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ABSTRACT 

The phys i ca l ,  thermodynamic and dynamic c h a r a c t e r i s t i c s  o f  convec- 

t i v e  cloud r i n g s  (open c e l l  convection) occurr ing  on J u l y  18, 1969 

dur ing  t h e  f o u r t h  phase o f  t h e  Barbados Oceanographic and Meteorological 

Experiment (BOMEX) i n  t h e  t r o p i c a l  North A t l a n t i c  Ocean a r e  s tud ied  i n  

d e t a i l .  A t ime-cons is ten t  non-random conf igu ra t ion  of  growing and de- 

caying cumulus elements comprising t h e  cloud r i n g  and a  r e l a t i v e l y  

c l e a r  c e n t e r  a r e a  forms t h e  primary d e f i n i t i o n  o f  cloud r i n g  s t r u c t u r e s .  

S ing le  and m u l t i p l e  occurrences a r e  observed.  Data from t h e  ATS 111 

geosynchronous s a t e l l i t e ,  from BOMEX f i x e d  s h i p  s t a t i o n  weather r a d a r  

and from a i r c r a f t  provide cloud r i n g  s i z e ,  he igh t ,  motion and l i f e -  

t ime information.  Fixed s h i p  s t a t i o n  su r f ace  and radiosonde and Nimbus 

I11 sun-synchronous s a t e l l i t e  observa t ions  provide synopt ic  s c a l e  su r -  

f a c e  and upper a i r  temperature,  moisture and wind f i e l d  d a t a .  Synoptic 

s c a l e  ho r i zon ta l  v e l o c i t y  divergence and r e l a t i v e  v o r t i c i t y  p r o f i l e s  

a r e  obtained us ing  a  polygon method; v e r t i c a l  v e l o c i t y  p r o f i l e s  a r e  

k inemat ica l ly  computed from t h e  divergence p r o f i l e s .  Both s i n g l e  t ime 

and t ime mean va lues  and p r o f i l e s  of  thermodynamic and dynamic para-  

meters a r e  obta ined .  

The BOMEX J u l y  18 t r o p i c a l  cloud r i n g s  have a  mean di 'meter of 

80 km, a  mean he ight  o f  6  km, a l i f e t i m e  o f ' 6  hours  and d i s p l a y  motion 

with t h e  mean wind over  t h e i r  depth.  Occurrence i s  loca ted  i n  a  r e l a -  

t i v e l y  undisturbed weather reg ion  a s soc i a t ed  with a  s u r f a c e  and upper 

l e v e l  an t i cyc lone .  Deep r i n g  cloud elements appear t o  p r e c i p i t a t e .  
- 



Thermodynamically the ring occurren(:e region is characterized by a 

moist, relatively unstable boundary layer and a (lower) middle level 

stable layer with rapid drying above; otherwise the atmosphere is nearly 

moist adiabatic to the tropopnuse. Significant upward heat flux from 

the ocean is prevalent beneath the rings. Dynamically the cloud ri.ngs 

are occurring in a region of light wind speeds and small vertical shear 

over their depth. Low level cyclonic and high level anticyclonic hori- 

zontal shear prevails in the area. Low level convergence, upward mo- 

tion and cyclonic relative vorticity and mid to higher level divergence, 

subsidence and anticyclonic relative vorticity are prevalent. Correla- 

tion is made between physical, thermodynamic and dynamic results. Ring 

and non-ring region meteorological conditions are found to differ in 

many respects. 

Comparison of the BOMEX results with other tropical and mid latitude 

cloud ring investigation findings reveals a significant similarity, 

plus a strong correlation between stable layer height and cloud height. 

A single case of cloud ring passage over a ship station reveals signifi- 

cant drying in the ring center. Ring occurrence thermodynamic condi- 

tions are found to lie close in many details to those of the tropical 

mean, while the dynamic situation differs significantly from the mean 

and lies intermediate between disturbed and undisturbed weather cases. 

A basic circulation model of cloud rings including correlations 

with thermodynamic and dynamic parameter distributions is presented. 

Cloud ring mesoscnle data are now needed to further the under- 

standing of these convective structures and lead to their parameteri- 

zation in atmospheric diagnostic and prognostic models. 

i i i  
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1.0 INTRODUCTION 

1.1 Scope and Purpose 

A p a r t i c u l a r  cloud phenomenon, f i r s t  noted over  t h e  North A t l a n t i c  

Ocean from TIROS I cloud p i c t u r e s  by Krueger and F r i t z  (1961), by 

Vonder Haar e t  a l .  (1968) from ATS I p i c t u r e s  over t h e  e q u a t o r i a l  

P a c i f i c  Ocean and by o t h e r s  in te rmedia te ly ,  i s  a  gene ra l ly  c i r c u l a r  

cloud s t r u c t u r e  whose form is  t h a t  o f  a doughnut wi th  convect ive c e l l s  

forming t h e  cloud r i n g  and a  c l e a r  a r e a  a t  t h e  c e n t e r .  The t r o p i c a l  

s t r u c t u r e s  noted by Vonder Haar and co l leagues  were observed t o  be em- 

bedded i n  t h e  e a s t e r l y  flows near  t h e  equator .  They occurred gene ra l ly  

i n  c l u s t e r s ,  were on t h e  order  of a  degree of  l a t i t u d e  maximum diameter ,  

and had l i f e t i m e s  of a t  l e a s t  8 hours with e s t ima te s  on t h e  o rde r  of  

14 t o  16 hours .  I n  t h e  t ime mean t h e  clouds forming t h e  r i n g s  covered 

about 314 of  t h e  r i n g  c i r c l e .  

The s tudy  presented i n  t h i s  paper d e a l s  b a s i c a l l y  wi th  t h e  analy-  

s i s  o f  s i m i l a r  cloud r i n g  s t r u c t u r e s  noted i n  ATS I11 p i c t u r e s  o f  t h e  

t r o p i c a l  North A t l a n t i c  Ocean area  dur ing  t h e  1969 Barbados Oceano- 

graphic  and Meteorological Experimeflt (BOMEX). Examples of  t h e  BOMEX 

cloud r i n g s  a r e  shown i n  t h e  a e r i a l  photographs F i g s .  1 A  and 1 B  taken 

a t  -10 km a l t i t u d e  from t h e  NASA Convair 990 a i r c r a f t .  I t  i s  found 

t h a t  an est imated 20 percent  of t h e  BOMEX days show cloud r i n g  p a t t e r n s  

of some s o r t  occur r ing  i n  t h e  a r e a ,  t h a t  t hese  r i n g s  a r e  on t h e  order  of 

80 km i n  diameter  and t h a t  t hey  havc a l i f e t i m e  o f  -6 hours .  Resul t s  

from t h e  physical  ana lyses  of  t h e s e  r i n g  cloud s t r u c t u r e s  w i l l  be compared 

t o  a v a i l a b l e  f i nd ings  i n  o t h e r  r i n g  cloud s t u d i e s ,  some o f  which a r e  
* 

mentioned above. For t h e  f i r s t  time a d e t a i l e d  s tudy  of t h e  synopt ic  



Figure 1A Convective Cloud Ring Structure Observed in the 1969 BOMEX 
area. 

Figure 1 B  Same as Figure 1A. 



scale thermodynamic and dynamic environments of the rings will be pre- 

sented. Comparison of these findings with other cloud ring investi- 

gation results will be made. Comparison of ring occurrence condi- 

tions to appropriate mean conditions will also be made. 

There are two major purposes for this study. The first purpose 

is to attain as complete an understanding as is presently possible of 

the nature of convective cloud ring systems including their inter- 

actions with other atmospheric scales of motion. The second purpose, 

following from the first and forming the ultimate though not presently 

realizable goal of this study, is to discover means by which the ring 

cloud system processes, the understanding of which is deduced from 

the ring cloud investigation findings, can be entered in atmospheric 

circulation prognostic or diagnostic models. Entering as many of 

the real atmospheric processes as possible into a model and entering 

these pro'cesses as accurately as po;sible makes the model and its 

output more closely representative ~)f the real atmosphere. Numerous 

studies of cumulus convection scale processet; are at present underway 

with a major purpose of incorporatillg these small scale, but important, 

processes into atmospheric models. Presently available and future 

knowledge of the mesoscale ring c101.d structures in the tropics will 

lead to their role in the atmospheric circulation also being incor- 

porated into the models, resulting in a better understanding of at- 

mospheric circulation processes as a whole. 

This report is extracted from the Master's Thesis (Loranger, 1974) 

in which additional detail is presented. 



1 . 2  Cloud Ring Def in i t i on  

Before de lv ing  i n  d e t a i l  i n t o  t h e  d iscuss ion  o f  r i n g  clouds i n  

t h i s  paper ,  a d e f i n i t i o n  must be made o f  e x a c t l y  what i s  meant by 

t h e  terms " r ing , f r  "r ing pa t te rn ;"  and " r ing  s t r u c t u r e , "  a l l  o f  which 

a r e  used synonymously. So f a r  r i n g s  have been r e f e r r e d  t o  a s  a 

g e n e r a l l y  c i r c u l a r ,  u s u a l l y  broken, cloud wall  surrounding a c l e a r  

a r e a .  This  condi t ion  could be met, however, by a random d i s t r i b u t i o n  

o f  c louds  which, a t  a given t ime and p l ace  come toge the r  i n  t h e  

s t a t e d  p a t t e r n .  This  i s  not  what i s  meant by "rings" i n  t h i s  s tudy .  - 
The c r i t i c a l  condi t ion  f o r  "r ings" i n  t h e  present  s tudy  i s  du ra t ion  

o f  t h e  p a t t e r n .  We a r e  looking fo r  r i n g  s t r u c t u r e s  t h a t  show per -  

s i s t e n c e  o f  form with t ime and t h a t  do not change conf igura t ion  over  

a s h o r t  per iod  a s ,  f o r  example, a cloud mass appearing i n  t h e  cen te r  

o f  a previous "apparent" r i n g .  This would i n d i c a t e  t h a t  t h i s  s i t u a -  

t i o n  was not  a p a r t  o f  t h e  p e r s i s t e n t  p a t t e r n  being looked f o r ,  but  

was l i k e l y  a random occurrence.  These de te rmina t ions  of  p e r s i s t e n c e  

o r  non-persis tence i n  t h e  p re sen t  s tudy  a r e  mainly accomplished 

u t i l i z i n g  sequences o f  ATS I11 photographs, with no te  o f  any cloud 

d r i f t .  I n  desc r ib ing  t h e  p e r s i s t e n t  p a t t e r n  o f  r i n g s ,  it i s  impor- 

t a n t  t o  no te  t h a t  it  i s  not meant t h a t  t h e  p a t t e r n  i s  e x a c t l y  t h e  

same, element f o r  element, from observa t ion  t o  observa t ion .  I t  is 

t h e  genera l  form o f  cloud r i n g s  and c l e a r  c e n t e r s  t h a t  must remain 

t h e  same. However t h e r e  may be changes i n  t h e  makeup of  t h e  r i n g  

wa l l s  with regard t o  t h e  amount of  c loudiness  p re sen t  t h e r e  o r  change 

i n  r i n g  s i z e  o r  shape. A no tab le  change i s  t h a t  of r i n g  c loudiness ,  

i n  which a po r t ion  of a r i n g  w i l l  be f i l l e d  i n  by clouds a t  one time 

and a t  t h e  next  observa t ion  t h a t  po r t ion  i s  cloud f r e e  and another  



segment of  t h e  r i n g  may have f i l l e d  i n  with cloud c e l l s  whereas t h a t  

segment was cloud f r e e  previous ly .  Thus t h e  p e r s i s t e n t  p a t t e r n  i s  a  

kind o f  "mold1' i n  which clouds form and decay i n  t h e  r i n g  wal l  p o r t i o n  

and c l e a r  c e n t e r s  appear i n  t h e  middle of  t h e  r i n g  forms. The cloud 

and c l e a r  cen te r  d i s t r i b u t i o n  i s  then  j u s t  t h e  v i s u a l  r e s u l t  o f  t h e  

i n v i s i b l e  flow p a t t e r n  t h a t  i s  causing convection t o  occur i n  a  

c e r t a i n  way i n  c e r t a i n  p l aces .  I t  i s  t h i s  flow p a t t e r n  t h a t  i s  t h e  

p e r s i s t e n t  system under s tudy i n  a c t u a l i t y .  One s tudy  which showed 

t h e  ex i s t ence  of  t h i s  p e r s i s t e n t  r i n g  p a t t e r n  was mentioned above 

and o t h e r  i n v e s t i g a t i o n s ,  a s  s t a t e d ,  have noted s t r u c t u r e s  of a  r i n g  

na tu re .  A f u r t h e r  d e f i n i t i o n  o f  th(b r i n g s  under s tudy  he re  is t h a t  

o f  "open c e l l "  convection, discussec i n  s eve ra l  t h e o r e t i c a l  and ob- 

s e rva t iona l  i n v e s t i g a t i o n s ,  a s  comp:~red t o  "closed c e l l "  convect ion.  



2.0 BOMEX DATA: ANALYSIS AND RESULTS 

The day chosen f o r  t h e  d e t a i l e d  s tudy  of  cloud r i n g s  was J u l y  18,  

1969 dur ing  t h e  BOMEX Phase I V  which covered t h e  per iod  from J u l y  11 

t o  J u l y  28, 1969. .  On t h i s  day t h e  ATS I11 p i c t u r e s  show a number of 

r i n g s  p re sen t  i n  t h e  BOMEX a r e a .  The J u l y  18 14312 BOMEX a r e a  ATS I11 

cloud photo wi th  cloud r i n g s  wi th in  t h e  dashed po r t ions  i s  shown i n  

F igure  2 .  ATS p i c t u r e s  f o r  t h i s  day a r e  a v a i l a b l e  s t a r t i n g  a t  l l O O Z  

and every 25 minutes t h e r e a f t e r  u n t i l  14562. From t h e  end o f  t h e  14562 

p i c t u r e  u n t i l  t h e  18182 p i c t u r e  s t a r t s ,  t h e r e  a r e  no ATS p i c t u r e  d a t a  

a v a i l a b l e . *  This  gap i n  t f e  ATS s a t e l l i t e  photographic d a t a  i s  one 

shortcoming o f  t h e  chosen day i n  regard  t o  r i n g  du ra t ion  and motion c a l -  

c u l a t i o n s  t o  be d iscussed  i n  d e t a i l  l a t e r .  A s i n g l e  BOMEX a r e a  ESSA 7 

s a t e l l i t e  cloud p i c t u r e  i s  a v a i l a b l e  a t  -17002 and provides some qual-  

i t a t i v e  cloud r i n g  d a t a  i n  t h e  ATS I11 d a t a  gap. Cloud r i n g s  a r e  a l s o  

observed '  t o  occur i n  t h e  BOMEX a r e a  i n  varying numbers on o t h e r  days 

of  t h e  f o u r t h  phase and a l s o  during t h e  e a r l i e r  t h r e e  phases o f  t h e  

BOMEX (-20 percent  o f  t h e  days) and thus a r e  not  t o  be considered an 

exc lus ive  occurrence o f  J u l y  18 only .  Addit ional  BOMEX cloud p i c t u r e  

d a t a  a r e  a v a i l a b l e  from RB-57 a i r c r a f t  f l i g h t s  from -18 km a l t i t u d e  and 

NOAA Research F l i g h t  F a c i l i t y  (RFF) a i r c r a f t  f l i g h t s  from near  su r f ace  

t o  5 .5  km a l t i t u d e s .  Sur face  meteorological  observa t ion  d a t a  inc luding  

sea  s u r f a c e  temperatures ,  a s  wel l  a s  marine observa t ions ,  a r e  a v a i l a b l e  

a t  f i x e d  s h i p  s t a t i o n  l o c a t i o n s  i n  t h e  BOMEX a r e a .  Fixed s h i p  rawinsonde 

* 
Note t h a t  a l l  ATS p i c t u r e  t imes mentioned i n  t h i s  paper r e f e r  t o  t h e  
start  times of t h e  p i c t u r e ,  i . e . ,  when t h e  camera s t a r t s  i t s  scan from 
nor th  t o  south  over  t h e  e a r t h  d i s k .  Adding 25 minutes g ives  t h e  end 
t ime o f  a p i c t u r e  f o r  a f u l l  scan,  13 minutes added f o r  a h a l f  scan.  





ascents ,  a s  well  a s  RFF and o t h e r  a j r c r a f t ,  provide upper l eve l  tempera- 

t u r e ,  moisture and wind d a t a .  In add i t ion  t h e r e  a r e  s o l a r  and t e r r e s -  

t r i a l  r a d i a t i o n  measurements by a i r c r a f t ,  radiometersonde and s a t e l l i t e ,  

from t h e  l a t t e r  of  which a r e  a v a i l a t l e  in fe r red  sea  su r face  temperature 

and v e r t i c a l  temperature p r o f i l e  dat.a (Nimbus I11 SIRS-A). Fixed sh ip  

Discoverer and Barbados, West Indiec weather r ada r  d a t a  a r e  a l s o  a v a i l -  

a b l e .  Film loops, c rea ted  from a day's  secluence of  ATS I11 cloud p ic -  

t u r e s  and allowing ease o f  observat ion of  weather system motions and 

evolu t ion ,  a r e  a v a i l a b l e  f o r  J u l y  18, 1969 and se l ec ted  o t h e r  days and 

years  i n  both t h e  BOMEX and o t h e r  regions .  

