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MESOCYCLONE EVOLUTION AND TORNADO 
GENERATION WITHIN THE HARRAH, OKLAHOMA STORM 

Edward A. Brandes 

The updraft mesocyclone of a totnado producing thunderstorm 
on 8 June 1974 was first detected aloft along a convergent and 
cyclonically sheared boundary between inflow air entering forward 
and rear storm quadrants. Maximum tangential flow was contained 
in a jet-like annulus averaging less than 4 km in radius (depend­
ing upon-the development stage) that lowered to ground prior to 
tornado genesis. Although mesocyclone inflow was within a vari­
able surface layer 3 t6 6 km deep, it concentrated between land 
3 km elevation. During the tornadic phase maximum mass flux and 
angular momentum transport were observed, and the parent meso­
vortex exhibited features associated with breakdown, i.e., a 
transition from single-cell to two-cell axial flow structure with 
an enlarged core radius above the stagnation point. During 
breakdown several small eddies appeared along an elongated hori-
zontal axis. . 

The tornado originated similarly aloft (between 1 and 5 km 
elevation) on the mesocyclone's principal vertical axis. The 
tornado dissipated when cyclonic rotation of the elongated hori­
zontal axis choked the supply of inflow air and detached the 
tornado from the principal updraft. 

1. INTRODUCTION 

On 8 June 1974 an outbreak of more than 20 tornadoes killed i7 persons 
and injured hundreds in central and northeastern Oklahoma. Many storms 
developed within the National Severe Storms Laboratory (NSSL) dual-Doppler 
area and were sampled repeatedly during their lifetimes. In a preview 
(Brandes, 1976) measurements of two storms were used to describe a consis­
tent basic mesocyclone-evolution pattern and a specific wind-flow configu­
ration that existed at ground levels during tornado genesis. This study 
addresses tornado formation by examining mesocyclone life cycle and kine­
matic properties in one storm that produced a tornado near Harrah, Oklahoma. 
Results are generalized via similarities observed in other storms and by 
comparison with Ward's (1972) laboratory vortex model. Vorticity genera­
tion and distribution in the Harrah storm are discussed by Heymsfield 
(1976) and Ray (1976). 



Here tornadoes are essentially a subgrid phenomerionwhose properties 
must be inferred frQlll raw (unsmooth'ed) Dopp1 er radar measurements. A pro­
posed model for tornado genesis applies to squall line storms where the 
parent vortex (mesocyc10ne) elongates and may produce either a single 
tornado or tornado families in parallel modes, i.e., the damage path is 
interrupted and consists of parallel segments (Fujita, 1974; Agee et ~., 
1976). Interactions with coexisting storm cells or the thunderstorm envi­
ronment are not considered . . Storm wind patterns are displayed in both . 
horizontal cross-sections and as radial-height distributions of mean radial, 
tangential, and vertical flows. 

2. DATA AND ANALYSIS1 

The data consist of coordinated volumetric sampling sequences from 2 
S-band Doppler radars approximately" 40 km apart at Norman and Oklahoma City 
(Cimarron Field), Oklahoma. Individual radar measurements usually were 
spaced 1° in azimuth, 1° in elevation, and 0.6 km in radial range. Details 
on data acquisition and signal processing are given by Ray et a1. (1975) 
and Sirmans and Bumgarner (1975). Procedures used to compute Cartesian 
wind components and a technical description of the radars can be found in 
Brandes ( 1977) . 

Analyzed products include the horizontal perturbation wind (level mean 
flow removed), vertical velocity, horizontal divergence, and vertical vor­
ticity fields. Analyzed data planes begin at 0.3. km with 0.5 km vertical 

'separation. For illustration, data are presented only at 0.3, 1.3, 2.8, 
and 4.8 or 5.8 km elevation. To reduce uncertainties in vertical wind 
estimates, due to errors inherent in the numerical solution employed here, 
this component was smoothed by a single application of a nine point filter. 
The perturbation wind presentation was chosen to aid detection of eddy 
motion. 

At each level, radial (vr ) and tangential (Vt) wind components (with 
respect to the mesocyc10ne center) and vertical velocities (w) were aver­
aged over concentric rings (0.8 km in width) centered on the mesocyclone 
vertical axis. Mean values assigned at ring mid points (i.e., r = 0.4, 
1.2, 2.0 •.. 10.0 km) are presented as radial-height sections. Placement 
of the mesocyclone axis is subjective but attempts to preserve height 
continuity. The small mumber of grid points available for averagingintro­
duces some uncertainty near the rotation axis and asymmetries, which may be 

JAn times are Central Standard Time, all heights,AGL. For MSL add 
0.37 km. 
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important in tornado genesis, are lost in the analysis. Nevertheless, the 
profiles permit a summary of basic mesocyclone kinematic properties not 
readily apparent in the horizontal cross-sections. 

