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ABSTRACT 

The o b j e c t i v e  of t h i s  s tudy has  been t o  demonstrate t he  c a p a b i l i t y  

of t he  SRI/NASA E l e c t r o n i c  Display System a s  an  a i d  i n  t h e  a n a l y s i s  and 

i n t e r p r e t a t i o n  of ATS cloud da ta ,  and e v a l u a t i o n  of t h e  l i m i t a t i o n s  i n  

ob t a in ing  u s e f u l  information on c loud  motion imposed by ob l ique  viewing 

and/or r e s o l u t i o n  of the ATS camera. T h i s  System a p p l i e s  t h e  techniques 

of e l e c t r o n i c  scanning, s t o r age ,  d i sp l ay ,  and d a t a  process ing  t o  t h e  

a n a l y s i s  of c loud  imagery. A c l o s e d - c i r c u i t  TV y i e l d i n g  time-lapse 

viewing, p l u s  e l e c t r o n i c  c u r s o r s  t o  t r a c k  and measure c loud  motion, a r e  

some of t h e  prime advantages of t h e  equipment. 

C a p a b i l i t y  was assessed  i n  t h r e e  d ive r se  t a sks ,  a s  fo l lows:  

(1)  I d e n t i f i c a t i o n  of c loud-height  and measurements of c loud 

displacements  a t  l a r g e  ang le s  of view (us ing  only ATS 

c loud  photographs) were eva lua t ed  through t h e  use  of  t he  

equipment and compared t o  t he  e v a l u a t i o n  made by a  

second i n v e s t i g a t o r  of t h e  same da t a ,  u s ing  ATS photo- 

graphs and concomitant ESSA s a t e l l i t e  photographs. 

( 2 )  The d i s t r i b u t i o n  of c loud types  and he igh t s ,  determined 

from cloud-motion measurements of ATS I11 photographic  

da t a ,  was compared t o  t h e  c loud  cover viewed by Apollo 

6 between t h e  e a s t  c o a s t  of t h e  U.S. and t h e  w e s t  

c o a s t  of A f r i c a  on 4 A p r i l  1968. 

( 3 )  Growth r a t e s  and movements of cumulonimbus a n v i l s  were 

eva lua t ed  and compared t o  t he  occurrence and s e v e r i t y  

of t h e  a t t e n d a n t  weather and wi th  t h e  wind shear  a t  

app rop r i a t e  l e v e l s .  
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I  INTRODUCTION 

Serebreny, e t  a l .  (1967) r epo r t ed  on t h e  development and ope ra t i on  

of an e l e c t r o n i c  system t h a t  a p p l i e s  t h e  techniques  of e l e c t r o n i c  

scanning, s t o r age ,  d i sp l ay ,  and d a t a  process ing  t o  t h e  a n a l y s i s  of 

c loud  imagery ob ta ined  from Applied Technology S a t e l l i t e s .  T h i s  system, 

known a s  t h e  SRI/NASA E l e c t r o n i c  Display System, was designed and con- 

s t r u c t e d  a t  SRI under NASA Cont rac t  NAS5-11652. 

T h i s  system has  s i n c e  been used f o r  a  number of i n v e s t i g a t i o n s  i n  

which t h e  measurement of c loud  displacement  has  been compared t o  t he  

wind flow. Because of t h e  exper ience  and r e s u l t s  achieved i n  those 

s t u d i e s ,  NASA has  supported t h e  p r e s e n t  i n v e s t i g a t i o n  t o  examine the  

c a p a b i l i t i e s  of t h e  system i n  a  wider v a r i e t y  of c loud s t u d i e s .  

A. Objec t ives  

The o b j e c t i v e s  of t h i s  i n v e s t i g a t i o n  have been t o :  

(1 )  Demonstrate t he  c a p a b i l i t y  of t h e  SRI/NASA E l e c t r o n i c  

Display System t o  f u r t h e r  t h e  a n a l y s i s  and i n t e r p r e t a -  

t i o n  of ATS cloud da t a .  

(2 )  Eva lua te  t h e  l i m i t a t i o n s  i n  ob t a in ing  u s e f u l  informa- 

t i o n  on c loud  motion imposed by obl ique  viewing and/ 

o r  r e s o l u t i o n  of t h e  ATS camera. 

B. Research Tasks 

The r e sea rch  t a s k s  have been a s  fo l lows:  



Task 1--(a) Make measurements of c loud  displacement a t  

l a r g e  angles  of view, u s i n g  only ATS cloud photographs,  

and compare them wi th  measured winds; (b) independently 

make s i m i l a r  comparisons u s i n g  bo th  t h e  same d a t a  

sample of ATS cloud photographs and concomitant c loud  

photographs from ESSA p o l a r - o r b i t i n g  s a t e l l i t e s  and 

c o r r e l a t e  t h e  comparisons i n  ( a )  and (b ) .  

Task 2--Evaluate t h e  d i s t r i b u t i o n  of c loud  types  and 

h e i g h t s  of t h e  cloud popula t ion  us ing  measurements of 

c loud motion observed on ATS-I11 photographs f o r  4 

Apr i l  1968 over  t h e  same a r e a  viewed by t h e  Apollo 6 

between t h e  e a s t  c o a s t  of t h e  U.S. and t h e  west c o a s t  

of A f r i c a  on t h i s  da t e .  

Task 3--Measure t h e  growth r a t e s  and movements of 

cumulonimbus a n v i l s  occu r r ing  on s i x  days during A p r i l  

1968 and r e l a t e  t he se  t o  t h e  s e v e r i t y  of t he  a t t e n d a n t  

weather ( h a i l ,  wind, tornadoes,  e t c .  ) . [Three- 

dimensional r a d a r  p r e c i p i t a t i o n  echoes w i l l  be used 

a s  an a i d  i n  a s s e s s i n g  s torm s e v e r i t y . ]  Compare t he  

growth r a t e s  and movements of t h e  a n v i l s  wi th  wind and 

wind shear  a t  app rop r i a t e  l e v e l s .  

C. SRI/NASA E l e c t r o n i c  Display System 

The SRI/NASA E l e c t r o n i c  Display System has  been descr ibed  f u l l y  

e lsewhere;"  i n  b r i e f ,  it c o n s i s t s  of t h r e e  s e p a r a t e  bu t  in te rconnec ted  

u n i t s ,  a s  shown i n  F igu re  1. On t h e  f a r  r i g h t  is  a h igh-qua l i ty  Vidicon 

' A  complete d e s c r i p t i o n  of the  SRI/NASA E l e c t r o n i c  Display System i s  
given i n  Evans and Serebreny (1969). 



FIGURE 1 SRIINASA ELECTRONIC DISPLAY SYSTEM 

camera, used a s  an input  TV scanner of ATS photographic  t r anspa renc i e s ;  

t h e  c e n t e r  console  con ta in s  two magnetic d i s c  memories and a  t e l e v i s i o n  

p i c t u r e  d i sp l ay ,  i nc lud ing  e l e c t r o n i c a l l y  generated c r o s s  h a i r s  ( c u r s o r s ) ;  

a t  the  f a r  l e f t  i s  a  t e l e t y p e w r i t e r  and paper t ape  punch, which provides  

both hard copy and machine-readable logging of da t a .  These d a t a  a r e  

subsequent ly  used a s  input  f o r  a  computer program t o  de r ive  t h e  motion 

parameters.  

The complete d a t a  process ing  procedure i s  i nd i ca t ed  i n  Figure 2. 
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I1 MEASUREMENT CAPABILITY AT VARIOUS ANGLES OF VIEW 

I d e n t i f i c a t i o n  and measurement of c louds i n  an ATS photograph a r e  

a f f e c t e d  by t h e  geometr ical  r e l a t i o n s h i p s  t h a t  e x i s t  between t h e  e a r t h  

and the  s a t e l l i t e .  F igure  3 ( a f t e r  Shenk and Kreins ,  1970) i l l u s t r a t e s  

GEOSYNCHRONOUS 
SATELLITE 

Nadir angle a, local zenith angle 6 (angle of view), and great circle arc 0 for a satellite positioned in a geosyn- 
chronous orbit. Point P is an arbitrary point along the great circle, Point S is the subsatellite point, and Point C 
is at the center of the earth. 

FIGURE 3 GEOMETRIC RELATIONSHIPS CONCERNING ANGLE OF VIEW 

t h e  geometric r e l a t i o n s  along a  g r e a t  c i r c l e  pass ing  through t h e  sub- 

s a t e l l i t e  p o i n t  between l o c a l  z e n i t h  angle  6 (which can be termed t h e  

angle  of view), n a d i r  angle  $, and g r e a t  c i r c l e  a r c  8. The change i n  

angle  of view expressed i n  degrees  of l a t i t u d e  from the  s a t e l l i t e  sub- 

p o i n t  is  given i n  Table  1. 

The o v e r a l l  e f f e c t  of t h i s  change i n  t h e  angle  of view over an ATS 

p i c t u r e  i s  shown i n  F igure  4, from which it can be seen t h a t  t h e  spacing 

between t h e  viewing angles  decreases  a s  t h e  l a t i t u d e  i nc reases .  For 

example, t h e  spac ing  between angles  of view of 60' and 70' i s  only ha l f  



T a b l e  1 

DISTANCE FROM SATELLITE SUBPOINT (EXPRESSED IN DEGREES 

OF LATITUDE) FOR VARIOUS ANGLES OF VIEW 

Subpoint O.OON, 84.0° W 

FIGURE 4 ATS Ill GRID WITH ANGLES OF VIEW (IN DEGREES) SUPERIMPOSED 

6 

A n g l e  of V i e w  
( degrees) 

10 

2 0 

3 0 

40 

5 0 

60 

7 0 

80 

90 

L a t i t u d e  from S a t e l l i t e  Subpoint 

(degrees) 

8.5 

17.0 

25.5 

34.5 

43.5 

52.5 

62.1  

71.5 

8 1  .3 



t h a t  between 10' and 20'; between 80' and go0, the  spacing i s  only one- 

t en th  of t h a t  between 10' and 20'. This r e s u l t s  i n  a  g rea t  v i s u a l  com- 

press ion  of cloud d e t a i l  and spacing. Obviously, a s  the  d is tance  from 

the  s u b s a t e l l i t e  point  increases,  cloud cover i s  viewed more obliquely,  

and g rea te r  d i f f i c u l t y  may be encountered i n  accura te ly  iden t i fy ing  and 

t racking a cloud. 

A. Method of Measurement 

The SRI/NASA Elec t ron ic  Display System uses  e l e c t r o n i c a l l y  generated 

x and y cursors  a s  the  bas ic  measuring device. Cursor values,  taken a t  

the  i n i t i a l  and f i n a l  loca t ion  of a  cloud, def ine  the  s p e c i f i c  d is tance  

a cloud element moves during a given time period. Since the number of 

x or  y cursor pos i t ions  a r e  f ixed a t  400 and 490 in te rva l s ,  respect ive ly ,  

the  d is tance  corresponding t o  a  cursor u n i t  on the  displayed ATS photo- 

graph can d i f f e r ,  depending both on the  s i z e  of the  displayed photograph 

and on the  angles of view of t h a t  por t ion  of the  photograph being viewed. 

A t  the  center  of the  ATS photograph, where a given p ic tu re  d is tance  

covers a  r e l a t i v e l y  small e a r t h  d is tance  (small angle of view), a  change 

of one cursor u n i t  i n  an east-west o r  north-south d i r e c t i o n  corresponds 

t o  a  r e l a t i v e l y  small e a r t h  d is tance .  Close t o  the  horizon ( l a rge  angle 

of view) a small d is tance  on the  ATS photograph covers many e a r t h  miles, 

so  t h a t  the  d is tance  represented by a change of one cursor u n i t  a l s o  

becomes g rea t ly  increased. 

Figure 5 shows the  l a t i t u d i n a l  v a r i a t i o n  of the  d is tance  represented 

by one x o r  one y cursor u n i t  a t  var ious  longitudes from the  s a t e l l i t e  

subpoint.  For example, a t  the  equator,  a  change of one y cursor  u n i t  

does not vary with longitude u n t i l  near the  horizon; out  t o  about 70° 

longitude from the  s a t e l l i t e  subpoint,  one y cursor  u n i t  corresponds t o  







a d i s t a n c e  va lue  of 3 nmi. One x cu r so r  u n i t ,  however, r e p r e s e n t s  a 

d i s t ance  t h a t  can vary  from 5 nmi ( a t  t h e  s a t e l l i t e  subpoint)  t o  more 

t han  30 nmi ( a t  70' longi tude  from t h e  subpoin t ) .  

A t  ~ o ' N ,  t h e  d i s t a n c e s  corresponding t o  a change of one x o r  y 

cu r so r  u n i t  a r e  nea r ly  equa l  u n t i l  about  40" l ong i tude  from t h e  s a t e l -  

l i t e  subpoint ,  beyond which t h e  v a l u e s  diverge.  A t  7 0 " ~ ,  t h e  d i s t a n c e  

corresponding t o  a change i n  one y cu r so r  u n i t  s u b s t a n t i a l l y  exceeds 

t h a t  corresponding t o  a change of one x cu r so r  u n i t  over t he  e n t i r e  

range of l ong i tude  from t h e  s a t e l l i t e  subpoint .  A summation of t he  

graphs i n  F igure  5 is  presen ted  i n  Table  2. 

Table  2 

DISTANCE I N  NAUTICAL MIUS PER CURSOR UNIT 

AT SEUCTED LATITUDES AND ANGUS OF VIEW 

The va lues  shown i n  F igure  5 w e r e  computed wi th  t h e  conso le ' s  TV 

camera l e n s  s e t  a t  maximum magni f ica t ion  (about  14.4 tirres the  o r i g i n a l  

ATS viewing p o s i t i v e )  and would i nc rease  a s  t he  magni f ica t ion  was decreased.  

L a t i t u d e  i n  
Degrees 

0 

10 

2 0 

30 

40 

5 0 

6 0 

70 

Angle of View i n  Degrees 
30" 

5 .5  

5 .5  

5.0 

X Y  

3.0 

3.0 

3.0 

40" 

6 . 5  

6.0 

6.0 

5.0 

50" 

X Y  

3.0 

3.0 

3 .0 

3 .0 

X Y  

8 .0  

7.5 

7.5 

6.5 

5 .0  

60" 80" 

3.0 

3 .0  

3.0 

3.0 

4.0 

10.5 

10.5 

10.0 

8 .0  

7.0 

5.5 

70" 
X 

30.0 

30.0 

30.0 

30.0 

25.0 

21.5 

16 .5  

6 .5  

X Y  

3.0 

3 .0  

3.5 

3.5 

4.0 

5.0 

X Y  

18.0 

16.0 

15.5 

13.5 

11.5 

9.0 

6 .0  

Y 

3 .0  

4.0 

6 .0  

9.5 

10.5 

14.5 

17.5 

16.5 

3.0 

3.0 

4.0 

5.0 

6.0 

6.5 

7.0 



B. E f f e c t  on Cloud Motion Measurements 

Figure 6 i l l u s t r a t e s  the  e f f e c t  of applying the  values shown i n  

Table 2 t o  three  s e t s  of measurements i n  the  l a t i t u d e  band from 4 5 ' ~  t o  

5 5 ' ~ .  Each of these measurements was va r i ed  by one cursor u n i t .  In  

t h i s  se lec ted  sample, the  g r e a t e s t  d i f f e rence  between rawin speed and 

cloud speed a t  the  l e v e l  of bes t  f i t 2  i s  6 knots; between rawin direc-  

t i o n  qnd cloud d i r e c t i o n  i t  is  21°. Comparison of measured cloud motions 

with rawin values shows t h a t  a  s u b s t a n t i a l  number of the  d i rec t ions  and 

speeds a r e  wi th in  the  range of uncer ta in ty  t h a t  would r e s u l t  from a  d i f -  

ference of one x o r  one y  cursor u n i t .  Time d i f fe rences  and/or d is tance  

between rawin s t a t i o n  and loca t ion  of measured clouds, however, could 

account f o r  some of the  l ack  of agreement. E r r o r s  can accrue from the  

length of time a  given cloud can be tracked. This  is  p a r t i c u l a r l y  

se r ious  i f  the  t racking time i s  s h o r t  (e .  g., 20 minutes), s ince  the 

motion can equal the  magnitude of the  measurements uncertainty.  A s  a  

matter  of p rac t i ce ,  a  minimum t racking time of one hour i s  recommended. 

