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On May 2, 
11 

. small  tornado outbreak occurred i n  northwest 

Oklahoma. -!em( ing instr lunents  revea led  t h a t  these  i n t e n s e  

cyc lonic  d i s t u r b  es developed w i t h i n  counterclockwise r o t a t i n g  systems 

a  s c a l e  of magni udr ' a r g e r ,  mesocyclones. I n  t u r n ,  t he  mesocyc lo~es  

evolved w i t h i n  a  f r l - , a1  wave o r  subsynoptic  low p res su re  system.' - - l ~ - .  

By combin , su r f ace ,  s a t e l l i t e ,  r ada r ,  and photographic da t a  each 

s c a l e  of cyclone i s  i n v e s t i g a t e d  wi th  emphasis on determining mechanisms I 
by which they e n s i f y  o r  evolve, e s p e c i a l l y  through s c a l e  

i n t e r a c t i o n s .  nce cyc lonic  d i s tu rbances  have anomalously low p res su re  

and. p o s i t i v e  r e  t i v e  v o r t i c i t y ,  i n t e n s i f i c a t i o n  mechanisms a r e  def ined  

a s  those  f a c t o r  which c o n t r i b u t e  t o  f a l l i n g  p r e s s u r e s  and p o s i t i v e  a r k .  

v o r t i c i t y  produ . r J b <,,; k >  $ 1  ,. , -  , I ;  . L i + t t  

a l e  low had nega t ive  v o r t i c i t y  advect ion o r  u 

imposed a t  mid-levels dur ing  the  morning and 

a f t e rnoon  hours  y e t  i t  experienced f a l l i n g  p r e s s u r e s  and an  increase  i n  

c i r c u l a t i o n .  U ing s a t e l l i t e  and su r f ace  d a t a  i t  was determined t h a t  7 
l o c a l i z e d  warm l v e c t i o n  and s o l a r  hea t ing  were t h e  primary mechanisms 

f o r  t h i s  wave c  c 1 s i n t e n s i f i c a t i o n .  

Converga-- w i t h i n  t h e  subsynoptic  low t r i g g e r e d  convect ive c e l l s  

i n  the p o t e n t i a  l y  uns t ab le  a i r  mass occupying i t s  sou theas t  quadrant .  

It i s  surmised h a t  the  r e s u l t i n g  u p d r a f t s  converged t h e  l a r g e  ambient 

v o r t i c i t y  a l r e a  y  e x i s t i n g  w i t h i n  the  f r o n t a l  wave p l u s  t i l t e d  i 



horizontal vortex tubes formed by the ambient shear int the vertical. 

sufficient to produce mesocyclones. 

1 
Vorticity production rates from these processes are estbated to be 

Finally, the mesocyclones produced tornados after hey becarno two I 
celled structures with the circulation cores divided be ween an updraft 

and re$g f ank downdraft. Photographs of one of the to nados show that f 
tornadogenesis occurred within the portion of the updra t almost r s  ;" 1 

immediately bounded by a downdraft. Doppler radar show that vorticity 

and convergence have maximum values within the mesocycl ne at the "A' I ! 
updraf t-downdraf t interface making this sector a f avoradle zone for I 

tornado production. 3 I t , I ! t t  c 

The results of this study should prove useful for 

forecasting in that it stresses more attention being pl 

lower tropospheric warming as a factor which will stre 

synoptic lows despite an absence of favorable dynamica 

500 mb positive vorticity advection. A quantitative m 

determining the potential of mesocyclogenesis within t 

5 a 1  I is also introduced. 
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CHAPTER I t , .  * . > . I  

. ,  * .  . . I  +.* I 
Cyclonica l ly  r o t a t i n g  low p res su re  d i s tu rbances  a r e  a s soc i a t ed  wi th  

adverse weather phenomena such a s  d e s t r u c t i v e  winds, h a i l ,  and f loods .  

These systems however may have a t  l e a s t  t h ree  o rde r s  of magnitude of 

s i z e  and c i r c u l a t i o n  such t h a t  smal le r  s c a l e s  of cyclones a r e  embedded 
r t " '  $ 4  

ia - 
wi th in  t h e  l a r g e r  ones. 

> 1 * A. x 4 I r 4 '  

This  i s  b e s t  demonstrated during a  tornado outbreak.  The tornado 
. L j . 9  

i s  an example of the  atmosphere's most concent ra ted  and d e s t r u c t i v e  

cyc lon ica l ly  r o t a t i n g  low p r e s s u r e  a r ea  (al though a  t i n y  f r a c t i o n  s p i n  
1 / a '  

a n t i c y c l o n i c a l l y j .  Major tornadoes u s u a l l y  f  o m  w i t h i n  r o t a t k g  

thunderstorms an o rde r  of magnitude l a r g e r  bu t  no t  a s  i n t ense .  Such 

thunderstorms have been c l a s s i f i e d  a s  nesocyclones (Fuj i t a ,  1963) .* I n  

t c rn ,  mesocyclones commonly o r i g i n a t e  i n  warm s e c t o r s  of b a r o c l i n i c  low 
I l . 7  . $ 1  .. , . 

pressure  f o n t a l  wave cyclones.  1 ' .  
It has long been observed t h a t  smal le r  s c a l e  cyclones can be 

embedded w i t h i n  those of a  l a r g e r  s c a l e  but  pas t  s t u d i e s  have d e a l t  
6% ' . 

mainly with the  c h a r a c t e r i s t i c s  of t he  ind iv idua l  d i s turbances .  

, I  : I  
Pe t t e r son  (1956) and Palmen and Newton (1969) a r e  among many s c i e n t i s t s  

" i '  

' t ,: , f - 2  a , J  
1 $ 6  1:: 

*Orlanski (1975) c a t e g o r i z e s  c e r t a i n  h o r i z o n t a l  s c a l e s  of weather 
systems a s  meso y (2-20 km) , meso J3 (20-200 km) , and meso a (200- l12"'a 

2000-km) . For t h i s  p r o j e c t  mesoscale w i l l  r e f e r  t o  meso s i z e d  
f e a t u r e s  such a s  r o t a t i n g  thunderstorms. References t o  t he  synop- 
t i c  o r  sub-synoptic s c a l e  w i l l  i nc lude  f e a t u r e s  w i th  h o r i z o n t a l  
dimensions g r e a t e r  than 100 km. - 3 > L  e l  ' d # 6 1 ~  ? * ,  , ' ! * - a  



I 

who have descr ibed  t h e  t h r e e  dimensional s t r u c t u r e  an-' ---.esis of 

synopt ic  s c a l e  cylcones. The r e c e n t  advances i n  mu l t ip l e  Doppler r a d a r  

has  allowed severe  weather r e sea rch  s c i e n t i s t s  t o  ob ta in  much 

information on the  a i r f l o w  and s t r u c t u r e  of t he  mesocyclone (Brandes, 

1977, 1978, 1981, Heymsf i e l d ,  1978) . Using advanced photogrametr ic  

techniques,  Golden and Purce l  (1978) and Forbes (1978) have d iscovered  

important  c i r c u l a t i o n  c h a r a c t e r i s t i c s  of the  tornado. 

1 

Though t h e r e  have been a t t empt s  t o  exp la in  t h e  i n t e r a c t i o n  between 

t h e  mesoscale and tornado s c a l e  (Barnes, 1978b; Forbes 1978; Brande s ,  
r :  j : , j z 1 8  7 1 . . 1 ,  1' >$: 7 

1977, Lemon and Doswell, 1979),  l e s s  e f f o r t  has  been mide i n  determining 

how the  synopt ic  s c a l e  environment can inf luence  mesoscyclogenesis. 

S p e c i f i c a l l y ,  q u a n t i t a t i v e  methods a r e  lack ing  which could spec i fy  i f  a 

r eg ion  w i l l  be conducive t o  convect ion which w i l l  develop l a r g e  r o t a t i n g  
1 * 

updra f t s .  
, , /  i , - ,  n .  " I &  

Some d e f i c i e n c i e s  a l s o  remain i n  t h e  i n v e s t i g a t i o n  of smaller  

f r o n t a l  wave cyclones.  These so-cal led subsynoptic  low pressure  systems 

(SSL) were i n v e s t i g a t e d  by Tetgmeir (1974) who found them t o  of t e n  be 
a 

r 1 

a s s o c i a t e d  w i t h  severe storms. These systems, u s u a l l y  between 80 and 

200 mi les  i n  diameter ,  have been connected wi th  tornado outbreaks which 
. a , d 

occur  i n  sho r t  narrow pa ths  i n s t e a d  of broad areas  (Moller ,  1979).  Thus 

the  severe  weather a s soc i a t ed  wi th  these  lows a r e  e s p e c i a l l y  d i f f i c u l t  

t o  f o r e c a s t .  Yet, l i t t l e  r e s e a r c h  has  been done on the  i n t e n s i f i c a t i o n  

mechanisms of t he  SSL ou t s ide  of t h a t  done by Tetgmeir. He a t t r i b u t e d  

SSL deepening t o  mid-level p o s i t i v e  v o r t i c i t y  advec t ion  a s soc i a t ed  wi th  
% . . t i \  . . ,. X I - ,  

an approaching s h o r t  wave trough. 

With these  problems i n  mind t h i s  p r o j e c t  analyzed a tornado 

outbreak which occurred i n  northwest  Oklahoma on May 2 ,  1979, During 



I 
t h e  a f te rnoon a SSL developed nea r  t he  i n t e r s e c t i o n  of a s t a t i o n a r y  

f r o n t  and dry l i n e  d e s p i t e  an absence of suppor t ing  upper t ropospher ic  
I 

dynamics. A t  l e a s t  t h ree  mesocyclones evolved w i t h i n  t h e  warm s e c t o r  

which were t o  produce h a i l ,  s t r a i g h t  l i n e  wind damage and tornadoes,  one 
I 

of which had an  5'-4 ( F u j i t a  1973) i n t e n s i t y  (F igure  1.1). ~ e d a u s e  t h i s  

occurred during the  Severe Environmental Storms and Mesoscale Experiment 

(SESAME), r a p i d  scan s a t e l l i t e  images, mu l t ip l e  Doppler radar ,  a i r c r a f t ,  

and s p e c i a l  photographic teams monitored mesoscale and tornado s c a l e  

a spec t s  of t he  storms. Thus a r a r e  oppor tuni ty  was a f forded  t o  observe 

the subsynoptic  1 ow, the  mesoscylones embedded w i t h i n  i t ,  and the  

r e s u l t i n g  tornadoes. 

I 
I n  observing t h e  development of t h e  d i f f e r e n t  s c a l e s  of cyclones,  

the  fol lowing o b j e c t i v e s  were accomplished: 

Determining t h e  mechanism re spons ib l e  f o r  the  development of 
6 -  ' I 

t h e  SSI,; 

I n v e s t i g a t i n g  t h e  r o l e  of t he  SSL i n  t r i g g e r i n g  cqnyection; 

I 
Examining f a c t o r s  w i t h i n  the environment of t h e  SSL which w i l l  

encourage mesocyclongesis; 

4. Observing and analyzing the growth and s t r u c t u r e  of t h e  

I 
mesocyclones, e s p e c i a l l y  during t h e  to rnad ic  phase. 

To complete t h i s  s tudy c h a r a c t e r i s t i c s  of the  tornadoes y i l l  be  

b r i e f l y  descr ibed.  It i s  u l t i m a t e l y  hoped t h a t  t h e  r e s u l t s  of t h i s  

p r o j e c t  w i l l  prove use fu l  i n  improving severe  weather nowcasting a s  we l l  

a s  exp la in  some of t he  dependencies smal le r  cyclones have on t h e  l a r g e r  
c l . l 9  

ones i n  which they a r e  embedded. , c j  2 '. 
= < r 4 " I , .  
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Figure 1 .1 .  Map of Oklahoma showing severe weather ev t s  for  May 2 ,  
1979 from 21002 t o  23452. H designates large hai  , W damaging 
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CHAPTER I1 

A BRIEF REVIEW OF THREE SCALES OF CYCLONIC DISTURBANCES 

I 
The subsynoptic low, mesocyclone and tornado have important 

differences and similarities both in structure and in the dynamics of 

genesis and intensification. It is important to understand the 

properties of each of these scales of cyclones so to first become aware 

of factors conducive to their growth and second, to help determine how 

smaller scale cyclones are dependent upon the larger ones in which they 

are are embedded. 

Significant cyclonic disturbances, whether they be synoptic scale, 

I 
mesoscale, or tornadic scale are distinguished by counterclockwise wind 

flow (for the northern hemisphere) and anomalously low-pressure. Thus, 

to predict genesis or intensification, mechanisms responsible for 

vorticity generation or pressure falls must be detected and analyzed. A 

general equation for the production of the vertical component of 

vorticity that includes diffusion by vorticity by either boundary layer 

or cloud processes is given by: 



the equation, r ep re sen t s  t he  ho r i zon ta l  wind v e l o c i t y  with u 

and v the  r e spec t ive  x and y components of a wi th  r e spec t  t o  a  c a r t e s i a n  

coord ina te  system. The l e t t e r  "f" des igna tes  the  C o r i o l i s  parameter,  

p  t he  pressure  and p t h e  d e n s i t y  of the  atmosphere ( s ee  Appendix A), 

F ina l ly ,  w r ep re sen t s  t he  v e r t i c a l  ve loc i ty .  Term A r ep re sen t s  the  

h o r i z o n t a l  advec t ion  of abso lu t e  v o r t i c i t y .  For the s c a l e s  of motion i n  

t h i s  study, tff i s  ve ry  small  so  t h a t  term A can be neglected.  Term B 

r ep re sen t s  v o r t i c i t y  produced by h o r i z o n t a l  convergence. I f  a  cha in  of 

f l u i d  i s  r o t a t i n g  and the  a r e a  enclosed by the cha in  i s  decreased, then 

the  rat! of r o t a t i o n  must increase  much l i k e  an  i c e  s k a t e r  who inc reases  

her  s p i n  by p u l l i n g  he r  arms inward (Holton, 1979). Term C, commonly 

known a s  t he  t i l t i n g  term, i n d i c a t e s  v e r t i c a l  v o r t i c i t y  product ion from 

hor i zon ta l  v o r t e x  tubes t i l t e d  i n t o  the  v e r t i c a l  by d i f f e r e n t i a l  

v e r t i c a l  motion (Holton, 19791, ( s ee  F igure  2.1.1). Perm D, the 

so lenoid  term, shows r e s u l t a n t  v o r t i c i t y  product ion which a r i s e s  from 

the  solenoid c i r c u l a t i o n  along thermal  boundaries (Pe t t e r son ,  1956).  
I 

Terms E and F r e p r e s e n t  v o r t i c i t y  product ion by t u r b u l e n t  d i f f u s i o n  w i t h  

% and KZ t h e  ho r i zon ta l  and v e r t i c a l  eddy exchange c o e f f i c i e n t s ,  

r e spec t ive ly .  The form terms E and F take  may depend on t h e  ho r i zon ta l  

s c a l e  t o  which 2.1.1 i s  appl ied.  I n  subsequent s ec t ions ,  s c a l i n g  of 

t h i s  equat ion  f o r  the va r ious  s c a l e s  of phenomena under s tudy  w i l l  be 

given. 

Mechanisms f o r  p re s su re  f a l l s  a t  t he  sur face  ass ,ociated wi th  

cyc lonic  storms may be determined from the pressure  tendency equat ion i n  

t he  form: 



Term A of ~ ~ u d t i o n  2.1.2 denotes net horizontal divergence while term B 

is the change in pressure due to density advection. Pressure falls 

(rises) result, if there is mass divergence (convergence) in an 

atmospheric column plus warm (cold) advection (Palmen and Newton, 1969). 

Implicit in this relation are hydrostatic changes (Austin, 1951) which 

cause surface pressures to decrease (increase) if there is net diabatic 

heating (cooling) over a specified area with respect to adjacent 

regions. The desert heat lows are an example of a semipermanent low 

pressure system caused by nonadvective diabatic heating. 

The pressure tendency equation assumes a hydrostatic atmosphere. 

For smaller seale disturbances, such as mesocyclones associated with 

rotating t h ~ d e r s t o ~ s ,  nonhydrostatic, i.e., dynamic, processes also 

contribute to falling barometers. For example, dynamic pressure effects 

can result from an accelerating updraft interacting with the ambient 

wind flow (Alberty, 1969). These nonhydrostatic factors play an 

important r o l ~  in updraft enhancement and storm propagation and may 

result in surface pressure perturbations of several mb's. (Newton, 

1963; Barnes, 1970). 

2.2 The -Svnovtiio -So&&@ 7Ba~oo&ini.o -LOW ! 
Baroclinic disturbances, as addressed here, are hydrostatic quasi- 

geostrophic weather systems ranging in size from the SSL to larger heavy 

precipitation producing winter cyclones. Since they are baroclinic they 

are most common along thermal boundaries such as fronts. 