3. OBSERVATIONS 

The Harrah storm IIfirst echo" appeared at 1406 on the southern end of 
a north-south squall line (Fig. la) that developed east of a dryline and 
west of a tropospheric wind jet. A small reflectivity appendage (Fig. lb) 
and a lowered cloud base became visible on the storm's right rear (south­
western) flank about 1505. Dual-Doppler radar sampling commenced 10 min 
later. 

Environmental temperature, moisture, and wind stratification a) east 
of the squall line, b) just ahead of the thunderstorms, c) behind the 
squall line, and d) behind the dryline are shown in Fig. 2. Inspection 
shows a deepening surface moisture layer but little change in thermal 
structure as the squall line approaches. Also, significant background 
convergence exists across the thunderstorm line (compare Figs. 2a and 2c) 
and on forward storm flanks wind speeds increase (Fig. 2b). In the cloud 
bearing layer, the mean ambient wind was from 225 0 at 27 m s-l and the 
average storm motion during the severe stage was from 2300 at 13 m s-l. 
Although the direction of movement did not vary, the storm decelerated

l noticeably between the formative and mature stages (19 versus 12 m s- ). -

3.1 1515 CST: Early Mesocyclone Flow Structure 

With the storm reflectlvity structure already well developed, near 
peak values were recorded at 1515; but updraft rotation was only in the 
nascent stage. Note the convergent and cyclonically curved flow at 0.3 km 
(Fig. 3) on the southwestern storm flank.2 Radial velocities (with respect 
to the mesocyclone center, Fig. 4) exceed swirl (tangential) components 
near ground with maximum inflow and maximum moisture flux (deduced with 
Fig. 2) concentrated at approximately 2 km elevation. The average depth of 
the inflow layer (h) is about 4.5 km. Aloft, peak tangential winds encircle 

21ncomplete data sampling and proximity to the base line between radars 
(310° azimuth from the Norman radar) truncate substantially-the storm flow 
pattern. In the base line vicinity, both radars see essentially the same 
wind component and spurious three-dimensional wind estimates arise (see, 
upper elevations in Fig. 3). Hence, averaged data beyond 4 km radius and 
at upper levels in Fig. 4 are suspect. 

3 
i 
I 
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a. NSSL WSR-57~ 1406 CST. b. Norman Doppler~ 1505 CST. 

c. Cimarron Doppler~ 1548 CST. d. Cimarron Doppler~ 1608 CST. 

Figure 1. Contoured PPI displays (0° antenna elevation) for 8 June 1974: 
a) WSR-57 range normalized display (40 km range marks) showing first echo 
location~ Harrah storm~ and b) - d) Doppler display (20 km range marks~ 
not range normalized) giving subsequent storm development. 
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Figure 2. Stuve diagrams for environmental soundings released at Norman~ 
Oklahoma on 8 June 1974. Wind scale (m s-l) is at lower right and balloon 
ascent (MSL height versus time) shown by a series of circles. 
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an interior portion of the mesocyclone (the core) in an annulus of 3.5 km 
mean radius ('rc). Averaged axial (vertical) flow increases linearly with 
height and decreases from the vertical axis. Weak downdrafts reside on the 
western storm flank and beneath high reflectivity portions. 

The mesocyclonic vortex, most pronounced between 2 and 3 km elevation, 
is elliptically shaped. Updrafts reach a maximum near the vertical axis 
and in a convergent zone of high speed horizontal flow between the meso­
cyclone center and an anticyclonic feature on the storm's northwestern 
flank. Typically, anticyclonic eddies form only at higher elevations near 
horizontal wind maxima; exhibit little net vertical motion; and are far 
more transient than their cyclonic counterparts. 

South of the mesocyclone (see z = 2.8 km) a second convergent zone 
exiSts between southwest and northwest flow. Later, as a sharp gust front 
separating storm outflow from inflow, this boundary descends to ground 
levels. 