Table 3 (based on the  t o t a l  sample of 240 cloud motion measurements) 

shows the  average e f f e c t  on speed and d i r e c t i o n  t h a t  could have been made 

by a  v a r i a t i o n  of a  cursor s e t t i n g  of one u n i t  determining the  i n i t i a l  

or  f i n a l  pos i t ion .  Obviously, the  e f f e c t  on measurement c e r t a i n t y ,  

p a r t i c u l a r l y  i n  terms of d i rec t ion ,  can be s u b s t a n t i a l  a t  angles of view 

of 50" o r  grea ter .  In  f a c t ,  these  average values of d i r e c t i o n  and speed 

d i f ference  encompass a  s i g n i f i c a n t  proport ion of the  measurement d i f -  

ferences  obtained by the  two d i f f e r e n t  inves t iga to r s  ( see  Sect ion  111-B). 

2 ~ h e  minimum vector  d i f ference  between the  observed wind and the  cloud 
motion vector .  
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Table 3 

AVERAGE CLOUD MOTION CHANGE THROUGH UNIT CURSOR VARIATION 

T h i s  would i n d i c a t e  t h a t  c e r t a i n  measurement cu r so r  s e t t i n g s ,  a s  de te r -  

mined by each i n v e s t i g a t o r ,  were q u i t e  c l o s e  even a t  h igh  angles  of view, 

bu t  even t h i s  degree of agreement y i e lded  marked d i r e c t i o n  and speed 

d i f f e r ences .  

The va lues  i n  Table  3 ,  based on t h e  240 measurements, a r e  a p p l i c a b l e  

t o  t h a t  s e t  of d a t a  a lone.  Not a l l  p o s s i b l e  d i r e c t i o n s  of t he  compass 

were ob ta ined  i n  t he se  measurements, nor  was t h e  d i s t r i b u t i o n  of measure- 

ments uniform over t h e  g r i d  quadrant .  Therefore ,  t h e  va lues  can not  be 

considered t o  be equ iva l en t  t o  va lues  t h a t  might be ob ta ined  i n  a  genera l  

s o l u t i o n  of u n i t  cu r so r  v a r i a t i o n  u s i n g  a  complete spectrum of d i r e c t i o n s ,  

speeds, and loca t ions .  

I n  c e r t a i n  i n s t ances ,  however, i t  i s  ev iden t  t h a t  over  measurement 

or  under measurement by even a  u n i t  cu r so r  s e t t i n g ,  can l e a d  t o  s i g n i f i -  

c a n t l y  erroneous e s t i m a t e s  of c loud he igh t  when t h e s e  va lues  a r e  used t o  

search  f o r  a  l e v e l  of b e s t  f i t .  Mul t ip le  l e v e l s  of b e s t  f i t  sometimes 

r e s u l t  from a  measurement v a r i a t i o n ,  p a r t i c u l a r l y  i n  c a s e s  where t h e  

rawinsonde p r o f i l e  possesses  small  i n c r e a s e s  of wind speed o r  small  wind 

d i r e c t i o n  changes wi th  he ight .  Because of t he se  p o s s i b i l i t i e s ,  r e s u l t a n t  



levels of best fit should be compared for compatibility with the types 

of cloud being reported in the area of interest, if such data exist. 

Also, multimeasurements of the same cloud--or of seemingly similar clouds 

I I in the immediate area--can be of assistance in deriving a most likelyw 

level of best fit. 



I I I CLOUD IDENT IF ICAT ION AND MEASUREMENT 

A. Comparison of Cloud Height Es t imates  Using ATS and ESSA Photographs 

The b a s i c  t a s k  was t o  a s s e s s  t he  a b i l i t y  of an experienced meteo- 

r o l o g i s t  t o  i d e n t i f y  c louds a t  l a r g e  angles  of view, a t  l e a s t  t o  t he  

minimal degree of d i s t i n g u i s h i n g  "low1' c loud from "high1' cloud. To do 

so, a  sample of s i x  days (12, 18, 23, 28, 29, and 30 A p r i l  1968) were 

s e l e c t e d  f o r  c loud  motion measurement. Both ATS I11 and ESSA I11 photo- 

graphs were a v a i l a b l e  f o r  t he se  days, a l though the  ATS p i c t u r e  q u a l i t y  

had become degraded dur ing  A p r i l  1968 by some l o s s  of sensor  s e n s i t i v i t y .  

Although t h i s  l o s s  was not  severe  enough t o  preclude cloud i d e n t i f i c a t i o n ,  

it may have con t r ibu t ed  t o  measurement d i f f i c u l t i e s .  

Measurements were confined t o  t h e  northwestern quadrant of t he  ATS 

photograph. A t  t h i s  time t h e  s a t e l l i t e  subpoint  was l oca t ed  near  8 4 ' ~  

longi tude ,  t hus  provid ing  good coverage of t h e  western United S t a t e s  and 

t h e  e a s t e r n  P a c i f i c  t o  about 1 4 5 ' ~  longi tude .  

The cloud cover f o r  the s i x  s e l e c t e d  days i n  A p r i l  i s  shown by ATS 

I11 and ESSA I11 photographs i n  F igu re s  7 through 12. (The ESSA I11 

photographs s e l e c t e d  f o r  i l l u s t r a t i o n  a r e  n e a r e s t  i n  time t o  t h e  i l l u s -  

t r a t e d  ATS d a t a  and view most of t he  a r e a  i n  which clouds were measured. 

I n  a l l  c a s e s  t h i s  was l e s s  than one hour of d i f f e r e n c e . )  The ATS d a t a  

show a s e r i e s  of f r o n t a l  c loud bands, e i t h e r  i n  t he  e a s t e r n  P a c i f i c  o r  

a long t h e  west c o a s t .  Pos t - f ron t a l  c loud ines s  i s  patchy and c e l l u l a r  

i n  appearance. S t r a t i f o r m  cloud pa tches  of vary ing  e x t e n t  a r e  p re sen t  

o f f  t he  lower C a l i f o r n i a  coas t .  



FIGURE 7 SELECTED CLOUD DATA, 12 APRIL 1968 
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(dl DESCRIPTION 

No cloud features were measured over the area in excess of approximately 62' angle of view since this region 
of the ATS photograph displayed a rather uniform cloud cover with indistinct edges. The cloud cover located at 
less than 62 of angle of view possesses sharper edges and has more features capable of being tracked. A frontal 
cloud band is visible, beginning near 38 '~ ,  125 '~ .  The measured clouds are in the southeast portion of high- 
pressure cell. An examination of clouds common to the areas viewed by ATS and ESSA shows that measurements 
were obtained from edges of huge cloud clusters and bands or exceptionally large cells. Note the small-cell cloud 
cluster near the center of the ESSA photograph. This cloud pattern dissolves to a uniform-appearing, rather 
featureless, cloud sheet in the ATS photograph. 

Comparison of cloud height estimates using the ESSA photograph indicates good agreement. All the cases were 
estimated to be "low" cloud, except for two cases near 4 2 ' ~ .  1 2 0 ' ~ .  

FIGURE 7 SELECTED CLOUD DATA, 12 APRIL 1968 (Concluded) 
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(c)  SYNOPTIC CHART 1800 GMT 

(dl DESCRIPTION 

The ATS photograph on this date shows a well-defined cloud band associated with a cold front through the 
eastern North Pacific. There is a large post-frontal clear area, followed by a cloud band on the edge of the photo- 
graph. South of the frontal cloud band there are large sheets of cloud in broad patches and rows. 

All motions, except one, were taken at angles of view of 70' or less. The two ESSA photographs cover the area 
seen by the ATS photographs. A comparison of the estimates of cloud height show excellent agreement for both 
"high" and "low" categories. One exception is the measurement near 49'~, 139'~ (angle of view x 7 5 ' )  with a 
displacement value of 58 knots. Here the estimate from the ATS data is that of "high" cloud, while the estimate 
from the ESSA photograph is that it i s  "low" cloud, based on the evidence of tightly packed cells. Unfortunately, 
i t  is not possible to determine if the displacement value is reasonable, since there are no rawinsonde stations in the 
immediate vicinity. 

FIGURE 8 SELECTED CLOUD DATA, 18 APRIL 1968 (Concluded) 



FIGURE 9 SELECTED CLOUD DATA, 23 APRIL 1968 
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(d) DESCRIPTION 

The ATS photograph shows a well-defined cloud band associated with a cold front extending from western Canada 
southwestward to 34 '~,  150 '~ .  Essentially clear skies prevail in the post-frontal area, south of the 50th parallel, to 
about 140 '~ .  A patch of apparently stratiform clouds i s  visible south of the frontal cloud band. A broad band of 
cloud with rather indistinct edge covers the area to the west of 140 '~ .  

The ESSA photograph views the Pacific region south of the 45th parallel, but the appearance of the clouds in the 
two satellite systems are quite disparate; the ATS view tends to brighten and solidify the cloud elements, at the expense 
of detail. 

In this example, agreement on the identification of the cloud height classification, based on ATS cloud motion, was 
successful out to about an angle of view of 75'. The motions of the few "low" clouds match the sense of wind 
direction that i s  implied by the synoptic chart (see map), but most of the cloud height estimates for those measure- 
ments contained in the area of the ESSA photograph are of "high" cloud. 

FIGURE 9 SELECTED CLOUD DATA, 23 APRIL 1968 (Concluded) 
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(c)  SYNOPTIC CHART 1800 GMT 

(dl DESCRIPTION 

The ATS photograph shows a cloud band associated with a cold frontal system. Post-frontal clearing is present, 
followed by a rather cellular, but  indistinct, cloud field. Extensive cloudiness prevails t o  the south and east of the 
front. The cloud cover appears rather dense, organized in huge patches and very diffuse-edged. 

Measurements were taken in the pre-frontal and post-frontal areas and along the stratus edge on the west coast. 
The identification of the cloud types on the ATS and ESSA photographs agree, except for the single case near 
45 '~ ,  135'~,  in the immediate post-frontal area. Because of the high angle of view in the ATS photograph, this 
latter region appears vastly different f rom the corresponding ESSA view. I n  the ESSA view identification of the 
cloud type is somewhat uncertain since the small-rod or half-cell appearance of the clouds can be that of altocumulus 
clouds or low-level cumulus. 

FIGURE 10 SELECTED CLOUD DATA, 28 APRl L 1968 (Concluded) 



FIGURE 11 SELECTED CLOUD DATA, 29 APRIL 1968 
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(dl DESCRIPTION 

The ATS photograph shows a frontal cloud band oriented NNE-SSW off the west coast of the United States. 
Compared to the previous day the clouds in the southern portion of the band have been eroded. The southerly flow 
ahead of the front has brought an extensive stratiform cloud cover along the west coast. The post-frontal area is 
occupied by numerous cloud elements with indistinct form with a rather solid appearing band of cloud visible on the 
western horizon. 

The majority of the ATS measurements were of "low" clouds located in the post-frontal region, which the ESSA 
photograph shows to be occupied by very small cloud elements, rather widely-spaced. A comparison of the estimates 
of cloud identity shows them to agree. The clouds near 43 '~ ,  135'~,  identified as "high" cloud on the ESSA pho;o- 
graph, appear as a solid clump on the ATS photograph at an angle of 70°, as does the group of low clouds near 32 N, 
142'~.  The west-coast stratus and a portion of the frontal cloud band have a viewing angle less than 60' and the 
cloud identity estimates agree. 

FIGURE 11 SELECTED CLOUD DATA, 29 APRIL 1968 (Concluded) 



FIGURE 12 SELECTED CLOUD DATA, 30 APRIL 1968 
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(c) SYNOPTIC CHART 1800 GMT 

(dl DESCRIPTION 

On this day the front has moved inland, being followed by a ridge of high pressure. Residual cloudiness remains 
in the mountainous area of Washington and lower British Columbia; an extensive patch of stratiform clouds is seen 
in the Pacific just south of 36 '~ .  Near the limb a new frontal cloud system i s  visible, with marked post-frontal 
clearing. 

Most of the measurements were taken of clouds having angles ofoview less than 75'. Estimates of cloud height 
for the group of ATS motions near 30 '~.  1 4 0 ' ~  (angle of view 70 ) are in agreement, although the clouds on the 
ATS photograph appear as rather large "globules" whereas they appear quite small and indistinct on the ESSA 
photograph. 

The principal area of disagreement occurs in the region between 4 4 ' ~  and ~o'N, 1 3 5 ' ~  to 120 '~ .  In the ESSA 
photograph, clouds in this region appear small and almost obliterated, leading to an estimate of "low" clouds. The 
ATS photograph shows considerably more cloudiness in this region and measurements of displacement values ranged 
from 28 to 45 knots, suggesting "high" clouds. These large speeds may result from the lack of a precise cloud edge 
or element to track and therefore may be somewhat excessive. 

FIGURE 12 SELECTED CLOUD DATA, 30 APRIL 1968 (Concluded) 



One a n a l y s t  made 174 cloud i d e n t i f i c a t i o n s  and measurements from 

t h e  six-day per iod .  These measurements were chosen a t  t h e  d i s c r e t i o n  

of t h e  i n v e s t i g a t o r  and a r e  random i n  loca t ion .  A s  a r e s u l t ,  t he  number 

of measurements vary on each of t h e  s i x  days, but ,  taken toge ther ,  the  

measurements range over v i r t u a l l y  a l l  angles  of view l a r g e r  than  40°. 

Some of t hese  ( l a c k  of space precluded the  e n t i r e  sample) a r e  p l o t t e d  

on the  ATS photos i n  F igures  7 through 12. Those cloud elements t h a t  

were loca t ed  wi th in  the  a r e a  of t he  ESSA I11 photographs were i d e n t i f i e d  

by a second a n a l y s t  u s ing  the ATS and ESSA photographs. The agreement 

between the  i d e n t i f i c a t i o n s  d isp layed  on t h e  ESSA photographs i s  r a t h e r  

good. 

Pe rusa l  of F igures  7 through 12 i n d i c a t e s  t h a t  the appearance of 

c loud  bands and pa tches  a t  vary ing  angles  of view had a decided e f f e c t  

on the  a b i l i t y  t o  l o c a t e  and t r a c k  cloud f e a t u r e s .  Th i s  i s  c l e a r l y  

demonstrated by t h e  vary ing  l o c a t i o n s  and number of measurements taken 

on the  ind iv idua l  days. Although a l l  of the a r ea  contained i n  t he  ATS 

photographic quadrant was searched f o r  c loud f e a t u r e s  t h a t  could be 

t racked,  only under c e r t a i n  viewing cond i t i ons  could measurement be ob- 

ta ined .  Because of the  absence of d e t a i l  t he  e s t ima te  of "low" cloud 

us ing  ATS da ta  sometimes was based more on amount and d i r e c t i o n  of motion 

than  on cloud appearance. Th i s  procedure was necessary i n  about one- 

t h i r d  of t he  comparisons. In  a l l  c a ses  t he  motion of t h e  "low1' clouds, 

and a l s o  most of t h e  "highq' c louds,  agreed wi th  t h e  sense of t he  c i rcu-  

l a t i o n  implied by the  su r f ace  and upper a i r  c h a r t s ,  although no quant i-  

t a t i v e  comparisons could be made. 