Figure I'ortioity generation by the tilting of a horizonta 
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Scale analyses of 

convection) for this scale of cyclone leaves only the divergence and 

advective !erms (Petterson, 1956). I 
% =  vvt + f ,  -O.yt + f, 
at - i 

I 

At the level of nondivergence (LND) this equation reduces to 

where V is the horizontal wind velocity at LND. If % Ls the -L 

horizontal wind near the surface and V is the thermal w ~ n d  from near -T 

the surface' (or 1000 mb) to LND, we may write yL = V + +:.!T. This 
-Q I 

expression enables us to say that 

where cL is the relative vorticity at LND, the relative vorticity 

near the surface, and fT the vorticity from the thermal 

By the thermal wind relation (Holton, 1979) 

I 

ind . 

Z represents the thickness in meters between the surface pressure p and 
I 

0 

the pressure at LND pL. Therefore, 

- - - - -  a t ~  - 
a V ~  als,-:$Zanddt-:$z - 

'T ay ax 



f thermodynamics 

For tl: tion T is the mean temperature of a tropospheric 

layer, r - 
'dry adiabotic lapse rate with respect to pressure, w 

the mean vertical motion (dpldt) of the layer, C the specific heat of 
P 

dry air at a con 
-1 -1 

' .  pressure (1004 JOK kg and h the diabatic I 

- o ? & A t . > > .  heating. By the hickness equation T = Z In - between the surface R 
P~ 1 ,  \ e  ? , a t  

and LND where g ir the accelleration due to gravity and R is the gas 
, , r  

constant for dry ir (287 J0~-lkg-') . I 

' i t  ,,L r ?  . q 1 1 ,  .. .  IT ‘ 3 ~ ; ~  

Therefore, 
M \ d .  / , , I +  i 0 8 . A . i  

at 

I 
. , . 3 6 '  1 2 & I  ' I ;  

relation into equation 2.2.3 we have an erprission for Substituting thi 

a-stion near the surface (Petterson, 1956). 

A is the ~i Q ticity advection at LND which is often taken to be between 

500 and ouu mr '"he pression V n(( + f) is the vorticity advection 
0 

near the surf * s usually very small and can be neglected. % is . .  , .,.q7i: !r  

the thickness ad ction between the surface and LND. Sinoe thermal 

advection diminishe- toward the midtropophere, + is mainly a result of 
thermal adveotion e lower layers of the atmosphere (Palmen and 

' . .a. { I .  ' C *  '. ' 5 2 ~ .  - 4  # . -, h i,YtD l l \)I . l i  

Newton, 1 9 6 ~ 1 .  y . .r, 
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ah 

where h represents diab.ic heating of In 2.2.3, H = log C ,  
P 

the atmosphere. An example of this is when cold polar ai:r in winter 

moves over warmer ocean water so that it is heated from bglow. 

P o  - S = log - w (7-b. This stability or buoyancy term represents 
P~ a 

adiabatic temperature changes due to vertical motion. 

Although these terms cannot be accurately evaluated for smaller 

scales such as that in this case study, qualitative features related to 

this equation can be very useful to a forecaster. For example, 500 mb 

positive vorticity advection is often a reliable indica' r of surface 

cyclonic vorticity spin up. Similarly, heating effects must be taken 

into account. A body of land which is warmed relative to surrounding 

areas will experience an increase in vorticity as its pressure falls and 

air converges toward its center (like a desert heat low). One can also 

assume over land that the lower troposphere will acquire reater amounts f 
of diabatic heating from solar radiation in an area of clear skies as 

opposed to a cloud covered region and thus experience an increase in 

circulation provided there will be an absence of strong cc" advection. 

The thickness advection likewise implies that an intrusion of warmer air 

into a cooler environment either encourages surface cyclogenesis or 

maintains an already existing storm system. Thus the development of 

such low pressure areas is most favorable when mid-level PVA (positive 

vorticity advection) becomes superimposed over a baroclinic boundary 

such as a front and moves toward a region of warm advection andlor warm 

surface temperature. Note that vorticity generation is dependent on the 

Laplacian of warm advection and heating. These elements should occur in 

a localized or relatively narrow zone. 



I 
Term S, the stability factor, represents vorticity changes due to 

the adiaba coqling caused by the vertical motion o. Since vertical .I 

motion i a  1 

atmosphere is 

vorticity pru 

contribute 

o < 0 )  ahead of cyclonic storms and since the ,,. ,,,.. 

ways stable (ra ) r 1 ,  this term tends to oppose 

In other words, while heating and warm advection, 

ity increases, the resultant vertical motion I , r ,  .,. 

associated 'th term S causes adiabatic cooling which partially offsets 

the advective - ,.d&&hgtic warming. High moisture contents may 9 - -  
counteract some of his cooling as greater amounts of latent heat will 

be released throagh condensation. This explains why the strongest 

cyclones have six th high dewpoints in their warm sectors. 

I . , .. t ~ i s ~ ~ ~ ~  : '  

From 
.' 

I above discussion it becomes" apparent that vorticity 

production td falling pressures are related t~ one apother fop lower 

tropospher 

and diabatic 

,. ' . . .  . :, i v . ~ c f  - I I P ~ ,  d ,! -, .,+ 
synbptic cyclones. Both are highl; dependent on advective 

I r 

g processes. Divergence, an important mechanism for 
. , 

pressure fall 
11 

correlates to regions of strong mid level PVA 

$', 1 , '  

(Palmen and Newt n, 1969). Usually, with the approach of a 500 mb 

trough, there is PVA, upper tropospheric divergence, and because of 

I ., ' - . J  

Dines cornpensat: ascending motion to about 200 mb. It is this 

divergence w i i  

which contrib 

A,sulting lowering of the tropopause (Petterson, 1956) 

to surface pressure falls. I- I * ' * . ' * a  

Relevant t q  this case study is the difference between warm and cold 

core lows. ~ r i d f l ~ ,  extratropical cold core lows become more intense 

I J ,  ,.cr ' ,  - ,  ' , < t C Y  " j, h e * .  ,,? 
with height abol the ground and thus are associated with strong 500 mb 

of th 

dynamicall: 

nd upper tropospheric divergence (Petterson, 1956). Most 

ale severe weather outbreaks are associated with such 

1 . 4 {  ; 
,e systems. Warm core extratropical lows are most 



i n t ense  nea r  t he  su r f ace  and d iminish  i n  s t r e n g t h  wi th  bb igh t .  Usual ly 

t h e r e  i s  l i t t l e  evidence of t h e i r  ex i s t ence  above 700 mbl Since they 

a r e  caused by d i f f e r e n t i a l  hea t ing ,  t he  r e s u l t a n t  t h i c k n  s r  ahanges do i 
r e s u l t  i n  divergence a l o f t  and p re s su re  f a l l s .  Often,  ese  systems 4 

dl occur over  r e l a t i v e l y  small  a r e a s  such t h a t  t he  weak di.,rgence cannot 

be de t ec t ed  through rawinsondes. Lacking s t rong  mid $41 WAj these  

1 lows a r e  cons iderably  l e s s  i n t ense  than  co ld  core  dnb's: d t hus ,  tird 

o f t e n  overlooked a s  severe  weather producers  by f o r e c a s t  r s .  

lii 
2.3 The Mosoc~clone 

P n > I  

Brooks (1949) descr ibed  a  low p res su re  a r e a  a s s o c i a ~ e d  with 

tornadoes which i s  an o rde r  of magnitude l a r g e r  than  t h e t o r n a d o  bu t  a t  

l e a s t  an o r d e r  of magnitude sma l l e r  than  the  syno&,- .-71e cyclone. 

Such a  phenomena has  s ince  been def ined  t h e  mesocyclonc r 

I -I . 
tornadocyclone. A t  t h e  p r e s e n t  t h e  former u s u a l l y  r e f c - '  t o  any severe 

c y c l o n i c a l l y  r o t a t i n g  thunderstorm while t he  l a t t e r  i s  p l i e d  t o  a  
I r  i: ' 

mesocyclone which produces a  tornado.  I 

1 
Under c e r t a i n  cond i t i ons  (d i scussed  i n  s e c t i o n  4 )  

thunderstorms evolve from weaker convect ive a c t i v i t y  i~ hich they  

c o n s i s t  one l a r g e  updra f t  up t o  10 km i n  diameter  whick -ay a t t a i n  
i I 

- 1 
maximum v e r t i c a l  v e l o c i t i e s  of over  40 m sec  nea r  the c e n t e r s  o r  

I' 
cores  (Marwitz, 1972) .  These u p d r a f t s  f r e q u e n t l y  devel cyc lonic  

r o t a t i o n  and thus  become mesocylones (Lemon and Doswell, 1979).  A 

favored l o c a t i o n  f o r  such storms i s  a t  thermal bound I n t e r s e c t i o n s  

(Magor, 1959; M i l l e r ,  1972; Maddox, e t  a l . ,  19791, suck - xn o ld  s q u a l l  

l i n e  and a  warm f r o n t ,  and near  t h e  l o c a t i o n  of t h e   lo^ 3 1  j e t  

(Bonner, 1966).  The mesocyclone i n i t i a l l y  sp ins  up e  s e c t o r  of t he  

moist p o t e n t i a l l y  uns tab le  a i r .  Besides causing f l a s h  ooding, h a i l ,  



and destructive straight lined winds (Burgess, 19761, mesocyclones are 

associated with most significant tornadoes (Lemon and Doswell, 1979). 

Figure 2.3-1, taken from Lemon and Doswell (19791, summarizes the 

evolution of a mesocyclone. As the rotating updraft intensifies, dry 

air at mid levels (Figure 2.3-la) intrudes into the boundary of its rear 

flank where it entrains precipitation particles, cools, and sinks to the 

surface (Figure 2.3-lb). This cooler air forms a small cold front or 

outflow boundary on the rear flank of the updraft while the secondary 

cool air downdraft often exists on the forward flank due to previously 

existing storms (Miller, 1972) or from rain cooled air sinking ahead of 

the primary updraft itself (Lemon and Doswell, 1979). 

It is during the development of the rear flank downdraft that the 

mesocyclone undergoes a significant transition. Recent dual Doppler 

radar studies r,,w conclusive evidence that the most intense and 

organized mesocyclones cease to become warm core updrafts but instead 

are transformed into two-cell structures (Brandes, 1978, 1981) with the 

cold rear flank downdraft cyclonically wrapping around and occluding the 

warm updraft (Figure 2.3-lc). Thus, despite being an order of magnitude 

smaller than ti- synoptic scale cyclone, the mesocyclone resembles it in 

that it consists of a sector of cyclonically turning rising warm humid 

air interposed '- regions of cool sinking air which will eventually 

occlude it(Figure 2.3-ld). And it is during the two-cell structure 

stage that tornadoes appear to form within the larger circulation of the 

mesocyclone. 

Vorticity production for a mesocyclone is initially very much 

dependent o n  updraft strength, and later on, both updraft and downdraft 

intensity and position. A vigorous updraft with a diameter of between 3 
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---b.. ca- 
Pigare 2.3-2. ! ,,,.A~ +h-ee-dimensional depiction of evolutioncd fhrt drafts, t o r  

nado and a ocycl n an evolving supercell storm. The stippled flow line 
suggesting descen >f ail rom the 9 h stagnation point has been omitted from 
(c) and (dl, for simplicity. Fine stippling denotes the TVS. Flow lines 
throughout the figure are storm relative and conceptual only, not intended to 
represent flux, streamlines, or trajectories. Conventional frontal symbols are 
used to denote outflow boundaries at the surface. Salient features are labeled 

- on the f igure. 



to 1 0  km will t c norizontal vortex tubes produced by low level wind 

shear into the vertical while the updraft further spins itself up by 

converging ambient vorticity as it draws surrounding air toward its 

center. A- ,,ent downdraft further accentuates these processes by 

vertical velocity gradient and thus intensifying the 

tilting effect, and by further increasing convergence as its gust front 

forces more air into the updraft. 
<: , > r a t  * .  I + .  . , I  

, ,  ;,$-7-; I . I n .: 

Numerical moc esults (Wilhelmson and Klemp, 1978; Rotunno, 1981) 

as well as oh-+v. -----a1 studies (Ray, 1976; Heymsfield, 1978; Brandes, 

1978) indicate that at levels near 3 km above the ground, tilting is the 

dominant mechanism for thunderstorm rotation while at levels below 1 km, 

updraft convergence is significant if not dominant. For mesocyclone 
'! 1 2  

scale disturbances, the solenoidal and turbulent diffusion terms of 

equation 2.1.1 have been estimated to be at least two orders of 

magnitude smaller than the tilting and divergence terms. Solenoidal 

effects may become important along the boundary separating the cool 

downdraft induced outflow from the warm inflow (Heymsfield, 1978; Lemon 

- - 
snd Doswell, 

I 
s yet, no effective ways have been found to 

measure this - 

Pressure ;1 1 mechanisms within the mesocyclone are both 

hydrostatic anl uynamic. Since the updraft must be warmer than the 

surrounding atmesphere, pressures beneath its column should be lower in h 
comparison to t at in an adjacent undisturbed environment. Upward 

, .+" . 
pccelsratioo of air parcels in the updra$t alss result In dynamic 

m . , l 9  - 3  1:- , l f  <. , A d4b'- - ,.' 13. . T j  .,I 1 9  J B ~ L .  l ,  4 . -  

pressure falls ewton, 1963) which can be ignored for synoptic scale 
5 3 i , . k '  

motions. Finally, rotation in the updraft may enhance upper 
8 pa2 . , , , t ,  

r pi 7 ,  8 - . . 7  , , . a t 1  ' ,  . .  

l L  

tropospheric divergence (Davies-Jones and Kessler, 1974). Pressure 

,I " . 15 ' . 1 s ! ~ t ~ J r . ~ ~ -  l 4 2 U  
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falls for a mesocyclone have been measured up to 9 mb -- 
tornadogoneris (Forbes, 1978). 

ar & ~ e  period of 

1 ;  , 

2.4 Tornadonenesis and the Tornado 
. .  , ' .  r i .  1 . a  

Doppler derived wind fields indicate that bt nnine at mid-levels 
{ ' r .  . . 

within the mesocyc~one core, a circulation evolves with vorticity and 

- 1 
horizontal wind shear values of an order of lom2 sec . Suoh radar 

detected circulations are referred to as tornado vortex signatures (TVS)  

and designate not the actual tornado (which is too small to be detected) 

but that the mesocyclone has strengthened into a tornado cyclone (Brown, 

et al., 1978). Tornado vortex signatures are almost always located near 

the updraft-downdraft interface (Figure 2.3-lc) and apparently descend 
., I ? . % l  1 ,  b y ! '  . 1 

to the surface with the rear flank downdraft. They indicate an 
- I : . .  ' 

immediate threat of a tornado. 
J r + I' $ 

The key element to tornadogenesis appears to be the rear flank 

downdraft. Observations (Lemon, et al., 1978; Barnes, 1978a; Brandes, 

1978) reveal that the strongest tornadoes coincide with the lowering of 
, , ...I , .' ! .. 
the  mesocyclones rear flank downdraft to the surfac me cal 

(Davies-Jones, 1982) and laboratory (Tidwell, 1982) ,*...- 
these observations by suggesting that downdrafts with speeds 2 0  m 

being adjacent to an updraft of similar magnitude gteatly inorease the 

vertical velocity gradient and shearing deformation wf"in the 
3 ;  l *  v I 

mesocyclone core thus contributing to concentrated vorti 

due to tilting. As it descends, the downdraft advects t 

midlevel vorticity to the surface where the updraft-gust 
, , <  &..,. L -3 

fields further converge it to values of up to 1 0  sec 

cont flow 

e diameters of 

the order of 100 m. Turbulent diffusion (Heymsfield, 1971 and 
4 ,  , n - , J >  ; . j* .$ 

solenoidal effects (Bluestein, personal communication) could also play 



I 

an import ant ra in vorticity production on the tornado scale. In 

addi>iop, since tornadoes are not always vertical, production of 
7 1 I '  2 r~ 

vorticity in the horizontal can be significant and equation 2.1.1 may be 

inapproporiate. As yet, n o  effective ways have been found to measure 

these parameter and the exact mechanisms of vorticity production in 
I 

tornadoes is not clearly understood. 4 q 1 .  4 J 41:. 

Finally, the tornado itself must be considered. No accurate 
1 

pressure defioits have been measured within the tornado due to its 

destruction of weather instruments. However, engineering surveys of 

tornado structural damage plus photogrametric analysis indicate wind - 

1 - 1 speeds can be over 200 M.P.H. or 100 m sec . (Davies-Jones and 

Kessler, 1974). 

Il' 
Because of the tornado's relatively small size, Corioles effects 

can be neglected (Holton, 1979) and crude estimates of the tornadoes 

tangential velocity may be obtained by the cyclostrophic relation: 

2 b = o V 8  
ar r I (2 .4 .1 )  

I 

in a Rankine vortex where: 
I .  

