallel to the hori­
zontal vortex created by the speed shear. The greater the stream­
wise vorticity, the more likely the thunderstorm updraft will 
begin to rotate and eventually develop into a mesocyclone. 
Predominant crosswise vorticity, however, will result in the 
updraft tilting the horizontal vortex differently, creating two 
oppositely rotating regions, cyclonic on the left side of the 
storm, with respect to the direction of the inflow, and anticy­
clonic on the right side. This can be a precursor to splitting 
thunderstorms and explains why the updrafts of right-movers 
and left-movers rotate cyclonically and anticyclonic ally, respec­
tively. In this case, the mean wind direction of 285 0 resulted 
in a north/south oriented horizontal vortex. 

The storm environment table calculated for GSO by the 
SHARP workstation for 0000 UTC 7 September, was based 
on a storm motion of 315 0 at 15 kt (SHARP produces the 
environment table based on a storm motion 300 to the right of 
the mean 0-6 km wind and 75% ofthe magnitude) and indicated 
relatively large values of horizontal vorticity but low values of 
streamwise vorticity in the lowest 3 km of the atmosphere. The 
storm-relative, low-level (0-3 km) inflow was generally from 
about 900 -1200 for a storm moving with the 0-6 km mean 
wind (285 0 at 20 kt). As a storm moves right of the mean wind 
(gradually closer to 315 0 at 15 kt) the low-level inflow comes 
from about 1700

• 

Conceptually, when the storm first developed (before the 
split occurred), the storm-relative, low-level inflow was gener­
ally from the east and interacted with the north/south oriented 
horizontal vortex. Also, it can be deduced that the storm-relative 
inflow was nearly perpendicular to the horizontal vortex result­
ing in a greater magnitude of crosswise vorticity (10 X 10- 3 

s - I for a mean 0-6 km wind of 285 0 at 20 kt) than streamwise 
vorticity (-1 X 10- 3 S-I for a mean wind of 285 0 at 20 
kt). Consequently, the initial thunderstorm updraft tilted the 
horizontal vortex . "in such a manner as to create oppositely 
rotating elements which eventually split into the left- and right­
moving storms. 

The magnitude of the low-level inflow (in addition to SRH), 
may dictate whether a thunderstorm can acquire rotation (Laza­
rus and Droegemeier 1990). Rotating thunderstorms usually do 
not develop if the inflow is less than 20 kt. The mean low­
level (0-3 km) inflow at GSO was 8 kt, which was well below 
the 20 kt threshold. 

Although analyzing the environmental characteristics of a 
storm with a motion selected by the SHARP workstation is 
useful, a more accurate assessment of the storm's environment 
can be made by editing the storm motion to depict the actual 
storm movement of the right- and left-movers. The vertical 
wind profile from GSO was available only for the 0000 UTC 7 
September sounding, but since the thunderstorms were moving 
toward KAKQ and the KAKQ vertical wind profile was 
unchanged, the vertical wind profile had likely remained very 
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similar at GSO through the episode. It was determined through 
observation (the author worked the radar through the entire 
event) that the storm motion of the right-moving storm and left­
moving storm were 3270 at 22 kt and 265 0 at 30 kt respectively. 

The storm environment table based on a storm movement 
of 3270 at 22 kt was nearly the same as the table based on a 
storm motion of 315 0 at 20 kt. The SRH did increase to 70, 
but this is still well below the threshold of 150, stated by 
Davies-Jones et al. (1990), for mesocyclone formation. There 
was, however, a change in the mean storm inflow to 1700 at 
17 kt. Values for streamwise and overall horizontal vorticity 
for the right-mover were 5 X 10-3 S- I and 9 X 10-3 S-I, 

respectively. Therefore, it can be deduced that the magnitude of 
crosswise vorticity was about equal to the streamwise vorticity . 

Therefore, the right-mover encountered more southerly 
inflow which interacted with the north/south oriented horizontal 
vortex created by the (2850 mean wind induced) speed shear. 
This new interaction resulted in an increase in the streamwise 
vorticity from -1 X 10- 3 S-I to about 5 X 10-3 S - I and a 
decrease in the crosswise vorticity from 10 X 10- 3 S-I to 
5 X 10-3 S-I . It can be inferred from SHARP workstation 
calculations, that the right-mover's updrafts began to encounter 
an environment with nearly equal degrees of crosswise and 
streamwise vorticity (about 5 X 10- 3 S-I) for both cells over 
southern Virginia around 0000 UTC (2245-0000 UTC) 7 Sep­
tember after the thunderstorm split occurred. The increase in 
streamwise vorticity should increase the probability of the for­
mation of rotating thunderstorm updrafts. However, as stated 
previously, the magnitude of low-level inflow also helps deter­
mine the possibility for the development of rotating updrafts. 
Additionally, the right-mover's inflow was 17 kt, which is 
just below the 20 kt threshold determined by Lazarus and 
Droegemeier (1990). 