With t h e  good a v a i l a b i l i t y  of  d a t a  f o r  the  des i r ed  por t ions  of 

t h e  s tudy on J u l y  18,  along with a s i zeab le  number of  r i n g  s t r u c t u r e s ,  

t h e  chosen day i s  considered a good choice. Figure 3 shows t h e  BOMEX 

a r e a  along with t h e  J u l y  18 Phase I V  f ixed  sh ip  loca t ions ,  a i r c r a f t  

da ta  f l i g h t  t r a c k s ,  Nimbus I11 s a t e l l i t e  sounding loca t ions ,  and Ring 

Study Grids. 

The por t ion  of  t h e  BOMEX region chosen i n  which r i n g s  were ob- 

served was divided i n t o  North Grid and South Grid a reas .  The North 

Grid boundary was s e t  a t  15N t o  20N Lat i tude  and 47W t o  54W Longitude 

and t h e  South Grid was defined by I O N  t o  15N Lat i tude  and 52W t o  58W 

Longitude. These were chosen both t o  encompass t h e  r i n g  s t r u c t u r e s  and 

t o  allow f o r  t h e i r  motion. The synoptic  meteorological s i t u a t i o n  a t  

12002 on J u l y  18, displayed by WMO surface ,  700 mb, and 500 mb analyses,  

i s  shown i n  Figures 4 through 6 whereon t h e  Ring Study Grids have a l s o  

been loca ted .  From t h e  maps it can be seen t h a t  t h e r e  i s  a t r o p i c a l  

e a s t e r l y  wave located t o  t h e  west of t h e  r ing  a reas  and t h a t  t h e  r i n g  



Figure 3 J u l y  
Ring 

18, 1969 BOMEX Phase IV Fixed Ship, A i r c r a f t ,  I s land and S a t e l l i t e  Observat 
Study Grids Outlined (Dashed Lines). 
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a r e a s  a r e  loca ted  i n  t h e  "ridge" r eg ion  of t h e  e a s t e r l y  flow, while  t h e  

d is turbance  i s  t h e  "trough" a r e a .  The r i n g  a r e a s  a r e  seen t o  be  loca t ed  

on t h e  southern s i d e  o f  t h e  su r f ace  an t icyc lone ,  away from t h e  high pres-  

s u r e  c e n t e r  toward t h e  equa to r i a l  edge. The cloud p a t t e r n  over  t h e  a r e a  

a s  seen i n  t h e  s a t e l l i t e  photographs a l s o  bears  out  t h e  wave na tu re  of 
I 

t h e  flow on t h i s  day. The 14312 ATS I11 cloud p i c t u r e  i n  F igure  2 shows 

t h i s  cloud p a t t e r n  a s  well  a s  t h e  r i n g  p a t t e r n s  under s tudy  with t h e  

chosen g r i d  a r e a s  a l s o  denoted. Thus a f i r s t  look a t  t h e  synopt ic  

p a t t e r n  shows t h a t  t h e  r i n g s  appear t o  be a phenomena of  t h e  l e s s  d i s -  

tu rbed  t r o p i c a l  a r e a s .  There a r e  none observed "near1' t h e  d i s tu rbed  

a r e a  on t h i s  day. The p i c t u r e  a l s o  shows more r i n g s  p re sen t  i n  t h e  

South Grid a r e a  than i n  t h e  North Grid a r e a  and t h a t  some a l s o  occur a t  

o t h e r  South Grid l a t i t u d e s ,  but  f u r t h e r  e a s t .  

2 . 1  Cloud Ring Physical  Descr ip t ion  

2.1.1 ATS I11 S a t e l l i t e  

The s a t e l l i t e  cloud photographs a r e  very  u s e f u l  f o r  i n i t i a l  viewing 

of  t h e  cloud p a t t e r n s  p re sen t .  However, more q u a n t i t a t i v e  ana lyses  

a r e  p o s s i b l e  us ing  t h e  magnetic t ape  d i g i t a l  d a t a  computer p r i n t o u t s  

o f  t h e s a t e l l i t e  camera d a t a ,  which d i g i t a l  d a t a  t a p e s  a r e  prepared 

from t h e  analog d a t a  magnetic t apes .  These t a p e  d a t a  r ep re sen t  t h e  

ATS I l l  camera system vo l t age  output  a t  t h e  ground, which v o l t a g e  i s  

propor t iona l  t o  t h e  r e f l e c t e d  s o l a r  energy (cloud o r  o t h e r  r e f l e c t i v e  

element b r igh tnes s )  input  t o  t h e  camera a t  t h e  s a t e l l i t e .  This  r e -  

f l e c t e d  power PrS i s  def ined  by: 



where N i s  t h e  r e f l e c t e d  rad iance  a t  t h e  s a t e l l i t e ,  oc i s  t h e  r S 

s o l i d  ang le  f i e l d  o f  view of  t h e  camera ( 0 . 1  m i l l i r a d i a n  o r  -2nm e a r t h  

spot  s i z e  a t  geosynchronous a l t i t u d e )  and Ac i s  t h e  camera a p e r t u r e  

a r e a .  The analog vo l t age  d a t a  a r e  then  l i n e a r l y  converted t o  a pro- 

p o r t i o n a l  s e t  o f  d i g i t a l  va lues  from 1 t o  255 where b r i g h t e r  c louds o r  

o t h e r  r e f l e c t e v e  elements a r e  represented  by h igher  d i g i t a l  va lues .  

The ATS I11 analog d a t a  t o  d i g i t a l  d a t a  conversion i s  d iscussed  i n  de- 

t a i l  i n  Appendix A ,  Pa r t  I .  

The ATS I11 d i g i t a l  d a t a  t apes  a r e  u t i l i z e d  t o  p r i n t  o u t  t h e  J u l y  

18 12472, 14312 and 18182 North and South Ring Study Grids cloud p ic -  

t u r e s .  These t imes were chosen t o  span t h e  du ra t ion  of  t h e  cloud r i n g  

p a t t e r n s  and al low f o r  non-excessive motion between p i c t u r e s .  The d i g i -  

t a l  p r i n t o u t s  a r e  contour analyzed,  a s  i n  p re s su re  su r f ace  a n a l y s i s ,  

e t c . ,  y i e ld ing  a  p i c t u r e  o f  cloud ( including c e l l u l a r  s t r u c t u r e )  and 

c l e a r  r eg ions .  A minimum contour va lue  of 40  i s  chosen mainly f o r  i t s  

c o n t i n u i t y  and gene ra l ly  d e l i n e a t e s  t h e  boundary between well-defined 

cloud masses and small s c a t t e r e d  cloud elements with cons iderable  

c l e a r  space .  A po r t i on  of  t h e  South Ring G r i d  J u l y  18 14312 d i g i t a l  

cloud p i c t u r e ,  d i sp l ay ing  t h e  contour a n a l y s i s  i n  t h e  reg ion  of  numer- 

ous r i n g s ,  i s  presented i n  Figure 7 .  

A subsequent mechanical method of d i g i t a l  d a t a  contouring 'is ..em- , ' . 

ployed. During t h e  p r i n t o u t  process  t h e  o r i g i n a l  d i g i t a l  d a t a  a r e  r e -  

presented  by symbols r e p r e s e n t a t i v e  of given d i g i t a l  va lue  ranges .  

The above Ju ly  18 ATS 111 pict .ure  and d i g i t a l  value 40 minimum contour 





are again utilized Figure 8 displays the 14312 range printout cloud 

picture in the South Grid ring occurrence region, along with the digital 

range-symbol relationship. Comparing Figure 8 with Figures 7 and 2 shows 

that the cloud and clear regions are very similarly represented by all 

three methods. It is the range printouts that are generally used in the 

specific study of cloud rings outlined in this paper. However, in or- 

der to obtain accurate results from the use of the ATS I11 digital and 

subsequent range data, several factors relating to the reyresentative- 

ness of the data over various areas and periods of time must be consi- 

dered. These considerations are necessary because space and time com- 

parisons form the basis of this and similar studies. The first factor 

is the matter of the MSSC satellite and ground receiving system variable 

voltage gain settings. This factor leads to multiple (a given) 

output voltage(s) and related digital value(s) representing a given 

(multiple) reflected energy value(s) or brightness(es). Thus an 

ambiguity arises as to the true brightness being measured. The 

second factor leading to brightness ambiguity relates to reflected 

energy being a function of the relative positions of the sun, reflec- 

tive element and satellite. Time of day, cloud or other element earth 

position and satellite position with respect to earth define this 

sun-object-satellite geometry. In order to legitimately compare the 

ATS I TI pictures covering space and time, n "normalization" procedure 

is used to rclate all picturc data to a common voltage gain state and 

common set of space-time coordinates. Aftcr this is done the desired 

"normalized" pictures arc comparable and differences in digital Gright- 

ness values are due only to reflective element differences themselves, 
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such as cloud thickness, droplet size distribution, etc. The normali- 

zation procedure is discussed in detail in Appendix A ,  Part 11. 

On July 18 the ATS I11 pictures were obtained in a common voltage 

gain state and thus there is no need for normalization with regard to 

that factor. The results of the geometry normalization calculations 

for July 18 in the BOMEX area and the 12472, 14312 and 18182 picture 

times under consideration are that for the clouds the normalization 

factors ranged from very nearly 1.00 to 1.10 and for the ocean from 

0.7 to 1.0. Thus the normalization does not significantly affect 

the cloud patterns at the times of consideration and it is the clouds 

that are the concern here. Thus the pictures are considered to be 

comparable as is. However, in later studies at more diverse times 

and places the normalization factors will likely be significant and the 

corrections will have to be made. 

The "normalized" July 18 ATS digital data in their range printout 

form are used to obtain measurements of: (a) ring cloud diameters and 

cloud wall dimensions; (b) durations; and (c) motion. 

2.1.1.1 Dimensions 

The diameter size parameter is important in theoretical considera- 

tions of open cell convection through the diameter-height ratio which 

will be discussed in a later section. Thirteen rings present in the 

South Ring Grid area at both the 12472 and 14311 ATS I11 picture times 

are considered to obtain E-W, N-S, and composite mean ring inside 

diameters for the two times. Inside diameter measurements are made 



from t h e  l a t i tude - long i tude  gridded ATS I I I  range p r in tou t  cloud p ic-  

t u r e s ,  considering t h e  <40 d i g i t a l  values (blank area)  a s  t h e  cloud 

r i n g  c l e a r  c e n t e r  a r e a  bounded by t h e  cloud wall ( d i g i t a l  values ~ 4 0 ) .  

The mean cloud r i n g  diameter r e s u l t s  a r e  presented i n  Table 1. 

TABLE 1 

CLOUD R I N G  SIZE 

BOMEX PHASE I V ,  J u l y  18,  1969, SOUTH RING GRID 

Ins ide  Diameter-Kilometers 

TIME NO. OF RINGS N-S MEAN E-W MEAN MEAN INSIDE 
INSIDE DIA. INSIDE DIA. DIAMETER 

The t a b l e  shows t h a t  t h e  r i n g s  a r e  elongated i n  t h e  east-west d i r e c t i o n  

(with an E-W t o  N-S r a t i o  o f -  1 . 7 ) ,  more o r  l e s s  along t h e  mean wind 

d i r e c t i o n  a s  w i l l  be seen l a t e r .  I t  i s  noted t h a t  t h e  s i z e s  change 

very l i t t l e  over  t h e  104 minute i n t e r v a l  between p i c t u r e s .  The indi- 

v idual  composite mean r i n g  diameters range from.55 km t o  115 km, both 

o f  these  occurr ing a t  12472. Also from t h e  range p r i n t o u t s  a range of 

9 km t o  19 km is  found f o r  t h e  widths of  t h e  r i n g  cloud wal ls .  

2 . 1 . 1 . 2  Duration 

Duration of  t h e  J u l y  18 r i n g  p a t t e r n s  i s  obtained from observat ion 

o f  t h e  l a r g e  number of r ings  forming t h e  "honeycornb" system i n  t h e  



e a s t e r n  p o r t i o n  o f  t h e  South Ring Grid south o f  t h e  f ixed  s h i p  Discoverer .  

Some o f  t h e s e  r i n g s  a r e  shown i n  Figure 8 ;  t h i s  p a t t e r n  appears  i n  t h e  

days1 e a r l i e s t  ATS p i c t u r e  a t  -11002 and i s  p re sen t  cont inuously u n t i l  

t h e  p i c t u r e  d a t a  gap begins a t  -15002. In  t h e  next p i c t u r e  a t  18182 

only  one r i n g  remains.  But u t i l i z i n g  t h e  Discoverer weather r a d a r  

p i c t u r e s  and ESSA 7 s a t e l l i t e  photographs f o r  -17002 r e v e a l s  t h a t  t h e  

p a t t e r n  i s  s t i l l  p re sen t  i n  many d e t a i l s .  Thus t h e  observed l i f e t i m e  

of t h e  major r i n g  system on J u l y  18 i s  considered t o  be 6 hours .  The 

o t h e r  r i n g s  i n  t h e  South Grid and t h e  two i n  t h e  North Grid have l i f e -  

t imes s h o r t e r  than  t h i s  i n  gene ra l ,  -1 t o  3 hours ,  o r  t hey  move out  o f  

t h e  g r i d  and a r e  not  considered f u r t h e r .  