V8 = V8 r 1  - for r < r max r c 
C 

(Forbes, 1978) r e  r is the radius of maximum winds and V8 is the 
C 

tangential wind speed. I 
Pressure falls in a tornado are attributed to hydrostatii warming 

due to its vortex consisting of a bonyant updraft, plus a possible 



I 

. . .  , * f  l i  Y 
secondary downward flow within the ^ibri'ado core causing adiabatic 

compressional heating (Daviea-Jones and Kessler, 1974) Mast divergence 

aloft may also be a contributing factor. As with vorticf .oduc t ion, 

the violent and transient nature of the tornado, combines wirn its 

relatively small size, has made it impossible to accur 

jly 

determine 

the origins of its extremely large pressure' falls:" 

Some tornadoes contain multiple suction vortice- .jita, et al.; 

1976, Forbes, 1978) less than 50m wide which orbit the odre of the 

1 I . I  
p a r ~ Q t  tornado. Such vortices account for the irregular pattern of 

devastation associated with some tornadoes, especially e Xenia, Ohio 

v tornado of April 4, 1974 (Forbes, 1978). 
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.;I . > A  *j b ,  ; 
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.. / . . . 
The primal emphasis of t h i s  p r o j e c t  was t o  analyze the  development 

11:: !,ti ' ta~ . i , . .  

- ,: i' .:. ' is  ? 

of three  s c a l e s  of cyclones which occurred  on the  case s tudy day. Thus 

. .  . , > a  4 , . ! I , !  . t < .  

CHAPTER I11 . . .. t i  1 < : d l  . , p  f l b h g 8  

t he  a v a i l a b l e  d a t a  were used t o  d e t e c t  mechanisms which genera te  and/or 
; : r . o  . 

i n t e n s i f y  the cyclones,  e s p e c i a l l y  through p re s su re  r educ t ion  and 

v o r t i c i t y  i nc rease -  While i t  was p o s s i b l e  t o  o b t a i n  q u a n t i t a t i v e  va lues  

of such parru : e r s  a s  su r f ace  temperatures  advec t ion  and convergence a s  

app l i ed  t o  equa -; 2.1.2 and 2.2.4, t h e  problem of obta in ing  

measurements 

beyond t h e  scog 

g due t o  s o l a r  r a d i a t i o n  i s  q u i t e  complex and - 
of t h i s  p r o j e c t .  Q u a l i t a t i v e l y  it can be conf iden t ly  

s t a t e d  t h a t  ~ n ? a r  hea t ing  near  the boundary l a y e r  w i l l  c e r t a i n l y  be 

g r e a t e r  i n  a  s c a t t e r e d  clouds a s  opposed t o  reg ions  where the  

s k i e s  a r e  overc t. (See Appendix B.) 

Rapic' -can cnree-minute images were rece ived  a t  the  Colorado S t a t e  

Un ive r s i t y  grou - s t a t i o n  on the  case s tudy day a t  one km r e s o l u t i o n  

I I 
from the  e a s t e r n  Geos ta t iona ly  Operat ional  Environmental S a t e l l i t e  (GOES 

Eas t )  (Maddo, ,,. ,,., 1979). The r a p i d  scan per iod  co inc ided  with 

mesocyclone and tornadogenes is  t hus  providing an e x c e l l e n t  d e t a i l e d  / 

record  of cloud c h a r a c t e r i s t i c s  dur ing  the storm. The d a t a  were s t o r e d  

be and subsequent ly navigated (Pe lsen  1977) using an 

t u a l  address  ex t ens ion )  Computer. A second 



program on t h e  VAX, NVPLT uses  t h e  nav iga t ion  information t o  a s s ign  

s t a t e  borders  on the  image. 

The a c t u a l  p i c t u r e s  f o r  the  p r o j e c t  were taken from the  COIWOL 

graphics  d i sp l ay  system which enables  a  user  t o  f i r s t  d i sp l ay  the  image 

on a  screen  and then  t o  magnify i t  through the  ZOOM funct ion .  Since i n  

t he  magni f ica t ion  process ,  much of the  o r i g i n a l  p i c t u r e  cannot be seen 

on t h e  viewing screen ,  t h e  ROAM command i s  u t i l i z e d ,  enabl ing t h e  user  

t o  see s e l e c t e d  p o r t i o n s  of the  image. 

To determine v e r t i c a l  subcloud wind shea r  i n  r e a l  time, i t  was 

necessary t o  o b t a i n  wind v e c t o r s  der ived  from low l e v e l  cumulus cloud 

t racking .  These v e c t o r s  were provided by t h e  Laboratory f o r  Atmospheric 
,@ 1 ! 

I 
Science a t  t he  Goddard Space F l i g h t  Center. Clouds were t racked  f o r  a t  

three-minute i n t e r v a l s  over  the  pe r iod  of time between 2113 and 21222, 

on the  case s tudy day. Cloud v e c t o r s  were s e l e c t e d  from the  t o t a l  d a t a  

f i l e  only i f  t h e i r  wind speed v a r i e d  by l e s s  than  t e n  percent  and t h e i r  

d i r e c t i o n  devia ted  by l e s s  than 1 0  degrees over the s e l e c t e d  time 
I 

i n t e r v a l .  De ta i l ed  accounts  of c loud t r ack ing  procedures  and d a t a  

e d i t i n g  f o r  o t h e r  severe  weather ou tbreaks  a r e  descr ibed by Pelson 

(1977) Houghton and Wilson (19791, and Negri and Vonder Haar (1980).  

Height assignments t o  the clouds being used were based on 

s t e r eograph ic  s t u d i e s  of t h i s  day (Hasler ,  1981) and rawinsonde da t a  a t  

OKC Oklahoma City,  Oklahoma (Negri and Vonder Haar, 1980) which gave 

cloud base e l e v a t i o n s  of 1.5 km and 1.6 km r e s p e c t i v e l y  ( j u s t  above the  

convect iv$ condensat ion l e v e l ) .  The former va lue  was used s ince  i t  was 

obta ined  during t h e  e a r l i e s t  s t a g e s  of deep convection. 



L 
a t  ~ k l a h o d a  city, Oklahomal ' (O'~~) and i s  used i n  t h i s  s tudy  t o  determine 

I 

I 

3.2 Radar 
I .. / 

storm movement and i n t e n s i t y  r e l a t i v e  t o  su r f ace  weather f e a t u r e s  such 

. .. 

a s  f r o n t s .  These r ada r  echoes a r e  composited wi th  hour ly  weather 
1 .  f * \ ; :  

s t a t i o n  da t a  whenever poss ib l e .  
. . r  1 I . 

NCAR CP3 3cm Doppler radar ,  l oca t ed  a t  Roman Nose, Oklahoma, 

Noncoherent 10  cm WSR-57 r ada r  r e f l e c t i v i t y  d a t a  was taken t h i s  day 

provides  a  f i n e r  d e t a i l  of the storm due t o  i t s  s h o r t e r  wavelength and 

i s  used t o  observe smal le r  s c a l e  f e a t u r e s  such a s  r e f l e c t i v i t y  cores  and 
r * ,  

hook o r  pedant hoes. I 
The CP3 Doppler da t a  was combined wi th  the  National  Severe Storms 

Laboratory (NSSL) 10.9cm Doppler r a d a r  a t  Yukon, Oklahoma t o  e x t r a c t  

ho r i zon ta l  wind f i e l d s  f o r  t he  storm complex f o r  the  per iod  a f t e r  22302. 

Using the  Barnes (Barnes,  1974) o b j e c t i v e s  a n a l y s i s  techniques the  f i e l d  

of wind v e c t o r s  was i n t e r p o l a t e d  over  a  g r i d  w i th  a  1 km i n t e r v a l  

between po in t s  (Brandes, 1977).  Two-dimensional wind v e c t o r s  a r e  

a v a i l a b l e ,  cour tesy  of N.S.S.L. a t  c e r t a i n  t imes f o r  2 ,  4 ,  6 ,  8,  and 14 

lin e l eva t ions  whi le  v e r t i c a l  v e l o c i t y  f i e l d s  a r e  a v a i l a b l e  (cour tesy  of 

N.S.S.L.) a t  2 ,  8,  and 14  km f o r  22582. 

Using centered  f i n i t e  d i f f e r e n c i n g  ( see  below), f i e l d s  of 

v o r t i c i t y  and divergence were c a l c u l a t e d  from the  wind component a t  2 km 

f o r  22582. The q u a n t i t a t i v e  r e s u l t s  f o r  a l l  kinematic  and dynamical 

f i e l d s  should no t  be app l i ed  too  r igo rous ly  due t o  e r r o r s  i nhe ren t  i n  

the  a c q u i s i t i o n  and process ing  of t h i s  type of da ta  (Brandes, 1977 and 

Brown, e t  a l . ,  .1981) . Nevertheless ,  by accept ing  even t h e  order  of 

magnitude of the  r e s u l t s  and the  q u a l i t a t i v e  na ture  of t he  wind f i e l d s ,  

one can g a i n  va luab le  information about mesocyclone s t r u c t u r e .  

I 



3.3 Analyses of Surface Data 
7 ..r i ,  

Unfortunately this storm system occurred north o :he SESAME 

Portable Automated Mesonetwork (PAM) instruments in Central Oklahoma and 

the surface data is restricted to Service A hourly airnay repofgs, 
, ' I 

Simularly, upper air data is based on the synoptioally +paced 

conventional rawinsonde network which takes readings frQm balloons 

launched daily at 12002 and 00002. 

Certain surface or lower tropospheric meteorologlca~ parameters 

have proven useful in determining probability and sevcri ' severe 

weather in the United States (discussed in detail in seotion 4 ) .  

These include : 
' J ,  . , I  

A. Divergence, 

(Scoggins and Wood, 1971) B. Moisture Convergence, 

(Negri and Vonder Haar, 1982) 

C. Relative Vorticity 

c - I ! , ' . '  

. . '1 

(Weaver and Safford, 1977; Maddox, et al., 1979) 

D. Synoptic Scale Vorticity production 

, r . . 
I .  

(Negri, 1976, Maddox et al., 19791 



E. Lower tropospheric (including surface) warm advection 

(Maddox, and Doswell, 1982) 4 .  . - . . 3 , u r , I  3 ,- , i b t i L i  

> '- 
i -I 

For the above equations, u and v are the x and y cornpox respectively 

of the horizontal surface rind velocity % (with resper. to the 

1 ,  .> 2. 5 : 
! a  

Cartesian coordindte system), T is the temperature in degrees 
:, :, h 

Fahrenheit, q is the surface mixing ratio and f is the vertical 

component of earth relative vorticity near the surface. Raw wind and 

temperature data were obtained from hourly station observations. Mixing 

ratios were tained by using station dewpoints, surface elevations with 
, r  5 

respect to sea level, and skew Tllog p diagrams as described in the AWS 
I "*lT*=* 

Manual 105-124 (1969). 

The above parameters were calculated via a centered finite 

differenc'--- - - - A "  od with : 

aM AM 
- L I -  

ar - Ar 
vrhere M represents any meteorological parameter and r the length in 

meters between data points. Applying a Barnes objective analysis 

technique (Barnes, 1973) to the raw weather station data, a 2 9  by 2 9  

grid was interpolated with points 3 6  km apart. The center coordinated 

was latitude 3 9 ' ~ ~  longitude 1 0 0 ~ ~ .  1 
The weighting function which determines the influence the raw data 

has ( values c surrounding grid points was subjectively determined by 

two considerations. First, objectively analyzed data were compared to 

actual rapr 4 

location. 

rt data as measured at a weather station at the same 

hand calculations using only raw station data 

I 
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TORNADIC STORMS OF MAY 2 , 197 9 

' 1  * 1 1 .  ,& 
'4 

Strongly b a r o c l i n i c  low p res su re  systems do cause most l a r g e  s c a l e  

tornado outbreaks.  However such systems a r e  wel l  def ined  wi th  

pronounced middle and upper t ropospher ic  WA superimposed over  a  broad 

area  of marked oyclonic  flow near  the su r f ace .  Thus, c l a s s i c a l  severe 
, . I1 7 . 8  a- * 

weather f o r e c a s t i n g  procedures  a r e  gene ra l ly  succes s fu l  wi th  such R i a ! r  : 

dis turbances  ( a d d o x  and Doswell, 1982).  

More undergtanding i s  needed of severe  weather producing systems 

where t h e r e  i s  t i t t l e  dynamic suppor t  a l o f t  and weak synopt ic  f e a t u r e s  

a t  the  sur face .  A s  w i l l  be demonstrated i n  t h i s  s ec t ion ,  such an 
I ;. 

envirement can, through c e r t a i n  processes  i n  t he  lower t roposphere,  

t r i g g e r  convect jon which can become in t ense  enough t o  produce tornadoes. 

With the ekcept ion  of B l u e s t e i n  e t .  a l . ,  (1980),  l i t t l e  r e sea rch  

has been publ ished analyzing t h e  synopt ic  o r  mesoscale weather f e a t u r e s  

on t h i s  day. Various s t u d i e s  have been done on the  s a t e l l i t e  , , d  

I t 

observa t ions  of t h i s  storm system, inc luding  one by Has ler  (1981) who 
f 

used s te reographic  techniques t o  d e t e ~ i g q  s u ~ h , f e a ~ t ~ ~ ~ s , a , ~ , ~ l o q Q  
- .," - 



4.1 The P r e s  torm Environment 

4.1.1 Morning Surface and Upper A i r  Fea tures .  

The 12002 su r f ace  map f o r  t h i s  day (F igure  4.1-1) d e p i c t s  four  

d i s t i n c t  a i r  masses covering the  case s tudy reg ion .  (Pressures  a r e  

given i n  a l t i m e t e r  s e t t i n g s  s ince  these  a r e  a v a i l a b l e  f o r  a l l  s e rv i ce  A 

. I 
s t a t i o n s  whereas convent ional  p re s su re  readings  a re  no t . )  I n  west 

c e n t r a l  Texas and e a s t e r n  New Mexico i s  a  l a y e r  of warm dry con t inen ta l  

t r o p i c a l  (a) a i r  represented  by the Midland Texas (MAF) 12002 sounding 

(F igure  4.1-2). Notice t h a t  high sur face  dewponts r epo r t ed  a t  s t a t i o n s  

w i t h i n  the  CT a i r  i n d i c a t e s  i t  has  no t  mixed ou t  a t  the  boundary l aye r  

I 1 . .: I 
ye t .  

Through c e n t r a l  Kansas and i n t o  t h e  Texas panhandle, a  quasi- 
' .' I 

s t a iona ry  f r o n t  s epa ra t e s  cool  moist  c o n t i n e n t a l  p o l a r  (8) a i r  t o  t he  

no r th  from warm moist maritime t r o p i c a l  (MT) a i r  streamin From the  Gulf 

of Mexico i n t o  c e n t r a l  Texas and wes tern  Oklahoma. The 12002 sounding 

* I + * J  
- 1 1  ' 

(l?igure 4.1-3) f o r  Dodge Ci ty ,  Kansas (DDC) r e p r e s e n t s  t h e  former a i r  

r*%ss while  rawinsonde d a t a  from OKC and Stephenvi l le ,  Texas (SEP) 

c h a r a c t e r i z e  the  MT a i r  (F igu res  4.4-4.5). 

Not so  apparent ,  but  t o  prove extremely important,  i s  t he  f o u r t h  

a i r  mass over  no r theas t  Oklahoma inc luding  t h e  towns of Enid (END), 

Ponca C i ty  (PNC) and B a r t l e s v i l l e  (BVO). O r i g i n a l l y  MT a i r ,  i t  was 
. .  9 

subsequent ly made coo le r  and dryer  by e a r l y  morning thundershower 

a c t i v i t y  (which a t  12002 i s  occurr ing  a t  ENJ.)). Notice t h a t  i t  i s  s t i l l  

d i s t i n . c t l y  warmer and more moist  than  t h e  CP a i r  t o  i t s  nor th ,  while 

winds w i t h i n  i t s  s e c t o r  a r e  from a  sou the r ly  quadrant  a s  opposed t o  

n o r t h e r l y  no r th  of t he  s t a t i o n a r y  f r o n t .  There should be l i t t l e  doubt 



Figure 4.1-1. May 2, 1979 12002 surface map. Pressure is in 
altimeter settings. 1 - 

I 





Figure 4.1-3. Dodge City Kansas (DDC) sounding for 12002, May 28 
1979. I .  





Figure 4.1-5. Stephenville Texas (SEP) goonding for  12002. Parcel 
lapse rate  for  surface temperature of 80 F.  



t o  t h i s  being a  d i s t i n c t  a i r  mass d e s p i t e  no rawinsonde da ta  taken 

w i t h i n  i t  and d e s p i t e  t h e  f a c t  t h a t  t he  National  Weather Serv ice  c e n t r a l  

f o r e c a s t i n g  o f f i c e  i n  Washington, D.C. d i d  n o t  analyze a  f r o n t  f o r  i t .  

