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ABSTRACT 

~~ ______

GOES enhanced infrared imagery (10.5 to 12.5 im)

was used to investigate overshooting tops on cirrus

anvils for a severe weather situation that occurred on

15 Ap r i l  1976 over the Midwest. Very interesting

features of this imagery were small areas of relativel y

warm radia tive temperatures imbedded within cold

radiativ e temperature fields of large cirrus anvils.

The location of these warm spots coincided with the

radar location of tropopause penetrating tops from

intense thunderstorms . Satellite infrared film loops ,

radar observations , and radiosonde reports were used

to stud y the overshooting tops , while surface and

upper air charts were used to study the synoptic

scale features leading to convective storm development.

Models for the cloud dome of a vigorous , quasi—

stead y supercell storm are presented to explain the

warm cloud top temperatures above the strong up draf t

region observed in enhanced i n f r a r e d  i m a g e r y .  F e a t u r e s

included in the model are (1) emissivity differences

• - 
between the expandin g cirrus anvil and the cloud dome

center , (2) a mixing layer near the cloud top in which
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m o i s t  a s c e n d i n g  a i r  is d i l u t e d  with stratospher ic air , a n d

(3) a vertical temperature profile with coldes t air in the

- 

. cloud and a pronounced inversion at the cloud top.
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A B S T R A C T

GOES enhanced infrar ed imagery (10.5 to 12.5 t im)

was used to investi gate overshooting tops on cirrus

anvils for a severe weather situation that occurred on

15 A p r i l  1 9 7 6  o v e r  the Midwest. Very interesting

• fea tures of this imagery were small areas of relativel y

warm radiative temperatures imbedded within cold

radia :iv e temperature fields of large cirrus anvils.

The loca tion of these warm spots coincided with the

r a d a r  lo~~ation of tropopause penetrating tops from

intense thunderstorms. Satellite infrared film loops ,

r a d a r  o b s e r v a t ions , a nd r a d i o s o n d e  r e p o r t s w e r e  u s e d

to stud y the overshooting tops , while surface and

upper air charts were used to stud y the s y n o p t ic

scale features leading to convective storm development.

Models for the cloud dome of a vi gorous , quasi—

stead y superce ll storm are presented to exp lain the

warm cloud top temperatures above the strong up draft

• r~~qion observed in enhanced infrared imagery. Features

- 
‘ included in the model are (1) etnissivity differences

be tween the expanding cirrus anvil and the cloud dome

cen ter . (2) a m ixing layer near the cloud top in which

a,
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m o i s t  a s c e n di n g  a i r  is diluted with stratosp heric

air , and (3) a vert ical temperature profile with

coldest air in the cloud and a pronounced inversion

a t  t h e  cl oud t o p .
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C H A P T E R  I

I N T R O D U C T I O N

Infrared photograp hs from Geostationary Operational

Environmental Satellites (GOES) have provided valuable

• information about cloud heig hts and mapp ing day and ni ght

cloud fields. Hi gh , thick cirrostratus clouds can be

3 easil y distinguished from low stratus clouds with

infrared imagery while it may not always be possible

• with visible imagery alone. Life cycles of convective

activity that are initiated during the daytime and

continue after sunset can be investi gated as demonstrated

by Martin (1975). Moreover , infrared pictures can be

enhanced by chang ing the gray scale over a limited

temperature range , thereb y retaining the information

content of the data and delineating cloud features that

may otherwise remain undetected (Corbell , et al ., 1977).