2 .1.1.3 Motion 

The next  e f f o r t  i n  connection with t h e  phys ica l  d e s c r i p t i o n  o f  t h e  

BOMEX J u l y  18 r i n g s  using t h e  ATS d a t a  i s  t o  determine t h e  mean motion 

o f  t h e  r i n g s  over  a period of  t ime.  I t  i s  des i r ed  t o  u t i l i z e  r i n g s  

t h a t  p e r s i s t  and t h a t  can be c o r r e l a t e d  well  ac ros s  t h e  t ime i n t e r v a l  

chosen. A t ime i n t e r v a l  i s  des i r ed  which i s  long enough t o  al low s i g -  

n i f i c a n t  motion o f  t h e  r i n g s ,  but  no t  so  long t h a t  t h e  p a t t e r n s  w i l l  

d i sappear  o r  be  a f f e c t e d  by cons iderable  va r i ance  i n  wind f i e l d s  due t o  

long t ime span o f  t h e  motion. This  r i n g  motion de termina t ion  is made 

i n  connect ion with t h e  d e s i r e  t o  c o r r e l a t e  t h a t  motion wi th  v e r t i c a l  , 

. . '  
means of  t h e  ho r i zon ta l  wind f i e l d  v e r t i c a l  p r o f i l e s  obtained from 

f ixed  s h i p  rawinsonde wind soundings. The cloud base t o  cloud t o p  mean 

wind o f  -10 m/sec from -100 degrees i n  t h e  r i n g  motion computation a rea  

and i t s  c o r r e l a t i o n  with t h e  mean r i n g  motion w i l l  be d iscussed  i n  

d e t a i l  l a t e r .  



The 12472 t o  14312 i n t e r v a l ,  u t i l i z i n g  t h e  South Ring Grid ATS 111 

d a t a  from t h e  range p r i n t o u t s  and "honeycomb" r i n g  p a t t e r n  between M t .  - 
Mitchel l  and Discoverer ,provides t h e  des i r ed  type  of  r i n g  s t r u c t u r e s .  

The remaining r i n g s  a r e  not  considered due t o  t h e i r  sho r t - l i ved  n a t u r e  

and/or t h e  ques t ionable  Rain ier  upper l e v e l  wind d a t a .  Eight r i n g s  i n  

t h e  South Grid r i n g  p a t t e r n  a r e  used i n  computing t h e  12472 t o  14312 

per iod  mean r i n g  motion. Ring displacements ,  from which a r e  ca l cu la t ed  

t h e  speeds and d i r e c t i o n s  (from which r i n g s  a r e  moving), a r e  obtained 

from superimposi t ion o f  t h e  12472 and 14312 gridded range p r i n t o u t  

cloud p i c t u r e s .  The r e s u l t i n g  8- r ing  mean r i n g  cloud motion i s  10.5 rn/sec 

0 
from 101'. Ind iv idua l  r i n g s  show v a r i a t i o n s  o f  2 2 . 5  m/sec and 220 

from t h e  mean. 

A f i n a l  bu t  important r ecen t  observa t ion  us ing  ATS 111 d a t a  i s  

t h a t  o f  t h e  d e f i n i t e  though sho r t - l i ved  ex i s t ence  of  r i n g  cloud pa t -  

t e r n s  over  land ,  s p e c i f i c a l l y  i n  t h e  t r o p i c a l  Amazon River Basin region 

on September 8 ,  1972. These r i n g s  a r e  observed i n  t h e  ATS I I I  p i c t u r e  

sequence f i l m  loop f o r  t h i s  day and d i s p l a y  l i f e t i m e s  o f  up t o  approxi-  

mately 2 hours .  The occurrence of cloud r i n g s  over  land su r f aces  

evokes cons iderable  specu la t ion  and opens up a wider f i e l d  o f  s tudy  

r e l a t e d  t o  open c e l l  convection i n  t h e  t r o p i c s .  

2 . 1 . 2  Weather Radar 

Two weather r a d a r s ,  one loca ted  on t h e  i s l a n d  of Barbados and t h e  

o t h e r  on t h e  f i x e d  s h i p  Discoverer,  were i n  opera t ion  dur ing  BOMEX. 

Only t h e  l a t t e r s  Se len ia  METEOR 200 RMT-2s 3.2cm X-band r a d a r  d a t a  a r e  



utilized in this ring cloud study. Two important pieces of information 

are obtained from analysis of this data. The first is that the nighttime 

existence of cloud ring structures is established for the first time, 

not previously ascertai-ned from ATS satellite cloud observations due 

to the daytime visible spectrum nature of the data. From 02002 to 06002 

on July 18 ring patterns were present and persisted in the vicinity of 

Discoverer. The second result is an estimate of the height of cloud 

ring elements. 

The important aspect of cloud droplet size distribution is taken 

into consideration here in order to determine whether it is cloud 

(<lnO~m) or "hard core" precipitation (>100pm) droplet echoes that arc 

being observed by the Discoverer 3.2cm radar. USAF Air Weather Service 

Technical Report 184 dealing with weather radars states that 3cm radars 

are preferentially "seeing" H100pm size droplets. Results of a 

wintertime Caribbean area cumulus cloud survey (Braham, Jr. et al., 1957) 

5 3 show that 70pm droplets have a number density of 10 /m . A further 

consideration is that the summertime enhanced convective clouds likely 

possess a greater number of larger droplets compared to wintertime 

clouds and from the Braham Jr. survey of summertime central US cumulus 

clouds it is found that developed cumulus congestus are composed of 

droplets 50% larger than those making up the smaller fair weather 

cumulus humilus. BOMEX ring cloud heights, to be discussed shortly, are 

found to be considerably grcater than those of the Caribbean cumulus 

surveyed by Braham, Jr. 

Considering all the above it appears likely that the Discoverer 

radar echoes are largely those from clouds and not soley "hardcore" 



precipitation echoes. Tropical cloud heights determined by the 3.2cm 

radar would be somewhat (not excessively) low with respect to its drop- 

let detection characteristics. Discussion of this and other factors 

affecting the validity of the radar-determined cloud heights follows. 

In  regard to precipitation BOMEX RFF aircraft cloud film data reveal 

that on July 18 showers occurred in the cloud ring region only after 

17002. The radar data analyzed here are those previous to 17002. 

However, it must be remembered that larger droplets are retained 

within a convective cloud by the updrafts. 

2.1.2.1 Cloud Height 

The major use of the Discoverer weather radar data is for estimating 

the heights of the cloud elements making up the ring structures. This 

determination provides the other value in the theoretically important 

ring cloud pattern diameter-height ratio mentioned earlier. During the 

weather observation phase the radar operated in two modes (De La 

Moriniere, 1972). Radar echo data obtained in the "normal gain-eleva- 

tion step sequence" mode are used in this study to calculate ring cloud 

heights. These follow from the PPI (Plan Position Indicator) scan echo 

disappearance elevation (radar antenna elevation is stepped up lo every 

other 12-second revolution) and echo element horizontal distance from 

the radar site (obtained from the PPI scope with reference to the 

50 nm increment range circles). Figure 9 displays the July 18, 1969 

14332 PPI scan radarscope picture which shows a portion of' the ring 

system south and southwest of Discoverer. A cloud-earth curvature-radar 

site geometry was derived and a computer computation performed, 



Figure 9 BOMEX July 18 14332 Discoverer Weather Radar PPI Scope Cloud 
Echo Picture at 0' Antenna Elevation and Normal Gain (Iiorizon- 
tal Range Circles at 50 nm Intervals). 



yielding apparent cloud heights above the cloud's local earth surface 

0 subpoint in terms of 1 increment cloud top echo disappearance (beam 

center) elevations and 5nm increment horizontal distances. The earth- 

curvature-corrected apparent cloud height equation, whose derivation 

and the radar observation geometry are discussed in detail in Appendix 

B, Part I, is: 
-2 OF - 

h = - + OF tan B 
2 R ~  

- 
where h is the cloud height, OF is the horizontal distance of the 

cloud element from the radar site, B is the echo disappearance eleva- 

tion, and RE is the earthls radius, 6370km. Also since the antenna 

elevation steps are lo, there is a subjective cstimate of the cloud 

echo disappearance elevation for echo disappearance between steps, 

leading to an echo disappearance elevation uncertainty on the order 

of 0.5'. 

The apparent cloud heights are a quite valid representation of 

cloud top locations with consideration of the implicit assumption that 

cloud top is located at radar beam center. But since the radar does 

not possess a pencil beam but one which displays a spread with dis- 

tance, the cloud tops lie below the beam center and the apparent heights 

are too high. This beam spread aspect also leads to an apparent in- 

crease in cloud height with distance for a large random sample of clouds. 

The apparent heights must be corrected in this respect to yield in part 

"true" cloud heights. It is noted that no "true" cloud height can lie 

0 
below the radar horizon (0 antenna elevation with related increasing 

height of horizon above surface with horizontal distance) except if 



beam curvature or other variables are present. There is thus a minimum 

cloud height visible at a given horizontal distance, which height 

increases with that distance. 

In addition to the Discoverer radar cloud height corrections for 

(a) beam spread which leads to an overestimate of cloud height and 

(b) earth curvature (taken into account in Equation 12-21) which leads 

to underestimate, corrections for the effects of (c) cloud droplet 

size distribution leading to height underestimate, (d) beam curvature, 

due either to atmospheric refraction resulting from water vapor gradients 

or to bounce from temperature inversions, leading to height underesti- 

mate or overestimate correlated with the occurrence of skyward or earth- 

ward curvature, respectively, and (e) beam side lobes which lead to 

height overestimate must be considered in order to obtain accurate 

cloud heights. The latter effect is considered negligible due to 

(1) the relation between the relatively low cloud reflectivity over 

tropical oceans and the low power of the side lobe emissions and (2) 

the -3' angle between beam center and side lobe emissions implying that 

this effect is only of concern for antenna elevations >-3O (Ruprecht, 

personal communication), which elevations are few for clouds observed 

on July 18. With regard to the beam curvature effect (d) it is con- 

sidered that the observed presence of an inversion and drying aloft in 

the Discoverer area on July 18 leads to earthward beam curvature and 

thus an overestimate of cloud heights. Therefore effects (c) and (d) 

and the corrections for them will tend to cancel one another and are 

assumed to do so here. 

For the July 18 13032 and 14332 Discoverer weather radar elevation 



sequence observations, the anomalous increase in cloud heights with dis- 

tance from the ship (mainly due to the beam spread effect (a)) is ob- 

served and cloud height corrections (considering the minimum visible 

cloud height aspect) are determined. These are applied to the apparent 

heights through a modification of the original cloud height computer 

program, yielding estimated cloud heights (again given in terms of 

cloud echo disappearance elevation and horizontal distance) which are 

considered an upper bound, due to the minimum nature of the corrections. 

The anomalous cloud height increase and cloud height correction pro- 

cedure are discussed in detail in Appendix B, Part 11. 

To obtain an idea of the July 18 estimated upper bound ring cloud 

heights for the period of the mean ring motion and mean wind determina- 

tions, the well-defined ring #4 is chosen from the South Grid ring re- 

gion (Figure 8) where the mean ring motion was obtained, which ring is 

observed on both the 13032 and 14332 (Figure 9) cloud radar pictures. 

In correlation with this choice, a visual comparison of the 13032 and 

14332 radar cloud ring pictures with the 12472 and 14312 ATS I11 cloud 

ring pictures, respectively, is made and a good correlation of cloud 

elements and locations for the given times is found to exist there. The 

estimated mean upper bound ring cloud height for Ring #4 at 13032 is 

7400m, at 14332 is 6800m and is an average over the 13032 to 14332 in- 

terval of 7100m, with individual cloud heights ranging from 5000 to 

11,00Om, this latter likely being a large cumulonimbus. The echo dis -  

0 appearance elevation uncertainty of - + 0.5 yields uncertainty in the 

0 
mean cloud height of - + 1300m, based on an - 3  average echo disappearance 

elevation at a mean ring cloud element horizontal distance of "80nm. 

The true mean ring cloud heights are estimated to be "6km, i . e . ,  they 



are estimated to be lower than the upper bound heights be an amount 

0 equal to the 0.5 uncertainty or -1km. Although these results are based 

on one particular ring, there is no reason to believe that it is not 

quite representative of all rings in the near area during the period. 

The qualitative 5+6 km mean maximum cloud height finding from the 

RFF 39C aircraft photographic data (to be discussed in the following 

section) is seen to be somewhat in agreement with the radar-estimated 

cloud heights, keeping in mind the distance from aircraft and upper 

bound height aspects, respectively, connected with these height deter- 

minations. The mean ring motion-wind profile correlation findings and 

thermodynamic sounding data to follow tend to support the validity of 

the cloud heights estimated from the radar and aircraft observations. 

The cloud height measurement made in the present study was not previously 

available for tropical rings and shows that these rings, in contrast to 

those in the subtropics as will be seen later, are composed of deep 

convective clouds. 

A method of cloud height determination, based on the above discussed 

corrected radar cloud heights program and ATS I11 digital data brightness 

values, was devised by Reynolds and Vonder Haar (1973). They coincident- 

ally chose July 18, 1969 and the Ring P4 region of the BOMEX area during 

the 13002 to 15002 period for their analysis. Utilizing the nearly sim- 

ultaneous Discoverer radar and ATS I11 observations in the above time 

period, a relationship between cloud height and cloud brightness repre- 

sented by digital data values was derived. To accomplish this, corres- 

ponding cloud elements were located on the nearly simultaneous radar 

echo and contoured ATS digitized pictures, the estimated heights of 



these elements were determined in the manner discussed previously in 

this section, and the digital values representative of the brightness of 

these elements were obtained from the digitized satellite picture. A 

graphical plot of cloud height versus digital brightness value was made 

and the result is that cloud brightness (digital value) increases more 

or less linearly with cloud height. Thus it appears that higher (thicker) 

clouds are also brighter clouds. For the cloud elements of Ring #4  the 

Reynolds and Vonder Haar method yields a mean upper bound cloud height 

of 5.3km compared to the 7km mean height found in this study. Since 

there is inherent in the above cloud height determination methods an 

uncertainty in the interpretation of the cloud echo disappearance eleva- 

tion due to the lo-step nature of the radar antenna elevation during the 

PPI scans, the above difference in Ring #4 cloud height is likely the 

result of a lower estimate of echo disappearance elevation by Reynolds 

and Vonder Haar with consequent lower cloud heights. It should be noted 

that both of the above cloud height methods are subject to variations in 

ATS I11 camera system voltage gains and/or radar beam power and receiver 

gain reduction. Also of note is that there is inherent ambiguity in the 

cloud heights determined by the Reynolds and Vonder Haar "cumuliform" 

method when the clouds under consideration are thin cirrus, thick 

altostratus, and such layers. 



2.1.3.  A i r c r a f t  Cloud Photography and Meteorlogical  Observations 

These d a t a  f a l l  i n t o  two ca t egor i e s :  (a) support ing;  and (b) non- 

support ing,  i n  regard  t o  t h e i r  providing o r  not  providing a d d i t i o n a l  

knowledge of t h e  cloud r i n g  systems occurr ing  i n  t h e  BOMEX a r e a  on 

J u l y  18, 1969. 