3.2 1530 CST: Mesocyclone Intensification 

Between 1515 and 1530 a vigorous surface gust front developed south­
ward from the mesocyc10ne (Fig. 5) and above 1 km a new convergent area or 
bulge in the mesocyclone extended toward the northwest. More evident now 
is the cyclonic shear and convergence between air entering forward (east­
ern) and rear (western) storm quadrants. Inflow, primarily from forward 
flanks, converges cyclonically to produce a broad horizontal wind maximum 
behind the wind core bulge. 

Mesocyclone meridional (radial) flow increased for radial distances 
less than 2 km but apparently weakened (temporarily) at larger radii 
(Fig. 6). Tangential flow intensified throughout the storm depth consid­
ered here. Strongest vertical winds are located where the tangential wind 
core intersects the gust front near ground and close to the mesocyclone 
center above 3 km. Not only did the principal updraft intensify but also 
it narrowed in width. 

A weak echo region (WER, Marwitz, 1972) is evident within the meso­
cyclone core near the principal updraft. Fairly common in severe storms, 
the WER long has been recognized as an updraft signature (Browning, 1964). 
At higher elevations, the updraft and circulation center become the locale 
of both maximum radar reflectivity and highest echo ~ops. Between 1.5 and 
3.0 km elevation, a distinct shear region (2.0 x 10- s-l, indicated 
with,,) and possible tornado-scale vortex was detected in raw velocity 
measurements within the northwestward protruding wind disturbance. Similar 
shear anomalies, with horizontal dimensions of -1 km (the azimuthal dis..; 
tance between two adjacent Doppler measurements), correspond to tornadoes 
in other storms (Burgess et al., 1975). Embedded within the larger cyclonic 
circulation, this shear anomaly is the first indication of multiple vortices 
within the Harrah storm mesocyclone. A branch of the main updraft extends 
to the anomaly and a small weak downdraft is located to the south. 

8 



3.3 1543 CST: Formation of· the Incipient Tornado Vortex3 

Several notable changes in mesocyclone structure took place prior to 
tornado touchdown. Tangential and meridional flows below 3 km intensify 
and combine to greatly increase angular momentum transport and vorticity 
production (Figs. 7 and 8). Two local shear anomalies, extending from 1 to 
5 km elevation, are now present in the un smoothed Doppler measurements. 
One anomaly (2 x 10-2 s-l) is situated at the mesocyclone center and is 
thought to be the embryonic tornado circulation, while the other averages 
3 x 10-2 s-l and resides within the wind core bulge. Clearly, the southern 
boundary of a region of strengthening and southward turning wind, this 
protuberance had rotated slightly counter~clockwise (see z = 2.8 km). 

The main storm updraft, collocated with the mesocyclone vertical axis 
previously, now slopes northwestward with height and continues to strengthen. 
Collapse of the WER is manifest by the increase in high reflectivity areal 
coverage at all elevations -- more so within the mesocyclone core. Down­
drafts have strengthened slightly and cover increasingly larger areas north 
through east. A prominent hook echo first was detected after the 1543 data 
collection sequence (Fig. lc). The apparent correlation between downdraft 
and mesocyclone flow intensification with hook echo development was noted 
in another study (Brandes, 1977). 

3.4 . 1553 CST: Damaging Tornado on the Ground 

Proximity of the 1543 circulation center to the surveyed damage path 
suggests the tornado touched ground shortly afterwards. Tornado genesis, 
along the major horizontal axis (at a focal point of the now elliptical 
surface mesocyclone) , is in a region compressed by strong convergent flow 
and across which high shears exist (Fig. 9). The distinctive shear anomaly 
coinciding with the tornado approaches 5 x 10-2 s-l in the unsmoothed 
Doppler measurements and extends vertically from ground to strong divergent 
flow at 5 km. The small discrepancy between the radar indicated tornado 
location and the damage path is attributed to either data processing or 
possible radar orientation error. 

The resultant surface wind configuration with a "psuedo-cold front" 
(extending southward) and a diffuse convergent zone or "warm front" (extend­
ing northward) recalls synoptic wave cyclone -development on the polar 
front. This pattern has been observed in Doppler derived wind patterns of 
other storms (e.g., Brandes, 1976) and is similar to that determined from 
surface wind observations by Lemon (1976) and others. Moreover, the 

3Reflectivity maxima (~ 30 dBZ) 10 km southeast of the mesocyclone at this 
and later periods are chaff released to illuminate the storm's inflow 
region (McCarthy et ~., 1974). 
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elongated mesocyclone axis could be a rolled-up section of the convergent 
boundary separating air originally entering forward and rear storm quadrants. 
A second diffuse circulation center can be seen ndrtheast of the tornadic 
vortex (0.3 km elevation). Agee et al. (1976) deduced a multiple vortex 
configuration within mesocyclonesfrom cloud observations and surveys of 
tornado damage paths. However, in the Harrah storm at this time, only the 
tornadic vortex has height continuity. 