This thesis investigated a case where enhanced

infrared (EIR) imagery provided uni que information about

convective penetr ation above the tropopause for a severe

weather situation over the central United States. This

situ ation was uni que because warm spots appeared over

cuntulonimbus tops in the GOES EIR imagery (Mills and• 
~~~~

I~_J :~~

- •~~~:i~~~ . •  ~~~~~~~~~~~~~~
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Astling, 1977). The warm spots corresponded to l o c a t i ons

where radar observations indicated intense convection

with tropopause penetrating tops had occurred. Generall y ,

one would expect the overshooting tops to appear as

c o l d  a r eas  in satellite infrared and enhanced infrared

i m a g e r y  b e c a u s e  of mo i s t  a d i a b a t i c  c o o l i n g  in a s c e n d i n g

convective motion .

Since GOES imagery is an important tool in severe

local storm detection and prediction , and since enhance—

3 ment of GOES data onl y became operational in early 1976 ,

this investi gation attempts to provide an explanation

• for the appearance of warm spots. Additionally,

• situations w h e r e warms spots did not occur are discussed.

P
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CHAPTER II

• S Y N O P T I C  S I T U A T I O N

On the afternoon and evening of 14 A p r i l  1976 ( L S T ) ,

severe thunderstorm activity developed over the Central

states. The synoptic weather pattern was characterized

by low level confluence in a frontal boundary with warm ,

mois t southerly f l o w  a h e a d  of the front and dry westerl y

flow behind it. Difluent , anticyclonic motion was present

in the upper levels and provided favorable conditions for

convective activity to develop within very unstable air

• near the frontal zone . In this chapter these synoptic

features will be traced from the period 0000 GMT 13 April

to 0000 GMT 16 A pril using the 700 and 200 tab charts , the

850 nib moisture field , and the Showa lter stability index.

700 N i l l i b a r  Winds and Surface Fronts

O n 0000  GMT 13 A pr i l  a s t a t i o n a r y  f r o n t  e x t e n d e d

from the Florida peninsula throug h the Gulf Coast states

to  a w a r m  f r o n t  ove r  T e x a s  as shown in  F i g .  1. T h i s

• frontal system was very weak and dissi pated on the fol—

l o v i n g  d a y s  as  a h i g h p r e s s u r e r i d ge developed over the

Great Plains states. Evolution of these features is

e v i d e n t  in Fi g s .  1 t h r o u g h 6 w h i ch s h o w  t h e  s u r f a c e

IHI 
j
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Fi gure 1 Chart of 700 tab surface for 0000 GMT 13 April
• 1 9 7 6 ;  s o l i d  lines are contours (gpm) and

d a s h e d  l i ne s  are isotherms (°C); surface
• t r o n t a l  p o s i z i o n  ar e  s u p e r i m p o s e d .
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Fi g u r e  2 C h a r t  of 700  nib surface for 0000 CMT 14 April
1976; solid lines are contours (gpin ) and

• dashed lines are isotherm s (°c ) ;  su r f a c e
• frontal pos i t i o n  is s u p e r i m p o s e d .
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F i g u r e  3 C h a r t  of 700  nib s u r f a c e  f o r  1200 GMT 14 A p r i l
1976; solid lines are contours (gpm) and
dashed lines are isotherms (°C); surface
frontal position is superimposed.
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F i g u r e  4 C h a r t  of  7 0 0  nib s u r f a c e  f o r  0000 GMT 15 Apr i l
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Fi g u r e  6 Cha r t  of 700  nib s u r f a c e  f o r  0000 GNT 16 A p r i l

1 9 7 6 ;  solid lines are contours (gpm) and
d a s h e d  l i n e s  a r e  i s o t h e r m s  ( ° C ) ;  s u r f a c e
frontal positions are superimposed.
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f r o n t a l  p o s i t i o n s  s u p e r i m p o s e d  on t h e  700 mb c h a r t s  of

hei ght and temperature fields. A low level rid ge was

well defined at 700 nib in Fi g. 2 and extended northward

from the Gulf of Mexico , across Louisiana and into the

central United States. The entire rid ge was moving east—

w a r d , as a t r o u g h ove r t h e  w e s t e r n  U . S .  and an a s s o c i a t e d

c o l d  f r o n t w ere  moving slowl y eastward across Arizona and

Utah into New Mexico and Colorado (Figs. 1 and 2). On

14 A p r i l  a s h o r t  w a v e  t r o u g h m o v e d  r a p i d l y  e a s t w a r d

a c r o s s  t h e  n o r t h e r n  G r e a t  P l a i n s  and southern Canada. By

15 April the eastward mov ng c o l d  f r o n t  w a s  located over

the Great Lakes reg ion and extended southward across the

w e s t e r n  P l a ins  t h r o u g h  e a s t e r n  C o l o r a d o  and  i n t o  e a s t e r n

New Mexico (Fig. 5). On 0000 GMT 14 April convective

ac t iv i ty developed ahead of this frontal system in the

northern P l a i n  s t a t e s .  (A more detailed ‘iscussion of

convective activity will accompany the atmosp heric

s t a b i l i t y  d i s c u s s i o n .)

W i t h i n  this peri od , the 700 nib r i d ge moved  e a s t w a rd

i n t o  t h e  M i s s i s s i pp i River Valley. Addi tionall y, as t h e

r i d g e  m o v e d  eastward low level southerly flow advected

3 moisture northward a c r o s s  t h e  C e n t r a l  s t a t e s .  On

1200 GMT 14 A p r i l , h o w e v e r , p r o n ou n c e d  w a r m  a i r  a d —

vection over Texas retarded the eastward rid ge

movement over the Gulf Coast states and this part

of the rid ge retrograded (Fig. 3). On the next day
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this system began to move eastward again. During the

period from 1200 GMT 14 April (Fig . 3) to 0000 GMT

15 A p r i l  (F i g. 4), the c o l d  f r o n t  f r o m  s o u t h w e s t  T e x a s

thro ug h the central Plains continued to move very slowl y

e a s t w a r d  s i n c e  t h e  m i d — l e v e l  f l o w  w a s  p a r a l l e l  to the

f r o n t .

In  Fi g .  4 , c o n f l u e n t  s o u t h e r l y f l o w  was  p r e s e n t o v e r

T e x a s  w h i l e  s o u t h w e s t e r ly f l o w  p r e v a i l e d  a h e a d  of  t h e

f r o n t  f u r t h e r  n o r t h .  In  a d d i t i o n  t o  b e i n g  c o n f l u e n t , t h e

7 0 0  tab flow was warm and n o w  d ry  a h e a d  of  t h e  f r o n t a l

s y s t e m  ( F i g s .  2 , 3 , 4 , a n d  5 ) .  T h i s  l o w  l e v e l  wa r m a i r

a d v e c t i o n  h e l ped  increase the instability of the air mass

o v e r  t h e  C e n t r a l  s t a t e s .

• Intense convec tive activity continued throug h

15 A p r i l .  Fi gs . 5 and 6 show the shift of the 700 tab

w i n d  f l o w  a n d  s u r f a c e  f r o n t a l  p o s i t i o n  d u r i n g  t h i s  time .

200  M i l l i b a r  W i n d s

In  t h e  u p p e r  l e v e l s  a t  0000  GMT 13 A p r i l  ( F i g .  7 ) ,

r e l a t i v e ly h i g h w i n d  s p e e d s  e x t e n d e d  a c r o s s  t h e  S o u t h e r n

and E a s t e r n  s t a t e s .  F i g s .  7 t h r o u g h 12 show the 200 nib

h e i g h t field and isotach anal y s i s . A t 0000 GMT 13 A p r i l

a n  e x t e n s i v e , e a s t w a r d  m o v i n g  r i d ge c o v e r e d  t h e  C e n t r a l

U.S . and Canada. A troug h h a d  m o v e d  i n l a n d  o v e r  the  Wes t

Coas t. Between 0000 CMT 13 A p r i l  and  0000 CMT 14 A p r i l ,

bo th the r i d ge and t r o u g h con tinued to move eastward.
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Fi g u r e  7 C h ar t  of 200  nib s u r f a c e  f o r  0000  CMI 13 A p r i l

1 9 7 6 ;  s o l i d  l i n e s  a r e  con to u r s  ( g p m )  a n d
d a s he d  l i n e s  a r e  i s o t a c h s  (>  34 ms

_ i ) .
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Fi g u r e  8 C h a r t  of 200 nib s u r f a c e  f o r  0000 GMT 14 A p r i l
• 1 9 7 6 ;  s o l i d  l i n e s  a r e  c o n t o ur s  ( g p m ) and
• d a s h e d  l i n e s  are  isotachs (> 34 ~~~~~~~
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Fi gure 9 Chart of 200 nib surface for 1200 CMI 14 April
• 1 9 7 6 ;  s o l i d  l i n e s  a r e  c o n t o u r s  ( g p m )  a n d

d a s h e d  lj n ~es a r e  i s o t a c h s  C >  34 ms 1).
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‘ F i g u r e  10 C h a r t  of  2 0 0  nib s u r f a c e  f o r  0000 CMT 15 April
1 9 7 6 ;  s o l i d  l i n e s  a r e  c o n t o u r s  ( g pn i ) a n d
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F i g u r e  11 C h a r t  of 200 mb s u r f a c e  f o r  1200 CMT 15 A p r i l
1 9 7 6 ;  s o l i d  l i n e s  a r e  c o n t o u r s  ( g p m )  and
d a s h e d  l i n e s  a r e  i s o t a c h s  (>  34 ms~~~ ) .
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Fi gure 12 Chart of 200 nib surface for 0000 GNT 16 Ap r i l
19 7 6 ;  so l i d l i n e s  are contours (gpm) and
dashed lines are iso tachs (> 34 ms 1) .
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By 0000  GMT 14 April wind speeds of 35 ms 1 h a d

m o v e d  a c r o s s  O k l a h o m a  a n d  n o r t h e r n  a n d  w e s t e r n  T e x a s , b u t