2.1.3.1. Supporting 

NOAA RFF DC-6 a i r c r a f t  cloud f i l m  d a t a  provide information i n  t h e  

form of approximate cloud he ight  ranges.  RFF f l i g h t  a l t i t u d e s  on J u l y  

18 ranged from -100 m above t h e  s e a  su r f ace  t o  - 5 . 4  km. Cloud photo 

d a t a  from t h e  39C f l i g h t  a t  t h e  l a t t e r  s t a t e d  a l t i t u d e  i n  t h e  general 

v i c i n i t y  o f  t h e  r i n g  cloud p a t t e r n  show cloud tops  gene ra l ly  a t  o r  bc- 

low t h e  a i r c r a f t  f l j g h t  a l t i t u d e ,  using t h e  a i r c r a f t  ho r i zon ta l  de- 

l i n e a t e d  by the  wings as a r e f e rence .  These f ind ings  provide only  an 

approximate idea o f  cloud he igh t s  (d i s t ance  from t h e  a i r c r a f t  changes 

t h e  he ight  es t imates  s i g n i f i c a n t l y ) ,  but t h e s e  he igh t s  agree  gene ra l ly  

with those  determined from Discoverer weather r ada r  d a t a  as  d iscussed  

previous ly  and w i t h  t hose  heiglits i n fe r r ed  from t h e  f ixed  sh ip  rawin- 

sonde temperature and moisture soundings and v e r t i c a l  mean upper l eve l  

winds t o  be d iscussed  s h o r t l y .  'The KFF photographic d a t a  a l s o  show t h a t  

p r e c i p i t a t i o n  (showers) occurred i n  t h e  South Grid cloud r i n g  reg ion  

only  a f t e r  -17002 which i s  t h e  approximate t ime t h a t  t h e  mul t ip l e  r i n g  

p a t t e r n  began t o  d i sappea r .  



2.1.3.2 Non-Supporting 

The RFF and o t h e r  BOMEX support a i r c r a f t  f l i g h t s  a l s o  provide 

temperature and moisture observa t ion  d a t a  i n  t h e  general reg ion  of t h c  

BOMEX J u l y  18 cloud r i n g  s t r u c t u r e s .  These d a t a  a r e  a v a i l a b l e  a t  v a r i -  

ous he igh t s  above su r f ace  i n  r e l a t i o n  t o  t h e  var ious  f l i g h t  a l t i t u d c s .  

However, t h e  f l i g h t s  on J u l y  18 were a t  a l t i t u d e s  cons iderably  abovc 

and/or  l o c a t i o n s  o u t s i d e  t h e  cloud r i n g s  themselves and t h e  f l i g h t  

speeds were r e l a t i v e l y  high and/or t h e  d a t a  r e s o l u t i o n  r e l a t i v e l y  l c ~ w ,  

y i e ld ing  no use fu l  q u a n t i t a t i v e  thermodynamic d a t a  on t h e  s c a l e  on 

t h e  cloud r i n g  s t r u c t u r e s .  A i r c r a f t  wind f i e l d  d a t a  a t  var ious  h e i g h t s  

a r e  a l s o  a v a i l a b l e  f o r  s e l e c t e d  f l i g h t s ,  but  aga in  t h e  observa t ions  

were made above and/or o u t s i d e  t h e  s p e c i f i c  r i n g  s t r u c t u r e s .  Quanti ta-  

t i v e  thermodynamic and dynamic d a t a  a r e  most u s e f u l l y  a v a i l a b l e  from 

t h e  f ixed  s h i p  rawinsonde soundings which a r e  d iscussed  i n  Sect ion 2 . 2  

t o  fo l low.  The a i r c r a f t  d a t a  are seen t o  be  o f  n c lua l i t a t i ve  natl;lrc> 

f o r  t h e  most p a r t .  

2.1.4 Summary 

I n  Summary, t h e  BOMEX J u l y  18 cloud r i n g  s t r u c t u r e  phys ica l  des-  

c r i p t i o n  i s  a s  fo l lows:  The r i n g s  a r e  l i k e  doughnuts, c o n s i s t i n g  of 

growing and decaying cumulus cloud wall  elements and c l e a r  c e n t e r  a r e a s ;  

they  a r e  somewhat elongated along t h e  mean wind d i r e c t i o n  over  t h e i r  

depth ;  t hey  occur s i n g l y  o r  i n  a  honeycomb type  m u l t i p l e  p a t t e r n ;  they  

have a  mean diameter o f  80 km, a mean cloud wall  width o f  15 km, and a 

mean he ight  o f  -6 km; t h e  honeycomb p a t t e r n  cloud r i n g s  have a  l i f e t i m e  



of 6 hours ,  while  t h e  s i n g l e  r i n g s  l a s t  f o r  on ly  1 t o  3 hours;  they  

t r a v e l  very  n e a r l y  with t h e  mean wind over  t h e i r  depth ,  from l n n O  

a t  10.5 m/sec; p r e c i p i t a t i o n  appears  t o  be confined t o  deeply developed 

r i n g  cloud elements;  cloud r i n g  s t r u c t u r e s  a r e  observed 

during both t h e  daytime and n ight t ime hours .  

2 . 2  Cloud Rine Thermodmamic D e s c r i ~ t i o n  

Another major aspec t  o f  t h e  r i n g  cloud s tudy  i s  t h a t  o f  t h e  synop- 

t i c  s c a l e  thermodynamics of  t h e  r i n g  - and non-ring reg ions  wi th  compari- 

son and c o n t r a s t  o f  t h e s e  a r e a s .  Temperature and mois ture  a r e  para-  

meters  important i n  s t a b i l i t y  and energy cons ide ra t ions .  The rawinsonde 

temperature and moisture ( s p e c i f i c  humidity) soundings a t  t h e  f i v e  

f ixed  s h i p  s t a t i o n s  (Fig.  3) f o r  12002, 15002 and 18002 on J u l y  18 a r e  

u t i l i z e d .  Nimbus 3 SIRS-A r a d i a t i o n  inve r s ion  temperature soundings 

f o r  J u l y  18 a r e  a l s o  used t o  extend temperature d a t a  above t h e  usua l  

BOMEX f i x e d  s h i p  300 mb sounding l i m i t .  Sur face  and s e a  su r f ace  temp- 

e r a t u r e  observa t ions  a t  t h e  f i xed  sh ips  provide knowledge of  su r f ace  

l a y e r  s t a b i l i t y  and hea t  f l u x e s .  

Temperature (T) and s p e c i f i c  humidity (q) information a r e  ex t r ac t ed  

from t h e  publ ished BOMEX 5-second-interval  d a t a  a t  e i t h e r  -20 mb i n t e r -  

v a l s  o r  s i g n i f i c a n t  l e v e l s  such a s  i nve r s ions  and d r y  l a y e r s .  This  method 

averages ou t  small  v a r i a t i o n s  on t h e  o rde r  o f  10 mb. E r r a t i c  tempera- 

t u r e  and r e l a t i v e  humidity d a t a  (from which a r e  c a l c u l a t e d  t h e  s p e c i f i c  

humidity va lues)  a r e  e l imina ted  and t h e  sounding a t  t h a t  po in t  smoothed. 

Temperature and moisture sensor  l a g s  due t o  t h e  r i s i n g  ba l loon  a r e  con- 

s ide red  small  and a r e  neglec ted ,  being p re sen t  i n  a l l  t h e  soundings and 



of small  consequence i n  t h i s  s tudy which d e a l s  with r e l a t i v e  d i f fe rer lces  

i n  meteorological  parameters over va r ious  reg ions  and per iods  o f  t ime.  

There a r e  two important a spec t s  t o  no te  i n  regard t o  t h e  BOMCX 

meteorological  d a t a  u t i l i z e d  i n  t h e  i n v e s t i g a t i o n  of t h e  J u l y  18, 1969 

r i n g  cloud p a t t e r n s .  These a spec t s  apply  not  on ly  t o  t h e  temperaturc 

and moisture d i scuss ions  t o  fol low immediately, hut  t o  a l l  BOMEX t h e r -  

modynamic and dynamic d a t a  and r e l a t e d  parameter d i scuss ions .  F i r s t ,  

from Fig .  3 it i s  seen t h a t  t h e  f i v e  f ixed  s h i p  and Barbados s t a t i o n s  

form a meteorological  observa t ion  network with a  gr id  poin t  spac ing  

of  200 t o  250 km, while  from e a r l i e r  d i scuss ion  t h e  r i n g  cloud d j a -  

meter s i z e  i s  found t o  be on t h e  order  of  60 t o  80 krn. The observing 

network and i t s  d a t a  a r e  on a  s c a l e  t h r e e  t o  four  t imes t h a t  of t h e  

r i n g  clouds a ~ i d  thus  t h e  d a t a  obtained on t h e  l a r g e r  g r i d  s c a l e  

and u t i l i z e d  i n  t h e  BOMEX r i n g  cloud i n v e s t i g a t i o n ,  a s  wel l  a s  any 

f ind ings  and d e r i v a t i o n s  therefrom, a r e  synoptic  i n  n a t u r e  ( a t  t h e  

lower end of  t h e  synopt ic  s c a l e  t o  be c o r r e c t ) .  There i s  on ly  one 

known ins t ance  o f  d a t a  being obtained wi th in  a r i n g  cloud s t r u c t u r e  

i t s e l f  (Ruprecht e t  a1 ., 1973) and t h i s  event w i l l  be discussed i n  

d e t a i l  l a t e r  i n  t h e  Data Comparisons s e c t i o n .  

The second important aspec t  of t h e  BOMEX d a t a  u t i l i z e d  he re ,  

s p e c i f i c a l l y  t h e  rawinsonde sounding temperature,  moisture and wind 

d a t a ,  is  t h a t  t hese  d a t a  a r e  i n  t h e  uncorrected A form (De La 
0 

bloriniere ,  1 9 7 2 ) .  No ana lys i s  of t h e s e  d a t a  has been made which would 

lead t o  el iminat%on o f . t h e  e r r a t i c  and bad d a t a ,  due t o  ihstrument .and 

o t h e r  e r r o r s ,  which was discussed above. To make t h e  d a t a  u sab le  t h e  

i r r e g u l a r i t i e s  have t o  be smoothed out  and t h i s  i s  done a s  has been o r  

w i l l  be descr ibed in  t h i s  paper.  I.lowever, a t  p resent  t h e  A da ta  a r c  
0 



I?oing converted t o  t h c  corrected.  A forni (Ho l l and  and Hasmusson, 1973) 

by BOMEX d a t a  an i i lys i s ,  u t i l i z i n g  knowledge gained about t h c  na tu re  of 

t h e  observa t ions  and ins t rumenta t ion ,  and t h e s e  co r r ec t ed  d a t a  should 

b e  a v a i l a b l e  i n  t h e  nea r  f u t u r e .  Prel iminary r e s u l t s  o f  t h e  co r r ec -  

t i o n  process  a r e  t h a t  t h e  major p o r t i o n  o f  t h e  A. 
d a t a  i s  good, 

lending  v a l i d i t y  t o  t h e  r i n g a c l o u d  i n v e s t i g a t i o n  f ind ings  i n  t h i s  s tudy .  

2.211 Temperature 

F ig .  10 d i s p l a y s  t y p i c a l  BOMEX a r e a  near - r ing  and non-ring region 

temperature and mois ture  soundings f o r  J u l y  18. In t h i s  and subse- 

quent f i g u r e s  d e l i n e a t i o n  i s  made of  d a t a  obtained wi th in  and/or r e -  

p r e s e n t a t i v e  o f  t h e  r i n g  occurrence a r e a  i t s e l f  (Ring),  o f  d a t a  ob- 

t a ined  i n  o r  r e p r e s e n t a t i v e  of r i n g  occurrence boundary reg ions  (Near- 

Ring) and o f  d a t a  obtained i n  o r  r e p r e s e n t a t i v e  o f  r eg ions  away from 

r i n g  occurrence (Non-Ring). The 152 Discoverer sounding i s  represen-  

t a t i v e  o f  t h e  near - r ing  region on J u l y  18, while  t h e  152 Oceanographer 

and 182 Rain ie r  soundings a r e  ty-pical of  t h e  non-ring reg ions  south  

and no r th  o f  t h e  South Grid honeycomb r i n g  p a t t e r n .  The Nimbus I11 

SIRS-A temperature soundings f o r  J u l y  18 a r e  a l s o  shown. A s  can be 

seen from Figure 3 t h e s e  soundings were made by t h e  s a t e l l i t e  on i t s  

pass  from south t o  no r th  ac ros s  t h e  BOMEX a r e a  a t  j u s t  before  15002. 

Also soundings number 64 and 66 a r e  seen t o  be loca ted  very  near  t o  

Oceanographer and Discoverer r e s p e c t i v e l y .  Thus t h e s e  two soundings . ' 

a r e  en tered  on F i g . 1 0  a s  high leve l  extensions of  t h e  152 Oceanographer 

and Discoverer rawinsonde sounding data. which te rmina te  a t  around 

300 mb. The SIRS-A temperature da t a  a r e  a v a i l a b l e  from 1000 mb t o  





1 mb a t  s tandard upper a i r  p ressure  l e v e l s  by invers ion  of t h e  in f r a red  

r a d i a t i v e  t r a n s f e r  equat ion using t h e  i n f r a r e d  r a d i a t i o n  measurements made 

by t h e  S a t e l l i t e  InfraRed Spectrometer (SIRS) r a d i a t i o n  sensor .  In  com- 

par ing  t h e  1ower.atmosphere (1000 mb+300 mb) rawinsonde and s a t e l l i t e  temp- 

e r a t u r e  soundings i n  Figure 1 0 ,  i t  i s  found t h a t  t h e  mean d i f f e r e n c e  be- 

tween common l e v e l  rawinsonde and SIRS temperatures  a t  Oceanographer and 

0 
Discoverer is  +0.7 '~ .  Di f fe rence  va lues  o f  up t o  +4.0 C a r e  found a t  

l e v e l s  where t h e r e  a r c  l a r g e  and r ap id  v e r t i c a l  f l u c t u a t i o n s  of tenlpera- 

t u r e .  The high l e v e l s  where t h e  SIRS temperature d a t a  a r e  being cons i -  

0 
dered he re  d i s p l a y  small ( - 0 . 5  C )  d i f f e r e n c e s .  A l a s t  po in t  about- SIRS-A 

d a t a  i s  t h a t  t h e  output  of  t h e  instrument and information i n f e r r e d  from 

it a r e  r e s u l t s  au toma t i ca l ly  i n t e g r a t e d  over t h e  11.5 degrees f i e l d  of  

view (200 + km e a r t h  su r f ace  spot  s i z e )  by t h e  instrument .  The SIIIS-A 

temperature sounding i s  thus  not a  point  measurement o f  t h e  atmosphere, 

whereas t h e  rawinsonde sounding i s .  Thus t h e  r awinsonde - sa t e l l i t e  temp- 

e r a t u r e  d a t a  comparisons a t  Oceanographer and Discoverer on J u l y  18 a r e  

a r e a  comparisons, but very  v a l i d  ones i n  view o f  t h e  space-time c loseness  

o f  t h e  two types  of  soundings. 