Moist inflow to the tornadic vortex enters the storm ahead of the gust 
front and has a long penetration path through regions of moderate radar 
reflectivity. Mergence with storm outflow creates strong local convergence 
and cyclonic shear at the mesocylone core radius near the tornado. Analysis 
smoothing and raw velocity measurements suggest the distance between the 
tangential wind band and the enclos.ed tornado is less than implied by 
Figs. 9 and 10. The immediate tornado environment is further characterized 
by light vertical winds and by high horizontal gradients of vertical veloc­
ity (computations on a 0.8 km grid). Peak vertical velocities, which 
increased abruptly during tornado genesis, have been displaced to the 
mesovortex core wall and are found 2 km farther north. The updraft is 
flanked by an intense centrally located downdraft on the northwest and by a 
developing downdraft on the southeast. Almost entirely contained within 
the enlarged mesovortexcore, the second downdraft may signify a transforma­
tion from a single-cell to a two-cell axial flow structure and may indica~e 
mesovortex breakdown. When viewed from the east, the tornado was unob­
structed suggesting this downdraft at 1553 is relatively precipitation free 
(except perhaps for a few large hydrometeors that account for the radar 
reflectivity) • 

The. wind discontinuity, which earlier protruded westward, continued to 
rotate cyclonically about the mesocyclone vertical axis and now extends 
southwestward (z = 2.8 km). The associated shear anomaly dispersed. 
Accelerated rotation may have been caused by the sudden downdraft intensi­
fication within higher reflectivity regions to the north. A horizontal 
wind surge that accompanies the downdraft and infolds the low-level meso­
vortex core is displaced anticyclonically with height. 

3.5 1603 CST: Tornado Dissipation 

The downdraft within the mesocyclone core continued to strengthen 
while rotation of the horizontal axis apparently detached the tornado 
circulation from the main updraft (Fig. 11). (The more easterly tornado 
damage path and the now northwest-southeast orientation of the mesocyclone 
axis are evidence ·of this rotation). Exhibiting the often seen serpentine 
structure, the tornado weakened and was no longer visible. A shear anomaly 
near the intersection of the tangential wind maximum and gust front, aver­
aging 4 x 10-2 s-l and extending from ground levels to 7 km, could be the 
remnants of the tornado. 
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Meanwhile, the second diffuse circulation observed at 1553 or yet 
another vortex center had moved or formed within the main updraft and had 
become the dominant rotation axis. Flow about this vertical axis now is 
more uniform in speed but the axis remains dislodged (west) from the core 
center. Generation of a new revolution axis and other morphological changes 
result in higher three-dimensional wind components (Fig. 12). Stronger 
inflow and consequent larger vertical mass flux, of course, favor additional 
tornadic activity, but these conditions proved only temporary. Further, 
the bulk of increased radial flow does not penetrate the mesocyclone core. 

3.6 Subsequent Observations 

The Harrah storm was last sampled by Doppler radar at 1611 (Figs. 13 
and 14). Data show the low-level tangential wind maximum declined and the 
downdraft had spread to the new mesocyclone vertical ·axis. The shear 
anomaly along the gust front diminished to 2 x 10-2 s-land was detectable 
only between 2 and 6 km elevation. Close by the mesocyclone vertical axis 
(z = 1 to 3 km) a second anomaly (2 x 10-2 to 3 x 10-2 s-1) formed. Storm 
inflow continued to increase but remains concentrated in several locations 
distant from the mesocyclone core. Fig. 13 also shows a split in the 
principal updraft. The western component, most closely associated with the 
mesocyclone, declined considerably from peak values observed at 1603 while 
new cell growth apparently occurred farther east. 

Near ground, the 40 dBZ reflectivity contour now nearly encompasses 
the mesocyclone core and; unlike earlier periods, reflectivity diminishes 
aloft. Thus, hastened by the Widening downdraft within the mesovortex 
core, weak echo region and hook echo filling are complete. The basic radar 
echo shape, as determined by lower reflectivities (Fig. ld) was conserved 
until at least 1800 when the storm moved beyond the radar surveillance 
region. 