s t i l l  c o n t i n u e d  o v e r  t h e  S o u t h w e s t e r n , S o u t h e a s t e r n , and

G u l f  C o a s t  s t a t e s  as  s h o w n  in  F i g .  8 .  B e t w e e n  0 000 a n d

1200 CMT 14 A p r i l , the  a r e a  of h i gh wind speeds over  t h e

Sou thwestern states began to separate with the northern

bra n ch m o v i ng s te a d il y no r th e a s tw a r d , while the southern

b r a n c h  m o v e d  e a st w a r d  a n d  m e r g e d  w~~ch t h e  h i g h w i n d

• sn e e d s  o v e r  s o u t h e r n  T e x a s .  T h i s  r e s u l t e d  in  p r o n o u n c e d

d i f l u e n t  f l o w  ove r  t h e  a r e a  w h e r e  s e v e r e  t h u n d e r s t o r m s

s u b s e q u e n t l y d e v e l o p e d .

By 1200 GMT 14 A p r i l  (F i g .  9 ) , t h e  n o r t h e r n  b r a n c h ,

w i t h  45 ms 1 w i n d  s p e e d s  ove r  ce - i t r a l  N e w  M e x i c o , w a s

o r i e n t e d • n Q r t h e a s t — s o ut h w e s t  and e x t e n d e d  over  t h e  G r e a t

P l a i n s .  The  s o u t h e r n  b r a n c h , w i t h  55 ms 1 w i n d  s p e e d s

o v e r  s o u t h e r n  T e x a s , w a s  o r i e n t e d  e a s t — v e s t  and moved

a c r o s s  M e x i c o  and  th e  G u l f  Coas t s t a t e s.  The a r e a  of

d i f l ue n c e  c o v e r e d  ea st er n  New M e x i c o , wes te rn  and

n o r t h e r n  T e x a s , and Oklahoma .

Fi g .  10 s h o w s  t h a t  b y t h e  n e x t  d a y  the  co re  of

m a x i m u m  w i n d  speeds of the northern branch extended from

- • Me xi co a c r o s s  N e w  Mex i co , s o u t h e a s t e rn C o l o r a d o , n o r t h —

w e s t e r n  K a n s a s  i n t o  c e n t r a l  a n d  e a s t e r n  N e b r a s ) ~a a n d

n o r t h w e s t e r n  I o w a .  W i n d  s p e e d s  of  55 ms 1 m o v e d  i n t o

New M e x i c o .  In t h e  s o u t h e r n  b r a n c h , 50 m s 1 w i n d  s p e e d s

no w c o v e r e d  mos t of T e x a s .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~1
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The a r e a  of d i f l u e n c e  e x t e n d e d  f r o nt  s o u t h e a s t  of E l

• 
. P a s o , T e x a s , a c r o s s  e a s t e r n  New M e x i c o , v e s t  c e n t r a l

T e x a s  a n d  t h e  T e x a s  P a n h a n d l e , O k l a h o m a , K a n s a s , e a s t e r n

N e b r a s k a , I o w a , M i n n e s o t a , W i s c o n s i n , a n d  I l l i n o i s .  The

• s i g n i f i c a n c e  of t h i s  t y p e  of m o t i o n  f i e l d  in  s e v e r e

wea ther situations has been described by M a c D o n a l d  ( 1 9 7 7 ) .

D u r i n g  t h e  n e x t  t w e l v e  h o u r s  ( 0 0 0 0  to  1200 GMT 15

A p r i l) , t h e  c o r e  of  m a x i m u m  w i n d  s p e e d  of t h e  n o r t h e r n

b r a n c h  c o n t i n u e d  to  m o v e  n o r t h e a s t w a r d  to  the G r e a t

L a k e s , c r o s s e d  t h e  r i d ge a x i s , a n d  b e g a n  to  move s o u t h —

e a s t w a r d  i n t o  N e w  Y o r k  as  s h o w n  in  Fi g. 11. T h i s  s p e e d

c o r e  n o r t h  of t h e  d i f l u e n c e  a r e a  p r o d u c e d  n e g a t i v e  s p e e d

s h e a r  in a d d i t i o n  to  t h e  n e g a t i v e  c u r v a t u r e  over  t h e

t h u n d e r s t o r m  a r e a .  Hi g h w i n d  s p e e d s  in t h e  s o u t h e r n

b r a n c h  s h i f t e d  s o u t h w a r d  w i t h  t h e  c o r e  c e n t e r  m o v i n g  f r o m

• s o u t h  c e n t r a l  T e x a s  to  t h e  s o u t h e r n  t i p  of T e x a s .

On 1200  GMT 15 A p r i l , r i d g i n g  over eastern Canada

h a d  s e p a r a t e d  f r o m  t h e  r i d g i n g  ove r  t h e  e a s t e r n  U . S . ,  b u t

• b y 0000  GMT 16 A p r i l , t h e  U . S .  p o r t i o n  of the ridge was

building nor thward over the Great Lakes and into Canada

(Fig. 12). Hi gh wind speeds in the n or t h e r n b r a n ch h a d

diminished considerabl y and  moved  eas tw a r d  b y this time.

•

• 850 M i l l i b a r  M o i s t u r e

An o t h e r  i m p o r t a n t  s y n o p t i c  f e a t u r e  t h a t  w a s  a s s o c i —

a t e d  w i t h  t h i s  s e v e r e  w e a t h e r  c a s e  was  t h e  low l e v e l

m o i s t u r e  f i e l d .  S o ut h e r l y  f l o w  a h e a d  of t h e  t r o u g h b e g a n

__________________________________________________ -. ~~
—~~~~~ • •  • J~~~~~~~~~~~~~~~~~~~ -~~~- -~~- ‘~ -
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to advect moisture from the Gulf of Mexico into the

C e n t r a l  s t a t e s  in t h e  low l e v e l s  on 13 A p r i l  1 9 7 6 .  F i g s .

13 t o  18 s h o w  t h e  850 tab r e l a t i v e  h u m i d i t y  w i t h  c o n t o u r s

d r a w n  in  t e n  p e r c e n t  i n c r e m e n t s .  A c o mp a r i s o n  of F i g s .  1

a n d  13 i n d i c a t e s  t h e  m o i s t u r e  a d v e c t i o n  on 13 A p r i l  0000

GMT . At this time moist air was present up to 500 nib

ov e r  p a r t s  of T e x a s  and  O k l a h o m a , b u t  du r ing  t h e  n e x t

t w e n t y — f o u r  h o u r s  t h e  m i d — l e v e l  m o i s t u r e  a d v e c t e d  e a s t —

w a r d  and  was  r e p l a c e d  b y dry air from the west (relative

• 
• 

3 
h u m i d i t i e s  l e s s  t h a n  10 p e r c e n t)  a t  t h e  700 a n d  500 nib

l e v e l s .

M o i s t  a i r  a t  850 mb , w h i c h  h a d  b e e n  in  w e s t e r n  T e x a s

a t  0000  GMT 13 A p r i l  a n d  m o v e d  i n t o  t h e  T e x a s  P a n h a n d l e

b y 1200 GMT 13 A p r i l , w a s  r e p l a c e d  w i t h  d r y  a i r  b y 0000

GMT 14 A p r i l  (F i g .  1 4) .  B e t w e e n  0000 a n d  1200  GM T 14

A p r i l  a s l i g h t  p r e s s u r e  i n c r e a s e  a c r o s s  T e x a s , c o u p l e d

w i t h  a w e a k e n i n g  in  t h e  p r e s s u r e  g r a d i e n t  o v e r  New M e x i c o

b e h i n d  t h e  f r o n t , i n c r e a s e d  t h e  l o w  l e v e l  m o i s t u r e  a d v e c —

• t i o n  o v e r  w e s t e r n  T e x a s  (F i g .  1 5) .

S u r f a c e  t e m p e r a t u r e s  a n d  dew points also increased

a h e a d  of t h e  f r o n t a l  s y s t e m  p r i o r  t o  t h e  o u t b r~~ak of c o n —

• • 
• v e c t i v e  a c t i v i t y .  B y 1800 GMT 14 A p r i l  s u r f a c e  t e m p e r a —

t u r e s  a l o n g  a n d  a h e a d  of t h e  f r o n t  in  t h e  a r e a  of i n t e n s e

t h u n d e r s t o r m s , f r o m  s o ut h w e s ’~~ rn  T e x a s  to  n o r t h w e s t e r n

Iowa , w e r e  in  the  h i gh 70’s to low 80 ’ s. These tempera—

• t u r e s  a v e r a g e d  10°F w a r m e r  o v e r  T e x a s , O k l a h o m a , and

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~•-~~- --- T
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K a n s a s , and  5°F w a r m e r  o v e r  e a s t e r n  N e b r a s k a  and  Iowa

t h a n  in t h e  p r e v i o u s  t w e n t y — f o u r  h o u r s .  The  s u r f a c e  d e w

p o i n t  t e m p e r a t u r e s  were essentially the same over Texas

a n d  O k l a h o m a  f o r  b o t h  1800 GMT r e p o r t s , 5°F wa r me r over

• K a n s a s  and  eas t e r n  N e b r a s k a , a n d  100 t o  15 °F w a r m e r  o v e r

I o w a . The d e w  p o i n t  t e mp e r a t u r e s  d e c r e a s e d  r a p i d l y

a c r o s s  t h e  f r o n t  a n d  i n d i c a t e d  t h e  presence of a strong

m o i s t u r e  g r a d i e n t .  The  w i n d  f l o w  a h e a d  of t h i s  g r a d i e n t

w a s  m o i s t and  sou th e r l y; behind the gradient flow was dry

a n d  s o u t h w e s t e r ly .  T h i s  g r a d i e n t  e x t e n d e d  t h r o u g h a d e e p

layer and is dep ic t ed a t 850 nib in  Fi g s .  15 , 16 , and 17.

By 0000 GMT 15 April the 850 nib moisture field de-

c r e a s e d  o v e r  wes t ern  Texas , eas tern Kansas , and  eas t e r n

N e b r a s k a  a f t e r  t h u n d e r s t o r m  a c t i v i t y  d e v e l o p e d  t h r o u g h o u t

t h e s e  a r e a s .  Mo re low l e v e l  m o i s t u r e  a d v e c t e d  i n t o  eas t -

e r n  Iowa , I l l i n o i s , a n d  Wisconsin (Fig . 16) and  p r o v i d e d

the moisture source for the thunderstorm activity which

moved in to southeastern Minnesota and southern Wisconsin

dur ing  th~ n e x t  t w e l v e  h o u r s  f r o m  N e b r a s k a , Kansas , and

Iowa .

M o i s t u r e  r e t u r n e d  to w e s t e r n  T e x a s  b y 1200 GMT 15

• • A p r i l  ( F i g .  17)  and to  t h e  C e n t r a l  P l a i n s  s t a t e s  b y 0000

• CMT 16 A p r i l  (F i g .  18) as low l e v e l  s o u t h e r l y f l o w  mo v ed

f r o m  t h e  G u l f  of  M e x i c o  i n t o  t h e  C e n t r a l  s t a t e s  t h r o u g h

• t h i s  p e r i o d .

I
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• A t m o s p h e r i c  S t a b i l i t y

Fi g s .  19 t h r o u g h 24 s h o w  t h e  S h o w a l t e r  s t a b i l it ~’

i n d e x  w i t h  c o n t o u r s  d r a w n  e v e r y  t w o  u n i t s .  F i g .  19 dis-

p lays the val ues for 0000 GMT 13 April. As of 0035 CMT