B. Comparison of Cloud Motions Measured by Di f f e ren t  I n v e s t i g a t o r s  

P a r t  of Task 1 requ i r ed  a comparison of motion measurements a s  ob- 

t a ined  by d i f f e r e n t  i n v e s t i g a t o r s  t r ack ing  the  same cloud. Of t h e  174 



measurements made by the  i n i t i a l  inves t iga to r ,  66 cases (approximately 

40 percent ,  s e l ec ted  a t  random, were remeasured by a second inves t iga tor ,  

y ie ld ing a t o t a l  of 240 measurements. This  s e l e c t i o n  included cases 

from each of the  s i x  days and covered a wide range of angles of view. 

While securing these cloud motion measurements both inves t iga to r s  a l s o  

est imated the  cloud "height" ( e i t h e r  "highM f o r  a l t o  o r  cirro-form 

11 
clouds and low" f o r  cumulus o r  s t r a t u s  clouds) a s  an added t e s t  of the  

a b i l i t y  t o  i d e n t i f y  clouds a t  la rge  angles of view. In a l l  comparisons 

the  se lec ted  cloud was tracked through a minimum time span of one hour; 

about 88 percent  of the  cases were tracked through a two-hour time span. 

1. Magnitude of Differences 

The d i s t r i b u t i o n  of speed and d i r e c t i o n a l  d i f ferences  fo r  the  

66 p a i r s  measured by the  two inves t iga to r s  is given i n  Figure 13(a) .3 

The v a s t  majori ty of comparisons (82 percent)  y ie lded a speed d i f ference  

of 10 knots o r  l e s s  between p a i r s ;  near ly  90 percent of the  d i r e c t i o n a l  

d i f f e rences  were l e s s  than 35'. The average speed d i f ference  was 6.76 

knots, the  average d i r e c t i o n a l  d i f ference  was 16.3'. Though absolute 

agreement was achieved i n  only two cases,  d i f f e rences  wi th in  l o 0  i n  

d i r e c t i o n  and 10 knots of speed were achieved i n  25 comparisons (about 

40 percent  of the  sample). Those ca tegor ies  ind ica t ing  c lose  measurement 

agreement (v iz . ,  A l ,  B1, B2) conta in  a wide range of angles of view; the  

l a r g e s t  disagreements (v iz . ,  D l ,  D2, C3) were associa ted  only with l a rge  

angles of view. 

3 ~ s  a convenience i n  ca tegor iz ing  the  d i f ferences ,  the d i s t r i b u t i o n  

[Figure 13(a) l  was divided, subjec t ive ly ,  on the  b a s i s  of occurrence 
and indica ted  by alphanumeric code. Agreement on the  cloud height  

es t imate  is a l s o  indica ted  by code i n  Figure 13(a) and 13(b).  



Cloud height estimated by two 
investigators using ATS datax  

A Agreement - high cloud 
e Agreement - low cloud 
X No Agreement 

nn Angle o f  View (degrees) 
Al. 82, e tc  Coda of direction dnd 
speed dif ferences between pairs 
of cloud measurements 

0 10 20 3 0 40 5 0 

DIFFERENCE IN DIRECTION - degrees 

(a) CATEGORIES OF DIRECTION AND SPEED DIFFERENCES 

DIFFERENCE IN DIRECTION - d.gr..l DIFFERENCE IN SPEED - kwts 

(b) DIFFERENCES AS A FUNCTION OF THE ANGLE OF VIEW 

FIGURE 13 Dl FFERENCES (Dl RECTION AND SPEED) BETWEEN INDEPENDENT 
MEASUREMENTS OF SAME CLOUDS 



The d i s t r i b u t i o n  of d i r e c t i o n  and speed measurement d i f -  

f e r ences  by angle  of view is shown i n  Figure 13(b) .  There i s  no ( o r  

only s l i g h t )  tendency f o r  i nc reas ing  measurement d i f f e r ence  va lues  t o  

occur wi th  angles  of view between 55' and 75'. These d i f f e r e n c e s  be- 

come marked f o r  measurement va lues  between angles  of view of 40" and 

55'. The sample s i z e  through t h e  lower va lues  of angle  of view, how- 

ever ,  is  too  small  t o  make a d e f i n i t i v e  s ta tement  i n  t h i s  regard .  

2. Locat ion of Di f fe rences  

F igure  14 shows the  l o c a t i o n  (by days) of each of the  66 com- 

pared  measurement^.^ The d i s t r i b u t i o n  of t hese  comparisons sugges ts  

t h a t ,  i n  a d d i t i o n  t o  t h e  angle of view and t r ack ing  time, t h e  "nature" 

of the  cloud cover p r e v a i l i n g  i n  a synopt ic  s i t u a t i o n  can have an im-  

p o r t a n t  e f f e c t  on t h e  a b i l i t y  of two i n v e s t i g a t o r s  t o  secure  i d e n t i c a l  

o r  near  i d e n t i c a l  c loud motion measurements and cloud he ight  

i d e n t i f i c a t i o n s .  

The word "nature,"  a s  used here ,  impl ies  those f a c t o r s  of 

b r igh tnes s ,  t e x t u r e ,  and cloud type t h a t  in f luence  v i s u a l  d e t e c t i o n  and 

measurement. S t r a t i f o r m  clouds,  which a r e  t h i n ,  p re sen t  a f l a t  b r igh t -  

ness  g rad ien t  t h a t  l e a d s  t o  a v i s u a l  appearance of i l l - d e f i n e d  edges. 

Where cloud edges must be used f o r  motion measurements i n  t hese  circum- 

s t ances  ( a s  may be necessary wi th  a broad overcas t  c loud f i e l d ) ,  t h e  

measurements by two i n v e s t i g a t o r s  a r e  a p t  t o  d i f f e r .  The s i t u a t i o n  i s  

4 ~ o d e  va lues  f o r  t he  va r ious  measurement d i f f e r e n c e  c a t e g o r i e s  and agree- 
ment on cloud he ight  e s t ima te s  a r e  en t e red  a t  the  c loud  loca t ion .  
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n o t  s o  severe  wi th  cumulus clouds,  s i n c e  they u s u a l l y  appear a s  b r i g h t  

I' I t  blobs" w i th  a comparatively sharpf t  edge (marked b r igh tnes s  g rad i en t ) .  

I n  a l l  measurements use of t h e  c loud  mass centrum a s  a measuring po in t  

i s  t o  be p r e f e r r e d  t o  use  of c loud edges,  i f  a t  a l l  pos s ib l e .  Also, 

t h e  l eng th  of t h e  cloud tracki-ng time should be a s  long a s  p o s s i b l e  ( a  

t i m e  span of one hour i s  about t h e  minimum) t o  balance ou t  t h e  e f f e c t  

of mechanical measurement e r r o r s .  

The group of ca se s  between 55' and 60' angles  of view on 

F igure  13 t h a t  show d i r e c t i o n a l  d i f f e r e n c e s  ranging from 25' t o  45' 

were a s s o c i a t e d  wi th  measurements of p r e f r o n t a l  c louds l oca t ed  over t h e  

western s t a t e s  on 12 A p r i l  and 23 A p r i l .  With f r o n t a l  s i t u a t i o n s  t h e  

cloud appearance i s  o f t e n  chao t i c ,  w i th  imprecise  c loud edges,  making 

i t  d i f f i c u l t  t o  t r a c k  c louds  wi th  c e r t a i n t y .  Clouds w i t h  p r e c i s e  edges 

w i l l  be measured wi th  more c e r t a i n t y .  

The compared measurements, i l l u s t r a t e d  i n  F igure  14, can be 

desc r ibed  a s  fo l lows:  

12 A p r i l  [Figure 14(a)]--The group of measurements s i t u a t e d  

j u s t  n o r t h  of t he  c o l d  f r o n t  (angle  of view 55' t o  62') y i e lded  d i f -  

f e r ences  i n  t h e  A 1  o r  B1 ca tegory :  Only one comparison shows a measure- 

I t  
ment d i f f e r e n c e  a s  l a r g e  a s  c l a s s  C2. Both i n v e s t i g a t o r s  es t imated  low 

clouds."  South of t h e  f r o n t  t h r e e  comparisons y i e lded  agreement on t h e  

i d e n t i f i c a t i o n  of "highM clouds and speed bu t  d i sagreed  on d i r e c t i o n .  

Four c a s e s  a r e  l oca t ed  i n  Lower C a l i f o r n i a  (angle  of view 40" 

t o  45'). The ATS photo showed these  c louds  t o  be small  bu t  wi th  f a i r l y  

p r e c i s e  edges. Both i n v e s t i g a t o r s  i d e n t i f i e d  t h e  clouds a s  be ing  i n  t h e  

I '  
hight '  c loud  ca tegory  and measurements a r e  i n  f a i r  t o  good agreement 

(A1 t o  B2). 



A s i n g l e  comparison (Cl) is  loca t ed  near  132O~,  j u s t  ahead of 

I f  the  c o l d  f r o n t .  There is agreement on the  e s t ima te  of highw cloud; 

motion measurements show c l o s e  agreement on speed bu t  moderate d i f -  

f e r ence  i n  d i r e c t i o n .  

18 A p r i l  [Figure 14(b)]--Two measurements were made i n  t he  

pos t - f ron ta l  regime, both a t  r a t h e r  high angles  of view. The case  a t  

75' angle of view loca t ed  i n  B r i t i s h  ~ o l u m b i a  (B2) shows l a c k  of agree- 

ment a s  t o  cloud he igh t  and a f a i r - s i z e d  d i f f e r e n c e  i n  measurement. The 

ATS photo showed the  cloud cover i n  t h i s  r eg ion  t o  l ack  d e t a i l  and reso-  

l u t i o n .  Fur ther  south (68' angle  of view) the  i d e n t i f i c a t i o n  and measure- 

ment (All  a r e  i n  good agreement. Here, t h e  ATS photo showed t h e  co ld  

f r o n t  c loud ines s  and the  immediate pos t - f ron ta l  c loudiness  with more 

c l a r i t y .  

The two c a s e s  (Bl,  C1) near  ~ o ' N ,  1 4 0 ' ~  (66' t o  69' angle  of 

view) a r e  w i t h i n  the  high-pressure c e l l .  Both were i d e n t i f i e d  a s  low 

cloud. Measurement agreement of speed can be considered a s  good b u t  

d i r e c t i o n a l  agreement was only f a i r .  A t  t he se  high angles  of view, t he  

cloud cover l a c k s  s u f f i c i e n t  v i s u a l  d e t a i l  t o  permit  measurements with 

h igh  confidence. 

In  lower C a l i f o r n i a  (54' angle  of view), t he  comparison of 

i d e n t i f i c a t i o n  and measurement was good (Al) .  The ATS photo showed 

cumuliform c loudiness  i n  t he  a rea .  

23 A p r i l  [Figure 14(c)l--Numerous comparisons a r e  d i s t r i b u t e d  

along the  f r o n t  extending from t h e  west coas t ,  through the  high-pressure 

c e l l .  Over t h e  western s t a t e s  j u s t  ahead of t h e  f r o n t  both i n v e s t i g a t o r s  

es t imated  the  c louds  t o  be "highH clouds bu t  t h e r e  a r e  moderate t o  l a r g e  

d i f f e r e n c e s  i n  measurement (B1 t o  Dl) ,  p r imar i ly  i n  d i r e c t i o n .  The l ack  

of a sharp  b r i g h t n e s s  g rad ien t  between clouds and ocean makes the  



measurement d i f f i c u l t ,  d e s p i t e  t h e  comparat ively moderate angle  of 

view. 

Along t h e  f r o n t  and i n  t h e  p o s t - f r o n t a l  reg ion ,  t h e  cloud 

cover appears  wi th  a  more p r e c i s e  edge and d e t a i l .  The d i f f e r e n c e s  i n  

measurement were gene ra l l y  A 1  o r  B1 a long  t h e  f r o n t  and through the  

h igh  ce l l  wi th  t h e  except ion  of two c a s e s  (C2 and B3) near 30°N, 1 4 0 " ~  

and 3 5 " ~ ,  1 4 7 " ~ ,  r e s p e c t i v e l y .  

Along 5 0 " ~  l a t i t u d e  ( p o s t - f r o n t a l  reg ion)  t h e  i n v e s t i g a t o r s  

agreed i n  t h e i r  e s t i m a t i o n  of "highM cloud, except  f o r  one case ;  

measurement d i f f e r e n c e s  were small  t o  moderate (A1 t o  C2). 

Three ca se s  were compared i n  t h e  high-pressure c e l l  ahead of 

t h e  f r o n t ;  two of t h e  t h r e e  ca se s  were i n  t h e  A 1  category and one was 

a  C2. A l l  t h r e e  c a s e s  agree on c loud  he igh t  i d e n t i f i c a t i o n .  

28 A p r i l  [Figure 14(d)]--All  comparisons w e r e  made a t  angles  

of view g r e a t e r  than  60". Of t h e  f i v e  comparisons made, four  were lo-  

c a t e d  w i t h i n  t h e  high-pressure reg ion ,  and y i e lded  fair- to-good measure- 

ment agreement (A1 o r  B l ) .  A l l  c l oud  h e i g h t  e s t i m a t e s  agree except  one. 

The ATS photo shows t h e  cloud cover  t o  have r a t h e r  d i s t i n c t  edges,  

though l ack ing  i n  c loud  d e t a i l .  

The comparison near  t h e  f r o n t  t o  t he  no r th  y i e lded  an agree- 

ment on cloud h e i g h t  e s t i m a t i o n  but  l a r g e  d i f f e r e n c e s  i n  motion measure- 

ment (C3). The angle  of view is  l a r g e  and t h e  ATS photo shows no cloud 

d e t a i l .  

29 A p r i l  [Figure 14(e)  1 --Most of t he  comparisons were l o c a t e d  

i n  t h e  p o s t - f r o n t a l  r e g i o n  ( ang le s  of view between 65' t o  72O). Cloud 

he igh t  e s t i m a t e s  agreed but  t h e  p a i r s  of measurements d i f f e r e d ,  moder- 

a t e l y ,  y i e l d i n g  c a t e g o r i e s  B1, C 1 ,  C3, and D2. The ATS photo shows 

d i f f u s e  cloud s t r u c t u r e s  i n  t h e  p o s t - f r o n t a l  r e g i o n  a t  t he se  angles  of 



view. The one comparison q u i t e  near t h e  f r o n t  d i f f e r e d  markedly i n  

d i r e c t i o n  (Dl) and i n  t he  e s t i m a t e s  of c loud  he ight .  

The comparison i n  t he  c e n t e r  of t h e  high c e l l  y i e lded  good 

agreement on motion (Al) bu t  no agreement on t h e  e s t ima te  of c loud 

he ight .  Th i s  may be due t o  l a c k  of r e s o l u t i o n ;  the  ATS photo shows 

small-s ized cloud elements,  which could be i d e n t i f i e d  a s  cumulus o r  

c i r r u s  s p i s s a t u s .  

30 A p r i l  [Figure 14( f ) l - -Al l  comparisons were made of c loud 

elements  i n  t h e  high-pressure c e l l  and r i d g e  between 60' and 72' angles  

of view. The group of comparisons between 30°N and 3 5 ' ~  show good 

agreement on cloud he igh t  and motion. Most of t he  d i f f e r e n c e  c a t e g o r i e s  

a r e  A 1  o r  B1. The ATS photo of t h i s  a r ea  shows small-s ized cloud e l e -  

ments, we l l  separa ted  and wi th  f a i r l y  p r e c i s e  edges. 

The group of comparisons t o  t he  nor th  (between 40°N and 5 0 ' ~ )  

y ie lded  d i f f e r e n c e  c a t e g o r i e s  of A l ,  B1,  and B2. There a r e  two cases  

where t h e  cloud he igh t  e s t ima te s  d i d  not agree.  The ATS photo shows a 

broad a r e a  of c l e a r i n g ,  f i l l e d  with small-scale  cloud elements.  The 

cloud c h a r a c t e r  and cloud edges seem not a s  d i s t i n c t  a s  those a t  the  

lower l a t i t u d e s .  

The d a t a  i n  F igures  13 and 14 show t h a t  47 of t he  66 cases  

(70 percent  of t h e  sample) f e l l  i n t o  c a t e g o r i e s  A l ,  B1 ,  A2, and B2. 