The 265 0 at 30 kt movement of the left-moving storm created 
a very different storm-relative environment than that of the 
right-moving storm. The SRH for this storm was - Ill , which 
indicates that the magnitude of the negative helicity for the 
left-moving storm exceeded the magnitude of the positive helic­
ity for the right-moving storm. Additionally, the magnitude of 
the SRH was closer to the threshold of 150 for mesocyclone 
formation as determined by Davies-Jones et al. (1990) . This 
may suggest that environmental conditions were more favorable 
for supporting an anticyclonically rotating updraft within the 
left-moving thunderstorm than for a cyclonically rotating right­
moving storm. Consequently, the storm-relative environmental 
conditions may partially explain why the left-mover was more 
persistent than the right-mover. 

The mean low-level storm inflow between 0-3 km was from 
the east at an average of 20 kt, which according to Lazarus 
and Droegemeier (1990), supports the possible development of 
rotation in the storm. Values for streamwise vorticity averaged 
about -5 X 10-3 S-I, while overall horizontal vorticity aver­
aged about 9 X 10 - 3 S -I. Therefore, it can be inferred that 
the left-mover interacted with considerably more crosswise 
vorticity than streamwise vorticity . 

4. Doppler Radar Depicted Storm Evolution 

a. Evolution of reflectivity-based thunderstorm 
characteristics 

Figure 4 depicts a four-panel display of base reflectivity at 
the 0.5 0 elevation angle beginning at 2200 UTC 6 September 
(upper left) and ending at 2253 UTC (lower right) . A single 
thunderstorm can be seen developing northwest of Volens in 
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Halifax County, Virginia (about 95 nm from KAKQ the OS 
elevation angle was at approximately 11,000 ft) which began 
to move southeastward, generally with the mean wind. At 2253 
UTC (lower right) the first indications that the storm was split­
ting can be seen. The storm elongated and a new high-reflecti­
vity core began to develop just northeast of the initial thunder­
storm. 

Further inspection of the thunderstorm during the initial stage 
of splitting at 2253 UTC 6 September (Fig. 5), revealed two 
distinctive high-reflectivity cores aloft at the 1.5° and 2.4° 
elevation angles. In fact, the highest reflectivities in the initial 
storm (59-67 dBZ) were at or below the 1.5° elevation angle 
while the highest reflectivities in the new storm (50-55 dBZ) 
were at or above the 1.5° elevation angle. The reflectivity return 
of 67 dBZ at the 1.5° elevation angle in the initial storm suggests 
that hail could be in the storm. The observed freezing level from 
the 0000 UTC 7 September GSa sounding was approximately 
10,000 ft and the beam height at IS was approximately 17,000 
ft, above the freezing level, suggesting the high reflectivity was 
due to a mixture of rain and ice (Atlas 1990). 

The WSR-88D vertically integrated liquid (VIL) product, 
which is useful for infening the presence of hail in thunder­
storms, indicated a value of 40 kg m- 2 (units henceforth 
dropped) at 2253 UTC 6 September (Fig. 6). Based on reports 
of hail during the event, a VIL of 50-55 was the threshold for 
severe hail (3/4 in. or dime-sized diameter or greater). At 2259 
UTC, the VIL increased to 52 indicating that hail was still 
likely present in the initial storm (right-mover, henceforth), but 
real-time reports were needed to confirm that dime-sized hail 
occuned shortly after this VIL was indicated. The VIL in the 
new storm (left-mover, henceforth) had increased to 27. 

The four-panel, 2304 UTC, 0.5°,1.5°,2.4° and 3.4° elevation 
angle, base reflectivity display (not shown) revealed that the 
two storms had completely split. Each thunderstorm exhibited 
high-reflectivity cores, both at the surface and aloft, although 
the right-mover had higher overall reflectivities below 1.5° with 
63-65 dBZ. 