Refer r ing  t o  F ig .  1 0 ,  t h e  fol lowing a r e  t h e  genera l  temperat.urc 

cond i t i ons  i n  t h e  BOMEX Ring Study area  on J u l y  18, 1969. Note again 

t h a t  t h e s e  f ind ings  a r e  r e p r e s e n t a t i v e  o f  t h e  12002 t o  18002 pe r iod .  In 

t h e  po r t ion  of  t h e  South Grid region where t h e  r i n g s  a r e  numerous (Mt. - 

Mitchel l -Discoverer)  and a l s o  nor th  t o  -- Rain ie r ,  t h e  T soundirlgs d i s p l a y  

a  marked d r y  a d i a b a t i c  l apse  r a t e  from very  near  su r f ace  (-1015 mb) t o  

around 920 mb. In t h e  non-ring reg ion  t o  t h e  south (Oceanographer) t h i s  

a d i a b a t i c  l apse  r a t e  i s  not  present. .  In  t h e  r i n g - r i c h  portion o f  t h e  

South Grid t h e r e  i s  a l s o  present  one o r  s eve ra l  r e l a t i v e l y  s t a b l e  l a y e r s  



of gene ra l ly  isothermal  o r  even invers ion  l apse  r a t e  occurr ing  a t  va r ious  

l e v e l s  between 600 and 800 mb and being up t o  50 mb t h i c k .  South of  t h i s  

a r e a  t h e  s t a b l e  l a y e r  phenomenon appears  p e r i o d i c a l l y .  In  general  t h e  

term "st.ableW a s  used i n  t h e  d i scuss ions  i n  t h i s  paper r e f e r s  t o  any a t -  

mospheric temperature l a p s e  r a t e  which i s  l e s s  t han  t h e  moist a d i a b a t i c  

through isothermal  and inve r s ion .  A t  t h e  northernmost s t a t i o n  Ra in i e r  

0 
t h e r e  i s  a  ve ry  pronounced d r y  a d i b b a t i c  l apse  r a t e  l a y e r  (8-313 K )  

around 600 mb t o  700 mb being approximately 150 rnb t h i c k  bounded above 

and below by inve r s ions .  The d r y  a d i a b a t i c  l aye r  i s  r a t h e r  wel l  mixed 

a s  exemplif ied by a  r a t h e r  uniform mois ture  d i s t r i b u t i o n .  This  a i r  mass 

i s  l i k e l y  o f  t h e  "Saharan" v a r i e t y  which has a  313K p o t e n t i a l  temperature 

mean and i s  a wel l  mixed a i r  mass. I t  i s  known t o  t r a v e l  westward from 

Af r i ca  embedded i n  t h e  t r o p i c a l  e a s t e r l y  flow and i s  u s u a l l y  r e a d i l y  

i d e n t i f i e d  by t h e  d u s t  o r  haze phenomena a s soc i a t ed  with it,  a s  descr ibed  

i n  t h e  l i t e r a t u r e  (Prosper0 and Car l son ,  1971). The dus t  phenomenon i s  

noted i n  J u l y  18, 1969 a i r c r a f t  t u r b i d i t y  measurements i n  t h e  v i c i n i t y  of  

t h e  Ra in i e r .  From t h e  SIRS-A T-data p l o t s  it i s  seen t h a t  t h e  l a p s e  r a t e  

i s  gene ra l ly  moist a d i a b a t i c  up t o  200 mb o r  so ,  then  more s t a b l e  up t o  

t h e  -90 mb tropopause where it becomes an  inve r s ion  l apse  p r e v a i l i n g  i n t o  

t h e  s t r a t o s p h e r e .  Very l i t t l e  d i f f e r e n c e  i s  seen between t h e  r i n g  and 

non-ring r eg ions  i n  t h e  h igher  atmosphere above 300 mb. Except f o r  t h e  

v a r i a t i o n s  descr ibed  above t h e  temperature l apse  r a t e s  a r e  gene ra l ly  

s l i g h t l y  g r e a t e r  t han  moist a d i a b a t i c  from t h e  lower t roposphere  up t o  

200 mb, t h e  normal cond i t i on  i n  a  t r o p i c a l  atmosphere. 

Sur face  ( -10 meter l e v e l )  a i r  and sea  su r f ace  temperature observa- 

t i o n s  a t  t h e  f i xed  s h i p s  a r e  used t o  d e f i n e  t h e  a i r - s e a  su r f ace  tempera- 

t u r e  d i f f e r e n c e  and thus  su r f ace  l aye r  s t a b i l i t y  and heat  f l u x  cond i t i ons  



i n  t h e  BOMEX Ring Study a r e a  on J u l y  18 .  These temperature  d a t a  a r e  ob- 

t a i n e d  from t h e  BOMEX Ship  S t a t i o n  Sur face  Observat ions  (1969).  The 

r e s u l t s  a r e  t h a t  a t  Oceanographer and M t .  El i tchel l  t h e  J u l y  18 a i r - s e a  

tempera ture  d i f f e r e n c e s  a r e  -1.8C and - l . l C , r e s p e c t i v e l y  ( a i r  co lde r  

t han  s ea  s u r f a c e ) ,  whi le  from Discoverer  no r th  t hey  a r e  e f f e c t i v e l y  zero .  

Thus i n  t h e  r i n g - r i c h  M t .  Mi tche l l  r eg ion  and south t o  Oceanographer t h e  

hea t  f l u x  i s  no t ab ly  from sea t o  a i r  and t h e  s u r f a c e  l a y e r  i s  somewhat 

u n s t a b l e  w i th  r e s p e c t  t o  t h i s  f l u x ,  whi le  from Discoverer  n o r t h  t h e r e  

i s  v e r y  l i t t l e  hea t  f l u x  and t h e  s u r f a c e  l aye r  i s  i so the rma l ly  s t a b l e  

wi th  regard  t o  t h a t  s i t u a t i o n .  In regard  t o  t h e  nor th-sou th  sea  temp- 

e r a t u r e  v a r i a t i o n  over  t h e  r i n g  g r i d s ,  t h e  d a t a  show t h a t  t h i s  d i f f e r -  

0 
ence i s  about 1 C ;  a i r  t empera tures  d i s p l a y  a  s i g n i f i c a n t l y  l a r g e r  N-S 

v a r i a t i o n  t han  t h i s  and account f o r  t h e  major p o r t i o n  o f  t h e  N-S a i r -  

sea s u r f a c e  tempera ture  d i f f e r e n c e  v a r i a t i o n .  Therefore  t h e  concern 

i s  wi th  t h e  a i l . -sea  temperature  d i f f e r e n c e  r a t h c r  t han  with  t h e  very 

smal l  l a t i t u d i n a l  v a r i a t i o n s  i n  T i s  regard  t o  r i n g  occurrence on 
S e3 

J u l y  18. I t  i s  a l s o  of importance t o  ~~emcniber t h a t  i n  t h e  t r o p i c s  t h e  

h o r i z o n t a l  g r a d i e n t s  of  t empera ture ,  p r e s su re  and mois ture  a r e  g e n e r a l l y  

r e l a t i v e l y  s m a l l ,  wi th  mois ture  d i sp l ay ing  t h e  g r e a t e s t  t ime-space var -  

i a t i o n s  of  t h e  t h r e e  parameters .  Numerous r e f e r e n c e s  d i s p l a y  and/or  

d i s c u s s  t h e s e  a s p e c t s  o f  the  t r o p i c s ,  among them Madden e t  a l .  (1971), 

Oort and Rasmusson (1971) and Atkinson (1971). 

2 . 2 . 2  Moisture  

Reference aga in  t o  F i g .  10 l r o v i d e s  informat ion on t h e  J u l y  18 122 

t o  182 upper a i r  moisturt: cond i t i ons  i n  t h e  ROMEX Ring Study a r e a .  Tn 



t h e  South Grid r i -ng-r ich a.rea t h e r e  i s  a  sha rp ly  def ined  d ry  l a y e r  be- 

ginning a t  t h e  isothermal  o r  invers ion  t.emperature l apse  po in t  with r ap id  

drying above. To t h e  south a t  Oceanographer t h e r e  i s  a same form but  

minor dry ing  accompanying t h e  pe r iod ic  invers ion  occurrences .  To t h e  

no r th  a t  Rain ier  t h e r e  i s  marked drying accompanying t h e  inve r s ion  be- 

low t h e  "Saharanff d r y  a d i a b a t i c  l a y e r ,  with t h e  e a r l i e r  s t a t e d  gene ra l ly  

wel l  mixed moisture condj t ion  preva len t  i n  t h e  l a t t e r  l a y e r .  Also no tab le  

i s  t h e  genera l  moistness  of  t h e  Oceanographer and Rockaway soundings i n  

t h e  122 t o  182 period compared t o  t h e  o the r  s h i p  areils.  Fur ther  t h i s  

moistness  i s  r a t h e r  uniform vert . ic .a l ly  a t  Oceanographer, but  shows a  b i -  

modal moist  l a y e r  p a t t e r n ,  near  su r f ace  and -500 mb, a t  Kockaway - with a 

d r i e r  l a y e r  between a t  -700 mb accompanying t h e  temperature i nve r s ion .  

The moistness  a t  Oceanographer i s  l i k e l y  t h e  r e s u l t  o f  l oca t ion  near  t h e  

I n t e r t r o p i c a l  Convergence Zone (ITCZ), while  t h a t  a t  Rockaway i s  due 

t o  t h e  presence o f  t h e  e a s t e r l y  wave cloud " t a i l "  ( F i g .  2)  a t  o r  near  

t h e  s t a t i o n ,  with t h e  clouds r e l a t e d  t o  t h e  middle- t roposphere  mois ture  

maximum. 

2 . 2 . 3  General T-q Findings 

Several  r e s u l t s  a r e  obtained by cons idera t ion  of  t h e  rawinsonde 

temperature and moisture sounding da t a  t oge the r .  The f i r s t  i s  t h e  

approximate he ight  of  t h e  cloud bases  i n  t h e  r i n g  s tudy a r e a .  Assuming 

parce l  ascent  and c a l c u l a t i n g  t h e  L i f t i n g  Condensation Level (LCL) 

g raph ica l ly ,  t h e  r e s u l t  i s  a  mean t h e o r e t i c a l  cloud base  i n  t h e  r i n g  

a r e a  of  -915 mb o r  900 meters ahovc su r f ace .  There i s  l i t t l e  v a r i a t i o n  



of  t h i s  over t h e  regior~ . 'I'hcorct j crrl cloutl base obtained from ca l cu la -  

t i o n  of  t h e  Convective Condensation Lcvel (CCL) agrees  well  with t h a t  

found us ing  t h e  LCL method. These cloud base  he igh t s  a r e  i n  good agree-  

ment with those  observed i n  t r o p i c a l  ocean r eg ions .  

Another r e s u l t  from t h e  T-q combinations observed on J u l y  18 i s  

t h e  c o r r e l a t i o n  of  t h e s e  da t a  with t h e  est imated mean r i n g  cloud he ight  

o f  -6 km found from t h e  Discoverer weather r ada r  d a t a .  With t h e  occur- 

r ence  o f  t h e  middle l e v e l  s t a b l e  and d ry  l aye r  i n  t h e  Discoverer-Mt. - 

Mitchel l  a r e a ,  t h e  bui ldup of  convect ive clouds much above t h i s  l eve l  

i s  u n l i k e l y  due t o  t h e  s t a b i l i t y  t h e r e  and cloud l i q u i d  water evapora- 

t i o n  and detrainment  from r e l a t i v e l y  slow-growing t r o p i c a l  c louds pene- 

t r a t i n g  i n t o  t h e  d r y  l a y e r .  Therefore thc 600 mb t o  700 mb l e v e l  s t a b l e ,  

d r y  l aye r  l i k e l y  limits t h e  r i n g  clouds t o  -500 mb (-6 km) such t h a t  

t h e s e  clouds a r e  confined i n  general  t o  t b e  lower h a l f  o f  t h e  t ropo-  

sphere by t h i s  "1 id" phenomenon. 

The ex i s t ence  of  t h e  s t a b l e  layer (s )  with marked drying a t  lower 

midd le t roposphe r i c  l e v e l s  can be reasonably explained by t h e  presence 

of  a synopt ic  s c a l e  subsidence a t  and above these  l e v e l s  over  t h e  r i n g  

s tudy a r e a  no r th  of  M t .  Mi tche l l  on J u l y  18 .  Referr ing back t o  Figs.  

4 through 6 i t  i s  noted,  a s  was mentioned i n  t h e  In t roduc t ion ,  t h a t  t h i s  

a r e a  i s  under t h e  inf luence  of  a su r f ace  synopt ic  high p re s su re  and 

e a s t e r l y  flow r i d g e  system and t h i s  meteorological  s i t u a t i o n  i s  charac-  

t e r i z e d  by subsidence i n  gene ra l .  The r i n g  a r e a s  a r e  somewhat south 

of t h e  i int icyclonic  cen te r  nncl t h u s  t h e  magnitude and depth  of  t h e  sub- 

sidcrlce t h e r e  would bt' C X I ~ C C ~ C ~  t o  bc somewhat l e s s  than t h a t  f u r t h e r  

nor th ,  t h e  subsidence t o  t h e  south l i k e l y  occurr ing  more gene ra l ly  a l o f t  

with some convergence near  t h e  su r f ace .  This  agrees  with t h e  thermodynamic 



f i nd ings  and f u r t h e r  t h e  divergence and r e l a t i v e  v o r t i c i t y  dynn~nic rc -  

su l t s  presented i n  t h e  next s e c t i o n  tend t o  v e r i f y  t h i s  occurrence.  

Thus with t h i s  subs ident  flow occurr ing  t h e r e  i s  p re sen t  a  mechanism 

f o r  maintaining t h e  s t a b l e  l aye r  with dry ing  and thereby  l i m i t i n g  con- 

v e c t i v e  cloud growth t o  h e i g h t s  not  exceedingly g r e a t e r  t han  t h e  s t a b l e  

l aye r  he igh t .  Also these  s t a b l e  and d ry  l a y e r s  a r e  l i k e l y  p a r t s  o f  t h e  

normal t r a d e  wind invers ion  occurrence r e s u l t i n g  from t h e  genera l  sub- 

t r o p i c a l  high p re s su re  (STMP) subsidence c l i m a t o l o g i c a l l y  p re sen t  nor th  

of t h e  r i n g  a r e a s  a t  25N t o  30N i n  J u l y  (Oort and Rasmusson, 1971). 

Two p o i n t s  o f  i n t e r e s t  which should be kept  i n  mind when cons ider ing  

t h e  genera l  T-q r e s u l t s  presented he re  a r e  t h e  disappearance of t h e  

South Grid honeycomb r i n g  p a t t e r n  between 152 and 182 on J u l y  18 and t h e  

presence,  though s h o r t - l i v e d ,  of  two r i n g s  i n  t h e  North Grid.  The r e -  

s u l t s  presented  a r e  t hose  gene ra l ly  r e p r e s e n t a t i v e  of  t h e  a r e a s  and 

t ime period s t a t e d ,  but  t h e r e  a r e  obviously some changes occurr ing  

causing t h e  r i n g  p a t t e r n  disappearance o r  sho r t  du ra t ion  of  r i n g s .  

These a spec t s  a l s o  b r ing  up t h e  poin t  t h a t  t h e r e  a r e  obviously necessary 

and yaff - i c i e n t  - cond i t i ons  f o r  r i n g  formation and t h a t  t h e  presence of 

a  s i n g l e  parameter i s  not  grounds f o r  f o r e c a s t i n g  r i n g  occurrence,  a s  

t h e  T-q r e s u l t s  show. 