This  mesofront has  a  northwest  t o  southeas t  o r i e n t a t i o n ,  extending from 

the s t a t i o n a r y  f r o n t  through the  r eg ion  between OKC and E;ND before  

ending nea r  McAlester, OK (Ma). I 
On t h e  850 mb stream1 ine-isotherm ana lyses  (Figure 4  .l-6) t h e  most 

s i g n i f i c a n t  f e a t u r e  i s  a  low l e v e l  s o u t h e r l y  j e t  wi th  a  core  of over 40 

k t s  a t  OKC. Pronounced warm advec t ion  e x i s t s  on an a x i s  from W t o  

southwest Oklahoma while  co ld  advec t ion  i s  occurr ing  i n  southwest Kansas 

a t  DDC. The 700 mb ana lyses  d e p i c t s  wes t e r ly  winds through western 

Texas advec t ing  warmer but  cons iderably  d r i e r  a i r  i n t o  western Oklahoma 

(Figure  4  .l-7) . 
A t  500 mb, 12002 (F igu re  4.1-8) t h e r e  i s  a  weak t rough centered  

near  DDC wi th  p o s i t i v e  v o r t i c i t y  advect ion (WA) through e a s t e r n  Kansas 

and n o r t h e a s t  Oklahoma whi le  nega t ive  v o r t i c i t y  advect ion (NVA) e x i s t s  

through western Oklahoma and west c e n t r a l  Texas. The weak PVA over 

p a r t s  of no r the rn  Oklahoma i s  probably t h e  mechanism t r i g g e r i n g  morning 

convect ion there .  An examination of t h e  500 mb winds w i t h  r e s p e c t  t o  

temperature sugges ts  warm advect ion a t  t h i s  l e v e l  between Amarillo (AMA) 

and OKC. 

F i n a l l y ,  t he  300 mb a n a l y s i s  (F igure  4.1-9) shows s i g n i f i c a n t  

an t i cyc lon ic  curva ture  of t h e  wind flow over no r the rn  Texas and most of 

Oklahoma wi th  the  i s o t a c h  maximum ly ing  t o  t he  west of t he  Red River  

region.  F igure  4.1-9 a l s o  shows the p o s i t i o n  of t he  850 mb low-level 

j e t  w i th  r e spec t  t o  t he  300 mb flow fea tu re s .  



Figure 4.1-6. 12002 850 mb analyses.  Dashed l i n e s  are isotherms 
for  temperature i n  degrees C. . .. ... I I  , a t '  u . . -..- 



t:; Figure 4.1-7. 12002 700 mb analyses .  Heavy dashmu rzne del-  
0 ineates  regions where dewpoint depressions are greater than 10 C .  



Figure 4.1-8. 12002 500 mb analyses. Dashed lines are absolute 
vorticity contours. Solid lines represent constant heights. 



Figure 4.1-9. 12002 300 mb analyses showing ti\ 
the low level jet to the isotaah maximum. I L  ! 

position of 



4.1.2 Thermodynamic C h a r a c t e r i s t i c s  of the  Pre-Storm Environment 

, , ;; SI . : t;J 

What makes t h i s  p a r t i c u l a r  time and p l ace  d i f f i c u l t  f o r  a  

, v,,,as t e r  i s  t h a t  while t h e r e  may be thermodynamic p o t e n t i  a1 

i n s t a b i l i t y  i n  some areas ,  t h e r e  i s  an  absence of convent iona l ly  

I 
favorable  dynanft - o r  mechanical t r i g g e r  mechanisms. 

For exampl t o  determine the  severe  weather p o t e n t i a l  f o r  t he  
4 ., . '. fl I / X  

area,  the  Tota l  To ta l s  and Severe Weather Threat  (SWEAT) indexes a r e  
t a l i  

used (Mi l le r ,  1- .L) where: 
, , . < 

. , 
I - .  

T850 and T500 a r e  t he  850 and 500 mb temperatures ,  r e s p e c t i v e l y  ( i n  

degrees ~ e n t e g r a d e ) ,  Td i s  t h e  850 mb dewpoint depression,  F8 and F~ a r e  

t h e  r e s p e c t i v e  850 and 500 mb wind speeds i n  knots  and S i s  t h e  s ine  of 

fhe d i r e c  t2-- angle between these  winds. 

The T Tota l s  i s  an i n d i c a t o r  of low-level a i r  pa rce l  buoyancy 

(and thus thunderstorm updra f t  s t r e n g t h )  and cons iders  the excess  

temperature of a  pa rce l  l i f t e d  from 850 through 500 mb due t o  both low 

l e v e l  warmth and l a t e n t  h e a t  r e l e a s e .  A To ta l  T o t a l s  value of over  50 

i s  u sua l ly  a  s ign  t h a t  t he  airmass i s  p o t e n t i a l l y  uns tab le  enough t o  

support  severe  thunderstorms. 

The SWEAT index n o t  only t akes  i n t o  account pa rce l  buoyancy, bu t  

low t o  mid l e v e l  v e r t i c a l  wind shear  which i s  an  important  i ng red ien t  

I 



f o r  t o rnad ic  storms (Newton, 1963).  A 400 SWEAT index considered t h e  I 

th reshold  f o r  tornadoes. 

An ana lyses  of t he  1200 Z no r the rn  Texas, Kansas, and Oklahoma I 
I 

soundings i n d i c a t e  t h a t  the  MT a i r  mass i s  p o t e n t i a l l y  uns tab le  snough 

t o  al low deep convection. The OKC and SEP soundings (F igures  4.1-4,5) 

r e p r e s e n t  t h i s  a i r  mass w i th  a  mois t  l a y e r  from the su r f ace  through 850 
1 ,  I1' .  - 

mb and a  s i g n i f i c a n t  d i r e c t i o n a l  shear  between 850 and 500 mb. The 

To ta l  T o t a l s  a r e  55 and 52 while  t he  SWEAT index va lues  a r e  517 and 496 

r e s p e c t i v e l y .  F igures  4.1-4 and 4.1-5 a l s o  dep ic t  p a r c e l  l apse  r a t e s  

when they have been l i f t e d  above t h e  l e v e l  of f r e e  convection (LCL) 

assuming su r f ace  temperatures  of 80°F. Pa rce l  temperatures  a r e  

I 
p r o j e c t e d  t o  be over  6OC warmer than t h e  surrounding environment a t  500 

- - ' 

mb i n d i c a t i n g  p o t e n t i a l l y  vigorous updraf t s .  ' - 

The DDC sounding a l s o  i n d i c a t e s  the  a i r  mass i n  t h a t  s e c t o r  was 

p o t e n t i a l l y  uns t ab le  enough t o  support  deep convect ion wi th  a  Tota l  

T o t a l s  of 55. The remaining 

i n s t a b i l i t y  a s  t h e  one 's  ment 

s t a t i o n s  d i d  no t  i n d i c a t e  nea r ly  a s  much 

ioned above (Table 4 .1) .  '$  ,r 4 

i 

, .- . 

" v 

i t '  

I 



S t a b i l i t  ' ' i c e s  f o r  Se l ec t ed  S t a t i o n s  a t  12002, May 2,  1979 

I 
Tota l  

To ta l s  SWEAT 
~ o d ~ e  C i ty  5 5 2  88 

I .  > I J 

ropeka (TOP. 49 23 0  
I ,  , I  . 1 ' )  

Amarillo (AMA 4 7  2  26 
. I  

Longview (Gfifi) 4 8  3 56 
> :, I A ,I d 

Midland (RIAF) 3 8  128  

S tephenv i l l e  (SF@) 5 2 4 96 
7 C 

Oklahoma City (OKC) 

0 
5 5 517 

5 '  a .  - . . )  I , t  
* , '  ' , ,  r ,  ' " > ? I  > li., 

Other thermodynamic f a c t o r s  f avo rab le  f o r  severe  weather include 

c h a r a c t e r i s t i c s  of t he  850 mb wind. The warm moist  flow of t he  low- 

eve1 j e t  would tend t o  f u r t h e r  d e s t a b i l i z e  t he  reg ions  near  i t s  ax i s .  

I d  1 . 2  

Also, the  maxzmw .;emperatures l i e  west of the  a r e a s  of h ighes t  

dewpoints, another  element a s s o c i a t e d  wi th  a  favorable  severe  storm 

i' i . I. 

environment 1972; Moller ,  1979).  

the dryness  of t he  atmosphere would al low r e l a t i v e l y  

l a r g e  amounts of evapora t ive  cool ing causing any a i r  i n t rud ing  i n t o  an  
, -  

updra f t  t o  become nega t ive ly  buoyant and s i n k  a s  a  cool downdraft. A 

second f a c t o r  i s  t he  wind v e e r s  w i th  he igh t  through t h i s  l e v e l .  Such a  

v e r t i c a l  shear  not  only implies  warm advect ion,  bu t  i t  means t h e  

downdraft motion w i l l  be toward the s torm's  r e a r  f l a n k  allowing it t o  

converge more a i r  i n t o  t h e  updra f t  o r  genera te  new updra f t s  along i t s  
'., ti,' 

gus t  f r o n t  w i th  r e l a t i v e l y  l i t t l e  entrainment  (Baxter ,  1971). Recent 

numerical modelling experiments a l s o  show t h a t  an t i cyc lon ic  t u rn ing  of 
t . - : I  I . . I  '2 ' 1 the*'wind wi'th lgh t  f avo r s  t he  evo lu t ion  of c y e l e n i c a l l y  r o t a t i n g  

, :I - 

- ,  

* - 
7 L *' , 3, - 

1 .* . k- A - b e  ,, 

I 



storms, provided updra f t  s t r e n g t h  i s  i n t e n s e  enough (Klemp and Rotunno, 

1982). r 

4.1.3 An I n v e s t i g a t i o n  of Convective Tr igger  Mechanisms f o r  This  Day 
. , I , .  . I  

As favorab le  a s  t hese  wind, temperature,  and mois ture  f a c t o r s  mayr 

be, they cannot i n i t i a t e  convection, only support  i t  o r  enhance i t  once 

i t  has begun. What i s  needed i s  a  mechanism t o  l i f t  the p o t e n t i a l l y  

uns tab le  a i r  t o  i t s  l e v e l  of f r e e  convection, e s p e c i a l 1  i n  l i e u  of the  

I I I  ' , 8 .  

i nve r s ion  l a y e r s  i n  the MT a i r  mass. 
I, . .. , .'J , 

Large s c a l e  l i f t i n g  i s  almost always a s soc i a t ed  wi th  500 mb PVA 

because a s  s t a t e d ,  t h i s  i n d i c a t e s  upper t ropospher ic  divergence and 

compensating v e r t i c a l  motion. I n  f a c t ,  Mi l l e r ,  i n  h i s  Technical  Report 

200 (Mi l l e r ,  1972) cons ide r s  i t  t h e  most i m ~ o r t a n t  severe  weather - 
: r  : I < . f .  , I 1 , .  * I 

fo recas t ing  parameter.  But upon examination of F igures  4.1-8 and 4.1-10 

one sees  t h e r e  i s  nega t ive  v o r t i c i t y  advec t ion  over the p o t e n t i a l l y  
' I 

uns tab le  a i r  mass during t h e  morning hours  w i th  n e u t r a l  v o r t i c i t y  

advec t ion  twelve hours  l a t e r .  Furthermore, F igure  4.1-9 shows the  low- 

l e v e l  j e t  en t e r ing  t h e  forward quadrant  of t h e  300 mb j e t .  For such a  
, , r l i  T I  , I 

j e t  stream p r o f i l e ,  t he  forward l e f t  quadrant corresponds t o  upper 

t ropospher ic  convergence (and t h e r e f o r e  subsidence)  while t h e  f r o n t  

r i g h t  quadrant  has  gene ra l ly  weak, i l l -de f ined  divergenoe (Beebe and 

Bates ,  1955). Stud ie s  by Beebe and Bates  (1955) and McNulty (1978) show 

severe  weather development i s  f avo rab le  where the  low-level j e t  e n t e r s  
*. 7 ; 

t h e  r i g h t  r e a r  quadrant of an upper j e t  a x i s  wi th  an t i cyc lon ic  

curva ture ,  where divergence and upward v e r t i c a l  motion i s  a t  a  maximum. 
1 -  , 6 ,, .: >.., L 1 I. , . " . ,  .. 

There i s  no evidence of a  s h o r t  wave t rough approaching t h e  IdT a i r  

mass. Winds a c t u a l l y  v e e r  w i th  he igh t  betwen 600 and 300 mb i n d i c a t i n g  



Figure 4.1-10. 00002, May 3 ,  500 mb analyses. Dashed l i n e s  are 
absolute vortioityl contours,. 

Ib . < 

, .  5 , - 7  . , , '  '.>. s. 1 : 4 1  . .*u ' 
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warm advect ion i n s t e a d  of cool ing  normally a s soc i a t ed  wi th  a  trough. I n  

f a c t ,  a  comparison of 12002 and OOOOZ 500 mb maps show warming over OKC. 

F i n a l l y ,  l5OOZ s a t e l l i t e  imagery (F igure  4.1-11) does no t  show any comma 

clouds a s s o c i a t e d  wi th  WA (Anderson, e t  a l . ,  1969).  Therefore,  f o r  the 
I 

above reasons  WA must be r u l e d  out  a s  a  thunderstorm t r i g g e r  mechanism 

i n  t h i s  case.  
, 

" F r o n t a l  l i f t i n g  i s  another  source of v e r t i c a l  motion f o r  the  

p o t e n t i a l l y  uns tab le  a i r .  However, l i t t l e  convect ive a c t i v i t y  i s  

a s soc i a t ed  wi th  the  f r o n t  during t h e  morning and e a r l y  a f te rnoon hours  

near  the  MT a i r ,  and the  f r o n t  i t s e l f  i s  weak and d i f f u s e ,  showing 

l i t t l e  motion. . ; 
!: ..,. 

Low-level v e l o c i t y  convergence and mois ture  convergence a r e  

i n d i c a t i v e  of v e r t i c a l  motion, a t  l e a s t  i n  t h e  lower t roposphere 

(Scoggins and Wood, 1971).  By t h e  c o n t i n u i t y  equat ion,  low l e v e l  

convergence f o r c e s  upward motion s ince  the e a r t h ' s  su r f ace  prevents  t he  

atmosphere from moving downward. Convergence of moisture i s  necessary 

f o r  l a t e n t  h e a t  r e l e a s e  and l a r g e  updra f t  buoyancy. Low l e v e l  

convergence may a l s o  p lay  a  r o l e  i n  spinning up ambient v o r t i c i t y  which 

may prove a  source of mesoscale r o t a t i o n .  To l o c a t e  where and why 

convergence zones form, t h e  su r f ace  ana lyses  becomes necessary i n  t h e  

fol lowing sec t ion .  

4.2 Analys is  of t he  Sub-Svnovtic F r o n t a l  Low Pres su re  " 

Using t h e  Barnes technique and centered  f i n i t e  d i f f e r e n c i n g  

(mentioned i n  s e c t i o n  3 . 3 1 ,  f i e l d s  of r e l a t i v e  v o r t i c i t y ,  v e l o c i t y ,  

convergence, mois ture  convergence, v o r t i c i t y  product ion,  and temperature 

advec t ion  were analyzed, then p l o t t e d .  I n  F igure  4.2-1 and 4.2-2 12002 

maximum convergence and moisture convergence a r e  l oca t ed  along the  



Figure 4.1-11. 15002 s a t e l l i t e  and surface composite analyses .  
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Figure 4 . 2 1  - l2OOZ surfaoe ve loc i ty  d i s e t ~ e n c e  (rec-' X lod) . 





sur face  f r o n t  through the  Texas panhandle near  t he  c e n t e r  of t he  f r o n t a l  

low p res su re  wave. I n  F igure  4.2-3, l a r g e s t  va lues  of v o r t i c i t y  a r e  

s i m i l a r l y  loca ted  nea r  the  low center .  Temperature advect ion i s  a l s o  

r e l a t i v e l y  s t rong  here  (F igure  4.2-4) a l though i t  has  maximum values  t o  

t he  e a s t  near  OKC where warm humid MT. a i r  i s  meeting t h e  outflow 

boundary o r  mesofront. For the  most p a r t ,  then, the p o s i t i o n  of t he  

f r o n t a l  low coinc ides  w i th  s i g n i f i c a n t  zones of advection," convergence 

and v o r t i c i t y  so t h a t  any severe storm outbreak  i s  h ighly  dependent on 

i t s  ex is tence .  

F i r s t ,  i f  the  low i s  t o  deepen o r  even main ta in  i t s e l f ,  i t  must be 

a s  a  r e s u l t  of d i a b a t i c  hea t ing  and/or  warm advect ion.  No t r a c e  of t h i s  

low i s  ev ident  above 850 mb i n d i c a t i n g  i t  i s  warm cored, and i t  has 

a l ready  been shown t h a t  t h e r e  i s  no PVA a t  mid l e v e l s .  Likewise, f o r  

the  v o r t i c i t y  of t h i s  system t o  increase  o r  remain a t  a  maxim-, i t  must 

be due t o  l o c a l i z e d  zones of d i a b a t i c  hea t ing  and warm advection. 