The VIL in the left-moving storm increased to 37 as the 
storm-scale environmental interaction with the right-moving 
storm ceased while the VIL in the right-mover dropped to 44. 
This drop in VIL could be attributed to a decrease in the number 
of high reflectivity targets in the storm such as hail or large 
raindrops. Therefore, it can be inferred that any hail present in 
the storm was likely falling and perhaps reaching the ground. 
Marble- to dime-sized hail was observed in the town of Clover 
in Halifax County at this time, as well as a report of a tree and 
utility line being blown down. These would be the only severe 
weather reports associated with the right-moving storm. 

At 2316 UTC, a four-panel of base reflectivity at 0.5°, 1.5°, 
2.4° and 3.4° elevation angles (not shown) indicated the left­
mover had accelerated and moved slightly north of east to the 
CharlottelLunenburg County border while the right-mover had 
begun to veer southeastward. The right-mover remained the 
strongest with values of 60-66 dBZ returns at or below the 
IS elevation angle (about 16,000 ft). The left-moving storm, 
however, had strengthened considerably with reflectivities 
reaching 57-62 dBZ at or below the 1.5° elevation angle (about 
13,000 ft). 

Figure 7 depicts a KAKQ WSR-88D composite reflectivity 
(CR) product valid at 2322 UTC with the storm tracks overlaid. 
Maximum reflectivities at this time in both storms were around 
64 dBZ, although, the right-mover had a larger area of high 
reflectivity returns. Note the curved shape of the 60-64 dBZ 
core in the right-mover. This feature may be due to the strength­
ening cyclonic rotation which will be discussed later. The ring 
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shown just north of the right-mover indicates that unconelated 
shear was detected in the thunderstorm, which also will be 
discussed later. 

Also note the forecast storm tracks and the attributes table 
at the top of Fig. 7. The storm track algorithm predicted the 
diverging tracks of the storms, but as will be seen later, the 
actual storm tracks of the left-mover (265° at 30 kt) and right­
mover (327° at 22 kt) were slightly more left and right than the 
predicted tracks (271 ° at 25 kt and 319° at 16 kt, respectively). 

By 2328 UTC, the VIL in the right-mover dropped to 42 
but the VIL in the left-mover increased to 53, which was the 
same VIL value reached by the right-mover when it produced 
dime-sized hail at around 2300 UTe. Dime-sized hail was 
observed in Victoria in Lunenburg County at around 2330 UTC, 
associated with the left-mover. 

Figure 8 depicts a four-panel chronology of the base reflecti­
vity products at the 0.5° elevation angle beginning at 2316 
UTe. The 2334 UTC OS elevation angle (upper right) base 
reflectivity display indicated 60-61 dBZ in both storms. 

The right-mover maintained itself, continuing to show VILs 
in the 45-50 range through 2346 UTC. A four-panel display 
of base reflectivity valid at 2346 UTC (not shown) indicated 
59-65 dBZ at or below the 1.5° elevation angle in the right­
mover. However, the overall depths of the high-reflectivity 
cores in both storms were about equal with 52 + dBZ at or 
above 2.4° in the right-mover and at or above 3.4° in the 
left-mover. 

A composite reflectivity product valid at 2346 UTC overlaid 
with the storm track and attribute table (not shown) also 
revealed that the right-mover was stronger at this time. The 
WSR-88D hail algorithm calculated a positive indication of 
hail in the right mover, but there was no indication of hail in 
the left-mover. Additionally, the radar adjusted the storm track 
forecast (323° at 22 kt in the right-mover and 270° at 24 kt 
in the left-mover) with movement of the storms being more 
divergent. Between 2345 UTC 6 September and 0000 UTC 
7 September, the right-mover produced pea-sized hail from 
Boydton to the John Ken Dam in Mecklenburg County. 

By 2352 UTC 6 September, base reflectivity values at the 
0.5° elevation angle in both storms dropped to 55-59 dBZ 
although the VIL in the left-mover increased to about 47 and 
decreased in the right-mover to about 37. At this time, the areal 
coverage of the left-mover began to decrease, possibly due to 
the nanowing of the radar beam closer to the RDA. 

Figure 9 depicts a four-panel display of VIL products begin­
ning at 0004 UTC 7 September and ending at 0022 UTe. 
During this time, the VIL in the right-mover increased for 
the last time, to 46, before beginning the process of steadily 
weakening. The right-mover was crossing the North Carolina! 
Virginia border into Vance County where the thunderstorm 
eventually dissipated. 