These f i g u r e s  a l s o  show agreement on the  c loud  he igh t  e s t ima te s  i n  58 

cases  (88 pe rcen t  of t h e  sample). T h i s  i nc ludes  23 e s t ima te s  of "low" 

cloud and 35 e s t i m a t e s  of "highw cloud;  8 ca ses  (12 percent  of t h e  

sample) showed no agreement. Note, however, t h a t  these  da t a  a r e  com- 

pa r i sons  of t he  measurements of two i n v e s t i g a t o r s  only;  due t o  l a c k  of 

r e p o r t s  they could not  be compared t o  shipboard cloud observa t ions  f o r  

v e r i f i c a t i o n .  



Considering a l l  s i x  days, these  47 cases  ranged through v i r -  

t u a l l y  a l l  angles  of view from 45' t o  70' and a wide v a r i e t y  of loca- 

t i o n s  w i th in  a synopt ic  p a t t e r n .  I f  t hese  c a t e g o r i e s  a r e  assumed t o  

r ep re sen t  f a i r  t o  good agreement, then  it can be s a i d  t h a t ,  a t  l e a s t  t o  

70' angle  of view, t he  s i z e  of a c loud  element,  i t s  d e t a i l ,  and sharp- 

ness  of d e f i n i t i o n  a r e  important f a c t o r s  i n  accu ra t e  measurement and 

cloud he igh t  i d e n t i f i c a t i o n ,  s i n c e  t h e s e  q u a l i t i e s  were more o f t e n  met 

i n  t hese  c a t e g o r i e s  than  i n  c a t e g o r i e s  C1,  C2, D2, and D l .  I n  c a t e g o r i e s  

B3, C3, and D3, where speed and d i r e c t i o n  d i f f e r e n c e s  were very  l a rge ,  

t he  ang le s  of view were 70° o r  g r e a t e r .  Here, undoubtedly, t h e  angle of 

view con t r ibu ted  t o  l a c k  of sharpness  of d e f i n i t i o n  and d e t a i l  with con- 

sequent i n a b i l i t y  t o  make a p r e c i s e  measurement. 

C.  Com~ar ison  of Cloud Data and Rawinsonde Data 

1. Cloud Motions and Winds a t  Level of Best F i t  

None of t he  ATS cloud motion measurements could be compared 

with wind r e p o r t s  a t  t h e  exac t  p o s i t i o n  of t h e  measurement. Nor could 

they be compared t o  measurements of t h e  same c loud  obta ined  from us ing  

ESSA I11 da t a  because the  ESSA 111 photographs d i d  not  over lap  s u f f i -  

c i e n t l y  i n  time o r  space t o  eva lua t e  movements. However, some estima- 

t i o n  of t h e  measurement accuracy can  be gained by comparing cloud motion 

t o  rawinsonde da t a ,  u s ing  the  wind a t  t h e  l e v e l  of b e s t  f i t  ( i . e . ,  

minimum vec to r  d i f f e r e n c e  between t h e  observed wind and the  cloud motion 

vec to r ) .  Th i s  assumes t h a t  t h e  wind a t  t he  l e v e l  of b e s t  f i t  is equiva- 

l e n t  t o  t h e  wind a t  t h e  cloud he igh t  and can be used i n  l i e u  of a c t u a l  

knowledge of t h e  cloud he ight .  

To do t h i s ,  43 motion measurements of c loud elements w i th in  

60 nmi of a rawinsonde s t a t i o n  were a v a i l a b l e  from the  t o t a l  sample of 

174 i n i t i a l  measurements and 66 remeasurements. For t hese  d a t a  t he  1200 

3 8 



GMT and 0000 GMT hodographs were p l o t t e d  us ing  t h e  rawin d a t a  t h a t  were 

a v a i l a b l e  a t  50-mb i n t e r v a l s .  The measured cloud motion v e c t o r s  were 

then p l o t t e d  on these  hodographs and the  l e v e l  of b e s t  f i t  noted.5 

Table 4 l is ts  t h e  l e v e l s  of b e s t  f i t  s e l ec t ed .  Obviously, t h e  major i ty  

of comparisons occurred a t  l e v e l s  below t h e  500-mb l e v e l ,  suggest ing 

t h a t  a preponderance of middle o r  low clouds were t racked.  

Table  4 

FREQUENCY OF UVEL OF BEST FIT (43 CASES) 

1n s e l e c t i n g  t h e  l e v e l  of b e s t  f i t ,  the cloud motions were compared t o  

both t h e  1200 GMT and 0000 GMT rawinsondes spanning t h e  cloud motion 
time (which ranged from 1736 GMT t o  2016 GMT). The sma l l e s t  minimum 

d i f f e r e n c e  t h a t  r e s u l t e d  from e i t h e r  of t h e s e  comparisons was chosen 
f o r  comparison. Th i s  procedure is based on t h e  premise t h a t  t h e  d i f -  

f e r ences  obta ined  i n  t h i s  manner would r ep re sen t  the  optimum s k i l l  

with which t h e  system can be used. 

Level of Best  F i t  

(mb) 

950 
900 

850 
800 
750 
700 
650 
600 
550 
500 
450 

400 

350 
300 

250 

1 

Number of Cases 

4 
4 

4 

7 
4 
3 
4 
3 
3 
1 

1 

1 

1 

1 

2 



A p l o t  of c loud motion and t h e  wind (considered s e p a r a t e l y  i n  

terms of d i r e c t i o n  and speed) a t  t h e  l e v e l  of b e s t  f i t  i s  shown i n  

F igure  15. Agreement, of course,  is  f a i r l y  good cons ider ing  t h e  f a c t  

t h a t  some s i x  hours  of time d i f f e r e n c e  sepa ra t ed  the  comparison, p l u s  

the  f a c t  t h a t  t h e  minimum v e c t o r  d i f f e r e n c e  between the  cloud motion 

and some winds could only be determined t o  t h e  c l o s e s t  50 mb. The 

d i r e c t i o n  of t h e  cloud motions v a r i e d  e i t h e r  s i d e  of t h e  wind d i r e c t i o n ,  

but  speeds of the  cloud motion were genera l ly  somewhat g r e a t e r  than  t h e  

speed of the  wind a t  t he  l e v e l  of b e s t  f i t .  

A p l o t  of t h e  d i f f e r e n c e s  i n  d i r e c t i o n  and speed between the  

measured cloud motion and the  wind a t  t h e  l e v e l  of b e s t  f i t  a s  a  func- 

t i o n  of the  angle  of view i s  given i n  F igure  16. In  about 75 percent  

of the  ca ses  t h e  d i f f e r e n c e s  i n  d i r e c t i o n  were l e s s  than  17'; speed 

d i f f e r e n c e s  were l e s s  than  5 knots  and t h e  minimum vec to r  d i f f e r e n c e s  

were l e s s  than 8 knots.  

A graph of t hese  d i f f e r e n c e s  expressed a s  a  cumulative per- 

centage frequency is given i n  F igure  17. 

A t a b u l a t i o n  of t h e  mean d i f f e r e n c e s  f o r  t h e  sample is  given 

i n  Table  5. These va lues  p e r t a i n  t o  angles  of view g r e a t e r  than 50°. 

In  a  prev ious  s tudy by Serebreny, e t  a l .  (1970), where the  angle  of 

view was l e s s  than  40°, t he  r e s u l t s  show d i f f e r e n c e s  of smal le r  mag- 

n i tude ,  p a r t i c u l a r l y  d i r e c t i o n  d i f f e r e n c e s .  Th i s  suggests ,  a s  d id  t h e  

d a t a  i n  F igure  14, t h a t  measurements a t  l a r g e  angles  of view possess  

somewhat g r e a t e r  d i r e c t i o n  u n c e r t a i n t i e s .  

2. Observed Cloud Types and Level of Best  F i t  

I t  must be noted t h a t  t h e  comparisons of c loud motion wi th  

rawinsonde d a t a  (F igures  15 through 17 and Table 4) were based upon t h e  
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wind found a t  t h e  l e v e l  of b e s t  f i t .  The l e v e l  of b e s t  f i t ,  however, 

i s  only an i n f e r e n t i a l  e s t i m a t e  of t h e  cloud he igh t  f o r  which t h e  motion 

was measured; t h e  choice  of t he  l e v e l  of b e s t  f i t  i t s e l f  i s  h igh ly  sen- 

s i t i v e  t o  t h e  accuracy of t h e  measured c loud  motion. I f  t h i s  motion is  

11 
i n c o r r e c t "  w i th  r e s p e c t  t o  a c t u a l  va lues ,  t h e  l e v e l  of b e s t  f i t  w i l l  

be i n c o r r e c t  ( i . e . ,  no t  equ iva l en t  t o  t h e  t r u e  he igh t  of t he  measured 

cloud) ,  even though t h e  comparison may y i e l d  a  r a t h e r  small  d i r e c t i o n  

and speed o r  v e c t o r  d i f f e r ence .  If t he se  e r r o r s  a r e  l a r g e  i t  can l e a d  

t o  i n s t a n c e s  where t h e  l e v e l  of b e s t  f i t  would be "incompatible" w i th  

t h e  type  of c loud a c t u a l l y  observed. 

Sur face  cloud observa t ions ,  n e a r e s t  i n  space and t i m e  t o  t h e  

43 c loud  motions, w e r e  checked f o r  c o m p a t i b i l i t y  wi th  t h e  type  of 

c loud ines s  t o  be expected from t h e  va lues  of t h e  l e v e l s  of b e s t  f i t .  

11 These obse rva t ions  were based on hour l i e s "  and t h e  comparisons d i d  no t  
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exceed 60 nm or  2 hours of time di f ference .  The cases, categorized a s  

"high1' clouds o r  "low" clouds, r e spec t ive ly  (est imated from the  motions 

and appearance i n  ATS photographs) a r e  compared separa te ly  (see  Figure 

18). The 700-mb l e v e l  was used a s  the  break point  between "low" and 

"highw cloud. I n  Figure 18(a) ,  those cases located  out  t o  about 65' 

angle of view showed good agreement between the  o r i g i n a l  cloud height  

c l a s s  es t imate  of "high" clouds, the  he ight  of the  l e v e l  of bes t  f i t ,  

and the  cloud types reported by the  surface  observation. Only one case 

yielded a l e v e l  of bes t  f i t  (800-mb leve l )  which can be considered t o  

be incompatible with the  ATS es t imate  and the  cloud types. 

A t  angles of view grea te r  than 65O, the  ATS cloud-height 

es t imates  and the  l e v e l s  of bes t  f i t  do not  agree; f i v e  cases with 



Table 5 

MEAN DIFFERENCES BETWEEN CLOUD MOTIONS AND WIND 

AT THE LEVELS OF BEST FIT 

* 
The s tandard  vec to r  dev ia t ion  used i n  t h i s  r e p o r t  is based on 

' 

Mean (Sca la r )  

D i rec t ion  Dif fe rence  

Mean (Sca lar )  Speed 

Dif fe rence  

Mean Vector Di f fe rence  
(magnitude only)  

Standard Vector 
Deviat ion,  av * 

t h e  fo l lowing  formula: 1 n 

where l ~ i l  is  the  magnitude of the  vec to r  d i f f e r e n c e  between ATS 

wind and ba l loon  wind. I f  t he  d i r e c t i o n s  a r e  assumed t o  be ran- 

domly d i s t r i b u t e d ,  then av is  an e s t ima te  of the "er ror"  t h a t  

would not  be exceeded i n  68 percent  of the  cases .  

P re sen t  Study 
(43 cases)  

13.4" 

4.0 knots  

5.9 knots  

7 .1  knots  

l e v e l s  of b e s t  f i t  above the  700-mb l e v e l  were r epo r t ed  a s  low cloudi- 

ness.  However, t he  low overcas t  p reven t s  knowing i f  high c loud  was 

a l s o  p re sen t  a t  t h e s e  s t a t i o n s .  For  t h e  c a s e s  having a  l e v e l  of b e s t  

f i t  below t h e  700-mb l e v e l ,  t he  r epo r t ed  cloud types  a r e  compatible,  

though not  c o n s i s t e n t  with t h e  o r i g i n a l  c l a s s i f i c a t i o n  from t h e  ATS 

photographs. 

Serebreny, e t  a l .  (1970) 

(180 cases)  

5.77O 

3.15 knots  

5.53 knots  

6 .71  knots  
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In  Figure 18(b),  the  compasisons of cases located out  t o  about 

65' show good agreement between the  i n i t i a l  es t imate  of "low1' clouds 

using ATS data,  the l e v e l  of bes t  f i t ,  and the type of cloud reported by 

the surface  observer. Beyond 65' angle of view, the  est imate from the  

ATS photograph is  cons i s t en t  with the  surface  r e p o r t s  but  l e v e l s  of bes t  

f i t  a r e  l e s s  compatible. S i x  cases,  f o r  which low s t r a t i f o r m  clouds a r e  

reported,  have l e v e l s  of bes t  f i t  above the  700-mb leve l .  

The d i s t r i b u t i o n  i n  Figure 18 (considering both panels) indi -  

ca tes  t h a t  most cloud height  es t imates  were co r rec t  out  t o  about 65' 

angle of view; beyond t h a t  point  the es t imates  were co r rec t  i n  about 

50 percent  of the cases. The derived l e v e l s  of bes t  f i t  f o r  cases 

having angles of view l e s s  than 65' were compatible with the separa te  

cloud types i n  13 out  of 15 comparisons (87 percent) .  A t  angles of 

view grea te r  than 65', the l e v e l s  of bes t  f i t  were compatible i n  14 out  

of 24 cases (58 percent) .  (Four cases  i n  the  sample did not have sur- 

f ace cloud types avai lable .  ) 

This  decrease i n  "compatibi l i ty11 demonstrates the comparatively 

g rea te r  d i f f i c u l t y  of making cloud i d e n t i f i c a t i o n  and measurement a t  the  

l a rge r  angles of view. Some of these  d i f f i c u l t i e s  a re  due t o  lack  of 

r e so lu t ion  of cloud elements. Other d i f f i c u l t i e s  stem from the  measure- 

ment c a p a b i l i t y  of the  spacecraf t  and console systems. 

D. Summation 

The comparison of cloud height  i d e n t i f i c a t i o n s  (using the  r a the r  

gross c l a s s i f i c a t i o n  of "low" or  "high1') made by two inves t iga to r s  in- 

d ica ted  r a t h e r  good agreement f o r  clouds viewed a t  l e s s  than 60' angle 

of view, desp i t e  a v a r i e t y  of synoptic  condit ions.  During the  s i x  days 

the motion of the  clouds, p a r t i c u l a r l y  the "low1' clouds, agreed q u i t e  



wel l  w i th  t he  sense of the  c i r c u l a t i o n  implied by the  su r f ace  and upper- 

a i r  c h a r t s .  The a b i l i t y  t o  i d e n t i f y  o r  measure c louds  a t  angles  of view 

g r e a t e r  than 60' is  h ighly  in f luenced  by cloud type,  spacing between 

clouds,  d i r e c t i o n  and magnitude of t h e  c loud  displacement and, not  l e a s t ,  

v i s i b l e  d e t a i l  o r  con f igu ra t i on .  

The tendency, when us ing  ATS photographic  da t a ,  i s  t o  r e l y  on the  

amount and d i r e c t i o n  of displacement whenever i d e n t i f i c a t i o n  i s  not  

c l e a r l y  p o s s i b l e  through c loud  d e t a i l .  The r e s u l t s  seem t o  i n d i c a t e  

t h a t  t h i s  i s  a  reasonable  approach t o  c loud i d e n t i f i c a t i o n ,  a t  l e a s t  

I I 
when cloud i d e n t i t y  i s  based only on t h e  sample s t r a t i f i c a t i o n  of highw 

o r  "low" clouds.  