13 Ap r i l , t h e  r a d a r  s u m m a r y  i n d i c a t e d  t h a t  r a i n  s h o w e r s

a n d  t h u n d e r s t o r m s  w e r e  o c c u r r i n g  in  e a s t e r n  C o l o r a d o , New

M e x i c o , T e x a s , O k l a h o m a , a n d  K a n s a s .  T h i s  a c t i v i t y  in i -

t i a l ly i n c r e a s e d  on 13 A p r i l , b u t  b y 1535 GMT a l l  a c t i v -

i t y  h a d  m o v e d  o u t  of t h e s e  a r e a s .

G e n e r a l l y ,  t h e  d e g r e e  of a t m o s p h e r i c  s t a b i l i t y  d e —

• c r e a s e d  b y 2 t o  4 u n i t s  o v e r  t h e  C e n t r a l  s t a t e s  f r o m  0000

GMT 13 Ap r i l  t o  0000 GMT 14 A p r i l  (F i g .  2 0 ) .  B e t w e e n

0000  GMT and 1200 GMT (F i g .  21)  14 Ap r i l  t h e  s t a b i l i t y

d e c r e a s e d  s i g n i f i c a n t ly over  w e s t e r n  T e x a s  (4  u n i t s)

w h i l e  t h e  r e g i o n  of i n s t a b i l i t y  o v e r  t h e  C e n t r a l  P l a i n

- • 
s t a t e s  m o v e d  e a s t w a r d  w i t h  t h e  f r o n t .  D u r i n g  t h i s  l a t t e r

p e r i o d  s h o w e r s  a n d  t h u n d e r s t o r m s  d e v e l o p e d  ove r  t h e

n o r t h e r n  P l a i n s  a n d  m o v e d  a c r o s s  M i n n e s o t a  and  i n t o

n o r t h e r n  W i s c o n s i n .

F r o m  1200 GMT 14 A p r i l  to  0000  C-MT 15 Ap r i l  (F i g .

2 2 )  i n s t a b i l i t y  s h i f t e d  e a s t w a r d  i n t o  c e n t r a l  T e x a s  a n d

c e n t r a l  O k l a h o m a  a n d  i n t o  e a s t e r n  Iowa , W i s c o n s i n , a n d

I l l i n o i s .

No t h u n d e r s t o r m  a c t i v i t y  w a s  r e p o r t e d  in t h e  c e n t r a l

a n d  s o u t h e r n  P l a i n s  s t a t e s  f r o m  1535 GMT 13 A p r i l  u n t i l

1735 GMT 14 A p r i l  w h e n  a s i n g l e  c e l l  w i t h  a t o p  of

I.. 
~ 
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25 ,000 f t  w a s  o b s e r v e d  o v e r  s o u t h w e s t e r n  T e x a s .  B y 1835

GMT a n o t h e r  n e w  c e l l  w a s  r e p o r t e d  in  t h e  s o u t h e a s t e r n

c o r n e r  of t h e  T e x a s  P a n h a n d l e .  A d d i t i o n a l  c e l l s  b e g a n

d e v e l o p i n g  o v e r  N e w  M e x i c o .  At  t h e  1935 GMT r a d a r  sum -

m a r y ,  t h e  c e l l  o v e r  t h e  T e x a s  P a n h a n d l e  d i s s i p a t e d , w h i l e

m a n y  c e l l s  f o r m e d  f r o m  E l  P a s o , T e x a s , n o r t h w a r d  o v e r  t h e

eas tern mountains of New Mexico. During these two hours ,

-

• 
the o r i g inal cell sl owly intensified and moved northward

to  e x t r e m e  s o u t h e a s t e r n  N e w  M e x i c o .  No o t h e r  a c t i v i ty

3 w a s  r e p o r t e d  in  t h e  s o u t h  c e n t r a l  P l a i n s ;  h o w e v e r , d u r i ng

t h e  n e x t  hour activit y rapidly d e v e l o p e d  ea s t of the  c o l d

f r o n t  a l o n g  t h e  l o w  l e v e l  moisture gradient. By 2 0 3 5  GM T ,

t h u n d e r s t o r m s  w i t h  t o p s  of  40 , 000 f t  w e r e  r e p o r t e d  o v e r

c e n t r a l  K a n s a s  a n d  s o u t h  c e n t r a l  N e b r a s k a . T h u n d e r s to r m s

w i t h  t o p s  t o  42 , 000 ft were reported over extreme south—

eas t N e w  M e x i c o  and  w e s t e r n  T e x a s .  By 0035  GM T 15 A p r i l ,

l i n e s  of ac t i v i ty ex t e n d e d  f r om nor th e a s t e rn N e b r a s k a  t o

s o u t h  c e n t r a l  Kansas and from the Texas Panhandle south-

• w a r d  t o  t h e  R i o  G r a n d e  R i v e r .  T o r n a d o e s  a n d  2 t o  4 i n c h

d i a m e t e r  h a i l  we r e r e p o r t ed in T e x a s , K a n s a s , and  N e b r a s k a

n e a r  0035 GM T . D u r i ng  t h e  n e x t  n i n e  h o u r s  h a i l , torna—

-
• - d o e s , a n d / o r  damag ing winds continued to be reported in

these s t a t e s  a n d  a l s o  I o w a  a n d  W i s c o n s i n .

• Th understorm tops in excess of 50,000 ft were re—

ported in all states affected by the severe weather. In

several extreme cases , convective tops penetrated the
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t r o p o p a u s e  b y 15 , 000 f t .  S e v e r a l  s t o r m s  a n d  t h e i r  t r o p o —

• 
- p a u s e  p e n e t r a t i n g  t o p s  w i l l  be d i s c u s s e d  in  m o r e  d e t a i l

• i n  t h e  n e x t  c h a p t e r .

l u s t a bi l i t y  a re a s  s h i f t e d  t o  s o u t h w e s t e r n  T e x a s  be-

tw e e n  0000 GMT 15 A p r i l  ( F i g .  2 2 )  a n d  1200 GM T (F i g .  2 3 )

- a n d  reappeared over Iowa and Minnesota b y 0000 CMT 16

A p r i l  (F i g .  2 4 ) .  I n t e n s e  c o n v e c t i v e  a c t i v i t y  c o n t i n ue d

t h r o u g h o u t  t h i s  t i m e  p e r i o d .  A t  2335  GMT 15 A p r i l  t h u n —

d e r s t o ri n s w e r e  r e p o r t e d  a c r o s s  w e s t e r n  T e x a s , w e s t e r n

O k l a h o m a , c e n t r a l  K a n s a s , e a s t  c e n t r a l  N e b r a s k a ,

M i n n e s o t a , N o r t h  a n d  S o u t h  D a k o t a , a n d  M i c h i g a n .

~ 

ii~ _ _  _ _



C H A P T E R  I I I

• S A T E L L I T E  AND S A T E L L I T E  IMAGERY

S a t e l l i t e

S a t e l l i t e  i m a g e r y  u s e d  in  t h i s  r e s e a r c h  was  t a k e n

by the Geos ta t i o n a r y  Opera tional Environmental Satellite

( G O E S )  Sys tem. The GOES was in a circular orbit with an

a l t i t u d e  of  35 , 800 km . The s p a c e c r a f t  was  c o n t r o l l e d

f o r  p r o p e r  earth imaging by an a tt i tu de con t r o l  sys t em

in which the sp in ra te was 100 revolutions per minute.

An onboard Visible and Infrared Sp in Scan Radiome ter

( V I S S R )  p r o v i d e d  visual images (0.55 to 0.70 pm band) at

0 .8 km (0 .43 tim ) r e s o l u t i o n  a n d  i n f r a r e d  i m a g e s  ( 1 0 . 5

• to 12.5 pm) at 8 km (4.3 tim) resolution. In a n o r m a l

scan mode the radiometer scanned from west to east

across the earth and provided a full disk image covering

nearl y one—half of the earth ’s surface. A full disk

image was produced every 30 minutes. Special sectors ,

called floa ting sectors , were produced to meet specific

r e q u i r e m e n t s  such as monitoring severe weather and other

rapidl y changing meteorolog ical situations. Floating

sector images were transmitted more frequentl y since

they covered a smaller geograp hical area and required

Ill —i ~~~~ T:~::~:=- 7
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l e s s  s c a n n i n g  and  processing time . Hence , i t was possi-

ble to obtain satellite imagery of thunderstorms and other

s m a l l  s c a l e  c o n v e c t i v e  s y s t em s  t h a t  w e r e  o f t e n  n o t  re-

solved by conventional meteorolog ical observations.

Infrared (IR) imagery w a s  e n h a n c e d  f o r  emp h a s i s o f

s p e c i f i c  f e a t u r e s  in t h e  i m a g e r y .  The  d i g i t a l  r a d i a n c e

measuremen ts from the satellite were converted to equiva-

l e n t  b l ack  bod y t empe r a t u r e s ;  t h e n  t h e s e  t e m p e r a t u r e s

w e r e  t r a n s f e r r e d  to  d i g i t a l  c o u n t  v a l u e s .  Cou n t  v a l u e s

were eq uated to particular gray shades for television

a n d  p ho to g r a p hic disp lay purposes. For an IR image , or

a nonenhanced image , a linear rela tionshi, existed

b e t w e e n  c o u n t  v a l u e  an d  g r a y  s h a d e .  The t e m p e r a t u r e s

d i s p l a y e d  in t h e  i m a g e  change from black shade for the

- 
, w a r m e s t  t e m p e r a t u r e s , t h r o u g h g r a y ,  to w h i t e f o r  the

• c o l d e s t .  By altering this linear relationshi p ,  the

infrared may be e n h a n c e d  ( e n h a n c e d  i n f r a r e d , E I R )  t o

increase the con trast between a particular temperature

• r a n g e  a n d  t h e  s u r r o u n d i n g  temperature field. This al-

teration was accomplished in two different ways: steep

l i n e a r  e n h a n c e m e n t  and “ s t e p  f u n c t i o n ” e n h a n c e m e n t .

S teep linear enhancemen t disp lays a small coun t value

range , or tempera tu r e  r ange , across the gray shades

wh i le “ s t e p  f u n c t ion ” e n h a n c e m e n t d i s p lays a small

temperature range at the same gray shade. The steep
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:• l i n e a r  t e c h n i q u e  p r o v i d e s  e x c e l l e n t  d e t a i l  in t h e  d a t a .

The  ‘ s t e p  f u n c t i o n ” t e c h n i q u e  p r o v i d e s  c o n t o u r i n g  in a

d i s p l a y  t h u s  m a k i n g  d e e p  v e r t i c a l l y s t r u c t u r e d  c l o u d

a r e a s  o b v i o u s .

S a t e l l i t e  i m a g e r y  in t h i s  i n v e s t i g a t i o n was  e n h a n c e d

a c c o r d i n g  to  T a b l e  1 a n d  c o r r e s p o n d e d  t o  t h e  e n h a n c em e n t

curve illustrated in Fi g. 2 5 .  S e g m e n t  4 t h r o u g h 7 a r e

“ s t e p  f u n c t i o n s ” w h i c h  d e l i n e a t e  t h e  v e r t i c a l  s t r u ct u r e