The VIL in the left-mover increased to about 42 which may 
seem non-severe compared to the threshold of VILs in the lower 
50s established earlier. However, the change in the volume 
sampling performed by the WSR-88D may change the represen­
tation of VILs. A fast-moving storm (such as 30 kt observed 
in the left-mover) may not be completely sampled, since the 9 
elevation angle scan strategy used by the radar (Volume Cover­
age Pattern 21) can result in lower VIL estimates (Federal 
Meteorological Handbook 11, Part C 1991). Also, closer prox­
imity to the RDA can result in anomalous VIL values. There­
fore, the lower VIL estimates in the left-mover must not be 
misinterpreted as characteristic of a lack of presence of hail. 
VILs in both storms remained around 40 through 0022 UTC and 
continued to exhibit similar values until the storms dissipated. 
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A four-panel display of base reflectivity at the 0.5° elevation 
angle beginning at 0016 UTC 7 September and ending at 0033 
UTC (not shown) indicated that the low-level base reflectivities 
in both storms slowly decreased from around 58 dBZ to 56 
dBZ between 0016 UTC and 0033 UTC in both storms. 

At 0039 UTC, a CR product (not shown) indicated 62 dBZ 
in the left-mover while the right-mover continued to weaken. 
Penny-sized hail was observed in McKenney in Dinwiddie 
County at around 0030 UTe. This supports the theory that 
lower VILs (of around 40, described earlier) still represented 
hail, and in fact, the size reached severe criteria. 

b. Evolution of velocity-based thunderstorm 
characteristics 

Prior to the split of the cells (between 2247 and 2253 UTC 
6 September), there was no discernible velocity circulations 
observed on the 0.5° elevation angle storm relative velocity 
map (SRM) product (Klazura and Imy 1993). Unfortunately, 
at the time of the split, range-folding contaminated the display 
of the 0.5° elevation angle SRM product, especially with regard 
to the developing right-mover. Therefore, no specific conclu­
sions can be made with regard to velocity signatures prior to 
the split. However, after the split occun-ed (approximately 2253 
UTC), some discernible features developed in both the left­
and right-moving storms. 

Figure 10 shows a four-panel display of the 0.5° elevation 
angle SRM for the left-mover, beginning at 2259 UTC (upper 
left) and ending at 2316 UTC (lower right), while the right­
mover was still contaminated by range-folding. However, the 
left-mover revealed inbound velocities of 16 kt on the west 
side of the storm. The inbound velocity feature persisted 
throughout the lifetime of the left-mover and was nearly always 
on the western edge of the main core of high reflectivities. The 
outbound velocities of 7 to 16 kt south and north of the inbound 
velocities infer anticyclonic and cyclonic rotation, respectively. 
Therefore, it can be infen-ed that there were cyclonic and anticy­
clonic rotations, which persisted in the left-mover. The inbound 
and outbound velocities remained relatively weak through 2316 
UTC with maximum mean rotational velocity of 21 kt (16 kt 
inbound and 26 kt outbound). 

Beginning at 2328 UTC, the primary velocity couplet of the 
right-mover was completely outside the area affected by range 
folding. Figure 11 depicts a four-panel display of the 0,50 eleva­
tion angle SRM beginning at 2328 UTC (upper left) and ending 
at 2346 UTC (lower right). The initial development of a signifi­
cant low-level (0.5° or 9,000 ft) cyclonic rotation can be seen 
on the southern periphery of the right-mover at 2328 UTC with 
a mean rotational velocity of 21 kt (16 kt inbound and 26 kt 
outbound). This velocity couplet strengthened to a 35 kt mean 
rotational velocity (35 kt inbound and outbound) by 2334 UTC 
and persisted through 2340 UTC (45 kt inbound and 26 kt 
outbound). The rotation began to weaken at 2346 UTC to a 31 
kt mean rotational velocity (36 kt inbound and 26 kt outbound). 

The anticyclonic and cyclonic rotations within the left-mover 
were not as strong, averaging 16 kt for both cyclonic and 
anticyclonic. However, the inbound velocity on the western 
side of the high-reflectivity core was persistent. The cyclonic 
rotation on the north side of the storm strengthened to 26 kt 
for both the inbound and outbound velocities from 2334 to 
2340 UTe. The cyclonic rotation then weakened to 7 kt inbound 
and 16 kt outbound. The outbound component in the anticy­
clonic rotation for the left-mover never exceeded 16 kt. 