The comparison of t he  motion of a  given cloud a s  measured by two 

a n a l y s t s  y i e lded  a  speed d i f f e r e n c e  of 10 knots  o r  less i n  82 pe rcen t  

of t he  comparisons and a  d i r e c t i o n  d i f f e r e n c e  of l e s s  than  35' i n  90 

pe rcen t  of t he  cases .  Agreements w i t h i n  10' and 10 knots  were achieved 

i n  40 percent  of t h e  cases .  The average speed d i f f e r e n c e  was about 7  

knots ;  t he  average d i r e c t i o n  d i f f e r e n c e  was some 16'. 

Although c l o s e  agreement was ob t a ined  a t  a l l  angles  of view (45' 

t o  78'1, t h e  l a r g e s t  disagreements  i n  speed and/or d i r e c t i o n  w e r e  asso- 

c i a t e d  only wi th  l a r g e  angles  of views ( i . e . ,  g r e a t e r  than 60'). I n  

genera l ,  both t h e  speed and d i r e c t i o n  d i f f e r e n c e s  tended t o  be small  

between 40' and 55' angle  of view and then t o  i nc rease  markedly 

t h e r e a f t e r .  

A comparison of c loud motion wi th  t h e  wind a t  t h e  l e v e l  of b e s t  f i t ,  

u s i n g  rawinsonde d a t a  w i t h i n  60 mi  of t h e  measured cloud,  i n d i c a t e d  

t h a t  75 percent  of t h e  d i r e c t i o n  d i f f e r e n c e s  were l e s s  t han  17'; speed 

d i f f e r e n c e s  were less than  5 knots .  The mean va lues  were 13' and 4 

knots ,  r e s p e c t i v e l y .  Minimum v e c t o r  d i f f e r e n c e s  (magnitude) were less 



than 8 knots i n  75 percent  of the  cases;  the  average value was 6 knots.  

The range of d i r e c t i o n  and speed d i f fe rences  were about the  same through 

a l l  the  angles of view involved (52O t o  77'). Even with these  d i f -  

ferences,  the  d i s t r i b u t i o n  of the measurements over a widespread area  

seem t o  r e f l e c t  the  c i r c u l a t i o n  i n  the area  adequately, a s  expressed 

by the d i s t r i b u t i o n  of cloud cover. 

The l e v e l s  of b e s t  f i t  based on motion measurements associa ted  

with angles of view l e s s  than 65' were compatible i n  87 percent  of the  

comparisons with type of cloud repor ted  a t  the  surf  ace. Beyond 65' 

angle of view, agreement was found i n  only 58 percent of the cases.  

Lack of r e so lu t ion  and i n a b i l i t y  t o  achieve the  measurement accuracy 

requi red  a t  l a rge  angles of view con t r ibu te  t o  the  l o s s  of compat ib i l i ty  

a t  l a r g e  viewing angles. 

The current  SRI/NASA Elec t ron ic  Display measuring system, applied 

a t  l a r g e  angles of view, is such t h a t  a v a r i a t i o n  of one cursor u n i t ,  

on the  average, can increase o r  decrease the d i r e c t i o n  measured by 16O; 

the  speed can be changed by about 4 knots. This  i n  t u r n  can e f f e c t  de- 

termination of the  l e v e l  of bes t  f i t  i n  those ins tances  when cloud mo- 

t i o n s  a r e  compared with rawinsonde da ta  showing small changes of wind 

speed o r  l a rge  d i r e c t i o n  changes with height .  



I V  COMPARISON OF APOLLO 6 AND ATS I11 DATA 

Task 2 was concerned wi th  comparing ATS I11  photographs wi th  photo- 

graphic  d a t a  secured  by Apollo 6.  On 4 A p r i l  1968 a camera aboard t h e  

unmanned Apollo 6 s p a c e c r a f t  took 70-mrn co lo r  photographs of c loud cover 

and s u r f a c e  f e a t u r e s .  During a p o r t i o n  of t h e  second o r b i t ,  c loud cover 

over t h e  North A t l a n t i c  was photographed over a narrow swath ex tending  

from t h e  c o a s t  of South Caro l ina  t o  t h e  c o a s t  of Mauri tania  i n  Western 

Af r i ca .  Th i s  s e c t i o n  d i s cus se s  t h e  ana lyses  of Apollo 6 photographs 

over t h e  North A t l a n t i c  and compares them wi th  o t h e r  types  of da t a .  

S p e c i f i c a l l y ,  c loud types  shown by t h e  Apollo 6 f i l m s  were compared wi th  

ATS I11 c loud  motions measured through t h e  u se  of t h e  SRI/NASA E l e c t r o n i c  

Display console.  We a l s o  examined ESSA I11 photographs over t h e  a r e a  of 

i n t e r e s t ,  bu t  concluded t h a t  they d i d  no t  provide any a d d i t i o n a l  i n fo r -  

mation; t he re fo re ,  t h e s e  a r e  no t  p r e sen t ed  o r  d i scussed .  

One hundred and f o u r  frames of Apollo 6 c o l o r  f i l m  were i nves t i ga t ed ,  

beginning wi th  No. 831 (32" 37'N, 78O 46'W, a t  1326 GMT), and ending wi th  

No. 934 (17" 27'N, 16" 18'W, a t  1351 Gm).  Black-and-white con tac t  p r i n t s  

were made from t h e  f i l m  con ta in ing  t h e  above frames; t h e  p r i n t s  were 

assembled a s  a mosaic (which r e q u i r e d  t h a t  each photograph be r o t a t e d  90" 

and overlapped about 50 pe rcen t ) .  The mosaic was then photographed and 

p r i n t s  made bo th  t o  t h e  o r i g i n a l  s c a l e  and a t  a reduced s c a l e  t h a t  cor re -  

sponded t o  t h a t  of an en la rged  o r  magnif ied s e c t i o n  of the  concur ren t  

ATS I11 photograph. 

An experiment was a l s o  conducted i n  which t h e  70-mm Apollo photo- 

graphs were rephotographed on 16-mm c o l o r  f i l m  wi th  f i v e  s t a g e s  of de- 

focus ing .  The r e s u l t i n g  f i l m s ,  e s p e c i a l l y  t he  f i n a l  s t a g e  of defocusing,  



merge smal l  c loud  elements  and b l u r  t h e  p a t t e r n s  t o  an e x t e n t  near ly  

comparable t o  t h e  ATS I11  photographs.  

E igh t  ATS I11  Meteorological  Spin-Scan Cloud Camera (MSSCC) photo- 

graphs were s e l e c t e d  f o r  ana lys i s :  frames 8 (1256:41 GMT) through 15 

(1522:50 GhEC). Enlargements were p r i n t e d  from nega t ives  t h a t  were made 

from pos i t ive-v iewing  t r a n s p a r e n c i e s  on hand. The boundaries  of t he  

swath photographed from Apollo 6 w e r e  marked on t h e  ATS photograph by 

i d e n t i f y i n g  s i m i l a r  c loud  p a t t e r n s  shown by t h e  two types  of photographs. 

The ATS I11 photograph was t hen  g iven  t o  me teo ro log i s t s  ope ra t i ng  t h e  

d i s p l a y  system, s o  they would know t h e  s p e c i f i c  a r e a  i n  which cloud- 

motion measurements were des i r ed .  

The e i g h t  ATS I11 photographs were e n t e r e d  i n  t h e  s to rage  d i s c  i n  

t h e  d i s p l a y  system, and by t ime-lapse viewing, t h e  d i r e c t i o n  and speed of 

55 c loud  elements  w i t h i n  t h e  a r e a  viewed by Apollo 6 were determined. 

A. Synopt ic  S i t u a t i o n  and Cloud Types 

F igure  19 shows c h a r t s  of t h e  850- and 300-mb l e v e l s  and l o c a t i o n s  

of t h e  55 c loud  elements  measured from t h e  ATS I11  f i l m s .  

The i n d i c a t e d  l a t i t u d e s  and long i tudes  a r e  t h e  midpoint p o s i t i o n s  

of t h e  d i s t a n c e  over  which t h e  measured c loud  elements  t r a v e l e d .  T h i s  

is  not  n e c e s s a r i l y  t h e  same a s  t h e  p o s i t i o n  on a given ATS I11 photo- 

graph, s i n c e  d i f f e r e n t  e lements  moved a t  d i f f e r e n t  speeds and s i n c e  t h e  

time pe r iod  over  which v a r i o u s  elements  could  be fol lowed v a r i e d  due t o  

formation and d i s s i p a t i o n .  The Roman numerals i d e n t i f y  t h e  a r e a s  a long  

the  t r a c k  i n  which s p e c i f i c  types,  o r  combinations of types,  of cloud 

cover predominated. The types  of c loud cover ,  based on both t h e  

appearance of c loud cover i n  t h e  Apollo 6 photographs and cloud-motion 

measurements from ATS photographs,  a r e  l i s t e d  i n  Table  6 .  



Figure  19(a)  shows 850- and 300-mb c h a r t s  prepared by the  NWP Unit  

of ESSA. The 850-mb c h a r t  shows h igh  p re s su re  over much of t he  North 

A t l a n t i c  a long  t h e  Apollo 6 t r a c k  bu t  t h e r e  i s  a l s o  an i n v e r t e d  t rough 

between 4 5 " ~  and 5 0 " ~ .  South of t h i s  t rough (near  2 0 " ~ )  t h e r e  i s  an "L" 

on the  map, presumably denot ing t h e  l o c a t i o n  of a  low-pressure a rea .  

1 1  
There i s  another  L" a t  2 6 . 5 ' ~ ,  6 2 . 5 ' ~ ,  denot ing an a r e a  of lower pres-  

su re  near  t h e  southern  edge of t he  high-pressure a r e a  over t he  Western 

A t l a n t i c .  The l a t t e r  p o s i t i o n  l a b e l e d  "L" corresponds roughly t o  an 

a r e a  of c loud  i n  t h e  ATS photograph t h a t  appears  a s  a  c loud vor tex .  

The 300-mb c h a r t  shows a  trough ac ros s  t h e  Apollo t r a c k  between 

5 5 ' ~  and 6 0 ' ~ - - t h e  a r e a  of t h e  cloud vortex--but t h e  c h a r t  shows no 

evidence of a  t rough i n  t he  v i c i n i t y  of t he  850-mb l e v e l  i nve r t ed  trough 

near 4 5 ' ~ .  Thus t h e  l a t t e r  i s  e i t h e r  a  low l e v e l  phenomenon o r  d a t a  a r e  

too spa r se  a t  upper l e v e l s  f o r  i t s  i d e n t i f i c a t i o n .  There were no c losed  

lows south of t h e  t r a c k  u n t i l  1200 GMT, 6 A p r i l  1968, and even then  

t h e r e  was no r e f l e c t i o n  of such a  low c i r c u l a t i o n  on t h e  700-mb c h a r t .  

Reports  from a Gul l  I nd i a  f l i g h t  a long  t h e  500-mb l e v e l  showed a  gradual  

change from moderate w e s t e r l i e s  (20 knots)  on 4 A p r i l  1968, t o  north- 

e a s t e r l i e s  wi th  speeds of 30 t o  40 knots  on 6 A p r i l  i n  t h e  v i c i n i t y  of 

23"N, 5 1 " ~  o r  j u s t  t o  t h e  e a s t  of t h e  300-mb trough i n  F igure  1 9 ( a ) .  

F igure  20 i l l u s t r a t e s  t he  cloud cover shown by t h e  ATS I11  photo- 

graph a t  1338 GMT and t h e  swath photographed from t h e  Apollo 6 space- 

c r a f t .  Roman numerals corresponding t o  those  on F igure  19 i d e n t i f y  t he  

r eg ions  of s i m i l a r  c loud  cover l i s t e d  i n  Table  6 .  

F igure  21 is  a  comparison of c loud elements  a s  shown by a  reduced 

copy of a  mosaic made from t h e  h igh- reso lu t ion  Apollo 6,  70-rnm co lo r  

f i l m  and by t h e  ATS I11 camera system, which has  a  r e s o l u t i o n  of 2  nmi 

a t  the  s a t e l l i t e  subpoint .  Carefu l  i n spec t ion  of t h e  two types  of 



(a) SYNOPTIC SITUATION AND APOLLO 6 TRACK 

FIGURE 19 SYNOPTIC SITUATION AT 1200 GMT ON 4 APRIL 1968 AND LOCATIONS 
OF CLOUDS MEASURED ALONG TRACK OF APOLLO 6 



1 - PT REGIONS OF SIMILAR CLOUD CHARACTER 
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(b) CLOUD LOCATIONS 

FIGURE 19 SYNOPTIC SITUATION AT 1200 GMT ON 4 APRIL 1968 AND LOCATIONS 
OF CLOUDS MEASURED ALONG TRACK OF APOLLO 6 (Concluded) 

Table 6 

CLOUD DISTRIBUTIONS ALONG TRACK OF APOLLO 6 

Area 

I 

I 1  

I11  

IV 

V 

V I  

Cloud Types 

Cumulus and s t ra tocumulus 

Upper c louds  a t  t h e  no r the rn  edge of a  c loud  vo r t ex  

(probably a l t o s t r a t u s )  

C i r r u s  c louds  wi th  cumulus v i s i b l e  below 

C i r r u s  ove rcas t  

S c a t t e r e d  cumulus 

J e t  s t ream c i r r u s  





photographs shows t h a t  nea r ly  a l l  of t h e  c loud  p a t t e r n s  shown by t h e  

Apollo 6 can be i d e n t i f i e d  i n  t h e  ATS I11 photograph, d e s p i t e  t h e  much 

lower r e s o l u t i o n  of t h e  l a t t e r .  D e t a i l  on s p e c i f i c  c loud elements  is ,  

11 
of course,  l o s t "  i n  t h e  ATS photograph. A s  an example, t h e  rows of 

very small  cumulus c louds  i n  t h e  a r e a  between c loud  elements  i d e n t i f i e d  

a s  4 and 5 do no t  appear i n  t h e  ATS I11  photograph. 

B. Cloud Measurements 

The d i r e c t i o n  and speed of t he  v a r i o u s  cloud f e a t u r e s  a r e  i nd i ca t ed  

on t h e  over lay  of F igure  22, t oge the r  wi th  an assessment of whether t h e  

clouds were a t  low a l t i t u d e s  o r  high a l t i t u d e s .  T h i s  assessment of a l -  

t i t u d e  is not  based s o l e l y  on t h e  photographs shown on F igure  21. Th i s  

i s  because i t  i s  very  d i f f i c u l t  t o  determine cloud type and a l t i t u d e  

from a  s i n g l e  photograph. When a  s e r i e s  of ATS photographs a r e  viewed 

i n  time l apse ,  d i f f e r e n t i a l  motion, knowledge of r e g i o n a l  c l imatology,  

and t h e  gene ra l  synop t i c  p a t t e r n  implied by t h e  c loud  con f igu ra t i on  

permit  some d i f f e r e n t i a t i o n  between lower and upper c louds.  

The accuracy of t h e  measured motions depends on two main f a c t o r s :  

The accuracy wi th  which t h e  photographs a r e  r e g i s t e r e d  

w i th  one another  which can be done wi th  extreme accuracy 

only when t e r r a i n  f e a t u r e s  a r e  v i s i b l e .  

How w e l l  t he  c loud  f e a t u r e  can be i d e n t i f i e d .  

The ATS MSSCC wi th  i ts  2-nmi r e s o l u t i o n  smears ou t  c loud edges. I n  t h e  

case  of t h e  4 A p r i l  ATS I11 MSSCC photographs,  t h e r e  was a  f law i n  t h e  

p i c t u r e s ,  a s  i n d i c a t e d  by a  marked d i s c o n t i n u i t y  i n  t he  hor izon  on F igure  

20. Th i s  f law was near  t h e  no r the rn  edge of t he  a r e a  photographed by 

Apollo 6 over t h e  wes te rn  A t l a n t i c ,  and thus  some c loud  elements  a t  t h e  

nor thern  edge of t h e  Apollo 6 swath could  no t  be measured. I n  add i t i on ,  
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FIGURE 22 CLOUD MOTIONS SUPERIMPOSED OVER SELECTED SECTIONS 
OF APOLLO 6 MOSAICS 



CLOUD IDENTIFICATION 

LOWER CLOUD 



scan  l i n e s  i n  s e v e r a l  of t h e  photographs appear t o  be missing, which 

caused f u r t h e r  complicat ions.  