2 . 2 . 4  Summary 

In  Summary, t h e  BOMEX J u l y  18 cloud r i n g  s t r u c t u r e  synopt ic  s c a l e  

thermodynamic d e s c r i p t i o n  i s  as fo l lows:  In  t h e  South Grid r i n g  occur- 

rence  a r e a  t h e  near  su r f ace  l aye r  i s  moist and n e a r l y  d r y  a d i a b a t i c a l l y  



uns t ab le ,  while a t  t h e  middle o r  lower middle l e v e l s  (600 mb+800 mb) 

a r e l a t i v e l y  s t a b l e  l apse  r a t c  l a y e r  i s  p rescnt  with c.onsiderable drying 

a t  and above t h e  s t a b l e  l a y e r ;  except f o r  t he  above t h e  lapse  r a t e  i s  

s l i g h t l y  g r e a t e r  than  moist a d i a b a t i c  t o  -200 mb; above 200 mb t h e  

l apse  r a t e  becomes more s t a b l c  and t h e  tropopause i s  loca ted  a t  -90 mb; 

0 
t h e r e  e x i s t s  a  I C +  excess of sea  su r f ace  temperature over su r f ace  a i r  

temperature with corresponding upward hea -  energy f l u x  from t h e  su r f ace .  

In t h e  non-ring reg ions  t h e  near  su r f ace  imstab le  l a y e r  and/or t h e  

middle l e v e l  s t a b l e  l aye r  a r e  absent ;  i n  , l ace  of  t h e  d ry ,  s t a b l e  l aye r  

t h e  atmosphere i s  r e l a t i v e l y  moist ;  above 300 mb t h e  temperature sound- 

ing i n  t h e  non-ring a rea  does not d i f f e r  s i g n i f i c a n t l y  from t h a t  i n  t h e  

' 
r i n g  occurrence a r e a ;  t h e  a i r - s e a  su r f ace  temperature d i f f e r e n c e  i s  es -  

s e n t i a l l y  zero o r  e x h i b i t s  a small a i r  t e r p e r a t u r e  excess with consc- 

quent downward hea t  energy f l u x .  

2 . 3  Cloud Ring Dynaniic Descr ip t ion  

The t h i r d  major d e s c r i p t o r  cf  t h e  c l c ~ t d  r i n g  systems and t h e i r  

environment i s  t h e  synoptic  s c a l e  wind f i e l d ,  ho r i zon ta l  and v e r t i c a l ,  

and t h e  a s soc i a t ed  dynamic p r o p e r t i e s  of  c'ivergence and r e l a t i v e  v o r t i -  

c i t y .  Due t o  t h e  l a r g c - s c a l c  na tu rc  of t l c  diltr-1 g r id  compared t o  t h e  

r i n g s ,  i t  i s  not poss ib l e ,  with t h e  da ta  a v a i l a b l e  f o r  t h i s  s tudy ,  t o  

present  q u a n t i t a t i v e  r e s u l t s  o f  t h e  mass niotions i n  t h e  r i n g s  themselves.  

But i n  a  q u a l i t a t i v e  way r e s u l t s  about cloud r i n g  mass motions a r e  

a v a i l a b l e  from v i s u a l  observat ion of t h e  r e s u l t i n g  p a t t e r n .  With t h e  

evidence o f  a pers i s te r l t  cloud r i n g  wall and c l e a r  c e n t e r ,  t h e  obvious 



and only  phys ica l  atmospheric process  t h a t  can r e s u l t  i n  such a p a t t e r n  

is  ascent  i n  t h e  cloud wall  reg ion  and subsidence (or  a t  l e a s t  no r i s i n g  

motion of no te)  i n  t h e  cen te r  of  t h e  r i n g .  

2 .3.1 Winds 

Most a l l  wind a n a l y s i s  i n  t h i s  s tudy  i s  based on t h e  f ixed  s h i p  and 

Barbados rawinsonde d a t a .  However, support ing d a t a  were obta ined  from a 

r a t h e r  new method o f  ob ta in ing  winds, u t i l i z i n g  computer c o r r e l a t i o n  of  

cloud displacements  from ATS d i g i t a l  d a t a .  The rawinsonde wind d a t a  a r e  

t r e a t e d  i n  a manner s i m i l a r  t o  t h e  temperature and mois ture  d a t a  except 

t h a t  t h e  wind d a t a  a r e  considered over  a longer  per iod o f  t ime on J u l y  18.  

This  i s  due, i n  p a r t ,  t o  t h e  occurrence of many missing wind observa t ions  

i n  t h e  3-hourly rawinsonde f l i g h t s  a t  Rockaway, but pr imari  l y  due t o  t h e  

d e s i r e  t o  look a t  t h e  dynamics o u t s i d e  t h e  t ime span of  t h e  numerous 

r i n g  occurrences.  A s t a t i o n  w i t h  winds missing a t  a s tandard observa- 

t i o n  time i n  t h e  experiment negates  obta in ing  area-average divergence,  

v e r t i c a l  motion, and r e l a t i v e  v o r t i c i t y  va lues ,  due t o  t h e  method used 

t o  o b t a i n  t h e s e  r e s u l t s  which w i l l  be discussed s h o r t l y .  

An important po in t  i l l  regard t o  t h e  general  wind a n a l y s i s  should 

be noted a t  t h i s  t ime.  I n  pursuing t h e  a n a l y s i s  o f  wind p r o f i l e s  and 

cloud motion comparisons, i.t became evident  t h a t  Rain ier  winds a t  a l l  

l e v e l s  t o  -300 mb a r e  wes ter ly  and thus  cons iderably  i n  oppos i t ion  t o  

t h e  e a s t e r l y  flow a t  Rockaway and south ,  while  a l l  s t a t i o n s  a r e  under 

t h e  i.nfluence of t h e  e a s t e r l y  flow on t h e  southern s i d e  of t h e  aforemen- 

t ioned  su r f ace  high p re s su re  system t o  t h e  nor th  of  t h e  r i n g  g r i d s .  



Thus t h e  Ra in i e r  wind d a t a  were dropped from cons idera t ion  i n  t h i s  s tudy .  

Also i n  regard  t o  missing wind d a t a ,  i n f e r r i n g  winds geos t roph ica l ly  

from t h e  p re s su re  f i e l d  i s  ignored because of  t h e  c loseness  of t h e  ROMEX 

reg ion  t o  t h e  equator  where t h e  geostrophic approximation becomes uncer- 

t a i n .  

Wind d a t a  (11 and v components) a r c  ex t rac ted  from t h e  rawinsonde 

soundings a t  50 mb i n t e r v a l s  o r  s t  s i g n i f i c a n t  l e v e l s  from 1000 mb t o  

sounding te rmina t ion  gene ra l ly  occurr ing around 300 t o  400 mb. The 

considered wind d a t a  f o r  t h e  f ixed  sh ips  excluding Rain ier  cover t h e  

period from 03002 on J u l y  18 t o  OOOOZ on J u l y  19, while  f o r  i s l and  s t a -  

t i o n  Barbados t h e  period covered i s  06002 on J u l y  18 t o  06002 on 

J u l y  19. 

The f i r s t  use of t h e  wind d a t a  i s  t o  compare ' t h e  mean r i n g  motion . 

i n  t h e  a r e a  between M t .  Mi tche l l  - and Discoverer during t h e  period 12472 

t o  14312 on J u l y  18, a s  discussed e a r l i e r ,  with t h e  mean wind p r o f i l e  

i n  t h a t  a r e a  dur ing  t h a t  per iod.  To ob ta in  t h e  mean wind p r o f i l e ,  t h e  

122 and 152 wind d a t a  a t  M t .  Mi tche l l  and Discoverer a t  t h e  1000, 850, 

700, 600, 500 and 400 mb l e v e l s  a r e  u t i l i z e d .  The wind d a t a  l e v e l s  

above a r e  chosen f o r  t h e i r  approximately equal v e r t i c a l  spacing (-1500 m) 

t o  avoid t h e  n e c e s s i t y  of weighting v e r t i c a l  averages.  U t i l i z i n g  t h e  

above d a t a  a  space-time mean wind a t  each wind l e v e l  over  t h e  South Grid 

honeycomb r i n g  p a t t e r n  occurrence time and region i s  c a l c u l a t e d ,  a long 

wi th  t h e  v e r t i c a l  means of t h e  space-time ind iv idua l  wind l e v e l  means 

between 850 mb and 600, 500 and 400 mb. The F ig .  11 space-time c r o s s  

s e c t i o n  d i s p l a y s  the  M t .  Mitchel l -Discoverer  - a r e a  wind p r o f i l e s  (p lo t t ed  

i n  convent ional  symbols) a t  122 and 152, along with o t h e r  a v a i l a b l e  

wind p r o f i l e s  a t  t h e  f ixed  sh ip  s t a t i o n s  during t h e  122 t o  182 per iod ,  

a l l  o f  which w i l l  be  discussed f u r t h e r  on. 



f i nd ings  and f u r t h e r  t h e  divergcncc :~nd r e l a t i v e  v n r t i c i t y  dynamic rc- 

s u l t s  presented  i n  t h e  next s e c t i o n  tend t o  v e r i f y  t h i s  occurrence.  

Thus with t h i s  subs ident  flow occurr ing  t h e r e  i s  p resent  a  mechanism 

f o r  maintaining t h e  s t a b l e  l a y e r  with dry ing  and thereby l i m i t i n g  con- 

v e c t i v e  cloud growth t o  h e i g h t s  not exceedingly g r e a t e r  t han  t h e  s t a b l e  

l aye r  h e i g h t .  Also these  s t a b l e  and clry l a y e r s  a r e  l i k e l y  p a r t s  of t h e  

normal t r a d e  wind inve r s ion  occurrence r e s u l t i n g  from t h e  genera l  sub- 

t r o p i c a l  high p re s su re  (STHP) subsidence c l i m a t o l o g i c a l l y  present  nor th  

o f  t h e  r i n g  a r e a s  a t  25N t o  30N i n  J u l y  (Oort and Rasnusson, 1971). 

Two p o i n t s  o f  i n t e r e s t  which should be kept i n  mind when cons ider ing  

t h e  general  T-q r e s u l t s  presented he re  a r e  t h e  disappearance of t h e  

South Grid honeycomb r i n g  p a t t e r n  between 152 and 18Z on J u l y  18 and t h e  

presence,  though s h o r t - l i v e d ,  o f  two r i n g s  i n  t h e  North Grid.  The r e -  

s u l t s  presented  a r e  t hose  gene ra l ly  r e p r e s e n t a t i v e  of  t h e  a r e a s  and 

t ime period s t a t e d ,  but  t h e r e  a r e  obviously some changes occurr ing  

causing t h e  r i n g  p a t t e r n  disappearance o r  sho r t  du ra t ion  of  r i n g s .  

These a spec t s  a l s o  b r ing  up t h e  poin t  t h a t  t h e r e  a r e  obviously necessary 

and =Jdff - i c i e n t  - cond i t i ons  f o r  r i n g  formation and t h a t  t h e  presence of 

a  s i n g l e  parameter i s  not  grounds f o r  f o r e c a s t i n g  r i n g  occurrence,  a s  

t h e  T-q r e s u l t s  show. 

2 . 2 . 4  Summary 

In Summary, t h e  BOMEX J u l y  18 cloud r i n g  s t r u c t u r e  synopt ic  s c a l e  

thermodynamic d e s c r i p t i o n  i s  a s  fol lows:  In  t h e  South Grid r i n g  occur- 

rence  a r e a  t h e  near  su r f ace  l aye r  i s  moist and n e a r l y  d r y  a d i a b a t i c a l l y  



uns t ab le ,  while a t  t h e  middle o r  lower middle l e v e l s  (600 mb+800 mb) 

a  r e l a t i v e l y  s t a b l e  l apse  r a t e  l a y e r  i s  p resent  wit.h cons iderable  drying 

a t  and above t h e  s t a b l e  l a y e r ;  except f o r  t h e  above t h e  lapse  r a t e  i s  

s l i g h t l y  g r e a t e r  than  moist a d i a b a t i c  t o  -200 mb; above 200 mb t h e  

l a p s e  r a t e  becomes more s t a b l e  and t h e  tropopause i s  loca ted  a t  -90 mb; 

0 
t h e r e  e x i s t s  a  1 C +  excess o f  sea su r f ace  temperature over su r f ace  a i r  

temperature with corresponding upward head energy f l u x  from t h e  su r f ace .  

In t h e  non-ring reg ions  t h e  near  su r f ace  tinstable l a y e r  and/or t h e  

middle l e v e l  s t a b l e  l aye r  a r e  absent ;  i n  ) l ace  of  t h e  d ry ,  s t a b l e  layer  

t h e  atmosphere i s  r e l a t i v e l y  moist ;  above 300 mb t h e  temperature sound- 

ing i n  t h e  non-ring a rea  does not d i f f e r  s i g n i f i c a n t l y  from t h a t  i n  t h e  

4 '  ' 
r i n g  occurrence a r e a ;  t h e  a i r - s e a  su r f ace  temperature d i f f e r e n c e  i s  cs-  

s e n t i a l l y  zero o r  e x h i b i t s  a small a i r  t e r p e r a t u r e  excess with consc- 

quent downward hea t  energy f l u x .  

2 . 3  Cloud Ring Dynamic Descr ip t ion  

The t h i r d  major d e s c r i p t o r  of  t h e  cload r i n g  systems and t h e i r  

environment i s  t h e  synoptic  s c a l e  wind f i c l d ,  ho r i zon ta l  and v e r t i c a l ,  

and t h e  a s soc i a t ed  dynamic p r o p e r t i e s  of  bivergence and r e l a t i v e  v o r t i -  

c i t y .  Due t o  t h e  l a rge - sca l e  na tu re  of  t t e  d a t a  g r i d  compared t o  t h e  

r i n g s ,  i t  i s  not  possible, with t h e  da t a  n\rrtilablc f o r  t h i s  s tudy ,  t o  

present  q u a n t i t a t i v e  r e s u l t s  of t h e  mass niotions i n  t h e  r i n g s  themselves.  

But i n  a c p a l i t a t i v e  way r e s u l t s  about cloud r i n g  mass motions a r e  

a v a i l a b l e  from v i s u a l  observat ion of  t h e  r e s u l t i n g  p a t t e r n .  With t h e  

evidence o f  a  p e r s i s t e n t  cloud r i n g  wall  and c l e a r  c e n t e r ,  t h e  obvious 



and only  phys ica l  atmospheric process  t h a t  can r e s u l t  i n  such a  p a t t e r n  

i s  a scen t  i n  t h e  cloud wall  reg ion  and subsidence (or  a t  l e a s t  no r i s i n g  

motion o f  no te)  i n  t h e  cen te r  of  t h e  r i n g .  

2 .3.1 Winds 

Most a l l  wind a n a l y s i s  i n  t h i s  s tudy  i s  based on t h e  f ixed  s h i p  and 

Barbados rawinsonde d a t a .  tiowever, support ing d a t a  were obta ined  from a 

r a t h e r  new method o f  ob ta in ing  winds, u t i l i z i n g  computer c o r r e l a t i o n  of 

cloud displacements  from ATS d i g i t a l  d a t a .  The rawinsonde wind d a t a  a r e  

t r e a t e d  i n  a  manner s i m i l a r  t o  t h e  temperature and mois ture  d a t a  except 

t h a t  t h e  wind d a t a  a r e  considered over  a  longer  per iod  of  t ime on J u l y  18. 