The mean cyclonic rotational velocity peaked at 35 kt in the 
right-mover and 26 kt in the left-mover at the 0.5° elevation 
angle, implying the possibility of tornadic activity in both 
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storms (Kuhl 1994). However, even though some circulation 
was present at 1.5° elevation (not shown) in each storm, the 
centers of the circulations were not vertically con-elated. Per­
haps the circulation in the right-mover at the 1.5° elevation 
angle depicted maximum inbound and outbound values whose 
distance was too far apart to be classified as having enough 
shear to have a con-elated circulation with the 0.5° rotation. 
The 1.5° circulation in the left-mover, however, was displaced 
slightly south (on the order of about 5 nm) of the 0.5° elevation 
angle circulation. The displacement in the left-mover and weak 
circulation in the right-mover at 1.5°, was supported by the 
fact that the radar did not con-elate the circulations at 0.5° and 
1.5° in bc:>th storms and did not detect mesocyclones in either 
storm. The high-reflectivity core of the right-mover described 
earlier, had a slight curvature. This was possibly due to the 
low-level circulations in the right-mover. The cyclonic rotation 
on the south side and anticyclonic rotation on the north side 
created a weak, broad inflow notch, even though the primary 
inflow was southerly as described in the atmospheric stability 
and wind shear section of this study. Additionally, the cyclonic 
rotation in the left-mover was on the northern edge of the 
primary downdraft, where the high-reflectivity core was. There­
fore, some circulation could have reached the ground, aided 
by the thunderstorm downdraft, but no tornadoes or significant 
wind damage were reported. 

A four-panel display of SRM at the 0.5° elevation angle 
beginning at 2358 UTC 6 September and ending 0022 UTC 
7 September (not shown) indicated that the right-mover contin­
ued to exhibit a 35 kt mean rotational velocity, but steadily 
weakened afterward as it entered North Carolina. The left­
mover, however, continued to exhibit inbound velocities on the 
west side of the high-reflectivity core through 0022 UTC, until 
the storm dissipated around 0130 UTe. Maximum inbound 
velocities never exceeded 16 kt, inferring that there was not 
significant rotation that could produce tornadic development 
(Kuhl 1994; Burgess et al. 1995). The anticyclonic and cyclonic 
rotation on the south and north sides, although weak, continued 
until the storm dissipated at around 0130 UTe. 

5. Concluding Discussion 

a. Summary of the storm-scale environment for the 
splitting thunderstorm 

During the late afternoon and evening of 6 September 1994, 
an isolated thunderstorm developed over southern Virginia and 
split into left- and right-movers. The base reflectivity and storm 
relative velocity characteristics of the thunderstorms were ana­
lyzed by using products from the NWS Wakefield, Virginia, 
WSR-88D. 

The pre-storm environment was analyzed by using the 
SHARP workstation. The results of this study indicate that 
there was sufficient instability and moisture to initiate and 
sustain convection based on the 0000 UTC 7 September GSa 
sounding, which, based on a close similarity of the vertical wind 
profile from the KAKQ VWP, may have been representative of 
the conditions at the time and location of the splitting storm. 

The environmental vertical wind profile exhibited very little 
directional shear (southwest winds veering to northwest within 
the lowest 8,000 ft) but considerable speed shear (10 to 20 kt 
within the lowest 8,000 ft and 25 to 50 kt between 8,000 and 
18,000 ft. The (0-3 km) helicity calculated for the right-mover 
was 70, while a value of - 111 was calculated for the left­
mover. These helicity values were below the threshold of 150 
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for mesocyclone formation stated in a study by Davies-Jones 
et al. (1990). 

Also, the magnitude of the low-level (0-3 Ian) inflow for 
the left- and right-mover were 20 and 17 kt respectively, at or 
near the threshold for development of rotation (Lazarus and 
Droegemeier 1990). Consequently, rotation developed in 
both storms. , 

The possible catalyst for initiating the thunderstorm to split 
was the storm's interaction with a comparatively larger magni­
tude of crosswise vorticity than streamwise vorticity. Before 
the split, when the storm was generally moving with the mean 
wind, the inflow was from the east and interacted with the 
north-south oriented horizontal vortex created by the mean 
wind, increasing in magnitude with height, blowing from 285 0

• 

The thunderstorm updraft tilted the horizontal vortex and conse­
quently, created oppositely rotating regions which initiated the 
split into left- and right-movers. 