F igure  22 shows s e l e c t e d  sequences of t he  Apollo 6 mosaic wi th  

superimposed c loud  motions a s  measured from t h e  ATS I11  photographs. 

I t  should be noted t h a t  t h e  i n d i c a t e d  longi tudes  on F igure  22 do 

not  agree  completely wi th  those  on F igure  19. Tha t  is, cloud f e a t u r e s  

1-4 i n  F igure  22 a r e  e a s t  of 7 5 ' ~ ,  whi le  they a r e  west of 7 5 ' ~  i n  F igure  

19. The d i f f e r e n c e  is  t h a t  i n  F igure  19 t h e  l o c a t i o n s  a r e  t h e  midpoint 

of t h e  d i s t a n c e  over which t h e  cloud elements  were followed; i n  F igure  

22 the  l ong i tudes  a r e  those given i n  Table  B-1 of Kaltenbach (1969). 

I t  i s  be l i eved  t h a t ,  whi le  t h e  d i f f e r e n c e  is  not  s i g n i f i c a n t ,  t he  more 

wes t e r ly  l o c a t i o n  i s  more nea r ly  c o r r e c t ,  s i n c e  i t  l o c a t e s  t h e  frames 

wi th  Bermuda v i s i b l e ,  i n  t h e  c o r r e c t  geographical  l oca t ion .  

Looking now a t  c loud  h e i g h t s  and v e l o c i t i e s ,  i t  i s  apparent  t h a t  

t he re  a r e  some d i f f e r e n c e s  i n  d i r e c t i o n  and speed over s h o r t  d i s t ances .  

These d i f f e r e n c e s  may r e s u l t  from mesoscale s t r u c t u r e  of t h e  atmosphere, 

e f f e c t s  of growth and d i s s i p a t i o n  of c loud elements ,  o r  measurement 

e r r o r s .  

I n  F igure  22, t h e  l a r g e r  e lements  of t h e  cumulus and s t ra tocumulus 

a r e  arranged i n  l i n e s  t h a t  have a v e r t e b r a e - l i k e  appearance. The l a r g e r  

of t he se  l i n e s  a r e  c l e a r l y  ev iden t  i n  t h e  ATS I11  photographs ( s ee  F igure  

21) .  I n  f a c t ,  i n  t he  c l u s t e r s  (1-4) and (5-7) one can see  b r i g h t e r  e l e -  

ments embedded i n  t h e  organized amorphous c loud  cover.  

The measurements of t h e  motions of t h e  c louds  show Elements 1, 2, 

3, and 4 moving from a southwes te r ly  d i r e c t i o n  whi le  Elements 5,  6 ,  and 

7 were moving from t h e  e a s t .  Th i s  appa ren t ly  r e p r e s e n t s  flow around 

the  western p o r t i o n  of t h e  Bermuda high. 



The dominant cloud f e a t u r e s  i n  Figure 22(b) (see  Elements 13, 14, 

15, and 16) a r e  the  upper clouds a t  the  northern r i m  of a cloud vortex 

centered south of the  t rack .  The low clouds t o  the  r i g h t  (Elements 17 

and 18) a r e  p a r t  of a band extending northeastward. 

Some c i r r u s  (Element 19) is  evident  a t  the r i g h t  edge, and i t s  

motion i s  q u i t e  d i f f e r e n t  from the  low cloud (Element 18). In  the  ATS 

I11 photograph (Figure 21) t h i s  cloud complex is  r a t h e r  und i f fe ren t i a t ed  

and one cannot d i s t ingu i sh  the  low from the  high clouds. Only by ob- 

t a in ing  measurements of cloud motion i s  it  poss ib le  t o  d i s t ingu i sh  the  

two l eve l s .  

Figure 22(c) shows examples of c i r r u s  s p i s s a t u s  above low cumuli- 

form cloud cover. While it is not poss ib le  t o  d i s t ingu i sh  t h e  upper 

from the  lower clouds i n  the ATS photograph (Figure 21) and the  cloud 

elements tend t o  merge together  even i n  the  Apollo 6 photographs, motion 

ana lys i s  shows t h a t  Cloud Elements 22 and 26 a r e  c i r r u s  moving from the  

southwest a t  moderate speeds while Cloud Elements 23, 24, and 25 a r e  

cumulus moving from the  e a s t .  

Figure 22(d) a l s o  shows a mixture of lower and upper clouds. In 

t h i s  case the ve loc i ty  d i f ference  between the  upper and lower clouds 

i s  not a s  marked a s  i n  the  previous case. There i s  a considerable d i f -  

ference  i n  the  ve loc i ty  of Cloud Elements 27 and 29. This d i f ference  

apparently r e f l e c t s  a sharp change i n  flow over a shor t  distance.  The 

vqloci ty  of Cloud Element 29 i s  cons i s t en t  with t h a t  of 22 and 26, while 

t h a t  of 27 is  cons i s t en t  with 31, 33, and 34. I t  is  not known, however, 

whether these  upper clouds a r e  a t  d i f f e r e n t  l e v e l s ,  so  t h a t  it may be 

e i t h e r  v e r t i c a l  o r  hor izonta l  wind shear t h a t  r e s u l t s  i n  motions from 

d i f f e r e n t  d i rec t ions .  



Figure  22(e) i l l u s t r a t e s  c i r r u s  overcas t  a s soc i a t ed  with a  well-  

developed cumulus c l u s t e r  t o  t h e  south.  Here the  c i r r u s  i s  present  i n  

a  r a t h e r  ex t ens ive  shee t  t h a t  appears  i n  t he  ATS I11 photograph a s  p a r t  

of an ex tens ive  a rea  of b r i g h t  clouds. I n  t h e  Apollo swath one views 

the nor thern  r i m  of the  c i r r u s  shee t .  Cloud-motion measurements of t h i s  

cloud cover show d i f f l u e n c e  of the  c i r r u s .  Elements 33 and 34 move from 

the south and southeas t  while Elements 35, 36, and 37 move from the  

southwest. The speeds a r e  moderate i n  a l l  cases .  

F igures  22 ( f )  and 22(g) ,  r e s p e c t i v e l y ,  show cumulus clouds moving 

from the  no r theas t  around the  sou theas t e rn  edge of the Azores high, and 

j e t  s t ream c i r r u s  moving r ap id ly  from the  west.  The c i r r u s  a r e  very 

c lose  t o  the  limb of the  ATS photograph ( see  F igure  21),  bu t  t h e i r  r a p i d  

motion made i t  poss ib l e  t o  measure them wi th  a  reasonable degree of 

accuracy. 

Some f e a t u r e s  of t he  cloud cover mer i t  f u r t h e r  d i scuss ion .  For 

example, t h e  cloud d e t a i l  i n  Figure 22(a) t h a t  i s  l o s t  i n  the  ATS photo- 

graph bu t  may be of extreme s i g n i f i c a n c e  i n  a  mesoscale sense i s  the 

d i f f e r e n c e  i n  d i r e c t i o n  of the s i z e  d i s t r i b u t i o n  wi th in  the  well-marked 

l i n e s  of cumulus ( s ee  Figure 23) on e i t h e r  s i d e  of a  l i n e  A-A'.  To the  

l e f t  of t he  l i n e  the  c e l l s  seem t o  inc rease  i n  s i z e  from south t o  north,  

t o  t he  r i g h t  of t h i s  l i n e  the c e l l s  appear t o  increase  i n  s i z e  from 

nor th  t o  south.  

These d i f f e r e n c e s  (not  v i s i b l e  i n  t h e  ATS I11 photographs) seem t o  

imply the ex i s t ence  of increased  i n s t a b i l i t y  i n  oppos i te  d i r e c t i o n s  on 

e i t h e r  s i d e  of t he  l i n e  a s  wel l  a s  a  p o s s i b l e  d i f f e r ence  i n  the thermal 

wind and wind shear  on e i t h e r  s i d e  of t he  l i n e .  One might f u r t h e r  specu- 

l a t e  t h a t  t h i s  d i s t r i b u t i o n  of cumulus i s  a  r e f l e c t i o n  of an eddy i n  the  

Gulf Stream, which r e s u l t s  i n  a  l o c a l  small-scale  r e d i s t r i b u t i o n  of sur-  

f a c e  water temperatures .  





We were ab le  only t o  o b t a i n  cloud-motion v e c t o r s  f o r  t h e  l a r g e s t  of 

the cumulus bands. Elements 1, 2, 3, and 4 a r e  west of t h e  l i n e  A-A' 

and Elements 5,  6 ,  and 7 a r e  e a s t  of t he  l i n e .  I n  the  former t h e  motions 

a r e  from the  southwest, and i n  t he  l a t t e r  from the  e a s t ;  i n  both cases  

the  d i r e c t i o n  of motion i s  near ly  perpendicular  t o  the  o r i e n t a t i o n  of 

the rows of cumulus clouds.  I t  i s  i n t e r e s t i n g  t o  note  t h a t  i n  most in- 

s tances  the  longes t  a x i s  of the  ind iv idua l  elements of the  clouds com- 

posing these  bands is i n  the downwind d i r e c t i o n  of t he  measured motion. 

Another i n t e r e s t i n g  f e a t u r e  of t h e  cloud cover i n  t h i s  s e r i e s  was 

the behavior of the  elements i n  the  v i c i n i t y  of those labe led  23, 24, 

25, and 26 [ see  F igure  22(c) ] .  In  t h i s  a r ea  t h e r e  was a  band of c i r r i -  

form clouds with a  band of cumulus below. Figure 24 shows these  two 

cloud l a y e r s  a s  they were viewed by Apollo 6 and ATS 111. Figure 24(a) 

shows two success ive  photographs from Apollo 6 t h a t  may be viewed with a  

s te reoscope  t o  show the  a l t i t u d e  sepa ra t ion  of the  two cloud l a y e r s .  The 

e i g h t  s e c t i o n s  of ATS I11 photographs show what appears  t o  be a  s i n g l e  

band a t  1257 GMT, ind ica t ed  by t i c k  marks above and below the photographs, 

g radual ly  becoming two d i s t i n c t  bands by 1527 GMT ( see  double s e t  of 

marks). Note t h a t  nothing (shape, conf igura t ion ,  o r  b r igh tnes s )  i n  any 

of the ATS photographs d i f f e r e n t i a t e s  low clouds from high clouds.  In  

t h i s  i n s t ance  such s i g n i f i c a n t  information could be der ived  only from the  

cloud-motion measurements a v a i l a b l e  from ATS photographs. Near t he  

southern end of t he  band the  computed motion of t h e  low clouds was from 

87" a t  8  knots ,  while  t h e  c i r r u s  clouds were moving from 267" a t  21 knots.  

A s  a  ma t t e r  of f a c t ,  f i v e  hours l a t e r ,  winds measured on a  Gull Ind ia  

f l i g h t  a t  2 7 " ~  5 0 " ~  were 270°, 20 knots  a t  an a l t i t u d e  of 5770 meters.  

A t  t h a t  l oca t ion ,  our cloud-motion measurement was 267", 22 knots.  



(a) STEREO PAIR OF APOLLO 6 PHOTOGRAPHS SHOWING 
CIRRUS OVER CUMULUS 

1420 
I I 

144 1 
I I 

1502 
I I 

1527 GMT 

(b) ATS I l l  PHOTOGRAPHS SHOWING DIFFERENTIAL MOTION 
OF CIRRUS AND CUMULUS 

FIGURE 24 DETAILS OF MOTION IN MULTIPLE LAYERS 



C. Summation 

The comparison of ATS I11 photographs (which have a r e so lu t ion  of 

only 2 nmi a t  the  subpoint) with the  very-high-resolution 70-mm color  

photographs taken by the  Apollo 6 s a t e l l i t e  showed t h a t  much of the  

d e t a i l  v i s i b l e  i n  the  high-resolut ion photographs was a l s o  detec table  

i n  the ATS photographs. I t  was poss ib le  t o  def ine  the  boundaries of the  

swath photographed from Apollo 6 on the  ATS photograph so t h a t  cloud 

v e l o c i t i e s  wi th in  the swath could be measured from a s e r i e s  of ATS photo- 

graphs. While i n  many ins tances  i t  was not poss ib le  t o  d i f f e r e n t i a t e  

lower from upper clouds on a given ATS photograph, motions of cloud e le-  

ments provided c lues  a s  t o  whether the  clouds were low o r  high. In one 

area  i n  one of the  ATS photographs, a band of c i r r u s  was fused with a 

band of cumulus below it. Time-lapse viewing of a s e r i e s  of ATS photo- 

graphs on the SRI/NASA Elec t ron ic  Display System showed d i f f e r e n t i a l  

motion of the  cloud elements, c l e a r l y  ind ica t ing  t h a t  there  were clouds 

a t  two l e v e l s  moving i n  opposi te  d i rec t ions .  This  demonstrates t h a t  

motion analys is ,  such a s  is  poss ib le  using t h i s  system, i s  e s s e n t i a l  t o  

understanding the  nature  of the  cloud cover viewed by ATS s a t e l l i t e s .  





V COMPARISON OF CLOUD GROWTH RATES 

WITH OBSERVED SEVERE STORM ACTIVITY 

The o b j e c t i v e s  of t h i s  t a s k  w e r e :  

(1) To i d e n t i f y  cumulonimbus a n v i l s  on t h e  SRI/NASA 

E l e c t r o n i c  Display System's  TV sc reen  

(2 )  To measure t h e  motions and s i z e  changes of c louds 

i d e n t i f i e d  a s  a n v i l s  

(3)  To determine whether growth r a t e s  and s i z e s  of 

c louds  were i n d i c a t i v e  of severe  weather and were 

r e l a t e d  t o  wind and wind shear  a t  app rop r i a t e  l e v e l s .  

A c o n t r a c t u a l  requirement was t h a t  two of t h e  r equ i r ed  s i x  ca se s  

would be 19 and 23 A p r i l  1968. The remaining f o u r  c a s e s  could be any 

o t h e r  days i n  A p r i l  1968 t h a t  appeared t o  have measurable a n v i l s .  The 

d a t e s  t h a t  were s tud i ed ,  t oge the r  w i th  t h e  t imes of t h e  ATS photographs 

examined on each da t e ,  a r e  given i n  Table  7. 

The fo l l owing  d a t a  w e r e  a l s o  analyzed i n  a d d i t i o n  t o  t h e  ATS cloud 

photographs: 

Radarscope photographs and RADU p l o t t i n g  c h a r t s  showing 

r a d a r  echo d i s t r i b u t i o n  

Severe storm r e p o r t s  t a b u l a t e d  i n  "storm ~ a t a "  

V e r t i c a l  d i s t r i b u t i o n s  of temperature ,  moisture ,  and wind 

from rawinsonde a scen t s .  



Table  7 

GMT TIMES OF PHOTOGRAPHS USED I N  CLOUD GROWTH STUDY 

A. Measurement of Cloud Growth 

3 

The procedure fol lowed t o  determine the  s i z e  of a c loud element on 

a given ATS photograph was a s  fo l lows:  For each d a t e  s e l e c t e d  f o r  s tudy,  

t h e  p o r t i o n s  of t h e  ATS photographs showing t h e  a r e a  of i n t e r e s t  w e r e  

en t e r ed  on t h e  d i sp l ay  system's  d i s c  memory a t  maximum enlargement.  The 

x and y c u r s o r s  were then  pos i t i oned  on t h e  edges of c louds  t h a t  appeared 

t o  be a s s o c i a t e d  wi th  convect ive a c t i v i t y  a t  a s  many l o c a t i o n s  a s  was 

deemed necessary t o  d e f i n e  t h e  o u t l i n e  of t h e  c loud  being analyzed. 