in  c o n v e c t i v e  s t o r m s . Se g m e n t  8 is a s t e e p  l i n e a r

e n h a n c e m e n t , of t e m p e r a t u r e s  — 6 2 ° C  to  — 80 ° C , w h i c h

p r o v i d e s  d e t a i l e d  i n f o r m a t i o n  a b o u t  t h e  t e m p e r a t u r e  o f

t h e  s t o r m  t o p s .  S e g m e n t s  2 a n d  3 g ive  d e f i n i t i o n  to

low and  m i d d l e  c l o u d s .

S a t e l l i t e  I m a g e r y  -

In  t h i s  t h e s i s , f l o a t i n g  s e c t o r  GOES E I R  a n d  IR

i m a g e r y  of  a s e v e r e  w e at h e r  o u t b r e a k  over  the  C e n t r a l

U n i t e d  S t a t e s  on 15 Ap r i l  1976  w a s  s t u d i e d .  The E I R

i m a g e r y  c o v e r e d  t h e  t i m e  p e r i o d  f r o m  0018 GMT to  0947  GM T

• w i t h  i m a g e s  o b t a i n e d  a t  a p p r o x i m a t e l y  15 m i n u t e  i n t e r v a l s .

Fi g .  26 shows  t h e  E I R  image  f or  0 7 3 2  GMT . S e g m e n t s  of

t h e  e n h a n c e m e n t  c u r v e  ( F ig .  2 5 )  can be f o l l o w e d  f r o m

d a r k  g r a y  ( l o w e r  s e g m e n t  2 )  ove r  n o r t h e r n  M i s s i s si p p i  t o

b l a c k  ( s e g m e n t  7 )  d u e  w e s t  ove r  c e n t r a l  O k l a h o m a . T h i s

b l a c k  s h a d e  o u t l i n e d  an e l o n g a t e d  a r e a  of c o n v e c t i v e

a c t i v i t y  w h i c h  s t r e t c h e d  f r o m  n o r t h e r n  T e x a s  to  Lake
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F i g u r e  25  MB e n h a n c e m e n t  c u r v e  f o r  GOES i n f r a r e d  d a t a ;
a b s i c i s s a  is r a d i a t i v e  - t e m p e r a t u r e  in °C and

. o r d i n a t e  is t h e  image  g r a y  s c a l e .

TABLE 1

R e l a t i o n s h i p b e t w e en r a d i a t i v e  t e m p e r a t u r e  and g r a y
s h a d e in MB t y p e  of e n h a n c e m e n t  f o r  GOES im a g e r y

• 
in t h e  10 .5  to  1 2 .5  pm reg ion

S e g m e n t  T em p e r a t u r e  G r ay  S h a d e
N u m b e r

• • 1 > 2 8 °  b l a c k
2 28° t o  7 0 d a r k  g r a y
3 7° to  _ 3 l 0  m e d i u m  g r a y
4 — 3 10  to  _ 4 l 0 m e d i u m  g r a y
5 — 4 10  t o  — 5 2 ° l i g h t  g r a y
6 — 5 2 °  to  — 5 8 °  da r k g r a y
7 — 5 8 °  t o  — 6 2 ° b l a c k
8 — 6 2° t o  — 8 0 ° b l a c k  to  w h it e
9 < _ 8 0 0 w h i t e

1 
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M i c h i g a n .  T h i s  p a t t e r n  c o i n c i d e d  w i t h  p r e c i p i t a t i o n

e c h o e s  s h o w n  in t h e  r a d a r  s u m m a r y  f o r  0 7 3 5  GMT (F i g .  2 7 ) .

The c i r c u l a r  s h a p e d  w h i t e  a r e a s  w i t h i n  t h e  p r e c i p i t a t i o n

r e g ion  c o r r e s p o n d e d  t o  t h e  u p p e r  p o r t i o n  of  s e g m e n t  8 or

s e g m e n t  9 a n d  d e p i c t e d  t h e  c o l d  r a d i a t i v e  t e m p e r a t u r e s

of the c o n v e c t i v e  storm t o p s .

Temperature infor mation disp l a y e d  b y the segment 8

e n h a n c e m e n t  w a s  p a r t i c u l a r i l y  i n t e r e s t i n g ,  f o r  i m b e d d e d

w i t h i n  t h e s e  c i r c u l ar  w h i t e  a r e a s  w e r e  g r a y  s p o t s  wh i ch

r e p r e s e n t e d  w a r m e r  r a d i a t i v e  t e m p e r a t u r e s  in t h e  s e g m e n t

8 t e mp e r a t u r e  r a n g e .  F u r t h e r m o r e , a c o m p a r i s o n  of  t h e

E I R  i m a g e  a n d  r a d a r  s u m m a r y  showed  t h e s e  w a r m  s p o t s  w e r e

r e l a t e d  t o  v e r y  h i g h r a d a r  e c h o  t o p s .  The  h i g h e c h o  t o p s

h a v e  b e e n  d e n o t e d  in  Fi g s .  26 a n d  2 7 - b y~ p o i n t s  A ( t w o

e c h o  t o p s  of 49 , 000 ft , 1 4 . 9  k m ) , B ( e c h o  t o p  of

44 , 000 f t , 1 3 . 4  kin ) , a n d  C ( e c h o  t o p  of 50 , 000 f t ,

1 5 . 2  k m ) .

Fi g .  28 s h o w s  t h e  EI R i m a g e  f o r  0 5 3 2  GMT a n d  F i g .  29

• shows ~~~ r a d a r  s u m m a r y  f o r  0535  GM T . A r a d a r  e c h o  of

54 , 000 f t  ( 1 6 . 5  k i n )  in e x t r e m e  e a s t e r n  N e b r a s k a  coin-

cided with a warm spo t on the Nebraska—Iowa border. A

50 , 000 f t  ( 1 5 . 2  k i n )  r a d a r  t o p  was  r e p o r t e d  ove r  c e n t r a l

Iow a and  w a s  r e l a t e d  to a w a r m  s p o t .  A l s o  r a d a r  e c h o

t o p s  of 54 , 000 f t  ( 1 6 . 5  kin ) a n d  57 , 000 f t  ( 1 7 . 4  k in )  r e —

p o r t e d  o v e r  s o u t h w e s t e r n  W i s c o n s i n  c o i n c i d e d  w i t h  an

i n f r a r e d  r a d i a t i v e  t e m p e r a t u r e  warm s p o t .

_ _ _  - 

-
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Fi gu r e  2~ ~CES NB enhanced infrared im age of Iowa—
W is con sin area for 0522 GMT 15 April 1976.
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for 0535 GMT 15 Ap ril 1976.
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Fi g .  30 s h o w s  t h e  E I R  i m a g e  f o r  0632  GMT a n d  F i g .

31 s h o w s  t h e  r a d a r  s u m m a r y  f o r  0635  CMT . W a r m  s p o t s

a p p e a r e d  o v e r  e a s t e r n  Iowa a n d  c e n t r a l  W i s c o n s i n .  A

48 , 000 f t  ( 1 4 . 6  k in )  a n d  54 , 000 f t  ( 1 6 . 5  k in )  r a d a r  t o p

w e r e  r e p o r t e d  over  c e n t r a l  W i s c o n s i n , b u t  no h i gh e c h o

t o p  w a s  r e p o r t e d  ove r  e a s t e r n  I o w a .

S i m i l a r  f e a t u r e s  w e r e  f o u n d  on a l l  3 3 E I R  im a g e s

f r o m  15 Ap r i l  0118 GMT t o  15 A p r i l  0945  GMT . A l t h o u g h

r a d a r d a t a  was  n o t  a v a i l a b l e  a t  a l l  image  t i m e s , r e g u l a r

r a d a r  o b s e r v a t i o n s  a t  35 m i n u t e s  p a s t  t he  h o u r  p l u s

o c c a s i o n a l  s p e c i a l  r e p o r t s  on t h e  h o u r  shoved  a l m o s t

• e v e r y  w a r m  s p o t  was  r e l a t e d  to  a v e r y  h i g h e c h o  t o p .

E v e r y  h i g h e c h o  t o p  w h i c h  was  r e l a t e d  t o  a w a r m  s p o t

h a d  pe n e t r a t e d  t h e  t r o p o p a u s e , b u t  ev e r y  h i g h echo  t o p

r e p o r t e d  to  ha ve p e n e t r a t e d  t h e  t r o p o p a u s e  was  n o t

r e l a t e d  to  a wa rm s p o t .  P o s s i b l e  exp l a n a t ions  f o r  o v e r —

s h o o t ing  s t o r m  t o p s  p r o d u c i n g  or no t  p r o d u c i n g  w a r m

i n f r a r e d  t e m p e r a t u r e  si gn a t u r e s  a r e d i s c u s s e d  in t h e

• n e x t  c h a p t e r .

Th i s i n v e s t i g a t ion a l s o  p o i n t e d  ou t  t h e  i m p o r t a n c e

of t h e  g r i d  s i z e  of t h e  GOES E IR  i m a g e  in d e t e c t i n g  w a r m

s p o t s  as w e l l  as t h e  i m p o r t a n t  a d v a n t a g e s  of GO ES E I R

i m a g e r y  over  r e g u l a r  IR i m a g e r y  and over  r a d a r  o b s e r v a —

t i o n s .  For  examp le , F i g .  32 shows  t h e  2330 GMT

14 A p r i l  1976 i m a g e  on a 2 nm g r i d .  Fi g .  33 shows  t h e

0130 GMT 15 A p r i l  i m a g e  on a 1 tim g r i d .  A l t h o u g h

~ •J_ -~~~~ —- • 
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Fi gure 30 GOES NB enhanced infra red i,nage of Iowa—
Wisconsin ar ea for 0632 GMT 15 Ap r il 1976 .
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Fi gure 31 Radar summary of Iowa—W isconsin area
for 0635 CMI 15 April 1976.
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Fi g u r e  G O E S  MB e n h a n c e d  i n f r a r ed  im a g e  of
cen tral United States for 2330 GMT
14 april 1976; grid 2 nm.

Fi gure 33 GOES MS enhances i n f r a r e d  im a g e  of
cen tral United States for 0130 GMT
15 A pril 1976; grid 1 tim.
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t h e  c o n v e c t i v e  a c t i v i t y  h a s  i n c r e a s e d  fr o m  2330 to  0130

CMT , the sensor resolution in both images is the same

and t h e  a p p a r e n t  i n c r e a s e d  d e t a i l  w a s  p r i ma r i l y  d u e  to

t h e  l a r g e r  g r i d d i n g .

Fi g .  34 s h o w s  t h e  IR i m a g e  f o r  0730  CMT . The

g e n e r a l  a r e a  of h ig h c l o u ds can  eas i l y be seen  w h i l e

e x a c t  a r e a s  of  i n t e n s e  c o n v e c t i v e  a c t i v i t y  a r e  n o t

e a s i l y discernible. The enhancemen t of the 0732 GMT

E I R  i m a g e  (F i g .  2 6 )  c l e a r l y de l i n e a t e s  a r e a s  w i t h

c o l d e s t  r a d i a t i v e  t e m p e r a t u r e s .  A l t h o u g h n ot  e v e r y

wh i t e  a r e a  was  a s s o c i a t e d  w i t h  i n t e n s e  c o n v e c t i v e

a c t i v i t y ,  as w i l l  be d i s c u s s e d  in C h a p t e r  IV , the pre-

sence of warm spots and the use of conventional radar

d a t a  h e l ped i d e n t i f y  t h e s e  a r e a s . -

E n h a n c e d  i n f r a r e d  image ry  o f f e r s  two d i s t i n c t

adv a n t a g e s  over r a d a r . One is the  s h o r t  t i m e  i n t e r v a l

b e t w een  p i c t u r e s  p r o v i d e d  b y f l o a t i n g  s e c t o r  i m a g e r y .

The  o t h e r is comp l e t e  cov er age  of  t h e  s eve r e w e a t h e r