3.7 Summary 

Mesoscale IIcyclogenesisll occurred along a sheared and convergent zone 
between air entering both forward and rear storm quadrants. Intense rota­
tion, first detected aloft, extended from ground through large vertical 
heights during the severe phase. Simultaneous development of an attendant 
gust front produced a surface flow configuration remarkably similar to 
synoptic wave cyclones. 

For quantitative examination of temporal changes in the mesocyclone 
flow patterns and possible consequences for tornado genesis, an arbitrary 
radius of 3.6 km (outside the region of maximum tangential wind) was defined. 
The data, from the radial-height velocity distributions, are summarized in 
Fig. 15. Mesocyclone inflow and therefore mass flux is strong prior to 
tornado production and at all periods is contained primarily below 3.5 km 
elevation. While the surface tornado exists (1553) the level of strong 
outflow (divergence), heretofore above 6 km, lowers to 4 km. . 
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From early mesocyclone development through tornado dissipation, there 
was a striking increase in swirl components at low levels and a tendency 
for decreasing swirl aloft. In fact, the vertical gradient of tangential 
wind changes sign during tornado genesis. Following dissipation of the 
surface tornado, lOW-level inflow through the mesocyc10ne core declines ,and 
even reverses. Hence, the data seems to substantiate the Lemon et al. 
(1975) assertion that strong swirl reduces updraft velocities for-equal 
pressure driving forces by a "vortex valve" or choking effect. On the 
other hand, the greater preponderance of swirl components above 3 km 
height greatly reduces dilution of the mesocyclone core by intruding dry 
middle level air and thus may contribute to updraft maintenance. 

Mean flow angular momentum flux (M), computed from 

(1) 

increased conspicuously during tornado genesis and the level of maximum 
advection lowered while the tornado was on the ground. Both the intense 
mesocyclone and the embryonic tornado circulation initially were detected 
at or above the level of maximum flux. 

Tornado genesis coincided with downdraft development within the 
mesocyclone core. The tornado, displaced from the core center, was located 
on the major horizontal mesocyclone axis in a region of strong local conver­
gence and cyclonic shear. It's believed that initially the Harrah tornado 
had been attached to the principal updraft, but strong storm outflow caused 
rotation of the parent-vortex horizontal axis and drove the tornado from 
the updraft. 

4. FORMATION OF INTENSE VORTICES 

This discussion attempts to develop a conceptual model of tornado 
genesis. Results of laboratory experiments are reviewed to clarify pro­
cesses thought necessary for forming intense vortices. 

A laboratory model thought to closely simulate updraft mesocyclones is 
Ward's (1972) symmetrical and mechanically driven apparatus. Ward defined 
a configuration ratio 

2r 
c =--'!!. r h (2) 

where 2rm is the diameter of the convective zone (updraft width) and h is 
the depth of the inflow layer. A single vortex forms when Cr = 4 and the 
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inflow angle a [ :tan-l(vt/-vr)] at rm is 2 or 3°.4 As the inflow angle 
increases, subsiding motion (vortex breakdown) begins aloft on the vertical 
axis and descends to the lower boundary (ground). At the axial stagnation 
point, a transition takes place between lower laminar flow and turbulent 
flow aloft within an enlarged core. When e = 30° and cr = 4, a vortex pair 
develops on opposite sides of the parent vortex. A similar result is 
produced for a = 75° and cr = 1.0. Both vortices are contained within an 
annulus of tangential wind and separated by divergent flow. Ward's data 
show strong correlation between rc and e as well as between rc and cr. 
Davies-Jones (1973) re-examined Ward's data and determined rc is primarily 
a function of "swirl ratio" S [ :tana (cr/4)] alone. 

Similarly, the tornadic phase of the Harrah storm mesocyclone is 
characterized by large inflow angle" high configuration and swirl ratios, 
and an enlarged core (Table 1). Note also the pronounced increase in the 
radius of maximum inflow (rm). Except for 1515, the observations disclose 
rc dependence upon the geometric parameters S, a, and cr. 

Tornado genesis seems to involve convergent angular momentum transport 
within the core's favorable environment. The encircling jet-like wind 
annulus delineates a concentrated area of positive vertical vorticity 
which, for example, averages 1.07 x 10-2 s-l at 1543 (0.3 km height, 0.8 km 
grid). Coupled with the mean core convergence of 0.54 x 10-2 s-l, an 
intense tornado with rc = 100 m and having a circulation of 2'/T x 104 m2 s-l 
could be produced by convergence alone in roughly 16 min. In reality the 
distribution of vorticity and convergence i·s neither homogeneous nor isotropic. 