These cu r so r  va lues  were e n t e r e d  on punched cards ,  and the  l a t i t u d e s  and 

long i tudes  of t h e  s e l e c t e d  p o i n t s  were computed u s i n g  t h e  ATSWIND computer 

on 
19 

2019 
2046 

2114 

2141 
2209 

2236 
2304 
2331 
2358 

Date--April 
23 

1809 
1836 
1904 
1931 

1959 
2028 
2056 

2124 

2151 
2219 
2246 

GMT 
17  

1800 
1827 

1855 
1926 

1953 
2025 

2057 
2125 

Time 
18 

15 10 

1537 
1605 
1632 
1700 

1727 
1821 

2 8 

1849 
1916 
1944 

2011 
2039 
2106 

2134 
2201 
2229 

2256 
2324 
235 1 

1968 
30 

1649 

1717 
1744 

1811 
1839 
1906 

1934 
2001 
2029 

2056 
2124 

2151 
2219 



program. These l a t i t u d e s  and long i tudes  were then  p l o t t e d  a t  convenient 

s c a l e s  f o r  computing a n v i l  a r e a  and f o r  comparison wi th  radiosonde,  

r ada r ,  and severe  s torm r e p o r t s .  

To determine t h e  accuracy of measurement of c loud s i z e  on t h e  d i s -  

play system, t h r e e  meteoro logis t s  made independent measurements of one 

cloud. The t h r e e  s e t s  of measurements were i n  p e r f e c t  agreement on t h e  

windward edge of t h e  cloud (where t h e  edge was well-defined) bu t  d i f -  

f e r e d  by a maximum of f i v e  x cu r so r  u n i t s  on t he  d i f f u s e  downwind end of 

t he  a n v i l .  The a n v i l  on t he  t h r e e  sets of measurements averaged 30 

cu r so r  u n i t s  i n  l eng th  so  t h e  u n c e r t a i n t y  was 2.5/30 o r  about 8 percent .  

The a n v i l  was l oca t ed  near 3 2 . 5 ' ~ ,  where one y cu r so r  u n i t  is 3 nmi; 

hence, i n  terms of m i l e s ,  t h e  u n c e r t a i n t y  i n  l o c a t i o n  of t h e  edge was 

7.5 nmi. 

B. Discuss ion  of Davs S tudied  

The s i x  days s t u d i e d  v a r i e d  cons iderab ly  i n  t he  e x t e n t  and s e v e r i t y  

of weather w i t h i n  t h e  a r e a s  examined. The i n t e n s i t y  of weather asso- 

c i a t e d  w i t h  s p e c i f i c  c loud a r e a s  was e x t r a c t e d  from the  storm d a t a  bu l l e -  

t i n s  i s sued  monthly from Ashev i l l e ,  North Caro l ina ,  and from remarks on 

the  hour ly  RADU p l o t t i n g  c h a r t s .  These d a t a  sou rces  showed t h a t  some of 

t h e  measured c louds  were no t  even p r e c i p i t a t i n g  (no r a d a r  echoes) whi le  

o the r  measured clouds produced tornadoes.  

The number of c louds  measured ranged from a minimum of two on 28 

A p r i l  t o  a maximum of e i g h t  on 23 A p r i l .  The s i z e s  of c louds  measured 
2 

va r i ed  from j u s t  under 200 nmi t o  over 20,000 nmi . 
The number and s i z e  of t h e  measured c louds  depended on t h e  d i s t r i b u -  

t i o n  of c loud cover.  I f  t h e r e  was a widespread a r e a  of r e l a t i v e l y  uniform 

s t r a t i f o r m  cloud cover it was d i f f i c u l t  t o  i s o l a t e  s p e c i f i c  f e a t u r e s  t o  



study. Furthermore, two ar more small clouds sometimes merged in to  a 

l a rge r  cloud; conversely, i n  some cases,  a l a r g e  cloud apparently s p l i t  

i n t o  two smaller  clouds. 

Table 8 l is ts  the  number of c e l l s  measured on each of the  s i x  days, 

the number of times each c e l l  was observed, and the  number of times the  

weather associa ted  with the  c e l l s  f e l l  i n  each category. 

The weather ca tegor ies  were defined a s  follows: 

NE--No echo No radar  echoes i n  measured clouds 

L--Weather of l i g h t  Light t o  moderate r a i n  o r  r a i n  
i n t e n s i t y  showers 

M--Moderate i n t e n s i t y  Light or  moderate thunderstorm 

S--Severe weather Tornadoes o r  funnel clouds, h a i l ,  
s t rong winds, or heavy thunderstorms. 

A s e r i e s  of photographs has been prepared t o  i l l u s t r a t e  the  cloud 

cover on each of the  days studied.  These p i c t u r e s  were made by photo- 

graphing the  por t ion  of the  d isplay  system's TV screen containing the  

area  of i n t e r e s t .  A s  presented i n  t h i s  r epor t ,  the  photographs a re  re- 

duced from t h e  TV presenta t ion .  The photographs do, however, i l l u s t r a t e  

such d e t a i l s  a s  r e l a t i v e  br ightness  and sharpness of edges t h a t  were 

ava i l ab le  t o  the  meteorologists  measuring the  clouds. Each cloud photo- 

graph has an overlay containing g r i d  l i n e s ,  e l l i p s e s  demarlcing measured 

clouds, a l e t t e r  iden t i fy ing  the cloud, and ( i n  parentheses) a nota t ion  

descr ib ing the  weather category associa ted  with the  cloud. 

1. 28 Apr i l  1968 [Figure 251 

Two cloud elements were measured. A t  the time i l l u s t r a t e d ,  

the  weather accompanying both cloud elements was categorized a s  severe 



Table 8 

WEATHER CATEGORY ASSOCIATED WITH MEASURED CLOUD ELEh4ENTS 

Date 

(1968) 

28 A p r i l  

17 A p r i l  

18 A p r i l  

19 A p r i l  

30 A p r i l  

23 A p r i l  

T o t a l s  

Cloud 

Element 

A 
B 

A 
B 

C 

D 

E 

A 

B 

C 

D 

A 

B 

B 

C 

D 

E 

A 
B 

C 

D 

A 

B 
C 

D 
E 

F 

G 

H 

29 

Number of 
Observat ions 

8 

7 

6 

6 

7 

4 

4 

7 
4 

3 

4 

6 

2 

2 

5 

6 

3 

4 

7 

9 

8 

6 

9 
4 

4 
3 

5 

4 

5 

152 

No 

Echo 

6 

6 

7 

4 

2 

2 

27 

Weather 

Light  

4 

4 

7 

3 

1 

4 

5 

9 

2 

3 9 

Category 

Moderate 

6 

3 

1 

2 

5 

2 

5 

6 

3 

1 

5 

1 

4 

1 

3 

3 

3 

5 4 

Severe 

2 

4 

1 

2 

3 

1 
8 

4 

2 

2 

1 

2 

32 



FIGURE 25 CLOUD COVER ON 28 APRIL 1968 



0 LOCATION OF MEASURED CLOUD 

A ( s )  CLOUD IDENTIFICATION AND 
ASSOCIATED WEATHER CATEGORY 

WEATHER CATEGORY 
(NE) NO ECHO 
( L )  WEATHER OF LIGHT INTENSITY 
( M I  MODERATEIMTEMSITY 

( S  SEVERE WEATHER 
WEATHER SYMBOLS 

T - TORNADO A - HAIL 

F -FUNNEL CLOUD THUNDERSTORM 
W -  WIND < LIGHTNING 

LEGEND 



(heavy thunderstorms were r epo r t ed  i n  both a reas ) .  Table 8 shows t h a t  

Cloud Element A was only accompanied by severe  weather on two of s i x  

observa t ions ,  while  Cloud Element B had a s soc i a t ed  severe  weather on 

fou r  out  of seven observa t ions .  A t  the  time i l l u s t r a t e d  Cloud Element 

A had reached i t s  maximum s i z e  and decreased r a p i d l y  during t h e  next 

hour; Cloud Element B increased  i n  s i z e  dur ing  the next  ha l f  hour then  

decreased slowly i n  s i z e .  Typical  growth and decay curves f o r  cloud 

elements such a s  t h i s  a r e  i l l u s t r a t e d  i n  t h e  d i scuss ion  of t he  d a t a  f o r  

23 Apr i l .  

2. 17 Apr i l  1968 [Figure 26 (a ) ]  

Five cloud elements were measured. Four of these  were south 

of a  co ld  f r o n t  t h a t  extended from c e n t r a l  I l l i n o i s  t o  nor thern  Texas. 

The f i f t h  cloud measured was behind the  f r o n t  and loca t ed  over c e n t r a l  

Kansas. No r ada r  echoes were a s soc i a t ed  wi th  Cloud Elements A, B, and 

C, while  only l i g h t  r a i n  was r epo r t ed  wi th  Cloud Elements D and E. 

Table 8 shows t h a t  t hese  weather c a t e g o r i e s  p reva i l ed  throughout the 

per iod  dur ing  which these  cloud elements  could be followed. 

3.  18 A p r i l  1968 [Figure 26(b)l  

Four cloud elements were measured. On t h i s  d a t e  t he re  was a  

wave i n  southwestern Missouri on a  co ld  f r o n t  t h a t  extended from southern 

Ohio t o  sou theas t e rn  New Mexico. The measured c louds  were i n  t h e  t r o p i c a l  

a i r  south of t he  f r o n t  and were mostly b r i g h t e r  a r e a s  w i th in  an ex tens ive  

cloud sh i e ld .  Weather over t he  a r ea  a t  t h i s  time was not  severe,  a s  

i nd ica t ed  by the  l ack  of echo i n  Cloud Elements A, B, and C, and only 

l i g h t  r a i n  i n  Cloud Element D. Table  8 ,  however, shows t h a t  during p a r t  

of the  time Cloud Elements B and C were followed, the a s soc i a t ed  weather 

was of moderate i n t e n s i t y .  



FIGURE 26 CLOUD COVER ON 17 AND 18 APRIL 1968 
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(a) 1926 GMT 17 APRIL 1968 

(b) 1@06 GMT 18 APRIL 198% 



19 A p r i l  1968 [Figure 271 

S i x  cloud elements  w e r e  measured (two of which a r e  outs.i.de t he  

a r e a  covered by t h e  photographs i n  F igure  27) .  Cloud Element A i s  j u s t  

t o  the  e a s t  of a low-pressure c e n t e r  and moved almost due nor th .  The 

clouds f u r t h e r  t o  t he  w e s t  were moving from t h e  n o r t h  wi th  t h e  c i r c u l a -  

t i o n  t o  t h e  west of t h e  low. 

The c loud  element l abe l ed  B a t  2236 GMT and B' a t  2331 GMT 

r e p r e s e n t s  a s i t u a t i o n  where two elements  apparen t ly  merged and t h e  

console  ope ra to r  fol lowed one p o r t i o n  i n i t i a l l y  and the  second p o r t i o n  

i n  subsequent ana lyses .  Cloud Elements A and B'  had a s soc i a t ed  severe  

weather.  

The c loud  element l abe l ed  C grew very r a p i d l y  from i t s  i n i t i a l  

appearance a t  2141 GMT t o  2358 GMT, when sunse t  over  t he  a r e a  prevented 

f u r t h e r  measurement. Average growth r a t e  dur ing  t h i s  per iod  was computed 

t o  be 76.4 square mi l e s  per  minute. I n  s p i t e  of t h i s  remarkable growth, 

t h e r e  was no severe  weather r epo r t ed  wi th  t h i s  c loud  ( s e e  Table  8 )  during 

the  pe r iod  it was analyzed. 

Cloud Elements D and E, which a r e  o u t s i d e  t he  a r e a  covered by 

Figure 27, had a s s o c i a t e d  weather ca t ego r i zed  a s  moderate throughout t h e  

per iod  they were followed. 

5 .  30 Apr i l  1968 [Figure 281 

On 30 A p r i l  t h e r e  was a low-pressure a r e a  i n  t h e  western 

A t l a n t i c  Ocean and a co ld  f r o n t  moving southeastward ac ros s  t he  north- 

e a s t e r n  p a r t  of t he  United S t a t e s .  Thunderstorms wi th  s t r o n g  winds and 

a t  l e a s t  one tornado accompanied t h i s  co ld  f r o n t .  Figure 28 shows two 

views of t h e  c loud  cover on t h i s  d a t e  and a l s o  shows the  l o c a t i o n s  of 

measured cloud elements .  The f i g u r e  and Table  8 show t h a t  Cloud Element 









FIGURE 28 CLOUD COVER ON 30 APRIL 1968 
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D (wi th  which the  tornado occurred) had severe weather dur ing  p a r t  of 

i ts  l i f e  h i s t o r y  and a t  o the r  t imes had weather i n  t he  va r ious  o the r  

ca t egor i e s .  This  c loud element was the  only one dur ing  the s i x  days 

examined whose a s soc i a t ed  weather ranged through a l l  four  of the ca te -  

go r i e s .  Cloud Elements A, B, and C e i t h e r  had no echo o r  had weather 

ca tegor ized  a s  being of l i g h t  i n t e n s i t y .  

The d a t a  f o r  23 Apr i l  a r e  presented  i n  d e t a i l  because of the  

widespread occurrence of severe weather on t h i s  da te .  E ight  of t he  t en  

photographs s tud ied  a r e  shown i n  F igu re  29. The l o c a t i o n s  of repor ted  

tornadoes, h a i l ,  windstorms, e t c . ,  a r e  included on the  overlay.  Table 8 

shows t h a t  on 23 Apr i l  e i g h t  c louds  were measured f o r  a t o t a l  of 40 

measurements, Some of these  clouds appeared on only th ree  o r  four  photo- 

graphs, while  one could be i d e n t i f i e d  on nine frames. The a s soc i a t ed  

weather a t  t he  time of 20 of t hese  measurements was ca tegor ized  a s  

moderate; the remainder was ca tegor ized  a s  severe.  Severe weather a l s o  

occurred with cloud elements t h a t  were not measured. 

Reference t o  F igure  29 shows t h a t  t h r e e  cloud elements were 

measured a t  1809 GMT, two of which ( A  and B) had a s soc i a t ed  weather of 

moderate i n t e n s i t y ,  and the  t h i r d  (C) had severe  weather. There was 

1-3/4 inches of h a i l  r epo r t ed  j u s t  t o  t he  southwest of Cloud Element B 

and a tornado r epor t ed  between Cloud Elements B and C. The clouds with 

which the  h a i l  and tornado occurred were not measured because they tend 

t o  be p a r t  of c l u s t e r s  wi th  no d i s t i n c t  edges. 

Five clouds were measured a t  1836 GIVIT. Cloud Elements A and D 

have a s soc i a t ed  weather ca t egor i zed  a s  moderate while severe weather was 

occurr ing  with Cloud Elements B, C,  and E. There was a tornado with 

Cloud Element B, a s  i nd ica t ed  by t h e  T a t  the  southern edge of t he  cloud. 



















An a d d i t i o n a l  c loud element,  des igna ted  F, could  be measured 

a t  1904 GMT. There was weather ca t ego r i zed  a s  moderate a s soc i a t ed  wi th  

Cloud Elements A, D, and F, while  severe  weather was a s s o c i a t e d  with 

Cloud Elements B, C, and E .  A t  t h i s  time t h e r e  were two tornadoes 

a s s o c i a t e d  w i th  Cloud Element B, one tornado wi th  Cloud Element C, a  

tornado j u s t  n o r t h e a s t  of Cloud Element E, and a  severe  thunderstorm 

with s t r o n g  winds sou theas t  of Cloud Element C. 

The photograph a t  1931 GMT shows t h e  same f i v e  measured cloud 

elements  a s  t h e  prev ious  photograph. There a r e  some changes i n  severe  

weather d i s t r i b u t i o n s  s i n c e  t h e  prev ious  photograph. The tornado i n  

t he  c e n t e r  of Cloud Element B has  apparen t ly  d i s s i p a t e d ,  a s  has  t he  

tornado n o r t h e a s t  of Cloud Element E. Weather a s s o c i a t e d  wi th  Cloud 

Element E has  decreased from seve re  t o  moderate. 