Both the left- and right-mover produced large hail and only 
two minor wind damage events were associated with the split 
storms. No tornadoes or severe wind damage were reported 
during the episode. 

b. Conclusions based on radar evaluation 
Products such as R, CR and VIL are effective when evaluat­

ing thunderstorms for the presence of hail. During this episode, 
low-level (the 0.5 0 elevation angle) reflectivities were generally 
at or above 58 dBZ when hail (severe or non-severe) was 
reported reaching the ground. It is useful to note the VIL value 
associated with the reported size of hail for later reference. 
Often, during any particular episode, an established VIL value 
will produce hail of the size that was produced previously for 
that VIL value. During this episode, the VIL value associated 
with severe hail was 50-55. The hail usually reaches the ground 
when the VIL decreases rapidly (lor 2 volume scans or 6-12 
minutes in Volume Coverage Pattern 21) due to the large-sized 
(often water coated ice) scatterers exiting the thunderstorm. 

The SRM product is very useful for observing the internal 
wind structure within thunderstorms. Rotation can be detected 
in a thunderstorm before it becomes a mesocyclone by compar­
ing inbound and outbound wind maxima for different elevation 
angles within the storm. It is also necessary to determine the 
distance between inbound and outbound wind maxima to evalu­
ate the areal size of the rotation. The areal size of the rotation 
is important for determining the magnitude of azimuthal shear 
within the storm and whether it should or should not be classi­
fied as a mesocyclone. It is also important in determining 
whether only the thunderstorm is rotating, or if a tornado may 
be being produced by the rotating storm. 

During the episode, the left- and right-mover exhibited differ­
ent characteristics with respect to rotation. Due to range-folding, 
no definitive conclusions could be made with respect to wind 
structure prior to the split or when the split actually took place, 
but after the split, the internal wind structure for each storm 
was well depicted. The SRM products were closely scrutinized 
and some conclusions were made. 

After the initial storm split into a left- and right-mover, the 
paths deviated from the 0-6 Ian mean wind of 285 0 at 20 kt 
significantly. The left-mover tracked from 265 0 at 30 kt which 
resulted in a 200 directional deviation from the mean wind. 
The right-mover tracked from 327" at 22 kt which resulted in 
a 420 directional deviation from the mean wind. 

The right-mover developed a low-level (the 0.5 0 elevation 
angle) cyclonic rotation in the southern region of the storm 
within 30 minutes after the split occurred. The maximum low­
level rotation occurred between 2334 and 2358 UTC 6 Septem-
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ber, 45-75 minutes after the split occurred, with a peak magni­
tude of 35 kt mean rotational velocity. Rotation observed at 
the 1.5 0 elevation angle in the right-mover may have been 
characterized by shear too weak to be classified as a circulation 
linked with the rotation at the 0.5 0 elevation angle, due to the 
distance between the maximum inbound and outbound values 
(relating to symmetry) at the 1.5 0 elevation angle. The non­
correlation of the circulations at the 0.50 and 1.5 0 elevation 
angles resulted in the radar not classifying the storm as a meso­
cyclone. The non-correlated circulations also resulted in a very 
shallow low-level circulation which could not strengthen 
enough to produce tornadic activity. 

The cyclonic and anticyclonic circulations in the right-mover 
created a secondary inflow region on the east side of the storm. 
The secondary inflow created a broad region oflow reflectivities 
or inflow notch, resulting in a high-reflectivity core exhibiting 
curvature. The primary inflow was southerly, described pre­
viously in the atmospheric stability and wind shear section and 
the evolution of reflectivity section. 

The right-mover also exhibited a weak low-level anticyclonic 
rotation on the northern region of the thunderstorm. The peak 
mean rotational velocity for the anticyclonic rotation was 22 kt 
(outbound maximum of 26 kt was associated with the cyclonic 
circulation). This anticyclonic circulation was determined by 
observing the persistent inbound low-level signature on the 
north side of the high-reflectivity core. This may have been 
mostly in response to the relatively stronger cyclonic rotation 
to the south inducing an anticyclonic circulation to the north. 