This  i s  due, i n  p a r t ,  t o  t h e  occurrence of  many missing wind observa t ions  

i n  t h e  3-hourly rawinsonde f l i g h t s  a t  Rockaway,but p r imar i ly  due t o  t h e  

d e s i r e  t o  look a t  t h e  dynamics o u t s i d e  t h e  t ime span o f  t h e  numerous 

r i n g  occurrences.  A s t a t i o n  w i t h  winds missing a t  a  s tandard  observa- 

t i o n  time i n  t h e  experiment negates  ob ta in ing  area-average divergence,  

v e r t i c a l  motion, and r e l a t i v e  v o r t i c i t y  va lues ,  due t o  t h e  method used 

t o  o b t a i n  t h e s e  r e s u l t s  which w i l l  be discussed s h o r t l y .  

An important po in t  i l )  regard t o  t h e  general  wind a n a l y s i s  should 

be noted a t  t h i s  t ime.  I n  pursuing t h e  a n a l y s i s  o f  wind p r o f i l e s  and 

cloud motion comparisons, it became evident  t h a t  Rain ier  winds a t  a l l  

l e v e l s  t o  -300 mb a r e  x e s t e r l y  and thus  cons iderably  i n  oppos i t ion  t o  

t h e  e a s t e r l y  flow a t  Rockaway and south ,  while  a l l  s t a t i o n s  a r e  under 

t h e  in f luence  of t h e  e a s t e r l y  flow on t h e  southern s i d e  of  t h e  aforemen- 

t ioned  su r f ace  high p re s su re  system t o  t h e  no r th  of  t h e  r i n g  g r i d s ,  



Thus t h e  Ra in i e r  wind d a t a  were dropped from cons ide ra t ion  i n  t h i s  s tudy .  

Also i n  regard  t o  missing wind d a t a ,  i n f e r r i n g  winds geos t roph ica l ly  

from t h e  p re s su re  f i e l d  i s  ignored because of  t h e  c lo seness  of  t h e  ROMEX 

reg ion  t o  t h e  equator  where t h e  geostrophic approximation becomes uncer- 

t a i n .  

Wind d a t a  (u and v  components) arc: ex t r ac t ed  from t h e  rawinsonde 

soundings a t  50 mb i n t e r v a l s  or  a t  s i g n i f i c a n t  l e v e l s  from 1000 mb t o  

sounding te rmina t ion  gene ra l ly  occurr ing  around 300 t o  400 mb. The 

considered wind d a t a  f o r  t h e  f ixed  sh ips  excluding Rain ier  cover t h e  

period from 03002 on J u l y  18 t o  OOOOZ on J u l y  19, while  f o r  i s l and  s t a -  

t i o n  Barbados t h e  period covered i s  06002 on J u l y  18 t o  06002 on 

J u l y  19. 

The f i r s t  use of  t h e  wind d a t a  i s  t o  compare ' the mean r i n g  motion . 

i n  t h e  a r e a  between M t .  Mi tche l l  - and Discoverer during t h e  period 12472 

t o  14312 on J u l y  18, a s  discussed e a r l i e r ,  with t h e  mean wind p r o f i l e  

i n  t h a t  a r e a  dur ing  t h a t  per iod .  To ob ta in  t h e  mean wind p r o f i l e ,  t h e  

122 and 152 wind d a t a  a t  M t .  Mi tche l l  and Discoverer a t  t h e  1000, 850, 

700, 600, 500 and 400 mb l e v e l s  a r e  u t i l i z e d .  The wind d a t a  l e v e l s  

above a r e  chosen f o r  t h e i r  approximately equal v e r t i c a l  spacing (-1500 m) 

t o  avoid t h e  n e c e s s i t y  of  weighting v e r t i c a l  averages.  U t i l i z i n g  t h e  

above d a t a  a  space-time mean wind a t  each wind l e v e l  over  t h e  South Grid 

honeycomb r i n g  p a t t e r n  occurrence t ime and reg ion  i s  c a l c u l a t e d ,  along 

wi th  t h e  v e r t i c a l  means of t h e  space-time ind iv idua l  wind l e v e l  means 

between 850 mh and 600, 500 and 400 mb. The F ig .  11 space-time c r o s s  

s e c t i o n  d i s p l a y s  the  M t .  Mitchel l -Discoverer  - a r e a  wind p r o f i l e s  ( p l o t t e d  

i n  convent ional  symbols) a t  122 and 152, along with o t h e r  a v a i l a b l e  

wind p r o f i l e s  a t  t h e  f ixed sh ip  s t a t i o n s  during t h e  122 t o  182 per iod ,  

a l l  o f  which w i l l  be discussed f u r t h e r  on.  



TlME ' 
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SOUTH ---+ NORTH 

Figure 11 BOMEX J u l y  18 Fixed Ship Wind F ie ld  Observations Time - 
North-South Space - Height Cross Sec t ion  P l o t t e d  i n  Conven; 
t i o n a l  Wind Observation Symbols. (Half f e a t h e r  5 k t s ;  Ful l  ' 

f e a t h e r  = 10 kts). 



The r e s u l t s  of  t h e  averaging procedure a r e  t h a t  t h e  mean wind be- 

tween 850 mb and 400 mb i n  t h e  r i n g  occurrence r eg ion  i s  flow from 104 

degrees a t  9 m/sec. Comparing t h i s  with t h e  mean r i n g  motion of 101 

degrees a t  10.5 m/sec it i s  seen t h a t  t h e  d i r e c t i o n s  a r e  very  comparable, 

bu t  t h a t  t h e  speed o f  t h e  r i n g s  i s  s i g n i f i c a n t l y  g r e a t e r  t han  t h e  mean 

wind over  t h e  850 t o  400 mb l a y e r .  This  confirms t h e  e a r l i e r  r e s u l t s  

showing t h a t  t h e  r i n g  clouds do not  extend t o  400 mb s i n c e  it i s  not  

l i k e l y  t h a t  t h e  r i n g  c louds  t r a v e l  f a s t e r  t han  t h e  wind. But i s  i s  ob- 

served t h a t  above 700 mb t h e  wind speed drops o f f  no t i cab ly  wi th  he ight .  

The 850 mb t o  500 mb l a y e r  mean wind r e s u l t s  a r e  097' ay  10.2 m/sec 

where now both  wind speed and d i r e c t i o n  agree  well  wi th  mean r i n g  motion. 

Taking t h e  850 mb t o  600 mb mean y i e l d s  a  mean wind o f  t h e  same d i r e c -  

t i o n  but  somewhat h igher  speed. Thus i n  cons ide ra t ion  o f  t h e  reasonable  

hypothesis  ( important ,  i n  need o f  i n v e s t i g a t i o n )  t h a t  t h e  r i n g  clouds 

t r a v e l  wi th  o r  a t  s l i g h t l y  l e s s  than  t h e  mean wind speed over  t h e i r  

depth and i n  t h e  same genera l  d i r e c t i o n  a s  t h e  wind over  t h a t  depth,  

t h e  r e s u l t s  found he re  seem t o  i n d i c a t e  t h a t  t h e  clouds extend t o  he igh t s  

no t  much above 500 mb and t h i s  f i nd ing  from t h e  wind d a t a  i s  i n  general  

agreement wi th  t h e  r a d a r  and a i r c r a f t  es t imated cloud he ight  and t h e r -  

modynamic sounding i n f e r r e d  cloud he igh t  r e s u l t s  d i scussed  e a r l i e r .  

There is,  t h e r e f o r e ,  now good evidence t h a t  t h e  r i n g  c louds  on J u l y  18 

i n  t h e  South Grid r eg ion  a r e  confined wi th  r e spec t  t o  he ight  t o  t h e  

middle t roposphere o r  s l i g h t l y  lower. 

The next  wind a n a l y s i s  d e a l s  with t h e  wind p r o f i l e s  i n  and beyond 

t h e  r i n g  occurrence reg ion  and over t h e  per iod  o f  occurrence.  The J u l y  

18 122, 15Z and 182 wind sounding d a t a  from 1000 mb t o  300 mb f o r  t h e  

f ixed  s h i p s  Oceanographer no r th  t o  Rockaway a r e  used. These wind d a t a  



and only  phys ica l  atmospheric process  t h a t  can r e s u l t  i n  such a p a t t e r n  

i s  ascent  i n  t h e  cloud wall reg ion  and subsidence (or  a t  l e a s t  no r i s i n g  

motion of no te)  i n  t h e  c e n t e r  of  t h e  r i n g .  

2 . 3 . 1  Winds 

Most a l l  wind a n a l y s i s  i n  t h i s  s tudy  i s  based on t h e  f ixed  s h i p  and 

Barbados rawinsonde d a t a .  However, support ing d a t a  were obta ined  from a 

r a t h e r  new method o f  ob ta in ing  winds, u t i l i z i n g  computer c o r r e l a t i o n  of  

cloud displacements  from ATS d i g i t a l  d a t a .  The rawinsonde wind d a t a  a r e  

t r e a t e d  i n  a manner s i m i l a r  t o  t h e  temperature and mois ture  d a t a  except 

t h a t  t h e  wind d a t a  a r e  considered over  a longer  per iod of  t ime on J u l y  18 .  

This  i s  due, i n  p a r t ,  t o  t h e  occurrence of  many missing wind observa t ions  

i n  t h e  3-hourly rawinsonde f l i g h t s  a t  Rockaway,but p r imar i ly  due t o  t h e  

d e s i r e  t o  look a t  t h e  dynamics o u t s i d e  t h e  time span o f  t h e  numerous 

r i n g  occurrences.  A s t a t i o n  with winds missing a t  a s tandard  observa- 

t i o n  time i n  t h e  experiment negates  ob ta in ing  area-average divergence,  

v e r t i c a l  motion, and r e l a t i v e  v o r t i c i t y  va lues ,  due t o  t h e  method used 

t o  o b t a i n  t h e s e  r e s u l t s  which w i l l  be discussed s h o r t l y .  

An important po in t  i r )  regard t o  t h e  general  wind a n a l y s i s  should 

be noted a t  t h i s  t ime.  I n  pursuing t h e  a n a l y s i s  o f  wind p r o f i l e s  and 

cloud motion comparisons, i.t became evident  t h a t  Ra in i e r  winds a t  a l l  

l e v e l s  t o  -300 mb a r e  wes ter ly  and thus  cons iderably  i n  oppos i t ion  t o  

t h e  e a s t e r l y  flow a t  Rockaway and south ,  while  a l l  s t a t i o n s  a r e  under 

t h e  i.nfluence of  t h e  e a s t e r l y  flow on t h e  southern s i d e  of t h e  aforemen- 

t ioned  su r f ace  high p re s su re  system t o  t h e  nor th  of  t h e  r i n g  g r i d s ,  



Thus t h e  Ra in i e r  wind d a t a  were dropped from cons ide ra t ion  i n  t h i s  s tudy .  

Also i n  regard  t o  missing wind d a t a ,  i n f e r r i n g  winds geos t roph ica l ly  

from t h e  p re s su re  f i e l d  i s  ignored because of  t h e  c loseness  of  t h e  ROMEX 

reg ion  t o  t h e  equator  where t h e  geos t rophic  approximation becomes uncer- 

t a i n .  

Wind d a t a  (u and v  components) a r c  ex t r ac t ed  from t h e  rawinsonde 

soundings a t  50 mb i n t e r v a l s  o r  a t  s i g n i f i c a n t  l e v e l s  from 1000 mb t o  

sounding te rmina t ion  gene ra l ly  occurr ing  around 300 t o  400 mb. The 

considered wind d a t a  f o r  t h e  f ixed  sh ips  excluding Rain ier  cover t h e  

period from 03002 on J u l y  18 t o  OOOOZ on J u l y  19, while  f o r  i s l and  s t a -  

t i o n  Barbados t h e  period covered i s  06002 on J u l y  18 t o  06002 on 

J u l y  19.  

The f i r s t  use of  t h e  wind d a t a  i s  t o  compare t h e  mean r i n g  motion . 

i n  t h e  a r e a  between M t .  Mi tche l l  - and Discoverer dur ing  t h e  period 12472 

t o  14312 on J u l y  18, a s  discussed e a r l i e r ,  with t h e  mean wind p r o f i l e  

i n  t h a t  a r e a  dur ing  t h a t  per iod .  To ob ta in  t h e  mean wind p r o f i l e ,  t h e  

122 and 152 wind d a t a  a t  M t .  Mi tche l l  and Discoverer a t  t h e  1000, 850, 

700, 600, 500 and 400 mb l e v e l s  a r e  u t i l i z e d .  The wind d a t a  l e v e l s  

above a r e  chosen f o r  t h e i r  approximately equal v e r t i c a l  spacing (-1500 m) 

t o  avoid t h e  n e c e s s i t y  of  weighting v e r t i c a l  averages.  U t i l i z i n g  t h e  

above d a t a  a  space-time mean wind a t  each wind l e v e l  over  t h e  South Grid 

honeycomb r i n g  p a t t e r n  occurrence t ime and reg ion  i s  c a l c u l a t e d ,  along 

wi th  t h e  v e r t i c a l  means of t h e  space-time ind iv idua l  wind l e v e l  means 

between 850 mb and 600, SO0 and 400 nlb. The F ig .  11 space-time c r o s s  

s e c t i o n  d i s p l a y s  t h e  M t .  Mitchel l -Discoverer  - a r e a  wind p r o f i l e s  (p lo t t ed  

i n  convent ional  symbols) a t  122 and 152, along wi th  o t h e r  a v a i l a b l e  

wind p r o f i l e s  a t  t h e  f i xed  sh ip  s t a t i o n s  during t h e  122 t o  182 per iod ,  

a l l  o f  which w i l l  be discussed f u r t h e r  on. 
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Figure 11 BOMEX J u l y  18 Fixed Ship Wind F ie ld  Observations Time - 
North-South Space - Height Cross Sec t ion  P l o t t e d  i n  Conven; 
t i o n a l  Wind Observation Symbols. (Half f e a t h e r  5 kxs; Fu l l  ' 

f e a t h e r  = 10 k t s ) .  



The r e s u l t s  of t h e  averaging procedure a r e  t h a t  t h e  mean wind be- 

tween 850 mb and 400 mb i n  t h e  r i n g  occurrence r eg ion  i s  flow from 104 

degrees a t  9 m/sec. Comparing t h i s  with t h e  mean r i n g  motion of 101 

degrees a t  10.5 m/sec it i s  seen t h a t  t h e  d i r e c t i o n s  a r e  very  comparable, 

bu t  t h a t  t h e  speed o f  t h e  r i n g s  i s  s i g n i f i c a n t l y  g r e a t e r  t han  t h e  mean 

wind over  t h e  850 t o  400 mb l a y e r .  This  confirms t h e  e a r l i e r  r e s u l t s  

showing t h a t  t h e  r i n g  clouds do not  extend t o  400 mb s i n c e  it i s  not  

l i k e l y  t h a t  t h e  r i n g  c louds  t r a v e l  f a s t e r  t han  t h e  wind. But i s  is ob- 

served t h a t  above 700 mb t h e  wind speed drops  o f f  no t i cab ly  wi th  he igh t .  

The 850 mb t o  500 mb l a y e r  mean wind r e s u l t s  a r e  097' a y  10.2 mlsec 

where now both wind speed and d i r e c t i o n  agree  well  wi th  mean r i n g  motion. 