Adiaba t ic  hea t ing  through subsidenoe i s  a  f a c t o r  which can cause low 

pressure  a r e a s  the s i z e  of t h e  SSL. Extensive ar.eas of convect ion o f t e n  

5ave compensating subsidence ahead such t h a t  t h e r e  i s  upper t ropospher ic  

warming and su r f ace  p re s su re  f a l l s  (Hoxit ,  e t  a l . ,  1976). But a s  w i l l  

be seen, t h e  a rea  of convect ive a c t i v i t y  remained very  small  compared t o  

the  a rea  of t he  SSL during the pe r iod  of l a r g e s t  p re s su re s  f a l l s  so  i t  

doesn ' t  seem p o s s i b l e  t h a t  compensating subsidence warming con t r ibu ted  

t o  the deepening of t h i s  system. NVA i s  a l s o  a s soc i a t ed  wi th  

subsidenoe. However, because of t he  mass convergence a l o f t  a s soc i a t ed  

wi th  NVA, t h e r e  is  usua l ly  s u r f a c e  p re s su re  r i s e s  (Palmen and Newton, 

1969). I n  f a c t ,  p r e s su re s  gene ra l ly  rose  i n  t h e  a rea  i n  ques t ion  

between 12002 and 15002 when mid l e v e l  NVA was superimposed over  it. 
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During t h i s  same time per iod  t h e r e  was no anomalous warming. Clinton,  

Oklahoma (CSM), which was near  t he  SSL cen te r ,  experienced a  temperature 

r i s e  of only 4OF, and a  p r e s s u r e  r i s e  of .04 inches.  The time s e c t i o n  

f o r  Lawton, Oklahoma (LTS) ( see  s e c t i o n  4.41, which was a l s o  near  t he  

SSL cen te r  r e v e a l s  t h a t  f a l l i n g  p re s su re  and r i s i n g  temperatures  

c o r r e l a t e d  wi th  c l e a r i n g  a f t e rnoon  s k i e s  w i th  r e s u l t i n g  increased  s o l a r  

r ad i a t ion .  Therefore i t  i s  improbable t h a t  f o r  t h i s  case subsidence 

warming played an  important r o l e  i n  SSL deepening. 

The 15002 s a t e l l i t e  i m a g e r r s u r f a c e  ana lyses  composite (Figure 

4.1-11) i n d i c a t e s  two important f e a t u r e s .  F i r s t ,  t h e r e  i s  a  l i n e  of 

towering cumulus clouds along the  thunderstorm outf low boundary 

southwest of Enid sugges t ing  v e r t i c a l  motion he re  caused by mesoscale 

convergence not  de t ec t ed  by weather s t a t i o n s .  Showers and thunderstorms 

cont inued t o  occur i n  t h e  r eg ion  near  END, PNC, and BVO while  an 

apparent  r i dge  of high p re s su re  co inc ides  wi th  the mesofront a s  Tulsa 

(TUL) r epor t ed  r a p i d l y  r i s i n g  p re s su res  a t  t h i s  hour fol lowing a  

thunderstorm. Second, s a t e l l i t e  imagery a l s o  r e v e a l s  broken cumulus 

clouds nea r  t he  low p res su re  c e n t e r  a s  opposed t o  mostly overcas t  s k i e s  

wi th  s t r a t u s  and s tratocumulus clouds t o  the  northwest ,  no r th ,  and e a s t  

i nd ica t ing  t h a t  t he  most uns t ab le  a i r  remained nea r  t he  zones of maximum 

convergence. 

By 18002 c e r t a i n  even t s  were occurr ing which favored 

i n t e n s i f i c a t i o n  of t h i s  low p res su re  system through l o c a l i z e d  warming. 

S a t e l l i t e - s u r f a c e  composite ana lyses  (F igure  4.2-5) shows t h e  low cen te r  

co inc id ing  wi th  a  r eg ion  of r e l a t i v e l y  c l e a r  s k i e s  between Gage (GAG) 

and Ch i ld re s s  (CDS). S t r a t i f o r m  cloud cover a l s o  i s  breaking up through 

west Texas near  Lubbock (LBB) and MAF. It i s  i n  t h i s  s e c t o r  of c l e a r i n g  



Figure 4.2 -5 ,  8002 s a t e l l i t e  and surface composite analyses .  t 





s k i e s  t h a t  s o l a r  heat ing should be s i g n i f i c a n t .  F igure  4.2-6 shows t h e  

18002 warm advec t ion  f i e l d  having maximum values  both along the dry l i n e  

j u s t  ou t s ide  of Abilene ( A B I ) ,  and i n  southwest and c e n t r a l  Oklahoma 

near t he  low center .  

Of as  muoh importance t o  t he  SSL i n t e n s i f i c a t i o n  a r e  t he  zones of 

l o c a l  cool ing caused by a combination o$ go13 advgct ion gnd evapora t ion  
1 ,  3 \ 

'; > 
of p r e c i p i t a t i o w  S a t e l l i t e  imagery shows l i t t l e  s o l a r  heat ing can  be 

expected i n  southwest Kansas and c e n t r a l  Oklahoma because s k i e s  a r e  

gene ra l ly  overcas t .  Rain was f a l l i n g  during t h e  morning a t  Dodge City . - , . 
*,- . r r  - -,2 % . '* - - 

and Garden C i ty  (GCK) which would sudges t  bvapoia t ive  cool ing.  

Meanwhile no r the r ly  winds cont inued t o  a d ~ e c f  c o l p e r - a i r  i n t o  t he  T e ~ a s  
$9' ,A . < i 

panhandle a s  the  co ld  f r o n t  moved south hf A~ a t  about 15002. Fina l ly .  

one should remember t h a t  co ld  advec t ion  was occurr ing  a t  850 mb i n  

southwest Kansas a s  wel l .  
rr? ; 

A comparison of t he  isotherm-stream1 ine sur face  a n a l y s i s  be tween 

12002 and 18002 (F igures  4.2-7 and 4.2-8) shows the  requl+.of @gse ,=- -\ -*=, - , - +- . * r -  ..*, I I 

6 2' . I 
h o r i zon ta l  v a r i a t i o n s  i n  d i f f e r e n t i a l  warming. Note t h a t  t he  warm 

s e c t o r  i s  more l o c a l i z e d  a t  18002 between Wichita F a l l s  (SPS) and LBB a s  

compared t o  s i x  hours  e a r l i e r .  S t reaml ines  a l s o  r evea l  sou the r ly  winds 

from F o r t  S i l l  (FSI) through PNC. This  flow r e s u l t s  i n  t h e  warm moist 

MT a i r  ove r r id ing  t h e  r a i n  cooled a i r  behind t h e  mesofront, t r i g g e r i n g  

continuous shower a c t i v i t y .  Thus the  mesofront i s  almost s e l f  

sus t a in ing  and he lps  confine t h e  r eg ions  of s i g n i f i c a n t  d i a b a t i c  warming 

t o  western Oklahoma and most of the  Texas panhandle. 

The s a t e l l i t e  sur face  composite a t  21002 (F igure  4.2-9) when deep 

convect ion was beginning shows t h i s  warming p a t t e r n  remains. Rain and 

thundershower a c t i v i t y  cont inued t o  occur behind t h e  outflow boundary 



:, .,Figure 4.2-6. 18002 surf ace temperature adveotion (seo-' X lo-'? 
' OF). 
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Figure 4.1-7. 12002 surface streamline-isotherm analyses. 



Figure 4.2-8. 18002 surface streamline-isotherm aki4$sdr. ' 



Figure 4 .2-9 .  21002 s a t e l l i t e  and surface composite analyses .  

' P 





near  END. The s t a t i o n a r y  f r o n t  showed l i t t l e  movement. The s a t e l l i t e  

p i c t u r e  aga in  r e v e a l s  ove rcas t  s k i e s  through e a s t e r n  Oklahoma, most of 

Kansas, and i n  the nor thern  p o r t i o n  of the  Texas panhandle. 

I n  c o n t r a s t ,  western Oklahoma and t h e  southern  t h r e e  q u a r t e r s  of 

the Texas panhandle remain r e l a t i v e l y  c l e a r ,  wi th  the  except ion of 

s c a t t e r e d  low cumulus clouds which again i n d i c a t e s  t h i s  r eg ion  i s  

r e l a t i v e l y  unstable .  The su r f ace  s t reaml ine ,  temperature,  and advec t ion  

f i e l d s  (F igures  4.2-10 and 4.2-11) cont inue  t o  show s t ronges t  co ld  a i r  

movement through southwest Kansas i n t o  the  Texas and Oklahoma panhandles 

while  maximum warm advect i o n  occurs  i n  southwest and c e n t r a l  Oklahoma. 

Warm advec t ion  along the dry  l i n e  near  ABI,  though s t i l l  s t rong ,  had 

diminished from th ree  hours  e a r l i e r .  

Surface temperature changes r e f l e c t  these  d i f f e r e n t i a l  s o l a r  

hea t ing  and advec t ion  pa t t ecps .  For example, between 12002 and 21002, 

hours  normally a s soc i a t ed  wi th  d i u r n a l  warming, DDC cooled by S°F. 

Conversely during t h e  same time period,  Clinton-Sherman, Oklahoma's 

(CSM) temperature rose  by 19°F, CDS by 21°F and SPS by 24OF. From the  

e a r l i e r  d i scuss ion ,  t h e  warm advec t ion  and d i a b a t i c  hea t ing  by r a d i a t i o n  

should r e s u l t  i n  f r o n t a l  low deeping. I n  f a c t ,  t h i s  i s  what happens, 

Notice t h a t  t he  p re s su re  tendencies  f o r  18002-21002 (F igure  4.2-12) 

shows l a r g e  f a l l s  a r e  gene ra l ly  w i t h i n  t h e  warm a i r  s e c t o r  w i t h i n  t h e  

low p res su re  d is turbance .  It i s  during t h i s  pe r iod  t h a t  mid l e v e l  NVA 

begins t o  diminish (F igure  4.1-9) while c l e a r i n g  s k i e s  could combine 

wi th  the  su r f ace  and 850 mb warm advec t ion  t o  produce an i s a l l a b o r i c  

maximum. 

The l a r g e s t  p re s su re  f a l l s  a c t u a l l y  occurred i n  e a s t e r n  New Mexico 

wi th  the  advec t ion  of warm dry  CT a i r .  ' p r e s s u r e  f a l l s  behind the  f r o n t  
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I Figure 4.2-10. 21002 surface streamline-isotherm analyses. 
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Figure 4.2-12. Surf ace pressure tendondoncies (inohor X for 
period 18002 to 21002. 
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a t  Clayton (CAO) and Dalhar t  (DHT) came about from convect ive a c t i v i t y  

t r i gge red  by upslope flow. Also dur ing  t h i s  per iod ,  p re s su re  r i s e s  were 

occurr ing where sur face  and 850 mb c o l d  advec t ion  combined wi th  r a i n f a l l  

and evapora t ion  t o  cause cool ing .  

A s  p rev ious ly  discussed,  l o c a l i z e d  warming v i a  advect ion and 

hea t ing  should be expected t o  i nc rease  the  l o c a l  v o r t i c i t y .  Indeed, 

c o m p a r i s ~ a  b e t ~ e e n  Figure  4.2-3 and F igu res  4.2-13 and 4.2 .I+, show a 

marked i 'ncrease an r e l a t i v e  v o r t i c i t y  a s s o c i a t e d  wi th  the  low a s  maximum 

v o r t i c i t y  product ion  (F igure  4.2-15 and 4.2.-16) both  a t  18 and 212 I 

occurred j u s t  south of GAG. The r eg ion  of s t r o n g e s t  v o r t i c i t y  

product ion i s  f o m d  c lose  t o  where t h e  negat ive  of t he  Laplac ians  o f c  , 
I 

'3 
advegt ion and hea t ing  (equat iqn  2 2.2) would be a t  a  maximy. 

Y,,.3 ;-- J+ .+,& t , J J;, %-.Pa-. 
t Ad+- 

> - .  .*& ---. . - -  :. - _  - .,."L .+-. - -  \ '  

Thus, the  f r o n t a l  low p r e s s u r e  system not  on ly  maintained i t s !  

ex is tence  bu t  i n t e n s i f i e d  d e s p i t e  morning NVA and n e u t r a l  v o r t i c i t y  

advect ion toward l a t e  af ternoon.  I n  t h e  next  s e c t i o n  i t  w i l l  be seen I 
how t h i s  SSL was ins t rumenta l  i n  the  development of t o rnad ic  storms. 

, . , 
, -  x a*: H' I t * *  *t $ . )' . . d 

I 
- . r  4 . 3  M e s o c ~ c l o n ~ e n e s i s  Within the  Sub-Svno~tic  L o w m ~ -  - , /-- 

4.3.1 The Co,.. ive  Tr;qger Mechanism wi th  Respect t o  t he  Sub-Synoy+A 

- 
Since mesocyclones c o n s i s t  of l a r g e  updra f t s ,  a  l i f t i n g  mechanism 

i s  r equ i r ed  t o  i n i t i a t e  deep convection. The ques t ion  of where and how I 
such a  mechanism e x i s t s  remains an important  one, e s p e c i a l l y  f o r  severe  

storm nowcaster,. Within a low p res su re  system of t h i s  type, 

thunderstorm genes is  i s  o f t e n  favored along t h e  dry  l i n e  (Rhea, 196514 

where a  wave o r  bulge i n i t i a t e s  mass convergence and v e r t i c a l  motion 

(Koch and McCarthy, 1977). However, f o r  t h i s  t o  occur a  downward ' 
I 

- - 



Figure 4.2-13. 18002 surf ace relative vorticity ' ec. X lodl . , i r. *'" 



I 
Figure 4.2-14. 21002 surf ace relative vortioity (sec-' X ld6) . 



. Figure 4.2-15. l8OOZ surface vorticity product' -7 X lo-'). 
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t r a n s p o r t  of momentum i s  u s u a l l y  r equ i r ed  (McGinley and  Sasaki ,  1975) 
I 

along wi th  s t rong  v e r t i c a l  shea r  and a  n e a r l y  dry  adiablatic l apse  r a t e .  

The llIAP soundings i n d i c a t e s  t h a t  a  favorable  shear  and l apse  r a t e  do 

e x i s t ,  bu t  from our e a r l i e r  a n a l y s i s ,  t h e r e  i s  no shor t ,wave  t rough 

I, 
passing over the dry  l i n e  t o  provide a downward momentub surge  from t h e  

west. Actual a n a l y s i s  r e v e a l s  t h a t  convergence does no]: increase  along 

the  dry l i n e  during the  a f te rnoon (F igures  4.3-1 and 4.,1:-2) while 

mois ture  convergence e x h i b i t s  a  d i s t i n c t  decrease  (Figu:lbes 4.3-3 and 
I 

4.3-4) from 12002. An i n d i c a t i o n  of a  l a c k  of momentum surge  i s  t h a t  

t he  dewpoint a t  MAF remains over  40°F u n t i l  18002 and t h e  value a t  LBB 
I 

i s  over  5OOF through 21002. Comparison of these  va lues  w i th  the  MAF 

sounding sugges ts  t h a t  l i t t l e  mixing had occurred. Thuil, though the  

atmosphere is  convect ive ly  uns t ab le  i n  c e n t r a l  Texas, i t 1  i s  u n l i k e l y  

t h a t  convergence due t o  a  d ry  l i n e  wave w i l l  t r i g g e r  thtkderstorm 

u p d r a f t s  here .  

A second a r e a  t o  d iscount  severe  weather a c t i v i t y  i s  near  DDC 

d e s p i t e  a  morning Tota l  T o t a l s  of over  50. Cloud cover,  r a i n f a l l ,  p lu s  

cq ld  advec t ion  makes i t  obvious t h i s  a i r  mass i s  s t a b i l i z i n g .  The Total  

To ta l s  a t  00002 suppor ts  t h i s  a s  i t  decreases  t o  46. Bu~rthermore, t h e r e  

i s  no t r i g g e r  mechanism i n  t h e  a r e a  t o  l i f t  an  a i r  pa rce l  t o  i t s  LFC. 
I 
I 

The convect ive t r i g g e r  mechanism f o r  t h i s  day must be a t t r i b u t e d  t o  

t h e  d i f f e r e n t i a l  hea t ing  p a t t e r n  a s s o c i a t e d  wi th  the  i n t e n s i f i c a t i o n  of 

t he  f r o n t a l  low. A t  12002 t h e r e  was only  a  p re s su re  d i f f e r e n c e  of .03 

inches  between DDC and CSM, the  l a t t e r  s t a t i o n  being c l o s e s t  t o  t he  low 

center .  By 18002, p re s su re  r i s e s  a t  DDC due t o  cool ing  and p re s su re  

f a l l s  a t  CSM due t o  warming causes  t h i s  d i f f e r e n c e  t o  increase  t o  .07 

inches.  Three h o u s  l a t e r  i t  r i s e s  to.15 inches.  This  l i f f e r e n c e  (0.3 



Figure 4.3- 1 . 18002 snrfaae vclooity diverg~noo (sea-' X 1 0 ~ ~ ) .  



Figure 4.3-2. 21002 surf aoe velocity divergenb- 



Fig re 4.3-8. 18002 surface moisture convergence (seo-I gr kg-' X 
10-5  . 