• a r e a  in each  i m a g e .  T o g e t h e r  t h e s e  a l l o w e d  t h e

f o r e c a s t e r  to  m o n i t o r  i n t e n s e  c o n v e c t i v e  a c t i v i t y  on

a n e a r  r e a l  t i m e  b a s i s , and p r o v i d e d  t h e  r e s e a r c h e r

w i t h  u n i q u e  d a t a  to s t u d y i n t e n s e  c o n v e c t i v e  d e v e l o p m e n t .

H
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Fi g u r e  34 GOES i n f r a r e d  i m a g e  of the cen t r a l  U n i t ed
S tates for 0730 GMT 15 April 1976.
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CHAPTER IV

WARM I N F R A R E D  TEMPERATURE S I G N ATURES

Wa rm s p o t s  in t h e  GOES E I R  i m a g e r y  a p p e a r e d  to  be

d i r e c t l y  r e l a t e d  to t r o p o p a u s e  p e n e t r a t i n g  echo  t o p s .

T h i s  d e p e n d e n c y  w o u l d  g ive r e s e a r c h e s  a n d  f o r e c a s t e r s  an

addi tional tool to monitor these hi gh echo tops. In the

• previous chap ter , h o w e v e r , several questions were raised

f r o m  t h e  c o m p a r i s o n  of E I R  i m a g e r y  and t h e  r a d a r  o b s e r v a -

t i ons , n a m e l y ,  wh y do wa rms s p o t s  e x i s t  w i t h o u t  r e l a t e d

h i g h e c h o  t o p s  or v i s — a — v i s , a n d  w h a t  po s s i b l e  e x p lana-tion

for t h e  o c c u r r e n c e  o~f w a r m  sp.o t s  ca n be p r o p o s e d ?  T h e s e

questions will be considered in this chapter.

One i m p o r t a n t  c h a r a c t e r i s t i c  of t h e  w a r m  s p o t s  m u s t

be co n s i d e r e d  f i r s t .  As h a s  a l r e a d y bee n m e n t i o n e d , t h e

wa rm s p o t s  a p p e a r e d  as w a r m e r  i n f r a r e d  t e m e p r a t u r e s  a l o n g

th e s t e e p  l i n e a r  e n h a n c em e n t  of s e g m e n t  8 (F i g .  2 5 ) .  No

bl a ck s h a d e  o f s e g m e n t 7 , sepa r a t e d  the  warm spot  f r o m  t h e

su r r o u n d i n g  c o l d e r  r a d i a t i v e  t e m p e r a t u r e  a r e a ;  t h e r e f o r e ,

th e w a rm spo t  w as pa r t o f t h e  c l o u d w h o s e  e q u iv a l e n t b l a c k

bod y t e m p e r a t u r e s  l i e  in t h e  — 6 2 °C to  — 8 0 °C r a n g e

• ( s e g m e n t  8) r a t h e r  t h a n  b e i n g  a s s o c i a t e d  w i t h  c l o u d s  of

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  • • - ~~ • •
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l o w e r  h e i g h t s  a n d  w a r m e r  b l a c k  bod y t e m p e r a t u r e s .  I t  i s

possible that a misinterpretation could occur since

s e v e r a l  t e m p e r a t u r e  l e v e l s  in  t h e  a tm o s p h e r e  w e r e

e n h a n c e d  w i t h  t h e  same  g r a y  s h a d e  ( S e e  Fi g .  25 ) .

W a r m  S p o t s  W i t h o u t  T r o p o p a u s e  P e n e t r a t i n g  Tops

The  w a r m  s p o t  o v e r  c e n t r a l  Iowa  in F i g .  28 , e a s t e r n

Iowa  in Fi g .  30 , and  t h e  I o w a , I l l i n o i s , W i s c o n s i n  b o r d e r

in F i g .  26 is p a r t  of a s i n g le s t o r m  w h i c h  can  be f o l l o w e d

on G O E S  E I R  f i l m  l o o p s  a c r o s s  c e n t r a l  a n d  e a s t e r n  I o w a

from 0502 GMT to 0732 GMT on 15 April 1976. The track of

t h i s  w a r m  s p o t  e x t e n d e d  ove r  a d i s t a n c e  of a p p r o x i m a t e ly

125 m i l e s  as shown in F i g .  35 .  I t s  m o v e m e n t  c o r r e s p o n d e d

f a v o r a b l y w i t h  t h e  m o v e m e n t  of h i g h e c h o  t o p s  r e p o r t e d  b y

t h e  W S R — 57 r a d a r  o b s e r v a t i o n s  f r o m  Des M d i n e s  and

M a r s e i l l e s  a t  t h r e e  d i f f e r e n t  o b s e r v a t i o n  t i m e s .  The t w o

a n d  o n e — h a l f  h o u r  p r o g r e s s i o n  of t h e  s p o t  a c r o s s  I o w a

s u g g e s t s  t h e  p r e s e n c e  of s u p e r c e ll  t y p e  s t o r m s  as

d e s c r i b e d  b y B r o w n i n g  a n d  F o o t e  ( 1 9 7 6) .  T h e s e  i n t e n s e

quasi—stead y state storms exhibit large vertical develop-

m e n t  ove r a l a r g e  h o r i z o n t a l  a r e a .  T h e i r  m a g n i t u d e  is

• s u f f i c i e n t  to a c c o u n t  f o r  a 15 to 20 km war m s p o t

i m b e d d e d  w i t h i n  a 100 km d i a m e t e r  w h i t e  c i r c u l a r  a r e a  as

obse rved  over c e n t r a l  Iowa a t  0532  GMT ( F i g .  2 8 ) , e a s t e rn

Iowa at 0632 GMT (Fig. 30), and e a s t e r n  Iowa a t  0700 GMT

(n o t  s h o w n)  a n d  0 7 3 2  GIlT (F i g .  2 6 ) .  R a d a r  o b s e r v a t i o n s

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~:~~: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fi gu re  35 P a t h  of w a r m  s p o t  of MB e n h a n c e d  i n f r a r e d
i m a g e s  o v e r  I o w a  f r o m  0 5 0 2  t o  0 7 3 2  GIlT 15
A pril 19 76; corresponding radar positions
ar e s h o w n a l s o .

coincided wi th the 0532 , 0 7 0 0 . and 0732 GIlT image ry, but

-• no h i gh e c h o  t o p s  w e r e  r e p o r t e d  a t  0 6 3 2  GIlT . I t  w a s

c o n c l u d e d  t h a t  a h i g h e c h o  t o p  w a s  p r e s e n t  a t  0 6 3 2  GIlT

thoug h no t observed by radar. Note: the 46 ,000 f t

r a d a r  t o p  over  Iowa (F i g .  3 1) w a s  r e p o r t e d  b y Des Mo ines

• s l i gh tly southwest of the 50 ,000 f t  r a d a r  t o p  r e p o r t e d

one h o u r  e a r l i e r  (F i g .  2 9 ) .  T h i s  46 , 000 f t  c o n v e c t i v e

c e l l  mo s t  p r o b a b l y b l o c k e d  t h e  r a d a r ’ s “v i ew ” of  t h e  c e l l

a s s o c i a t e d  w i t h  t h e  w a r m  s p o t .

Tropopause penetrating tops without warm spots

Two c a s e s  c o u l d  e x i s t  w h e r e  a t r o p o p a u s e  p e n e t r a ti ng

top would not have an EIR image warm spot. The warm a r ea

in the Storm top was below the resolution of the GOES IR

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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s e n s o r  ( 8  k m ) , or th e  s t orm t op did no t have a warm area.

An example of this latter case will be discussed in

Chap ter V.

Ex planation of Warm Spots

Surface and rawinsonde da ta for this synoptic

sy stem as well as radar observations were carefull y

a n a l y z e d . T h e s e  da t a , together with p r e v i o u s  s tu d i e s

of supercell convective storms (i.e., Browning and Foo te ,

1976; R o a c h , 19 6 7 )  w e r e  u s e d  to  formulate three possible

• 
• e x p l a n a t i o n s  t o  a c c o u n t  f o r  t h e  w a r m  s p o t s.  T h e s e

• incl ude (1) depressions in the cloud tops , (2) strato-

sp heric cir rus or moisture above the cloud top, and  ( 3 )

radia tive difference and temperature gradients across

t h e  c l o u d  t o p .  E a c h  of  t h e s e  f a c t o r s  w i l l  now be

d i s c u s s e d .  S u p e r c e l l  c l o u d  m o d e l s  w e r e  d e v e l o p e d  t o

exp lain the warm cloud top temperatures above the strong

up draft region and will be presen ted in the next chapter.

!~1re
ssions in the cloud top

The firs t possible exp lana tion may account for the

war m spot if the cloud top collapsed in the adjacent

area nex t to the overshooting updraft. Downward motion

associa ted with a collapsing top would p rod u ce a

depression in the cloud top and result in a warmer cloud

top beca use of their lower hei gh t. Aircraft observations

of somewh a t smaller convective systems with tops below

L -
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40 , 000 ft (12.3 km) by Fujita (1974) have shown col-

lapsing towers are similar to overshooting turrets in

terms of their relativel y shor t duration (less than ten

m i n u t e s)  and s m a l l  h o r i z o n t a l  e x t e n t  ( l e s s  t h a n  5 k m ) .

This is considerably less than the s p a c e  and t i m e  s c a l e s

observed in this April 1976 supercell case.

• Pitts , R e s s e r , and Mendlowi tz (1975), inves ti ga ting

a severe s torm over Texas , f o u n d  si gnifican t variations

in clo ud top equivalent black bod y temperatures on a

50 m scale and suggested that the measurements could

• s h o w  tha t e a c h  c o l d  a n o m a l y coincided wi th an overshoot

• tower and each hot anomaly with a region of subsidence

near a tower. This relationshi p may exp l a i n  sm a l l

scale clo ud top turrets and subsidence areas , but may

no t be g e n e r a l i z e d  to exp lain the warm spots in GOES

E I R  i m a g e r y  beca use of the difference in sensor reso-

lution. For examp le , the IR sensor reported on by

Pi tts (1975) observed a spot size of about 45 in on the

clo ud top. The GOES IR sensor has a resolution of

abou t 8 km. Therefore , the IR and  E I R  i m a g e r y  d i s p l a y

the large scale radiative temperature pattern smoothing

out small scale anomalies. For the tropopause pene-

trating convective storm tops investigated , the l a r g e

scale eq uivalent black bod y temperature pattern con—

sis ted of a 15 to 20 km diameter warm spot , c o i n c i d i n g

• wi th the location of the radar reported high echo top,