A t  1959 GMT, Cloud Element C has  merged wi th  t he  surrounding 

c louds  and could  no longer  be measured. There a r e  s t i l l  r e p o r t s  of 

thunderstorms and winds i n  sou theas t  Michigan i n  t h e  a r e a  of c loud cover 

wi th  no d i s t i n c t  c e l l s .  Cloud Elements A,  D, and F have a s s o c i a t e d  

weather ca tegor ized  a s  moderate; Cloud Element B has a  tornado and a  

new cloud element,  G, a l s o  wi th  moderate a s soc i a t ed  weather,  has  been 

added. 

The photograph a t  2028 GMT shows two r e p o r t s  of thunderstorms 

and wind i n  Michigan a s soc i a t ed  wi th  c loud  cover t h a t  was no t  measured. 

Cloud Element B now has  two tornadoes and a  funne l  cloud. A t h i r d  

tornado j u s t  t o  t h e  southwest,  because of t he  i n d e f i n i t e  boundary of 

Cloud Element B, may o r  may not  be a s s o c i a t e d  w i th  t h i s  c loud.  Cloud 

Elements A,  F, and G s t i l l  have a s s o c i a t e d  s eve re  weather based on t h e  

c l a s s i f i c a t i o n  a s  l i s t e d  on t h e  hourly r a d a r  summaries, even though 

t h e r e  a r e  no r epo r t ed  tornadoes wi th  t h e s e  c louds  l i s t e d  i n  t he  Storm 

Data b u l l e t i n s .  



A t  2056 GMT t h e r e  is s t i l l  a r e p o r t  of a thunderstorm wi th  

s t r o n g  winds i n  sou theas t e rn  Michigan; Cloud Element B no longer  con- 

t a i n s  a tornado but  i s  s t i l l  c l a s s i f i e d  a s  severe ,  a s  i s  Cloud Element 

F. There is  a tornado between Cloud Elements B and F, bu t  t h e  boundary 

of t he  s p e c i f i c  c loud a r ea  wi th  which it i s  a s s o c i a t e d  is  not  d i s t i n c t .  

Th i s  may be t h e  tornado t h a t  was p rev ious ly  included w i t h i n  t h e  boundary 

of Cloud Element B. A tornado i s  now repo r t ed  wi th  Cloud Element G and 

a new cloud element (H), a l s o  having a s s o c i a t e d  severe  weather,  was 

measured on t h i s  photograph. 

A t  2124 GMT, Cloud Element B s t i l l  has  severe  weather asso- 

c i a t e d  wi th  it. Cloud Elements G and H only have weather c l a s s i f i e d  

a s  moderate and t h e r e  is  s t i l l  a tornado i n  southern  Ohio. 

C. Cloud S i z e  and Time Changes i n  Cloud S i ze  Rela ted  

t o  S e v e r i t y  of Assoc ia ted  Weather 

Whether o r  no t  severe  weather occurs  wi th  a p a r t i c u l a r  c loud  de- 

pends on a number of f a c t o r s .  C e r t a i n l y  i f  t h e  synop t i c  s i t u a t i o n  is 

such t h a t  any l i f t i n g  mechanism w i l l  r a p i d l y  c a r r y  moist  a i r  t o  h igh  

a l t i t u d e s ,  i s o l a t e d  thunderstorms, tornadoes,  h a i l ,  and s o  f o r t h  may 

be a s s o c i a t e d  w i t h  s c a t t e r e d  c louds  of r e l a t i v e l y  small  s i z e .  On o t h e r  

occas ions ,  numerous convect ive c louds  may form i n  c l o s e  proximity.  I n  

such e v e n t s  t h e  a n v i l s  from t h e  i n d i v i d u a l  c louds  may merge and the  re- 

s u l t i n g  complexes appear a s  a s i n g l e  l a r g e  cloud i n  ATS photographs. 

In  t he  ca se  of co ld  f r o n t s  o r  s q u a l l  l i n e s  t h a t  have l i f e t i m e s  of many 

hours,  a well-developed c i r r u s  canopy may be e s t a b l i s h e d ,  obscuring t h e  

format ion  of smal l  new c e l l s  wi th  which seve re  weather may occur .  I n  

t h i s  type  of s i t u a t i o n  t h e r e  may be an ex t ens ive  a r e a  of o l d  cloud, be- 

nea th  which t h e r e  may form a new v igorous  convec t ive  ce l l  producing 

severe  weather.  Unless t h i s  new c e l l  p ro t rudes  above t h e  o l d  c i r r u s  



canopy t o  such an e x t e n t  t h a t  shadows o r  i ts  b r i g h t n e s s  d i s t i n g u i s h  i t  

from t h e  lower c i r r u s ,  it  may not  be recognizable .  

Thus, i n  many of the  ATS photographs where r e s o l u t i o n  masks d e t a i l s  

of new ce l l  formation i n  an a r e a  of c loud  many hours  o ld ,  only changes 

i n  s i z e  of t h e  o l d  cloud a r e a  a r e  measurable. A s  a  r e s u l t ,  many of t h e  

o l d  c e l l s  may be dying out  a n d  t h e i r  c i r r u s  plumes evapora t ing  g iv ing  

the  impression of a  genera l  decrease  i n  s i z e  while  an embedded new c e l l  

t h a t  i s  not  d i s t i n g u i s h a b l e  may develop r a p i d l y  and produce a  b r i e f  

occurrence of severe  weather.  I t  i s  be l i eved  t h a t  t h i s  happened a  

number of t imes i n  c loud elements  s t u d i e d  on the  s i x  days descr ibed  

prev ious ly .  

F igure  30 shows time changes i n  c loud  a r e a  and s e v e r i t y  of asso- 

c i a t e d  weather on 23 A p r i l  1968. The f i g u r e  shows a  wide v a r i e t y  of 

s i z e s  and r a t e s  of i nc rease  i n  a r ea .  The only cloud element t h a t  shows 

a  s i z e  decrease  dur ing  t h e  pe r iod  s t u d i e d  i s  Cloud Element B.  Cloud 

Elements C,  D, E, F, G, and H can be cons idered  t o  have slow growth 

r a t e s ,  Cloud Element A t o  have a  moderate growth r a t e ,  and Cloud Element 

B t o  have a  r a p i d  growth r a t e  between 1845 and 1930 GMT. 

There i s  no marked tendency f o r  t h e  i n i t i a l l y  l a r g e r  c louds  t o  be 

more l i k e l y  t o  have tornadoes (a l though a t  i t s  maximum s i z e  Cloud Ele- 

ment B d i d  have two tornadoes p l u s  a  funne l  c loud) .  Also a  c loud may 

have had a s s o c i a t e d  s eve re  weather when i t  was r e l a t i v e l y  small  and 

only weather i n  t h e  moderate category a s  it grew l a r g e r ,  e . g . ,  Cloud 

Elements E, G, and H.  S e v e r i t y  i s  no t  dependent on growth r a t e s  e i t h e r .  

Therefore ,  s i z e  o r  growth r a t e  does no t  seem t o  be a  unique c r i t e r i a  f o r  

spec i fy ing  whether a  given cloud w i l l  o r  w i l l  no t  produce s eve re  weather.  

S i m i l a r  f i g u r e s  were p l o t t e d  f o r  t he  o t h e r  f i v e  days s t u d i e d ;  how- 

ever ,  because of t he  s i m i l a r i t y  of t h e  r e l a t i o n s h i p s  on the  s i x  days,  i t  

is f e l t  t h a t  t h i s  one i l l u s t r a t i o n  s u f f i c e s  t o  c a t e g o r i z e  a l l  s i x  days. 

8  5 



FIGURE 30 TlME CHANGES IN CLOUD AREAS AND SEVERITY 
OF ASSOCIATED WEATHER ON 23 APRIL 1968 
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Figure  3 1  provides  information on t h e  weather c a t e g o r i e s  and s i z e  

of c loud  elements  s i m i l a r  t o  t h a t  shown on F igure  30. The f i g u r e  shows 

t h a t  measured cloud a r e a s  cover a wide range and on any given day t h e r e  

a r e  c e l l s  of s i m i l a r  s i z e  wi th  d i s s i m i l a r  weather c a t e g o r i e s :  

On 28 Apr i l ,  c loud elements  with a r e a s  l e s s  than  1000 

square mi les  had assocza ted  weather ca t ego r i zed  a s  

moderate, whi le  c loud elements  wi th  a r e a s  ranging from 

about 1500 t o  4000 square mi l e s  had a s s o c i a t e d  weather 

i n  t h e  moderate o r  severe  category.  

0 On 17 A p r i l ,  t he  c e l l  s i z e s  ranged from 300 t o  6000 square 

m i l e s  and the  a s soc i a t ed  weather was of l i g h t  i n t e n s i t y  

o r  r e p o r t e d  no echoes a t  a l l .  The l a r g e r  c louds  r epo r t ed  

no echo. 

Data f o r  18 A p r i l  show cloud a r e a s  from 600 t o  3000 square 

mi les  wi th  a s s o c i a t e d  weather i n  each of t h r e e  ca t ego r i e s ,  

though not  of severe  i n t e n s i t y .  

0 On 19 A p r i l ,  t he  sample of c louds  a s s o c i a t e d  wi th  severe  

weather f a l l  near  t h e  middle of t h e  a r e a  range (1500 t o  

4000 square  mi les ) .  Clouds a s s o c i a t e d  w i th  weather i n  

t he  moderate category ranged from 300 t o  9000 square 

mi les .  No l e s s e r  i n t e n s i t i e s  were repor ted .  

On 30 Apr i l ,  c louds  having a r e a s  of less than  2050 square 

mi les  were a s s o c i a t e d  wi th  weather i n  t h e  l i g h t  category 

o r  wi th  no echo. Above t h i s  va lue  t h e  a s soc i a t ed  weather 

ranges  i n  i n t e n s i t y  from l i g h t  t o  moderate t o  severe .  

Data f o r  23 A p r i l  have been d i scus sed  i n  d e t a i l  p rev ious ly .  On 

t h i s  d a t e ,  c louds  l a r g e r  t han  those  on t h e  o t h e r  f i v e  days were measured. 

A l l  of t he  c loud  elements  with a r e a s  g r e a t e r  t han  9000 square mi les  had 
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severe  weather.  Th i s  a r e a  would correspond c l o s e l y  t o  t h a t  of a c i r c l e  

of diameter s l i g h t l y  less than  2' of g r e a t  c i r c l e  a r c  ( a c t u a l l y  1.8'). 

Other i n v e s t i g a t o r s  (Boucher, 1967; M e r r i t t  and Smith, 1969) have noted 

a tendency f o r  t h e  l a r g e s t  (d iameters  of 2 t o  2.5') c loud a r e a s  i d e n t i -  

f i e d  a s  c i r r u s  canopies  t o  have a s s o c i a t e d  severe  weather.  Clouds be- 

tween 500 and 10,000 square m i l e s  i n  a r e a  were a s s o c i a t e d  w i th  e i t h e r  

moderate o r  s eve re  i n t e n s i t y .  No lesser i n t e n s i t i e s  were r epo r t ed .  

I n  t h i s  comparison of c loud s i z e  and s e v e r i t y  of a s s o c i a t e d  weather,  

t he  days were cons idered  s e p a r a t e l y  s i n c e  we f e e l  t h a t  t h e r e  i s  probably 

enough d i f f e r e n c e  i n  i n s t a b i l i t y  and type of c loud  cover on t h e  va r ious  

days t o  completely obscure any weak r e l a t i o n s h i p  i f  t h e  days were con- 

s o l i d a t e d  and t r e a t e d  a s  a s i n g l e  sample. For example, i f  d a t a  f o r  a l l  

days were combined, t he  l a r g e  c louds  a s s o c i a t e d  wi th  no echo on 17 

A p r i l  ( a  day wi th  r a t h e r  s t ab l e* ' cond i t i ons )  would be mixed i n  wi th  t h e  

clouds of comparable s i z e  on 19 A p r i l  (when the  a s soc i a t ed  weather was 

ca t ego r i zed  a s  moderate). T h i s  would r e s u l t  i n  a graph showing abso- 

l u t e l y  no r e l a t i o n s h i p  between c loud  s i z e  and a s s o c i a t e d  weather.  

Obviously t he  c loud  s i z e  on any p a r t i c u l a r  day must be r e l a t e d  t o  

an i n t ima te  knowledge of t h a t  days synop t i c  s i t u a t i o n  ( e s p e c i a l l y  in- 

s t a b i l i t y )  i f  one hopes t o  have any chance of spec i fy ing  whether a c loud  

of a g iven  s i z e  may produce severe  weather .  Fu r the r ,  t he  cloud h i s t o r y  

of t he  a r e a  be ing  examined must be known t o  determine whether e a r l i e r  

convec t ive  a c t i v i t y  has  produced c i r r u s  canopies .  Such canopies  may 

obscure t he  development of new convec t ive  c e l l s  t h a t  could cause severe  

weather,  whether t h e  i n i t i a l  c i r r u s  canopy were s t i l l  i nc reas ing  i n  s i z e  

o r  were gradua l ly  d i s s i p a t i n g .  



D. Cloud Motion and Growth Related t o  Wind Shear 

The d i r e c t i o n  of movement of the  measured cloud elements was com- 

pared with the  d i r e c t i o n  of the  wind shear between the  900- and 300-mb 

leve l s .  Data from the c l o s e s t  radiosonde s t a t i o n  ( i n  space and time) 

was used but i n  c e r t a i n  cases these  data  were up t o  s i x  hours and several  - 
hundred miles from the  measured clouds. Figure 32, which is  a s c a t t e r  

diagram of the two s e t s  of data,  shows t h a t  the  majori ty of the  measured 

cloud elements moved i n  a d i r e c t i o n  t o  the l e f t  of the  d i r e c t i o n  of the  

shear. That is, the re  i s  a c l u s t e r i n g  of po in t s  i n  the  v i c i n i t y  of a 

d i r e c t i o n  of movement of about 240° and a d i r e c t i o n  of shear of 270'. 

A comparison of the  d i s t r i b u t i o n  of po in t s  on t h i s  f i g u r e  with the  

sever i ty  of weather shows t h a t  the  more severe storms (coded 4 and 5) 

tend t o  have d i r e c t i o n s  of motion c l o s e r  t o  the d i r e c t i o n  of shear than 

the  clouds with l e s s  severe weather. 

Figure 33 compares average growth r a t e s  of measured cloud elements 

with the  speed ( i n  knots) of the wind shear between the  900- and 300-mb 

leve l s .  The f i g u r e  shows t h a t  growth r a t e s  a r e  s c a t t e r e d  over the e n t i r e  

range of observed speed shears.  No c o r r e l a t i o n  between growth r a t e  and 

speed of wind shear  is  evident .  

E.  Summation 

The comparison of growth r a t e s  of cloud a reas  with the sever i ty  of 

the  a t tendant  weather showed t h a t  n e i t h e r  s i z e  nor s i z e  changes i n  cloud 

area  were unique ind ica to r s  of weather seve r i ty .  Of the  l a r g e s t  clouds 

measured ( i n  excess of 9000 square nau t i ca l  mi les) ,  a l l  had associa ted  

severe weather. Clouds smaller than t h i s  s i z e  were equally l i k e l y  t o  

have l i g h t  t o  moderate associa ted  weather o r  even no echo. The smal les t  

cloud a rea  measured ( l e s s  than 200 square nau t i ca l  miles) had associa ted  

weather i n  the  moderate category. 
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No d e f i n i t e  r e l a t ionsh ip  was found between sever i ty  of weather 

associa ted  with a cloud and wind shear  but  poss ib le  r e l a t ionsh ips  may 

have been obscured by the d is tance  ( i n  space and time) between the 

measured cloud and the  loca t ions  of measured winds. 
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