P i 8  r e  4.1,:4. +21QOZ surface moisture convergenoe (roo-' gr kp-' X 
10-6. 



t o  .15 inches)  i n  t h e  p re s su re  g rad ien t  c o n t r i b u t e s  t o  a  doubling of 

bo th  v e l o c i t y  convergence and mois ture  convergence near the  low c e n t e r  

( s ee  Table 4.2) a s  a i r  flows from high t o  low p res su re  (compare F igu res  

4.2-I!, 4.2-2 and $,3-2, 4.3-4). Indeed i t  has been found t h a t  

d i f f e r e n t i a l  s o l a r  hea t ing  alone (e.g., due t o  cloud cover ,. 31 i ~ '  

conf igu ra t ions )  can t r i g g e r  deep convect ion (Purdom 1973) even i f  marked 

warm advect ion i s  absent .  S imi l a r ly  warm advect ion can t r i g g e r  severe  

storms d e s p i t e  an absence of mid l e v e l  PVA provided the  a i r  a t  lower 

l e v e l s  i s  ,conv_ectively uns t ab le  (Maddox and Doswell, 1982) . 
Table 4.2 - , ,  . . ,.i . I  . .; . ,  . ,,.. N c :: v ., , 4 J  . 8 * > ' I  

Comparison of t he  P re s su re  Dif fe rence  (AP) i n  inches  between oJ,nr  
dg .I1 Dodge City and Cl in ton  and maximum va lues  of v e l o c i t y  and 

mois ture  convergence be tween these  s t a t i o n s  , ,.& ,: '<, 
Veloc i ty  Moisture 

Time AP Convergence Convergence 

- 4 12002 .03 50 X 10-6 sec-1 50 X X 10-6 sec-1 g r  kg-1 

18002 .07 100 X 10-6 sec-1 100 X 10-6 sec-1 g r  kg-1 ,G$ j t  

21002 .15 125 X 10'~ sec'l 100 X 10-6 sec'l g r  kg'l ' E .  ' 

Thus thunderstorm development would have t o  be most l i k e l y  i n  t h e  

reg ion  bounded by GAG, mD, and CSM w i t h i n  t h e  low p res su re  cen te r  near  

t he  inters-ect ion of t he  dry  l i n e ,  s t a t i o n a r y  f ron t ,  and thunderstorm 

outf low mesofront. This  so c a l l e d  t r i p l e  po in t  (Purdom and Weaver, 

1981) was s i m i l a r  t o  one along which the  Red River  to rnadic  storms " ' 

evolved t h r e e  weeks e a r l i e r .  I n  numerous case s t u d i e s ,  Maddox, e t  a l . ,  

(1979) found such reg ions  f avo rab le  f o r  severe  storms wi th  corresponding 

h igh  va lues  of v o r t i c i t y  and convergence near  t he  thermal boundary 'Ow 

i n t e r s e c t i o n s .  For t h i s  case  t h e  maximum va lues  of convergence and Y b ' #  

v o r t i c i t y  e x i s t  here  because of l o c a l i z e d  warming. * T i  t y t  ,,+, : 3 1 . .>> 

It should a l s o  be mentioned t h a t  t he  reg ion  near  t he  sur faoe  low 



c e n t e r  i s  s u b j e c t  t o  f r o n t o g e n e t i c a l  processes  (Palmen and Newton, 

1969).  The r e l a t i o n s h i p  of f ron togenes i s  and seve re  weather i n i t i a t i o n  

i s  descr ibed  i n  d e t a i l  f o r  t h i s  day by B lues t e in ,  e t  a l . ,  (1980). Such 

a  process  i n c r e a s e s  b a r o c l i n i c i t y  and v e r t i c a l  motion, thus giving t 
f u r t h e r  reason t o  c e n t e r  a t t e n t i o n  between QlUf CSM, and END. I i '  " +  t 

: . 1' 

4.3.2 Determining t h e  Mesocyclogenesis P o t e n t i a l  

A second nowcasting ques t ion  t o  cons ider  i s  a f t e r  convect ion i s  

i n i t i a t e d ,  w i l l  t h e  thunderstorm become severe.  As e a r l i e r  mentioned, 

the  equiva len t  ques t ion  i n  many s i t u a t i o n s  might be, w i l l  storms develop 

i n t o  s u p e r c e l l s  w i th  xnesocyclones? A method presenfpd,bore w i l l  at tempt 
11 1' " J 

> 5 . 1 ' 1 )  : 
t o  p r e d i c t  the  answer through t h e  v o r t i c i  t y  equat ion.  

The source of mesocyclone v o t i c i t y  i n  t h e  low and mid t roposphere 

has been a t t r i b u t e d  t o  both  updra f t  convergence and t i l t i n g .  Thus f o r  a 

r o t a t i n g  thunderstorm, v o r t i c i t y  product ion  can be app2oximated by 

s c a l i n g  down equat ion 2.1.1 t o  t he  form: . I . . 

'1 ' 
a w  au  - a w  a v  

Consider f i r s t  t h e  a v a i l a b l e  ambient sur face  v o r t i c i t y  (6 + f ) ,  t h e  

updra f t  can converge. From f i g u r e  4.2-14, f i s  7.5 X 10.'~ sec-l and f  

i s  8.5 X 10.'~ sec'l This  w i l l  account f o r  only t h e  i n i t i a l  value of I 
ab so lu t e  v o r t i c i t y  beneath the  updraf t .  Af t e r  t he  updra f t  i s  i n i t i a t e d ,  

i t  w i l l  t ake  a  f i n i t e  amount of time t o  a t t a i n  maximum s t r eng th .  During 

t h i s  t ime i t  w i l l  cont inue t o  converge a i r  a t  t he  boundary l a y e r  so t h a t  

5 would be w e l l  over 7.5 x sec-' w i th in  t h e  storm a t  t he  time of 

g r e a t e s t  updra f t  i n t e n s i t y .  Thus (5  + f )  a s  der ived  us ing  synopt ic  

s c a l e  d a t a  denotes  a  lower l i m i t  of ambient v o r t i c i t y  t he  updra f t  w i l l  

converge nea r  i t s  core.  



Actual convergence in the updraft core may be estimated by first:' 

assuming no horizontal density advection occurs (Barnes, 1970). Then bj 

the continuity equation. 

From the equations of motion and parcel theory which a s s ~ m e s * * * ~ l *  

adiabatic ascent: 

where ATv is the excess virtual temperature of the parcel as corn] 

with the ambient virtual temperature Tv. To approximate precipitatru~ 

drag, a factor of gq is introduced where q is the liquid mixing ratio 

for cloud water, which can be estimated by the mixing ratio profile 

throughout a cloud assuming total saturation of thg.atmosphere within 

a w  aw it. If it is assumed the updraft becomes steady state, then - = r SO 
at az 

that we have left with the relationship: . ,  +. . ,, , J L m s , ,  ( L e t A A  1 x 7 ~  

aw ATV - = g ( ~  - q). 
a :, f *r . .4 -,:. A , (4.3 - 3 )  

a 

This equation neglects entrainment, adverse perturbation pressures ajsd 

friction from ice particles so that the vertical motion predicted by it 

is often too large by a factor of 1.5 (Weaver and Safford, 1979). Thus 

'#:: ! J .  \ 

a more redistic equation for the updraft profile will be of the form 

2 ATv 
= . 6 7 g ( ~  - q). + '  

2 az 



This equation is now =$galarly applied to sevbke stoih"forecasting 

procedures in the PROFS project at Boulder, Colorado (David Reynolds, 

personal communication). 

I : For this case study, the OKC OOOOZ for May 3 (Figure 4.3-5) 

sounding is used since it is most representative of the unstable airmass 

within the region of high thunderstorm probability prior to 'ioiiection. 

The surface temperature of the sounding, however, will be assumed the 

value of 80°F which is about what the temperatures were at 21002 in the 

MT air mass in the high convergence zone. If we lift a parcel of these 

P 
characteristics to the LFC and apply Equation 4.3.4 the resultant 

vertical velocity profile is predicted as in Figure 4.3-6 (as determined 

by a computer program used by PROFS). This profile does not consider 

* 5 d L ,  . $ 
elements favorable for updraft intensification such as downdraft 

: , , .  I, < ' t  
convergence, wind shear induced dynamic effects, and subcloud 

. . ,  h 

hydrostatically induced pressure deficits. Therefore, the could 

very likely underestimate updraft strength. 

, t . i ,  Notice that the updraft is very intense up to 200 mb with values of 

6 . Since the 200 mb level is about 12060 m above the ground, 

the amount of vorticity produced near the surface through updraft 

convergence is: - -nag I(' + f) = + f) which is calculated to be 
At - , ,  - 2 ,  

-2 about 8 X lo-' sec . 
, - k S > k !  ! I  --- 

: In summary, it is found that if an updraft is triggered in the 
s - : q  I " . - :  

convectively unstable air mass within the SSL, it will be intense enough 

to produce significant amounts of vorticity near its core by converging 

the absolute vorticity already existing in the larger scale environment. 

To predict potential vorticity production from tilting in the mid- 

troposphere several assumptions must be made. First, it is assumed the 



r! 1 Pigure 4.3-5. OOOOZ May 3, 1979 OKCosounding showing parcel lapse 
rate for a surface temperature of 80 F. 



I E ~  .Figure 4.3-6. Predicted velocity profile of an updraft in western 
Oklahoma based on OOOOZ OKC sounding. 



updraft perimeter is circular with a diameter of 6 km (Brander 1978, 

Heymsfield, 1978). Second, the updraft is assumed to have an undiluted 

core with entrainment effects not extending anywhere near the center 

(Newton, 1963). Finally, it is assumed that the air feeding into the 

updraft originates from the subc-loud layer (Marwitz, 1972). Thus, 

initial tilting of horizontal vorticity by the updraft effects air 

inflowing into the thunderstorm between the surface and cloud base which 

ascends through the mid troposphere. 

Subcloud vertical wind shear can be approximated in real time by 

combining surface wind data and satellite cloud tracked wind vectors of 

low level cumulus bases. The tracking of the cloud bases prevents 

contamination of the wind vector data by vertical wind sheer within the 

cloud. Figure 4.3-7 illustrates low level cumulus wind vectors computed 

between the times 21142-21222 during the early stages of the severe 

storm complex's lifetime. Cloud bases are estimated at 1.5 lun above the 

ground based on OKC rawinsonde data and stereographic image techniques 

(Hassler, 1981). All cloud vectors exhibit a southwesterly flow with a 

direction between 185 and 225 degrees at speeds ranging from 9-15 m 

- 1 - 1 
sec .The 21002 OKC surface wind is measured at 6 m sec from 160 

degrees which means the wind continues to veer with height in 

association with warm advection and Ekman veering (Holton, 1979). Such 

vertical sheer is favorable for increasing vorticity through the tilting 

term at mid levels where: A- 

Using the mean cloud tracked wind velocity as 210°, 1 2  m sec-I and 

- 1 assuming an average maximum updraft speed of 2 0  m sec (based on 

Figure 4.3-5) with a total updraft diameter of 6 km, we have: 



- 
Figure 4 .3 -7 .  Se l ec ted  wind vectors  o f  low l e v e l  camnlus tracked 
i n  central  Oklahoma between 21142 and 21222, . 



The calculation for vorticity generation through tilting is similar 

to that for convergence in that it represents a lower limit based on the 
I :> 

environment during the earliest stages of convection. It is an attempt 

to identify features in the subsynoptic scale environment favorable for 
.' q >  f '~ 

mesocyclogenesis. As the storm intensifies flanking downdrafts and 

dynamic and hydrostatic pressure perturbations will act to increase the 

subcloud vertical sheer and the vertical velocity gradient and thus 
, - !  r t  . i 

tilting generation in the mesocyclone can become much greater especially 

in the mid troposphere (Heymsfield, 1978). It should be mentioned that 
I i 

. . ,, ,  ,;it,>'+?;- : 

the vertical sheer is non linear through the lower 1 km due to boundary 
- 2  ! I  > L . l U J  

layer effects (Holton, 1979). This factor should not change the 
2 '  , ' r q L ' S  

magnitude of the tilting term however. 

The vorticity production rates evaluated here have been found 

snfficient to account for the ciroulations observed in mesocylones 
, ; & k t .  

(Barnes, 1970, Negri, 1976, Weaver and Safford, 1979, Maddox, et. al., 

1979). Since the low level ambient vorticity. is of the order of 

the amount of time it would take an updraft to spin up to a vorticity of 
,.q-.1. 7 

low2 (which is the value associated with tornado cyclones) would be 

under an hour assming 
0, . 8 

touched down within th 

steady state conditions. In actuality, tornadoes 
< i L  ! -  .. I c c  i:,. . . 3 . I I  

e first mesocyclone about 90 minutes after 
I 8  

convection began. Thus it becomes apparent that the environment within 
9 $ 

the warm sector of the SSL was conducive to mesocyclogenesis because: 
. I 2  ' >  ' 

1. there are large values of corTVdrg6noe so to trigger an 

updraft; 



2.  the  a i r  i s  extremely convect ively uns table  meaning t h e  

updra f t s  w i l l  be in t ense  

3. t h e r e  i s  a l a r g e  amount of ambient v o r t i c i t y ;  

4. t he re  i s  low l e v e l  veer ing  wi th  he ight  a s soc ia t ed  wi th  warm 

advection and Ekman veer ing  i n  t h i s  region. 

' . ,  . . 'I ., I ' 

4.4 Remote Senuinn and Surface Observations of the  Mesoovlonss 

The 20002 surface-radar  composite analyses from the  OKC r a d a r  

(Figure 4.4-1) shows a l i g h t  rainshower nor th  of OKC was continuing t o  

maintain t h e  mesofront there.  It was between 20002 and 21002 (see  

Figure 4.4-2) t h a t  explosive convective growth occurred between END and 

GAG, i n  the  zone of high convergence near  the  t r i p l e  point .  On t he  

s a t e l l i t e  p i c t u r e  (Figure 4.4-3) shadows from the o y e r s h ~ o t i n g  top 
- , ; -  

almost coincide wi th  the  21002 thermal boundary in t e r sec t ion .  F i f t e e n  

minutes l a t e r ,  baseba l l  s i z e  h a i l  was f a l l i n g  a t  Waynoka ind ica t ing  a 

supe rce l l  storm with an extremely vigorous updraft .  In f ra red  (IR) 

temperatures (Hasler,  1981) a t  t h i s  t ime were a s  low as  -6S°F i n  t h e  

anv i l  tower which is 50F co lde r  than t h e  tropopause temperature based on 

t h e  OOOOZ OKC sounding. Thus, t h e r e  i s  evidence t h a t  mesocyclogenesis 

and a t tendent  severe weather i s  underway (Wexler, 1977 and Reynolds, 

1980). Henceforth t h i s  f i r s t  c e l l  w i l l  be r e f e r r e d  t o  a s  t h e  Lahoma 

storm. 

The 21302 OKC r a d a r  (Figure  4.4-4) d e p i c t s  another c e l l  evolving t o  
O < , T * .  !La Q L ,  

the  west which w i l l  be designated the  Orienta storm. Like the  Lahoma 

storm, t h i s  c e l l  was experiencing spec tacu la r  growth, i n  f a c t  producing 

golf  b a l l  s i z e  h a i l  a t  Moorland, OK. Curiously, radar  r e f l e c t i v i t y  

va lues  were only 30 dBz a t  t h i s  t ime while  s a t e l l i t e  p i c t n r e s  d id  not  

e x h i b i t  an overshooting top  f o r  t h i s  storm. 



Figure 4.4-1. 20002 surface  WSR-57 OKC radar composite ana ly se s .  R e f l e c t i v i t y  con- 
tours  are a t  lOdB i n t e r v a l s .  Concentric c i r c l e s  are  p l o t t e d  a t  25 mi le  i n t e r v a l s  
from OKC. 





Figure 4.4-3. 21002 satellite-surface mesoscale analyses. A designates 
tower of Lahoma storm 







But by 22002 (F igure  4.4-51, OKC r a d a r  echoes d e p i c t  bo th  storms a t  

over  50 dBZ w i t h  h e i g h t s  measured by the  radar  t o  be a t  60000 f t .  

(Storm h e i g h t s  a t t r i b u t e d  by r a d a r  a r e  gene ra l ly  h igher  than t h a t  

de t ec t ed  by s a t e l l i t e  data .  See Reynolds, 1980). F igure  4.4-6 d e p i c t s  

22122 c e l l  r e f e l c t i v i t i e s  a s  seen by NCAR CP3 Doppler r a d a r  l oca t ed  a t  

Roman Nose, OK. This  r ada r  u n i t  was no t  only c l o s e r  t o  those storms 

than  t h e  WSR-57 u n i t  a t  OKC but  had a  s h o r t e r  ( 3  cm) wavelength. Thus 

i t  was a b l e  t o  r e s o l v e  2 hooklike or  pedant echoes which the  OKC u n i t  

could not .  Such echoes have long been a s s o c i a t e d  wi th  tornadocyclones 

( F u j i t a ,  1965).  