~~~~~~~~~~~~~~~~~~~~~ 
-
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s u r r o un d e d  b y a radia tive temperature field approxi-

matel y 10°C colder.

A d d i t i o n a l l y ,  the size and duration of the warm spot

shown in Fig . 35 , suggests the presence of a quasi—stead y

mechanism that is characteristic of a supercell storm

wi th very hi gh echo tops as described by Browning and

Foo t e ( 1 9 7 6 )  ra th e r  th a n  a p u l s a t i n g ,  shor t lived type of

c o n v e c t i ve  system with somewhat lower echo tops as ob—

se rved  b y F u j i t a  ( 1 9 7 4 ) .  For  t h e s e  r e a s o n s , a m e c h a n i s m

for main taining a collapsed anvil top with a circular

shape for this 15 April 1976 , case would be difficul t to

e x p l a i n .

S t ra to s p h e r i c  c i r r u s

S tra tosp heric cirr us over the central cloud dome

may res ult from a p o r t i o n  of t h e  moist up draf t mixing

wi th the stratosp heric air and acquiring the warmer

ambien t temperatures . This has been observed by

Um enhofe r (1975) as a separate , de tached cloud above

- 

• the convective cloud in other case studies which are

no t of the  s u p e r c e l l  ty p e .  For  e x a m p l e , in o r d e r  to

produce the warm radiative temperatures observed irs

the Iowa warm spot in Fig. 28 (—70 °C) , the  s tra to s p h e r i c

cirr us would have to be very thick and have a hi gh

emissivi ty. Moreover , th e r e  wo u ld h a v e  to be an

a b s e n c e  o f v e r t i c a l  w i n d  s h e a r  a b o v e  t he  a n v i l  t o p

so that the cirrus would move at the same speed as the

_ _ _ _ _ _ _ _  
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convec tive cell and remain circular in shape. Irs this

c a s e , r a d i o s o n d e  d a t a  i n d i c a t e d  d i r e c t i o n a l  s h e a r s  of

m o r e  th a n  20 0 and  s p e e d  s h e a r s  g r e a t e r  t h a n  10 ms~~
b e t w e e n  t h e  low er s t r a t o s p he r i c  l a y e r s  and  t h e  r a d ar

e c h o  moveme n t .  T h u s , t h e  s e c o n d pos s i b i l i t y  w o u l d  be

as diffic ult to exp lain as the depressed anvil top.

• Radia tive differences and temperature gradients

The third possibili ty of radiative differences

• and temperature variations across the cloud top is

suggested as a reasonable exp lana tion. This explana—

tion accounts for the large scale EIR features with

varia tions of cloud top parameters and does not rel y

on p hysical changes in the cloud itself.

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  •
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C H AP T ER V

CLOUD TOP MODEL

Based on radiosonde observations within the region

of convective activity on 15 A p r i l  1976 , and on studies

of radiative properties of cirrus clouds (i.e., Liou ,

~~ 3 f 1974; Kuhn and Weickmann , 1969) a model for a cloud dome

of a supercell storm was developed to show how it was

possible to have warm cloud top temperatures above a

• strong up draft reg ion. Fi g. 36 shows a vertical cross—

section throug h a cloud dome that is somewhat similar to

the visual cloud boundaries of the 21 Ju~ne 1972 storm

that was discussed by Browning and Foote (1976). The

main storm top has the appearance of a large , smoothly

rounded dome and reached to a height above 15 km. Such a

cloud dome is a characteristic feature of vi gorous , quasi—

stead y storms . The up draft reg ion pushes above t h e  t r o p —

opause and ascends moist adiabaticall y to a temperature

of approximately —90 °C. A pronounced stratosp heric in—

• version exists above the up draft reg ion and consists of

• small scale mixing as proposed by Roach (1967). The

mixing layer is approximatel y 500 m thick and transports

moisture above the layer of coldest temperatures and

warms the cloud top by small scale mixing with

- 
• • 
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Fi g u r e  36 S u p e r ce l l  c l o u d  m o d e l  w i t h  warm c l o u d  d o m e ;
t e m p e r a t u r e , m o t i o n  f i e l d s , and  c l o u d
e s ni s s i v it i e s  a r e  d e p i c t e d .
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stratosp heric air. Due to weaker ascending motions , the

sur r o u n d i ng c i r r u s  a nv i l does  no t p u s h  as  h i g h i n t o  t h e

s t r a t o s p he r e .  C o n s e q u e n t l y ,  c l o u d  t o p  t empe r a t u r e s  de-

c r e a s e  o u t w a rd f r o m  t h e  c e n t r a l  c l o u d  dome .

The lower portion of Fig. 36 schematicall y repre-

se n t s  t he  c l o u d  p a r t i c l e s  d i s t r i b u t i o n  b a s e d  on r a d a r

o b s e r v a t i o n s  of s u p e r c e l l  s t o r m s  b y B r o w n i n g  and F o o t e

( 1 9 7 6) .  The  s t r o n g  c e n t r a l  up d r a f t  r e g i o n  c o n t a i n s  r e l a —

— t i v e ly l a r g e  p r e c i p i t a t i o n  p a r t i c l e s  and  h i g h c o n c e n t r a —

3 tions. In contrast the surrounding outer cirrus anvil

region is composed of ice crys tals and lover concentra—

tions of cloud particles. From several investigations on

r a d i a t i v e  p r o p e r t i e s  of c i r r u s  c l o u d s  b y L i o u  ( 1 9 7 4) ,

K u h n  and We i c k m a n n  ( 1 9 6 9) , and F r i t z  and Rao  ( 1 9 6 7 ) ,  i t

is r e a s o n a b l e  to  a s s u m e  t h a t  t h e  e m i s s iv i t i e s  a t  t h e  c l o u d

t o p  wo u l d  be h i g h e r  w i th i n t h e  u p d r a f t  r e g i o n  t h a n  t h e

surrounding a n v i l  a r e a .  R a d i a t i o n  c a l c u l a t i o n s  w e r e  car-

ried out for this cloud model in order to estimate the

• e f f e c t  of e t n i s s i v i t y  d i f f e r e n c e s  a c r o s s  t h e  c l o u d  dome .

E m i s s i v i t y  v a l u e s  f o r  t h e  c l o u d  model  a r e  s c h e m a t i c a l l y

dep i c t e d  in F i g .  36 .

• R a d i a t i o n  e m i t t e d  f r o m  t h e  c loud  top  w a s  c o m p u t e d

us ing  a n su l t i l a y e r  m o d e l .  Th i s  m o d e l  d i v i d e d  t h e  c l o u d

top  i n t o  v e r t i c a l  c o l u m n s  1 km w i d e .  Each  c o l u m n  was

• d i v i d e d  h o r i z o nt a l l y i n t o  l a y e r s  250 m t h i c k  beg i n n i n g  a t

t h e  c l o u d  t o p .  E m i s s i v i t y  v a r i e d  in b o t h  t h e  v e r t i c a l  and

— •—_—;--.._•—— .—‘• - - ——••—.- • —t——— ~~~~~~~~~~~~~~ • . ~~. .. — — _•_
~_••• ~~~~~~~ ••~~~~~••,_ __
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h o r i z o n t a l , b u t  w i t h i n  any  one  250 as b y 1 km l a y e r  t h e

em i s siv i t y  w a s  a s s u m e d  to  be c o n s t a n t .

The u p w a r d  i n t e n s i t y  a t  t h e  top  of each  l a y e r , n ,

was  c o m p u t e d  f r om

I~j + ( n )  c~~B~~(T ~~) + ( 1 — c~~) I~~f ( n  + 1) ( 1)

w h e r e  I~~+ ( n )  is t h e  i n t e n s i t y  in t h e  10 .5  to 1 2 .5  p m

s p e c t r a l  r e g ion , c~ is t h e  em i s s i v i t y  of t h e  l a y e r ,

B~~(T ~~) is t h e  P l a n c k  f u n c t i o n  f o r  t h e  n th  l a y e r  w i t h

• a v e r a g e  t e m p e r a t u r e  T~~, a n d I~~+ ( n  + 1) is t h e  u p w a r d

intensity from the layer below.

The u p w a r d  i n t e n s i t y  a t  t h e  t o p  of t h e  c l o u d  w a s

a s s u m e d  to  e q u a l  t h e  i n f r a r e d  e m i s s i o n  m e a s u r e d  b y t h e

s a t e l l i t e .  T h j s  r a d i a n c e  m e a s u r e m e n t  w a s  c o n v e r t e d  to  an

e q u i v a l e n t  b l a c k  bod y t e m p e r a t u r e  and t h e n  was  c o m p a r e d

to th e e n h a n c e m e n t  cu rve  (F i g .  2 5 ) .  The p u r p o s e  was  to

see if t h e  c a l c u l a t e d  c l o u d  t o p  t e m p e r a t u r e  f i e l d  w o u l d

g ive  t h e  s a m e  g r a y  s h a d e  p a t t e r n  as o b s e r v e d  in t h e  GOES

E I R  i m a g e r y .

Fi g .  37 i l l u s t r a t e s  t h e  r e s u l t s  of c o m p u t a t i o n s

u s i n g  E q .  1. T h i s  d i a g r a m  d i s p l a y s  t he  t e m p e r a t u r e  d i f —

f er e n ce b e t w e e n t h e  c l oud  t o p  do me and c l o u d  top  a t  van —

ous r a d i a l  d i s t a n c e s  f r o m  the  dome . A s imp le t w o la y e r

m o d e l  w i t h  t h e  lover  l a y e r  t e n  d e g r e e s  c o l d e r  was  u s e d .

C u r v e  ‘ a ’ r e p r e s e n t s  t h e  r a d i a l  t e m p e r a t u r e  v a r i a t i o n

w h e n  e m i s s i v i t y  was  u n i t y  a c r o s s  t h e  e n t i r e  c l o u d  t o p .