Downward motion at the mesovortex vertical axis and bulges in the core 
are characteristics commonly associated with vortex breakdown. This phe­
nomenon -- not a manifestation of instability -- rather denotes a tran­
sition between two basic axial flow types (Harvey, 1962; Benjamin, 1962). 
Fitzjarrold (1973) among others suggests a condition necessary for break­
down is w/Vt $ 1; a requirement that may have been satisfied by either the 
lowering plus intensification of the tangential wind annulus or the decou­
pling of the mesocyclone center and updraft maximum. Also, downdraft 
presence within the core, while high inflow is maintained, leads to concen­
trated updrafts (presumedly) near the core radius. In advanced stages 
outward radial flow would be unfavorable for tornado sustenance. 

Rankine and single-cell vortices of the Burgers-Rott type possess 
dynamic stability and resist deformation of the horizontal flow. However, 
Davies-Jones and Kessler (1974) point out that two-cell vortices could 
possess radial distributions of angular momentum which might be unstable. 
Moreover, they also note the vertical vorticity may be concentrated in a 
cylindrical sheet which, if disturbed, may become unstable and roll up into 
multiple vortices. In the Harrah storm several secondary eddies evolved 

4The definition of Ward (1972) and Davies-Jones (1973) is used here. Note 
that an inflow angle of 90 0 (vr = 0) indicates purely rotational flow. 
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- Table 1. Mesocyclone Properties 

Time CST 
1515* 1530 1543 1553 1603 1611 

h (km) 4.5 4.4 3.5 3.2 5. 1 6.0 

rm (km) 4.4 4.4 3.6 4.5 5.5 6.0 

cr[=2rm/h] 2.0 2.0 2. 1 2.7 2.2 2.0 

e (deg) 61 71 72 70 51 47 

S[=tane(cr/4)] 0.9 1.5 1.6 1.9 0.7 0.5 

rc (km) 3.5 2.8 2.9 3.0 2.0 2.3 

The.average.depth of the inflow layer h (vr :0:-2 m s-l) pertains to the 
reglon outslde the mean core radius (r). The convective radius (rm) is 
taken as the radial distance to the in110w,maximum. Average inflow angle 
(e), configuration ration (cr ), and swirl ratio (S) are all determined at 
rm' 

*Data for 1515 may be unreliable. 

along an elongated horizontal axis; but only the original vertical axis, 
displaced from the center of the mesocyc1one core, became tornadic. 

Downdrafts and/or related wind surges from outside the mesocyc10ne 
core could initiate a process similar to vortex breakdown and thereby alter 
flow properties so that instabilities will grow within the confines of the 
mesocyc10ne core. For example, Howard and Gupta (1962) determined that 
large horizontal gradients of vertical velocity, as observed near the 
tornado vortex at 1553, have a destabilizing effect on rotational flows. 
Recurring downdraft pulsations, rather than constant rotation of the hori­
zontal axis, probably accounts for the periodicity noted in tornado fami­
lies (Fujita, 1963; Darkow, 1971) .. 

A combination of factors, i.e., juxtaposition of the downdrafts, 
proximity to the principal updraft, and presence of high shears may favor 
the development of tornadic vortices in the northwestern quadrant of the 
parent mesovortex. Near the intersection of the mesocyc10ne tangential 
wind core and the gust front a second preferred genesis region may exist. 
However, weaker shear and remoteness from the principal updraft suggests 
"gust front tornadoes II are on the average less intense and shorter lived 
than those that form on the opposite side of the mesocyc10ne core. 
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. 5. CONCLUSION 

Tornado genesis in the Harrah storm coincided with an apparent breakdown 
of the parent mesovortex, i.e., the vortex increased in radius and a transi­
tion from single-cell to two-cell axial flow structure took place. During 
breakdown, secondary vortices appeared along an elongated horizontal axis of 
the mesocyc10ne but only the original vertical axis became tornadic. Down­
draft development outside the mesocyc10ne core and subsequent intensification 
of the low-level wind flow may have initiated breakdown which then reduced 
vortex stability and allowed perturbation growth within the mesocyc10ne. 

Other storms are being studied now to more firmly establish common 
evolutionary characteristics and the nature of instabilities that arise 
therein. 
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