S a t e l l i t e  imagery a t  2200 Z (F igure  4.4-7) d i s p l a y s  two 

overshooting tops  w i t h  marked a n v i l  growth. Despi te  the sudden 

development of these  storms they remain l o c a l  ized wi th  no d is turbances  

anywhere t o  the sou th  where the  a i r  was j u s t  a s  uns tab le .  I n  f a c t  the 

Or i en ta  storm, l i k e  t h e  L a h q a  storm, appears  t o  experience r a p i d  growth 

near t he  t r i p l e  poin t .  The motion of the storms a l s o  g ives  a  c lue  t o  

t h e i r  s e v e r i t y .  Both the  Lahoma and Or ien to  c e l l s  a r e  moving t o  the  

r i g h t  of t he  mid t ropospher ic  flow. Such d e v i a t e  motion has been 

a t t r i b u t e d  t o  a  r o t a t i o n  induced Magnus f o r c e  (Fuj i t a ,  1965, Heymsf i e ld ,  

1978) and propagat ion along storm induced convergence boundaries  

(Weaver, 19791, and i n  most i n s t a n c e s  i s  a s soc i a t ed  wi th  severe  

s u p e r c e l l  r o t a t i n g  storms. In  both  t h e  Lahoma and Orienta  storms i t  

appears  t h e  motion i s  d i r e c t e d  along t h e  thermal g rad ien t  near  the  

mesofront where convergence may have been enhanced due t o  both 

thunderstorm and sub-synoptic s c a l e  wind f e a t u r e s .  

F i n a l l y ,  t he  22002 ana lyses  show cond i t i ons  15 minutes p r i o r  t o  

tornado touchdowns. Stereographic ana lyses  i n d i a a t e  tower growth 
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Figure 4.4-5. 2200 surface - OKC radar composite analyses. 





Figure 4.4-7. 22002 satellite-snrface mesoanalyses. B designates tower 
of Orienta storm. 
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Figure 4.4-9. Vorticity and divergence f i e l d s  for the Lahoma tor- 
pado cyclone based on the 2258Z 2 km wind f i e l d s .  Units are ses- 



4.4-10). This agrees with observations that during the tornado phase, 

the mesocyclone is no longer just a warm updraft but a two-cell 

cyclonically rotating structure. Notice also there is anticyclonic flow 

near the rear flank downdraft indicating some sort of oatflow boundary 

may have developed here. Eight km winds (Figure 4.4-11) still show a 

marked TVS for the Lahoma storm while cylconic circulation for the 

Onienta storm is ill defined suggesting that the tornado dissipation may 

be initially indicated by a breakdown of the flow aloft. 

Finally, the upper tropospheric flow (14 km) (Figure 4.4-12) shows 

divergence of the order of seo-l indicating the updraft core is 

intense and well defined enough to act as an obstacle to the ambient 

wind. This strong divergence may also play a role in surface pressure 

falls associated with these storms. 

The formation of tornado vortices within a mesocyclone has been 

found by others to be dependent on several variables. Using a 

laboratory mechanically driven vortex simulator, Ward (1972) found that 

~crtain vortex characteristics are dependent on a parameter called 

aspect ratio (thunderstorm updraft diameterfinflow depth). Davies Jones 

(1973) reinterpreted Ward's results to show that the growth of turbulent 

tornado producing vortices within the parent mesocyclone circulation was 

ve ' 
dependent on the swirl ratio S where S r y .  V8' is the tangential wind 

W - 
speed of the air in the inflow layer at the updraft perimeter and w is 

the mean updraft speed. 

Barnes (1978b) using surface mesonet data only, found that the 

swirl ratio for a tornadocyclone was at least .2. Brandes (1978) 

obtained a minimum value of .5 using multiple Doppler derived wind 
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Figure 4.4-10. 2258 vertical motion field for 2 km elevation based on dual 
Doppler radar winds. (Coartsey of N.S.S .L. )  







f i e l d s .  From the  Doppler r a d a r  a v a i l a b l e  f o r  t h i s  p r o j e c t  i t  i s  1 
I 

p o s s i b l e  t o  e s t ima te  a swi r l  r a t i o  f o r  t he  Lahoma tornadocyclone. I 

Using t h e  22582 2 km wind f i e l d s ,  i t  is seen t h a t  the  c e n t r a l  

updra f t  per imeter ,  s i n c e  i t  i s  ova l  shaped may be considered t o  have a 

r a d i u s  no l e s s  t h a t  two k i lometers  and no g r e a t e r  than four .  A t  the  

mesocyclone updra f t  per imeter ,  i n  t h e  c i r c u l a t i o n  core  was measured 

p rev ious ly  t o  be a t  2 X sec-2. Since i t  has  been observed t h a t  

v o r t i c i t y  a s soc i a t ed  wi th  the  mesocyclone co re  i s  about t h e  same a t  2 km 

a s  i t  i s  near  t he  su r f ace  (Ray, 1976, Brandes, 1978) we can l e t  5 - 
2 km - 

k o  where g o  i s  t h e  v o r t i c i t y  of t he  inf low l a y e r  below cloud base (which 

was determined t o  be a t  1 .5 km) a t  t h e  updra f t  per imeter .  p i s  a l lows 

I 

us t o  f i n d  Vet (Barnes,  1978b) by t h e  r e l a t i o n  :% ' I 

I 

I 

vet = 
co - 1 

21r updra f t  - zkor updraft 
I -  

where Co r e f e r s  t o  t he  subcloud c i r c u l a t i o n .  From t h i s  we have V8' = 20 

- 40 mlsec f o r  2 km < r updra f t  < 4 km. 

I f  we next  examine w, Doppler observa t ions  show t h a t  i n  the updra f t  

core,  w -1 
max = 50 m s ec  a t  8 km and wma, = 30 m sec  -1 a t  2 km and 14 km. 

Taking i n t o  cons ide ra t ion  t h e  v e r t i c a l  v e l o c i t y  p r o f i l e  from Figure  

4.3-5 and the previous ly  mentioned a i r c r a f t  measurements, we may assume 

- 
W i s  between 1 5  and 20 m sec- l .  From these  va lues  1.0 < S < 2.7 which 

i s  a s s o c i a t e d  wi th  a tornadocyclone. The inc rease  i n  t h e  t a n g e n t i a l  

wind along the u p d r a f t  co re  has  been a t t r i b u t e d  t o  f l ank ing  downdrafts 

(Brandes, 1978).  Since i t  has  a l s o  been shown t h a t  t h e  maximum values  

of v o r t i c i t y  occurred i n  t h e  Lahoma tornadocyclone near  the  updraf t-  

downdraft i n t e r f a c e ,  i t  i s  specula ted  t h a t  tornadogenesis  was dependent 

on the  descent  of the  r e a r  f l a n k  downdraft f o r  t h i s  storm. 



Echo p o s i t i o n  i s  a l s o  an important  f a c t o r  i n  s u p e r c e l l  l i f e  cyc les .  

Storms which move n e a r l y  p a r a l l e l  t o  t he  low l e v e l  h e a t  and mois ture  

tongue can d e s t r u c t i v e l y  i n t e r a c t  a s  t h e  southernmost c e l l  absorbs t h e  

uns tab le  a i r  flow a t  the expense of those t o  i t s  n o r t h  (Haglund, 1969). 

ISowever, i n  t h i s  case  t h e  f i r s t  two c e l l s  could mature i n t o  tornado 

cyclones because they formed and moved perpendicular  t o  t he  low l e v e l  

a i r  flow. But i t  does appear the  Or ien ta  system's c lo se  proximity t o  

the Lahoma storm may have p a r t l y  played a r o l e  i n  an occ lus ion  of i t s  

mesoci rcu la t ion .  An examination of t he  2 km winds and v e r t i c a l  v e l o c i t y  

f i e l d s  r evea l  downdrafts e x i s t e d  along the southern and e a s t e r n  f l a n k s  

lof the  Orienta  updraf t .  CP3 r a d a r  r e f l e c t i v i t y  da t a  f o r  Okm (F igure  

4.4-13) a t  22292 r e v e a l s  the  pedant a s s o c i a t e d  wi th  the  Lahoma storm was 

about 40 km from the  r e f e l c t i v i t y  co re  of the  Or ien ta  storm. Pedants o r  

hooks have been i f e n t i f i e d  wi th  the  leading  edges of gus t  f r o n t s  

(Hagland, 19691, behind which may be cool  mesoanticyclones. I n  f a c t ,  i n  

Figure 4.4-8 one sees  t h e r e  i s  a n t i c y c l o n i c  flow corresponding t o  the 

I 
Lahoma storm's  r e a r  f l a n k  downdraft. Thus, i t  may be i n f e r r e d  t h e  

o r i e n t a t i o n  of t he  Ore in ta  and Lahoma storm downdrafts c u t  off  t he  warm 

moist uns tab le  a i r  feeding i n t o  t h e  former c e l l ' s  updraf t .  I n  

fac t , thunders torm chase teams on t h i s  day no t i ced  t h a t  outf low from the  

Lahoma storm moved i n t o  the  v i c i n i t y  of t he  Onienta c e l l ' s  upd ra f t  

(Blues te in ,  Weaver, personal  communication). 

The i n t e r a c t i o n  between these  storms cont inued t o  inf luence  sur face  

weather events  i n t o  the next  hour. The Magnus f o r c e  has  been a t t r i b u t e d  

t o  causing a r o t a t i n g  storm t o  decrease i n  speed a s  w e l l  a s  move t o  the  

r i g h t  (Heymsf i e l d ,  1978, F u j i t a ,  1965). Conversely a s  storms weaken and 

t h e i r  r o t a t i o n  breaks down they  should acce l e ra t e .  Though dual  Doppler 





d a t a  i s  no t  a v a i l a b l e  f o r  both storms be fo re  22472, echo c e n t r o i d s  f o r  

t hese  c e l l s  oould be t racked  f o r  t he  pe r iod  between 22122 and 22292 when 

both storms were to rnad ic  (The Lahoma and Orienta  tornadoes touched down 

a t  22152 and 22172 r e s p e c t i v e l y ) .  I n  t h i s  t ime per iod  both  storms had 

v e l o c i t i e s  of about 1 5  m sec-1 moving from 2850. Af t e r  22472, i t  was 

poss ib l e  t o  t r a c k  these  storms through the  motion of t h e i r  c i r c u l a t i o n  

c e n t e r s  der ived  from dual  Doppler radar .  An examination of t he  low 

l e v e l  wind f i e l d  (F igu res  4.4-14 and 4.4-15) shows t h e  c i r c u l a t i o n  of 

the  Or ien ta  mesocyclone was d e f i n i t e l y  breaking down whi le  t h a t  of t he  

Lahoma storm remained i n t a c t  even though i t s  tornado had l i f t e d  by 

22472. Correspondingly, we see i n  F igu re  4.4-16 t h a t  the  Onienta storm 

f i r s t  a c c e l l e r a t e d  and gene ra l ly  moved f a s t e r  than t h e  Lahoma storm 

between 22472 and 23142. 

Storm motion and a c c e l l e r a t i o n  has  a l s o  been a t t r i b u t e d  t o  gust  

f r o n t  fo rc ing  (Barnes,  1978b). On t h i s  p a r t i c u l r  day, a s t rong  gus t  

f r o n t  developed nea r  the  pedant of t h e  Onienta storm. F1 and F2 fo rce  

wes t e r ly  s t r a i g h t  l i n e d  winds des t royed  a t r a i l e r  home n o r t h  of Ames 

while  t r e e s ,  power l i n e s ,  and roof damage occurred between Vance AFB and 

Waukomis. Thus by 23302, t he  r a p i d l y  moving Or ien ta  storm merged wi th  

the  Lahoma c e l l  with i t ' s  gus t  f r o n t  moving t o  t he  southern  f l a n k  of t he  

Lahoma's c e l l  mesocyclone core (F igure  4.4-17). 

Gust f r o n t  i n t e r a c t i o n  between storms has  been shown t o  inc rease  

covergence and cyc lonic  wind shea r  (Weaver and Nelson, 1982).  Perhaps 

t h i s  i s  what happened during t h e  Onienta-Lahoma storm mergers because by 

23472, a t h i r d  tornado of F2 i n t e n s i t y  evolved w i t h i n  t h i s  system west 

of Marshal. Storm merger here  oould have been r e spons ib l e  f o r  t h e  
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Figure 4.4-15. 23142 2 h. Doppler wind f i e l d s .  (Courtsey of  
N.S.S.L.) 



Onienta Storm 

Lahoma storm 

Storms merge 
at about 23302 

Figure 4.4-16. Positions of Orienta and Lahoma mesocyclones with respect to 
Roman Nose. 
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r e i n t e n s i f i c a t i o n  of t h e  Lahoma mesocyclone due t o  t he  f lanking  gus t  

f r o n t  of t h e  Onienta storm. 

Not analyzed i n  t h i s  s tudy i s  t h e  presence 'of  a  t h i r d  s u p e r c e l l  

which a l s o  formed a t  t he  t r i p l e  p o i n t  a t  about 23002 (F igure  4.4-18). 

This  produced so£ t b a l l  s i z e d  h a i l  and two small tornadoes. 

Time s e c t i o n s  (F igures  4.4-19 and 4.4-20) of su r f ace  p re s su res ,  

temperatures  and dewpoints a t  FSI and END show s t a t i o n s  c l o s e s t  t o  the  

SSL's cyclone and Lahoma mesocyclone r e s p e c t i v e l y .  A t  t he  former 

s t a t i o n ,  c l e a r i n g  s k i e s  and a  cons t an t  sou the r ly  wind c o r r e l a t e  t o  

s i g n i f i c a n t  temperature r i s e s  and p re s su re  f a l l s  a f t e r  18002. A t  Enid, 

p re s su re s  f e l l  d r ama t i ca l ly  from 29.63 t o  29.47 between 22002 and 23002 

a s  t h e  Lahoma tornado d i s s i p a t e d  f i r s t  a t  the southwest edge of the  town 

(Figure  1-11. By 00002 pres su res  he re  rose  r a p i d l y  t o  29.65. Figure  

4.4-21 shows the synopt ic  wave's p re s su re  and c i r c u l a t i o n  cen te r  

remained nea r  CSM along t h e  thermal r idge .  Thus i t  i s  seen t h a t  t h e  

mesocylones were i n t e n s e  d i s t i n c t  t r a n s i e n t  f e a t u r e  w i t h i n  t h e  l a r g e r  

s c a l e  systemsthe subsynoptic  low. 

4.5 C h a r a c t e r i s t i c s  of t h e  Lahoma and Onienta Tornadoes 

To complete t h i s  s tudy,  a  d e s c r i p t i o n  of t h e  sma l l e s t  s c a l e  of 

cyclone, t he  tornado i s  presented.  L i t t l e  q u a n t i t a t i v e  d a t a  i s  

a v a i l a b l e  but  rawinsonde and photographic ana lyses  g ive  some c l u e s  a s  t o  

the o r i g i n s  of the  tornadoes low p res su re  and high v o r t i c i t y .  

The most devas t a t ing  tornado of t h e  day occurred wi th  the  Lahoma 

storm, so c a l l e d  because t h e  a s s o c i a t e d  tornado h e a v i l y  damaged the town 

of Lahoma, OK. Damage reached F4 l e v e l s  a s  farm bu i ld ings ,  a  community 

bui ld ing ,  g r a i n  e l eva to r s ,  and some mobile homes were among the  

s t r u c t u r e s  des t royed  (Alberty,  e t  a l . ,  1979) .  Tota l  c a s u a l i t i e s  from 



this tornado were: one dead, and 25 injured with millions of dollars 

worth of damage (NOAA, 1979). 

From Equation 3.4.1 the tangential wind velocity is dependent on 

the pressure gradient of the tornado. Put in another way, the wind 

intensity is proportional to the gradient of the perturbation pressure 

the disturbance imposes on the environment. 

For a rotating updraft (which is essentially what the vortex core 

is), if we consider it's entire column, we can neglect dynamic pressure 

effects due to its upward accelerations. This allows us to attribute 

the surface pressure deficit at the base of the updraft solely to 

hydrostatic effects due to the updraft core being wanner than the 

undisturbed surrounding environment. 

The pressure perturbation at the surface may be expressed by the 

relation: 

where pe is the ambient pressure before the updraft exists, p the 

pressure change within the updraft column, H is the height of the 
- 

updraft, Tve the mean virtual temperature of the air surrounding the 

n_ 
updraft column, and Tve is the mean deviation of virtual temperature of 

the tornado updraft compared to the environment (Davies Jones and 

Kessler, 1974). Using the approximate parcel equilibrium level on the 

OOOOZ OKC sounding gives (Figure 4.3-5) H = 12060 m, 

- G 
Tve=T( I+. 61q)=261°~and Tve = 6. 

If p is assumed to be 0 at the equilibrium level H, then p at the 

surface is -35 mb or -1.05 inches which is an estimate of the 

hydrostatic pressure deficit in the tornado core. A combination of 





Figure 4 .4-18.  23002 v i s i b l e  s a t e l l i t e  image. C denotes  tower of t h i r d  
s u p e r c e l l  storm which developed on t h i s  day.  