With the cyclonic/anticyclonic rotation signature in the right­
mover (which was the initial storm before the split), the possibil­
ity existed that it was due to the storm trying to split again. 
The assertion that the right-mover was the initial storm before 
the split, can be made based on its maintaining its high reflecti­
vity core during and after the split, while the left-mover devel­
oped its high reflectivity core only when the environmental 
interaction with the right-mover ceased. However, the tendency 
for the right-mover to split again was greatly reduced due to 
the primary low-level 0-3 km inflow from the south, increasing 
the magnitude of the streamwise vorticity and decreasing the 
magnitude of the crosswise vorticity. Therefore, the anticy­
clonic circulation was likely induced by the relatively strong 
cyclonic circulation rather than the right-mover's updraft inter­
acting with crosswise vorticity creating oppositely rotating 
regions. 

The left-mover retained its high-reflectivity core and pro­
duced severe weather longer than the right-mover. The greater 
persistence of the left-mover may be partially attributed to the 
relatively high magnitude of negative helicity compared to the 
positive helicity exhibited by the right-mover. Although neither 
thunderstorm developed into a mesocyclone, each did exhibit 
rotation, mainly at low levels (the 0.5 0 elevation angle). The 
SRH for the left-mover suggests that there was more support 
for mesocyclonic development for an already anticyclonic ally 
rotating thunderstorm, which possibly contributed to the greater 
persistence of the left-mover. 

The anticyclonic rotation in the left-mover never exceeded 
22 kt mean rotational velocity and often was only 16 kt. There­
fore, the SRH was only a partial factor in the persistence of 
the left-mover. Other possible factors, such as propagation of 
the left-mover into an area with greater instability than the 
right-mover, could not be assessed. Vertical temperature and 
moisture profiles are not available for interior southeastern 
Virginia to assess parameters conducive for sustaining convec­
tion so no definitive conclusion can be made. 
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Fig. 4. The Wakefield, Virginia, WSR-88D four-panel base reflectivity product beginning at 2200 UTe 6 September 1994 (upper left) and 
ending at 2253 UTe (lower right). The color tables on the right of each quarter panel depict the intervals of reflectivity in units of dBZ. The 
elevation angle is 0.5", range coverage is 124 nm (230 km) magnified two times, and resolution is 1° x 0.54 nm. Maps displayed are county 
boundaries and cities. The maximum reflectivity for each quadrant is listed to the right of the displayed products. Maximum reflectivities for 
each volume scan are 41 dBZ, 53 dBZ, 56 dBZ and 59 dBZ for quadrants one, two, three and four, respectively. 
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Fig. 5. The Wakefield, Virginia, WSR-88D four-panel base reflectivity product from 2253 UTe 6 September 1994 for the 0.5" (upper left), 
1.5" (upper right), 2.4° (lower left) and 3.4° (lower right) elevation angles. The color tables on the right of each quarter panel depict the 
intervals of reflectivity in units of dBZ. The range coverage is 124 nm (230 km) magnified two times, and resolution is 1 ° x 0.54 nm. The 
maximum reflectivity for each quadrant is listed to the right of the displayed products. Maximum reflectivities for each volume scan are 59 
dBZ, 67 dBZ, 51 dBZ and 44 dBZ for quadrants one, two, three and four, respectively. 
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Fig. 6. The Wakefield, Virginia, WSR-88D four-panel vertically integrated liquid product beginning at 2253 UTe 6 September 1994 (upper 
lett) . The color tables on the right of each quarter panel depict the intervals of integrated amount of liquid in units of (kg m- 2

). The range 
coverage is 124 nm (230 km) magnified two times, and resolution is 10 x 2.2 nm. The maximum vertically integrated liquid for each quadrant 
is listed to the right of the displayed products. Maximum values of vertically integrated liquid for each volume scan are 40, 52, 44 and 53 for 
quadrants one, two, three and four, respectively. 
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Fig. 7. The Wakefield, Virginia, WSR-88D composite reflectivity products at 2322 UTe 6 September 1994. The color tables on the right 
depict the intervals of reflectivity in units of d8Z. Resolution is 0.54 nm x 0.54 nm and magnified two times. Product overlays are mesocyclone, 
hail index, and storm tracking information associated with storms 02 and 03. Storm attribute table is located on top, which shows information 
on two storms (storms 02 and 03). The table shows azimuth(deg)/Range(nm) of the storm centroid (relative to the radar), whether a tornadic 
vortex signature, mesocyclone, or hail have been indicated, the maximum reflectivity (d8Z) and height (K tt) of the maximum reflectivity, 
maximum mean radial velocity detected at the lowest height sampled within the storm (kt) , storm-top height (K tt), forecast direction (deg 
from which storm is moving) and speed (kt), and mass (Kg). 
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Fig. 8. Same as Fig. 4 except beginning at 2316 UTe 6 September 1994 (upper left). Maximum reflectivities for each volume scan are 60 
dBZ, 61 dBZ, 59 dBZ and 57 dBZ for quadrants one, two, three and four, respectively. 