I

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~I1ITTIJ~~~~: ~~~~~~~~~ 
•
~~~~~~~~~~~ •__• •

~~~~~~~~~~~:



fl~~~ 
48

T h i s  c u r v e  a c c o u n t s  f o r  o n l y a SOC d i f f e r e n c e  b e t w e e n  t h e

- c l o u d  do me and t h e  c l o u d  t o p  a r a d i a l  d i s t a n c e  R 3 f r o m  t h e

- 
dome . When emissivity was allowed to decrease according

— 
to the v a l u e s  shown  a l o n g  t h e  t o p  of F i g .  37 , th e n  a l a rg -

er radial temperature gradient of 8°C was calculated and

was  d e p i c t e d  a s c u r v e  ‘ b ’ . Cu rves  ‘ c ’ and ‘ d ’  c o r r e s p o n d

to ‘a ’ and ‘b’ excep t the cloud dome was specified as

b e i n g  c o l d e r  t h a n  the surrounding cirrus anvil.

€1. £~.6

+6

• 
- 

+4 .

bmperattxe 
$2

~~Uerence 0 -----

~~~~~~~

(dome) Radii D~~~ c. Irom Dome

Figure 37 Infrared radiative temperature differ-
ence be tween the central cloud dome and
v a r i o u s  r a d i a l  d i s t a n c e s  f r o m  t h e  dome .

T h e s e  s i m p l e  c a l c u l a t i o n s  i l l u s t r a t e  t h e  si g n i f i -

c a n c e  of v a r i a t i o n s  in t h e  e m i s s i v i t y  and  t e m p e r a t u r e

ac ros s  t h e  c lo u d  t o p .  T e m p e r a t u r e  v a r i a t i o n  a l o n e , w i t h

• e m i s s i v i t y  of u n i t y ,  c o u l d  exp l a i n  t h e  w a r m  spo t  over

~~~~~~~~~~~~ ~~~~~~~~ - • 
• 
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central Iowa in Fi g. 28 , but warm spots w e r e a l s o  ob-

served for radar echoes of 44,000 ft (13 .4 kin) and

46 , 000 f t  ( 14  k i n ) , and t h e  o u t e r  ed ge of t h e s e  c l o u d  t o p s

w o u l d  r e q u i re  t e m p e r a t ur e s  c o l d e r  t h a n  m o i s t  a d i a b a t i c

a s c e n t  t e m p e r a t u r e s  in  o r d e r  t o  e x p l a i n  t he  E I R  i m a g e r y .

The r a d a r  s u m m a r y  f o r  0535 GMT (F i g .  2 9 )  a l s o  s h o w e d

a n a r e a  of c o n v e c t i v e  a c t i v i t y  over a p o r t i o n  of n o r t h -

e a s t er n Iowa ; h o w e ve r , no si gn i f i c a n t  echo t o p s  w e r e

r e p o r t e d .  The c o l d e s t  t e m p e r a t u r e s  a t  t he  r a d i o s o n d e

s t a t ions  f o r  O k l a h o m a  C i t y  and S t .  C l o u d  a t  0000 GMT and

1200 GMT 15 A p r i l  we re  — 7 1 ° C  ( s e e  F i g .  3 8 )  w h i l e  t he

co r r e s p o n d i n g  s a t e l l i t e  i m a g e  i n d i c a t e d  —8 0 ° C c l o u d  t o p

radia tive temperatures. Therefore , emissivi ty values

l e s s  th an u n i t y  m u s t  h a v e  e x i s t e d  in o r d e r  t o  exp la i n t h e

e x t e n s i v e  a r e a  of — 8 0 ° C i n f r a r e d  r a d i a t i v e  t e m p e r a t u r e s .

S i nce  low em i s s i v i t y  v a l u e s  were  p r e s e n t  in t h i s  a r e a ,

t hen  i t  w a s  r e a s o n a b l e  to  a s s u m e  t h a t  low v a l u e s  were

present irs adjacent convective cloud tops in Fig. 28 and

o t h e r  E I R  i m a g e r y .

An a t t e m p t  was  m a d e  to dup l i c a t e  t h e  t e m p e r a t u r e

p r o f i l e  shown  in t h e  GOES EIR  image  fo r  t h e  c l o u d  t o p

over  c e n t r a l  Iowa in Fi g .  28 .  The m o d e l  c l o u d  t o p  (F i g .

36)  w a s  d i v i d e d  i n t o  f o u r  c o n c e n t r i c  c i r c u l a r  a r e a s

d e p i c t e d  in Fi g .  39 .  C l o u d  top  u p w a r d  i n t e n s i t i e s  w e r e

4 
c a l c u l a ted f r om E q .  1 f o r  each  c o l u m n  w i t h i n  t h e  c i r c u l a r

a r e a , av er aged , and c o n v e r t e d  to  an e q u i v a l e n t  b l a c k
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bod y t e m p e r a t u r e .  T h e  r e s u l t s  a r e  d i s p l a y e d  its F i g .  3 9 .

T a b l e  2 s h o w s  t h e  l a y er  t e m p e r a t u r e  and  e m i s s i v i t y  v a l u e s

u s e d  f o r  s e l e c t e d  c o l u m n s  ( l a y e r  1 is  a t  t h e  c l o u d  to p ) ,

and  t h e  e q u i v a l e n t  b l a c k  bod y t e m p e r a tu r e  f o r  tha t

c o l u m n . The  c o l u m n  i d e n t i f i e r  c o r r e s p o n d s  t o  a v e r t i c a l

l i n e  w i t h  t h e  s a m e  l e t t e r  in F i g .  39 .  T h e r e  is r e a s o n —

a b l e  a g r e e m e n t  b e t w e e n  t h e  m o d e l  c a l c u l a t i o n s  a n d  t h e

s a t e l l i t e  i m a g e ry .

As d i s c u s s e d  in C h a p t e r  IV , some r a d a r  r e p o r t e d

t r o p o p a u s e  p e n e t r a t i n g  c o n v e c t i v e  s t o r m s  w e r e  n o t  a s s o c i -

a t e d  w i t h  w a r m  s p o t  i n f r a r e d  si g n a t u r e s  on t h e  GOES E I R

i m a g e .  For  15 A p r i l  1976  c a s e s , t h e  w a r m  a r e a  w a s  b e l o w

t h e  r e s o l u t i o n  of  t h e  i n f r a r e d  s e n s o r , or t h e  a c t i v i t y

m a y  n o t  h a v e  b e e n  in  t h e  s t r a t o s ph e r e  l o n g  e n o u g h t o

d e v e l o p  a w a r m  a r e a .  On o t h e r  d a y s , t h e  s t r a t o s ph e r i c

i n v e r s i o n  may be v e r y  w e a k  ari d no s i g n i f i c a n t  t e m p e r a t u r e

g r a d i e n t  w i l l  d e v e l o p  a c r o s s  t h e  c l o u d  t o p .  F i g .  40

shows an examp le of a c o n v e c t i v e  dome t h a t  was  a s s o c i a t e d

wi th a w e a k  s t r a t o s p h e r i c  i n v e r s i o n . U n d e r  t h i s  c o n —

• . d i t i o n  t h e  c l o u d  dome w o u l d  be c o l d  r e l a t i v e  to  t h e

s u r r o u n d i n g  c i r r u s  a n v i l .  
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C H A P T E R  VI

SUMMARY AND F U R T H E R  S T U D I E S

GOES en h a n c e d  i n f r a r e d  images  p r o v i d e d  d e t a i l e d

informa tion about radiative temperature patterns of

c i r r u s  a n v i l  t o p s  a s s o c i a t e d  w i t h  a l o c a l  s e v e r e  s t o r m

H situation for 15 April 1976. W a r m  i n f r a r e d  r a d i a t i v e

t e m p e r a t u r e  a r e a s  i m b e d d e d  w i t h i n  c o l d  c i r r u s  a n v i l

d o m e s  c o r r e s p o n d e d  t o  r a d a r  e c h o e s  t h a t  p e n e t r a t e d  t h e

t r o p o p a u s e .  A c l o u d  t op  m o d e l  was  p r e s e n t e d  to  a t t e m p t

to exp la in t h e  c o r r e s p o n d e n c e  f o r  t h i s  c a s e .  H o r i z o n t a l

• and v e r t i c a l  t e m p e r a t ur e  g r a d i e n t s  a t  t he  c l o u d  t o p

• t o g e t h e r  w i th  em is s iv i ty  differences can explain the warm

spo t  r a d i a t i v e  t e m p e r a t u r e  s i g n a t u r e .

I t  is n o t  known how o f t e n  t h i s  p h e n o m e n o n  may be

obse rved  b e c a u s e  e n h a n c e d  i n f r a r e d  i m a g e r y  is a r e l a t i v e ly

new t o o l  f o r  u s e  irs t h e  a n a l y s i s  and  f o r e c a s t i n g  of

c o n v e c t i v e  c l o u d  s y s t e m s . T h e r e  a r e  a n u m b e r  of  d i f f e r e n t

t y p e s  o f co nv e c t i ve s y s t e m s  t h a t  m a y p ro d u c e  EI R s i g—

n a t u r e s  s i m i l a r  to  t h e  one d i s c u s s e d  h e r e  and t h i s  c l o u d

t o p  m o d e l  is  n o t  a p p l i c a b l e  to  a l l  c a s e s .  F u r t h e r

F I r e s e a r ch on th is p r o b l e m  i s n e e d e d , e s p e c i a l l y ,  as m a n —

i n t e r a c t i v e  i m a g e  a n d  d a t a  p r o c e s s i n g  s y s t e m s  a r e

• d e v e l o p e d  f o r  o p e r a t i o n a l  a n a l y s e s .
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