Figure 4.4-19. Time s e r i e s  f o r  Lawton, Oklahoma (LTS) . ,.< r t  jq 
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Figure 4.4-20. Time series for Enid, Oklahoma (END).  



Figure 4.4-21. May 3, OOOOZ surf ace analysis. 



Equations 2.4.1, 2.4.2, and 2.4.3 produces t h e  r e l a t i o n s h i p  -Ap = 
pvezh! 

where i s  t h e  maximum tangented v e l o c i t y  of t h e  Lahoma tornado. For 

dry  a i r ,  p i s  approximately 1 kg/m3 so  t h e  p red ic t ed  maximum tangen t i a l  

v e l o c i t y  f o r  t h i s  tornado due t o  h y d r o s t a t i c  p r e s s u r e  d e f i c i t s  i s  about 

134  mi les  pe r  hour o r  65 m sec'l. 

Observat ions of downward motion i n  a tornado v o r t e x  co re  implies  

subsidence warming which w i l l  make the  core s i g n i f i c a n t l y  warmer than a s  

would be p red ic t ed  by p a r c e l  theory. Thus, t h e  h y d r o s t a t i c  p re s su re  

d e f i c i t  would be even g r e a t e r  than the above c a l c u l a t i o n s .  Another 

f a c t o r  no t  considered i s  t h e  upper divergence which e x i s t s  near  the top 

of t h e  vortex.  This  t o o  may cause s u r f a c e  p re s su res  f a l l s  due t o  ne t  

mass export .  And f i n a l l y ,  t h e  a c t u a l  wind speed one experiences by a 

tornado should inc lude  the  e f f e c t s  of i t ' s  t r a n s l a t i o n a l  ve loc i ty .  

Thus, t h e  a c t u a l  maximum wind speeds one may experience wi th  t h e  

approaching tornado should be somewhat g r e a t e r  than 134 mi l e s  per  hour. 

I n  f a c t ,  t h e  F4 damage caused by t h e  Lahoma tornado sugges ts  i t s  t o t a l  

maximum winds were i n  the  range of 207 t o  260 mi l e s  per  hour. Obviously 

ths p a r c e l  theory method g ros s ly  o v e r s i m p l i f i e s  t h e  processes  

r e spons ib l e  f o r  the p re s su re  d e f i c i t s  experienced i n  a tornado vo r t ex  

core.  But though the  above p re s su re  d i f i c i t  c a l c u l a t i o n  of 1.05 inches 

i s  almost c e r t a i n l y  an underest imate,  i t  i s  l a r g e  when compared t o  

p re s su re  f a l l s  measured i n  synopt ic  s c a l e  e x t r a t r o p i c a l  cyclones.  

I n i t i a l  h y d r o s t a t i c  e f f e c t s  must s t i l l  be cons idered  a s  important  

f a c t o r s  c o n t r i b u t i n g  t o  a tornado's  low pressure .  

V e r t i c a l  v e l o c i t y  f i e l d s  a r e  n o t  a v a i l a b l e  f o r  the  Onienta storm 

while  i t  possessed a tornado but  motion p i c t u r e s  taken  of i t  were viewed 

by the  au tho r  and provide q u a l i t a t i v e  and q u a n t i t a t i v e  information.  



Figure  4.5-1 shows t h e  e a r l i e s t  s t a g e s  of tornadogenesis.  By observing 

the  motions w i t h i n  the  condensat ion funnel  on the  movie f i l m s  one can 

see r i s i n g  motion i n  t h e  f eede r  band under t he  wal l  c loud (Forbes, 1978) 

toward the  forward s i d e  of t he  funnel .  To t h e  western or  r e a r  p o r t i o n  

of t he  tornadocyclone, evapora t ion  on t h e  edge of the  w a l l  c loud 

demonstrates downward motion here  (Golden and P u r c e l l ,  1978).  This  

obse rva t iona l  evidence suppor ts  t h e  view t h a t  tornadoes form wi th in  tho  

updra f t  core near  the  updraf t-downdraf t i n t e r f a c e .  

I n  F igure  4.5-2 two suc t ion  v o r t i c e s  a r e  seen. The f i l m s  show 

these  v o r t i c e s  t o  be o r b i t i n g  a  common cen te r .  They subsequent ly decay 

while  new v o r t i c e s  form ahead of them i n  t h e  reg ion  where a i r  i s  

s p i r a l l i n g  upward and inward toward the  parent  c i r c u l a t i o n  center .  

F i n a l l y ,  F igu re  4.5-3 shows t h e  tornado a s  a  s t a b l e  s i n g l e  vor tex  

f ea tu re .  Again, it i s  apparent  t h a t  t h i s  tornado has  formed near  the  

updraft-downdraft t r a n s i t i o n  boundary. The lowered darkened r a in - f r ee  

clouds have long been a s s o c i a t e d  wi th  updra f t  cores  whi le  i n  t he  i 

background, t he  clouds a r e  cons iderably  l e s s  dense most l i k e l y  due t o  

t l f  i n t r u s i o n  of c o o l e r  and r e l a t i v e l y  d rye r  a i r  a s s o c i a t e d  wi th  

f l ank ing  downdrafts (Golden and P n r c e l l  1978) . For the  maj o r i t y  of i t s  

l i f e t i m e  t h i s  system d i d  c o n s i s t  of m u l t i p l e  v o r t i c e s  w i t h  ind iv idua l  

v o r t i c e s  having wind speed e s t ima te s  of 65 m sec'l and t r a n s l a t i o n a l  

speeds a s  h igh  a s  76 m sec'l (Lee, 1981).  A s  a  r e s u l t  of t h i s  broad 

d isorganized  s t r u c t u r e ,  t h e  damage p a t h  f o r  t he  Or i en t s  tornado was up 

t o  two mi les  wide, but  conta ined  l a r g e  a r e a s  w i th in  the p a t h  which were 

v i r t u a l l y  unscathed. 





Figure 4.5-1. Photograph of early stages of the Orienta tornado. 
Tornado's eastern or forward flank is to the left. 





Figure 4 . 5 - 2 .  Twin suct ion  v o r t i c e s  during e a r l y  s tages  of Orienta 
tornado. 





Figure 4 . 5 - 3 .  Orienta tornado as  a  we l l  developed s ing l e  vortex .  
(Courtesy of Dr. noward B lues t e in . )  





CHAPTER V 

DIS CUSSIC*M AND CONCLUSIONS 

Three s c a l e s  of cyc lonic  d i s tu rbances  were involved i n  a  severe 

weather outbreak i n  Oklahoma on May 2,  1979. The l a r g e s t  of these,  t he  
: , > a  1 

subsynoptic  low experienced p r e s s u r e  f a l l s  and an  inc rease  i n  
7.> , . h b . h  

c i r c u l a t i o n  d e s p i t e  morning mid l e v e l  WA and af te rnoon n e u t r a l  
:r r . 

v o r t i c i t y  advection. Sur face  and s a t e l l i t e  image ada lyses  r e v e a l s  t h i s  

dynamically weak system maintained i t s  ex i s t ence  and i n t e n s i f i e d  because .* -, 

of l o c a l i z e d  warm advec t ion  and i n f r a r e d  s o l a r  hea t ing .  Conventional 
a:.: * 

f o r e c a s t i n g  techniques may n o t  have expected t h e  SSL t o  p e r s i s t  o r  
, ". 

deepen due t o  an  absence of mid-level PVA (Pe t t e r son ,  1956; Mi l l e r ,  

1972; ~ e ~ t m e i e r ,  1974) . Thus, lower t ropospher ic  hea t ing  mechanisms 

should be given more emphasis (Maddox and Doswell, 1982).  
- , ; i  . ,., < ." q c ,  i i  - * 7 l 

Pres su re  f a l l s  from t h i s  d i f f e r e n t i a l  hea t ing  combined wi th  
, I  

pres su re  r i s e s  t o  the no r th  and northwest of t h e  SSL increased  t h e  
* " '>  

pres su re  g rad ien t  w i t h i n  t h e  low cen te r .  This  r e s u l t e d  i n  a  r i s e  of 
J I ?  J (1  

convergence and v o r t i c i t y  i n  northwest  Oklahoma which t r i g g e r e d  
\ I., ; 1 

convect ion he re  by 21002. Furthermore c e r t a i n  f a c t o r s  i n  t h e  warm 
I ,  1 -  .< r p -  , *I . , ,. r . ! ;:CtT I 

s e c t o r  of t he  SSL favored meso'cyclogenesis a f t e r  convect ion was 
p 3  

i n i t i a t e d .  This  included convect ive ly  uns t ab le  a i r ,  l a rge  ambient 

v o r t i c i t y  p a r t i a l l y  due t o  the c i r c u l a t i o n  around the  SSL cen te r  and a  

veer ing  of  wind wi th  he igh t  p a r t i a l l y  due t o  warm advection. Thus, once 

convect ion was t r i gge red ,  t h e  r e s u l t a n t  i n t e n s e  updra f t s  could converge 
% " 1 : , -  7 1 F ' . ) X " .  . I1 

the  ambient cyc lonic  v o r t i c i t y  i n  t h e  l a r g e r  s c a l e  environment p l u t  t i l t  



the  h o r i z o n t a l  vo r t ex  tubes due t o  t he  ambient wind shea r  i n t o  the  

v e r t i c a l .  The v o r t i c i t y  produced from bo th  convergence and t i l t i n g  

could s p i n  up the  updra f t  c i r c u l a t i o n  t o  mesocyclone i n t e n s i t i e s  w i t h i n  

a r e l a t i v e l y  s h o r t  time. 

The mesocyclones evolved i n t o  two-celled s t r u c t u r e s  a s  c i r c u l a t i o n  

c e n t e r s  were divided between an updra f t  and f l ank ing  downdraft. It i s  

specula ted  t h a t  t h i s  marked t h e  onse t  of the  tornadic  phase of t he  

mesoscyclones. Maximum v o r t i c i t y  f o r  t h e  Lahoma tornadocyclone i s  of 

t he  order  of 10'~ sec-l  and i t s  l a r g e s t  va lues  were measured by dual  

Doppler r ada r  a t  t he  updraft-downdraft i n t e r f a c e .  Motion p i c t u r e s  of 

the  Onienta storm i n d i c a t e  tornadogenesis  occurred wi th in  the s e c t o r  of 

t he  updra f t  immediately border ing  t h e  cool  downdraft. It i s  i n f e r r e d  

t h a t  tornadogenesis  i s  favored  i n  such  l o c a t i o n s  because of enhanced 

convergence and v o r t i c i t y .  Flanking downdrafts may a l s o  i n t e n s i f y  the  

t a n g e n t i a l  wind f i e l d  around the  mesocyclone and produce t u r b u l e n t  

v o r t i c e s  from which tornadoes may evolve. 

It i s  hoped t h a t  bo th  the  methodology and r e s u l t s  of t h i s  p r o j e c t  

w i l l  be u s e f u l  f o r  f u t u r e  nowcasting methods. As weather s e rv i ce  

o f f i c e s  a r e  p r e s e n t l y  modernizing, new r e a l  time computer products  w i l l  

become a v a i l a b l e .  For example the  McIdas system (Walsh and Whittaker,  

1980) can produce a wind f i e l d  based on cloud motion v e c t o r s  der ived  

from s a t e l l i t e  image loops. S i m i l a r l y  t h e  Prototype Regional 

Operat ional  Forecas t ing  System (PROFS) p r o j e c t  i n  Boulder, Colorado has  

access  t o  r e a l  time mesoscale weather s t a t i o n  da t a  which can be 

d isp layed  wi th  such f i e l d s  a s  s t r eaml ines  and v o r t i c i t y  w i th  r a d a r  

ove r l ays  (Reynolds and Smith, 1979). V e r t i c a l  v e l o c i t y  p r o f i l e s  der ived 

from rawinsonde da ta  p l ay  an  i n t e g r a l  p a r t  of the nowcasting procedures 



used i n  the PROFS project i n  Boulder, Colorado. A s  these products 

prol i ferate  throughout the United States ,  many of the procedures used i n  

t h i s  post-storm analyses could be used for  short range severe weather 

prediction. 
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APPENDIX A ,: * ; 3 ;  I B J  

LIST OF SYMBOLS '." '' ' ' ' . 

4 J 4 > # .  ! , ? q * ; .  , , f' I ' 

Cp Spec i f i c  h e a t  of dry  a i r  a t  cons tan t  pressure  (1004 J deg-l kg-') 

f  C o r i o l i s  parameter. 
7 ,  . 1 .  I .  I . .  

F5 Wind speed a t  500 mb. 

F8 Wind speed a t  850 mb. 
I 

Dry a d i a t i c  l apse  r a t e  wi th  r e spec t  t o  pressure .  * ,  ;hf ,  ,. 

Environmental l apse  r a t e  w i th  r e spec t  t o  pressure .  

g Acce l l e r a t ion  due t o  g rav i ty .  

h  Diaba t ic  hea t ing .  

% Horizonta l  eddy exchange c o e f f i c i e n t .  

KZ V e r t i c a l  eddy exchange c o e f f i c i e n t .  

p Atmospheric pressure .  

q Liquid mixing r a t i o .  

R Gas cons tan t  (287 J deg-l kgq1). 

S  Swirl  r a t i o .  

T  Atmospheric temperature.  

Td Dewpoint depression.  

Tv Atmospheric v i r t u a l  temperature.  

u Car t e s i an  v e l o c i t y  component i n  t h e  x d i r e c t i o n .  

Wind ve loc i ty .  

YLND Wind v e l o c i t y  a t  l e v e l  of nondivergence. 

yo Lower t ropospher ic  wind v e l o c i t y .  

lT Thermal wind v e l o c i t y .  



v ,, Surface wind v e l o c i t y .  

Vf) Tangent ial  wind speed of a  tornado vo r t ex  

Vet Tangent ia l  wind speed of tornadocyclone updra f t  

v  Ca r t e s i an  v e l o c i t y  component i n  t h e  y  d i r e c t i o n .  

w Ca r t e s i an  v e l o c i t y  component i n  t h e  z d i r e c t i o n .  

w V e r t i c a l  speed of an a i r  pu rce l  wi th  r e spec t  t o  an i s o b a r i c  

. . .  
coord ina t e  system (dp) T€ 

to V e r t i c a l  component of e a r t h  r e l a t i v e  v o r t i c i t y  i n  t h e  lower 

troposphere.  

tLND V e r t i c a l  component of e a r t h  r e l a t i v e  v o r t i c i  t y  a t  t he  l e v e l  of 

!, , , , . I *  

nondivergence . 
, '+,  , i  ' i 

tT V e r t i c a l  component of e a r t h  r e l a t i v e  v o r t i c i t y  from t h e  thermal 

wind. 

Atmospheric mass dens i ty .  

. I  I 
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APPENDIX B i* d 1 

An estimation of surface heating rate difference between clear and 

cloudy regions may be obtained by applying the first law of 

thermodynamics to data obtained from the Nimbus Satellite Earth 

Radiation Budget Scanner. Consider first a region under a cloud free 

sky in Oklahoma during the late afternoon of May 2, 1979. Average 

incident irradiance at the top of atmosphere as measured by satellite 

was 450 W m-2. Surface albedo for this region. which is composed mainly 

of grasslands may be taken to be .20. Atmospheric albedo was detected 

to also be about .20 .  Nearly 15% of this incoming radiation was 

absorbed by the mid troposphere and by water vapor. Thus of the 450 W 

- L 
m of incoming radiation. approximately (450 W m-2) (1 - .2) (1 - .2) 

(1 - .15) or 245 W m-2 struck the earth's surface. Of this. 301 or 74 W 

- 2 
m was converted to sensible heat (see Trewartha and Horn, 1980). If 

we consider the surface sensible heat flux from the ground as being 

absorbed by the lower lOOm of the earth's atmosphere and if we assume a 

hydrostatic atmosphere with no significant vertical motion occurring 

then from the first law of thermodynamics we have 

d T  - c  1 dh 
d t p CpAZd t 

- - 73. ~ w m - ~  
( 1 . 2 5 ~ ~ m - ~ )  (10042k~-'de~-~) (loom) 



= 3.8OF pe r  hour. 

For a  cloudy sky i n  t h i s  same region,  the  atmospheric albedo was 

measured t o  be .8 while the atmospheric absorb t iv i ty  i s  a t  l e a s t  .2. 

Therefore, t he  ne t  r a d i a t i o n  s t r i k i n g  t h e  e a r t h ' s  sur face  had an 

i r radianoe  of only 58 W m-2 of which 30% o r  1 7  W  XI-^ was ava i l ab le  f o r  

sens ib le  heat ing.  The r e s u l t i n g  heat ing  r a t e  f o r  a  sur face  benoath an 

overcast  sky was only .g°F p e r  hour. Thus, surface heat ing due t o  s o l a r  

r a d i a t i o n  i n  an environment wi th  c l e a r  s k i e s  was roughly four times 

f . I 1  - 
g r e a t e r  than t h a t  wi th  overcast  sk ie s .  

, I '  , '  