Fig. 9. Same as Fig. 6 except beginning at 0004 UTe 7 September 1994 (upper left) . Maximum values of vertically integrated liquid for each 
volume scan are 46, 39, 40 and 38 for quadrants one, two, three and four, respectively. 
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Fig. 10. The Wakefield, Virginia, WSR-88D storm-relative mean radial velocity products beginning at 2259 UTC 6 September 1994 (upper 
left) . The range of coverage is 124 nm (230 km) magnified two times. Resolution is 1° x .54 nm (0.5 km) . Storm motion subtracted from 
base radial velocities was 301 °/18 kt (upper left) , 297°/18 kt (upper right) , 294°/18 kt (lower left) , and 292°/18 kt (lower right). The color tables 
on the right of each quarter panel depict the intervals of velocity in units of knots, and the "RF" denotes range folding. Green colors indicate 
radial velocities toward the radar, red colors indicate outbound velocities. The maximum inbound and outbound velocities are labeled as 
negative and positive values, respectively, and are listed to the right of the displayed products. Due to anomalous propagation, these maximum 
values can be unrepresentative of actual maximum velocities. Maximum inbound and outbound velocities for each quadrant are - 49 kt and 
48 kt (quadrant 1), - 81 kt and 50 kt (quadrant 2) , - 53 kt and 46 kt (quadrant 3), and - 46 kt and 52 kt (quadrant 4). 
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Fig. 11. Same as Fig. 10 except beginning at 2328 UTC 6 September 1994 (upper left). Maximum inbound and outbound velocities for each 
quadrant are - 52 kt and 50 kt (quadrant 1), - 69 kt and 52 kt (quadrant 2), - 61 kt and 50 kt (quadrant 3), and - 56 kt and 49 kt (quadrant 4) . 
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The left-mover exhibited weak anticyclonic low-level rota­
tion in the southern region of the storm within 15 minutes 
after the split occurred. The peak mean anticyclonic rotational 
velocity observed in the left-mover was 22 kt between 2234 
and 2358 UTC, 45-75 minutes after the split occurred. The 
anticyclonic rotation observed at the 1.5° elevation angle in 
the left-mover was of similar magnitude as the magnitude at 
the 0.5° elevation angle, which was considered to be a very 
weak anticyclonic meso cyclone at best (the radar does not 
depict anticyclonic mesocyclones so the operator must make 
the determination) and too weak for anticyclonic circulations 
to reach the ground resulting in no anticyclonic tornado activity 
in the left-mover. 

The left-mover also exhibited low-level cyclonic rotation on 
the northern region of the storm with peak mean rotational 
velocities of 26 kt average rotation between 2334 and 2346 
UTC, 45-55 minutes after the split occurred. The peak cyclonic 
rotation was stronger than the peak anticyclonic rotation in the 
left-mover. The inbound velocity signature on the western side 
of the high-reflectivity core supports the assertion that there 
were anticyclonic and cyclonic circulations in the left-mover. 
The center of cyclonic rotation observed at the 1.5° elevation 
angle was displaced slightly south of the 0.5 0 elevation angle 
center of cyclonic rotation resulting in a vertical non-correlation 
and non-classification as a mesocyclone. Similar to the right­
mover, the low-level circulation was too shallow for it to reach 
the ground resulting in no cyclonic tornado activity associated 
with the left-mover. 

The widespread network of Doppler radars across the United 
States should provide many opportunities to observe splitting 
thunderstorms and the resultant left- and right-moving storms. 
More case studies are needed for a complete understanding of 
the precursor conditions for the development of splitting cells, 
as well as recognition of important reflectivity and wind struc­
ture characteristics in the thunderstorms (initial and split storms) 
to provide more advanced warning of the associated severe 
weather. 
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