Taking t h e  850 mb t o  600 mb mean y i e l d s  a mean wind o f  t h e  same d i r e c -  

t i o n  but  somewhat h igher  speed. Thus i n  cons ide ra t ion  o f  t h e  reasonable 

hypothes is  ( important ,  i n  need o f  i n v e s t i g a t i o n )  t h a t  t h e  r i n g  clouds 

t r a v e l  with o r  a t  s l i g h t l y  l e s s  than t h e  mean wind speed over  t h e i r  

depth and i n  t h e  same genera l  d i r e c t i o n  a s  t h e  wind over  t h a t  depth,  

t h e  r e s u l t s  found he re  seem t o  i n d i c a t e  t h a t  t h e  clouds extend t o  he igh t s  

no t  much above 500 mb and t h i s  f i nd ing  from t h e  wind d a t a  is  i n  general  

agreement with t h e  r a d a r  and a i r c r a f t  es t imated cloud he ight  and t h e r -  

modynamic sounding i n f e r r e d  cloud he igh t  r e s u l t s  d i scussed  e a r l i e r .  

There i s ,  t h e r e f o r e ,  now good evidence t h a t  t h e  r i n g  c louds  on J u l y  18 

i n  t h e  South Grid reg ion  a r e  confined wi th  r e spec t  t o  he ight  t o  t h e  

middle t roposphere o r  s l i g h t l y  lower. 

The next  wind a n a l y s i s  d e a l s  with t h e  wind p r o f i l e s  i n  and beyond 

t h e  r i n g  occurrence reg ion  and over t h e  per iod  o f  occurrence.  The J u l y  

18 122, 152 and 182 wind sounding d a t a  from 1000 mb t o  300 mb f o r  t h e  

f ixed  s h i p s  Oceanographer no r th  t o  Rockaway a r e  used.  These wind d a t a  



a r e  presented  i n  F ig .  11. From t h i s  f i g u r e  it i s  seen t h a t  i n  t h e  near -  

r i n g  reg ion  o f  M t .  Mi tche l l  and Discoverer t h e  v e r t i c a l  shear  of  t h e  

ho r i zon ta l  wind between 900 mb and 500 mb ( t h e  cloud depth  l aye r )  i s  on 

t h e  o rde r  o f  5 t o  10 knots  (2.5 t o  5 m/sec) and 20 degrees .  I t  i s  ob- 

served t h a t  t h e  speed shear  i s  a  p o s i t i v e  one a l o f t  a t  M t .  Mi tche l l  and 

a negat ive  one a l o f t  a t  Discoverer .  Thus between t h e s e  two s t a t i o n s ,  
7 

where t h e  numerous r i n g s  occur ,  it appears  t h a t  t h e  v e r t i c a l  shear  i s  

q u i t e  smal l ,  on t h e  o rde r  of  R few knots  i n  speed and small i n  d i r e c -  

t i o n .  V e r t i c a l  mean wind i n  t h i s  a r e a ,  a s  s t a t e d  previous ly  a.nd v a l i d  

a l s o  f o r  182, i s  on t h e  o rde r  of  100' a t  10 m/sec. 

In  t h e  non-ring reg ions  o f  Oceanographer and Rockaway it i s  seen 

t h a t  t h e  900 mb t o  500 mb shea r  i s  on t h e  o rde r  of  15 knots  ( 7 . 5  m/sec) 

and 30' t o  50°, t h e  l a t t e r  being present  a t  Rockaway. Also i t  i s  noted 

i n  t h e  high l e v e l  da t a  a v a i l a b l e  t h a t  t h e n ,  i s  a  general  s h i f t  a t  a11 

s t a t i o n s  t o  more sou the r ly  flow with s l i g h t l y  decreased speeds compared 

t o  t h e  l e v e l s  below. V e r t i c a l  mean winds i n  t h e  non-ring a r e a s  show 

Oceanographer speeds s l i g h t l y  l e s s  t han  those  i n  t h e  r i n g  a r e a  and 

Rockaway speeds no tab ly  h igher .  These r e s u l t s  a r e  gene ra l ly  represen-  

t a t i v e  of  t h e  122 t o  18Z pe r iod .  

In  regard  t o  t h e  ho r i zon ta l  shear  o f  t h e  wind from Oceanographer 

no r th  t o  Rockaway, it i s  seen from Figure 11 t h a t  i n  t h e  low l e v e l s  

t h e  e a s t e r l y  wind speed inc rease  i s  on t h e  o rde r  o f  20 knots  (10 m/sec) 

with i n d i v i d u a l l y  h igher  values.  In t h e  middle l e v e l s  (500 t o  600 mb) 

t h e r e  i s  seen t o  be l i t t l e  o r  no speed change south  t o  no r th .  The 

h igher  l e v e l s  show t h e  r eve r se  of  t h e  low l e v e l  ho r i zon ta l  shea r ,  d i s -  

playing an e a s t e r l y  wind speed decrease  n o r t h ,  but  t h i s  r e s u l t  must be 



considered i n  regard  t o  much missing wind d a t a  a t  t h e s e  l e v e l s .  Between 

s t a t i o n s  t h e  ho r i zon ta l  speed shear  i s  on t h e  o rde r  o f  5 t o  10 knots  

(2.5 t o  5 m/sec) with not any no tab le  d i f f e r e n c e  between r i n g  and non- 

r i n g  a r e a s .  The low l e v e l  i nc rease  o f  e a s t e r l y  wind speed going no r th  

c o n s t i t u t e s  one p o s s i b l e  important mechanism f o r  i n i t i a t i n g  and/or 

maintaining r i n g  cloud c i r c u l a t i o n .  This  shear  i s  a  cyc lonic  one imply- 

ing near  su r f ace  f r i c t i o n a l  convergence, t h e  CISK (Conditional In s t a -  

b i l i t y  o f  t h e  Second Kind) mechanism d e t a i l e d  by Charney and E l i a s sen  

(1964) i n  t h e i r  d i scuss ion  of  t r o p i c a l  depress ion  development. No 

p a t t e r n  o f  d i r e c t i o n a l  shear  south t o  nor th  o r  between s t a t i o n s  i n  r i n g  

and non-ring a r e a s  is  ev iden t .  

In  regard  t o  t ime-height  c r o s s  s e c t i o n  a n a l y s i s ,  t h e  above wind 

f i e l d  r e s u l t s  a r e  found t o  be gene ra l ly  app l i cab le  t o  t h e  t ime per iods  

a  few hours  be fo re  122 and a f t e r  182 .  

2 . 3 . 2  Divergence 

This  and t h e  next two s e c t i o n s  dea l  with t h e  dynamic c h a r a c t e r i s t i c s  

of  t h e  BOMEX Ring Study a r e a  on J u l y  18 which a r e  der ived  from t h e  bas i c  

u and v component wind d a t a .  Fixed s h i p  (excluding Rain ier )  and 

Barbados su r f ace  winds and upper a i r  wind d a t a  a t  50 mb i n t e r v a l s  from 

1000 mb t o  300 mb a r e  u t i l i z e d .  Fixed s h i p  d a t a  t imes of 032, 09Z and 

152 on J u l y  18 and 00Z on J u l y  19 a r e  considered.  To ob ta in  Barbados 

d a t a  f o r  t h e s e  t imes ,  t ime i n t e r p o l a t i o n  o f  t h e  J u l y  18 062 and 182 

and J u l y  19 062 observa t ions  wind d a t a  i s  performed. Missing d e s i r e d  

l e v e l s  wind d a t a  i n  t h e  v e r t i c a l  a r e  obtained by l i n e a r  i n t e r p o l a t i o n ;  

BOMEX Ship  S t a t i o n  Surface  Observat ions (1969) wind d a t a  provide in-  

t e r p o l a t i o n  d a t a  f o r  t h e  ca se  o f  near  s u r f a c e  missing winds. 



The f i r s t  dyn,mic parmlctcr t o  be discussed is  t h e  hor izonta l  ve- 

l o c i t y  divergence i n  t h e  r i n g  study area  on .July 18. To obta in  values 

o f  t h i s  parameter a  method based on f i r s t  p r i n c i p l e s  i s  employed. This  

method i s  discussed by Vonder Haar and Smith (1971) and s t a r t s  with t h e  

first p r i n c i p l e  of hor izonta l  divergence: 

where A i s  t h e  hor izonta l  area of  a  f l u i d  element whose boundary i s  

de l inea ted  by a continuous chain of f l u i d  p a r t i c l e s  and 3 i s  the  a t -  

mospheric wind v e l o c i t y  vec to r .  Fr,m t h i s  a  "polygon" method of  ob- 

t a in ing  t h e  time r a t e  of  change of  a rea  of  t h e  f l u i d  element (and con- 

sequently t h e  divergence) by noting t h e  displacements with time of 

t h e  f l u i d  p a r t i c l e s  forming t h e  element boundary i s  cons t ruc ted ,  where 

t h e  N polygon v e r t i c e s  of  an N-sided polvgon of  a r e a  AN a r e  formed 

by given f l u i d  element boundary p a r t i c l e s  (clouds) .  The assumption of 

cloud element motion with t h e  wind is  made. I t  i s  understood t h a t  t h e  

a rea  change must be small compared t o  t h e  a rea  o r  t h e r e  w i l l  be g rea t  

uncer ta in ty  a s  t o  t h e  value of  AN t o  be used. Also t h e  g r e a t e r  t h e  

number of polygon v e r t i c e s ,  t h e  more accura te  w i l l  be t h e  r e s u l t s  ob- 

ta ined  from t h i s  divergence method. The d e t a i l s  of t h i s  ttpolygon" 

method a r e  discussed i n  Appendix C ,  Par t  I .  

However f o r  t h e  purposes of t h i s  s tudy t h e  wind da ta  a r e  a v a i l a b l e  

i n  u and v components and not i n  cloud displacement coordina tes .  

Thus t h e  a v a i l a b l e  wind d a t a  a r e  t r a n s l a t e d  i n t o  l a t i tude - long i tude  

cloud displacement c o o r d i ~ ~ a t e s .  The conversion from u and v wind 



components t o  cloud displacement coordinates  f o r  t h e  f ixed  sh ips  and 

Barbados da ta  a t  t h e  times s t a t e d  above, a s  well a s  t h e  c a l c u l a t i o n  

of 50 mb i n t e r v a l  divergence using t h e  modified equation 12-31 d i s -  

cussed i n  Appendix C ,  a r e  accomplished by computer with t h e  u and v 

wind components a t  50 mb i n t e r v a l s  a s  d a t a  inpu t .  Where wind d a t a  a r e  

missing a t  a given observat ion time and l eve l  a t  one of t h e  sh ips  o r  

-Barbados forming a given t r i a n g l e ,  t h e  form of polygon used i n  t h i s  

cloud r i n g  study, t h e  polygon does not  e x i s t  and no divergence va lue  

can be obtained over t h a t  a r e a  a t  t h a t  t ime. I t  i s  understood here  

t h a t  t h e  divergence values obtained a r e  r ep resen ta t ive  of t h e  a rea  

covered by t h e  polygon and a r e  not poin t  va lues .  The f ixed  ship-  

Barbados s t a t i o n  combinations making up t h e  four  t r i a n g u l a r  polygons 

used t o  ob ta in  J u l y  18 divergence and o the r  dynamic parameter values 

a r e  shown i n  Table 2 along with pe r t inen t  information about t h e  poly- 

gons. Reference t o  F i g .  3 h e l p s - t o  l o c a t e  t h e  polygons v i s u a l l y .  

TABLE 2 

BOMEX FIXED SHIPS - BARBADOS POLYGON DATA 

Polygon No. S ta t ions  Midpoint Location Area, Km 
2 

OC, MN, DIS 10.3 N 54.4 W 103317 

MM, DIS, ROCK 12.8 N 55.2 W 60775 

MM, DIS, BARB 1 2 . 2  N 56.6 W 85085 

4 DIS, ROCK, BARB 13.7 N 56.5 W 65637 

OC=Oceanographer, MM=Mt .  Mi tchel l ,  DIS=Discoverer, ROCK=Rockaway, 

BARB-Barbados, W. I .  



Horizontal  divergence p r o f i l e s  a r e  obtained f o r  a s  many of t h e  

polygons a s  a r e  def ined  a t  t h e  032, 09Z, 152 and 00Z t imes.  A t  152 

on Ju ly  18 a l l  four  polygorls a r e  def ined and t h e  divergence p r o f i l e  

r e s u l t s  f o r  t h i s  t ime a r e  presented i n  F i g . 1 2  . These r e s u l t s  desc r ibe  

t h e  divergence s i t u a t i o n  dur ing  t h e  time o f  maximum South Grid r i n g  oc- 

curence and cover both t h e  r i n g  and non-ring r eg ions .  The p r o f i l e  

i t s e l f  should be  considered more important than t h e  abso lu t e  magnitudes 

o f  t h e  ind iv idua l  d a t a  p o i n t s ,  e s p e c i a l l y  i n  regard t o  t h o s e  which show 

l a r g e  f l u c t u a t i o n s  due most l i k e l y  t o  t r i a n g l e  polygon use  r a t h e r  than 

more numerous v e r t e x  polygons, which t r i a n g l e  polygons tend t o  emphasize 

a  major wind f l u c t u a t i o n  a t  one of t h e i r  s t a t i o n  v e r t i c e s .  From F i g .  1 2  

i t  is seen t h a t  i n  t h e  South Grid r i n g  a r e a  (Polygon 1) t h e r e  is low 

l e v e l  convergence and middle level divergence,  with a  r e t u r n  t o  con- 

vergence i n  t h e  high l e v e l s .  f'olygon 3 ,  covering t h e  non-ring a r e a  

west of  t h e  r i n g s ,  shows a  verjr  s i m i l a r  p r o f i l e  except t h a t  t h e r e  i s  

no high l eve l  convergence ev iden t .  Polygons 2 and 4 ,  r e p r e s e n t a t i v e  

of non-ring reg ions ,  d i s p l a y  gene ra l ly  more convergence than do Poly- 

gons 1 and 3 ,  e s p e c i a l l y  i n  t h e  low l e v e l s  and notab ly  i n  t h e  Polygon 

4 a r ea  i n  t h e  upper middle and higher  l e v e l s .  Polygon 2 ,  somewhat 

c l o s e r  t o  t h e  r i n g  a r e a  than  Polygon 4 ,  shows gene ra l ly  t h e  same mid- 

d l e  l eve l  p r o f i l e  a s  Polygon 1. In regard t o  t h e  l a r g e  f l u c t u a t i o n s  

i n  divergence va lues  between 600 mb and 800 mb f o r  Polygons 2 and 4 ,  

t h e  wind d a t a  f o r  152 a t  Discoverer  and Rockaway show r e l a t i v e l y  

l a r g e  wind speeds present  a t  t h e s e  p re s su re  l e v e l s  compared t o  neigh- 
# 

boring l e v e l s .  F i n a l l y  t h e  add i t i ona l  divergence p r o f i l e  r e s u l t s  a t  

t h e  t imes be fo re  and a f t e r  152 show genera l  s i m i l a r i t y  t o  t h e  152 

f i nd ings .  





2 . 3 . 3  V e r t i c a l  Veloc i ty  - 
The next  dynamic parameter o f  i n t e r e s t  and one which fol lows from 

t h e  ho r i zon ta l  divergence c a l c u l a t i o n s  i s  t h e  v e r t i c a l  motion f i e l d  i n  

t h e  r i n g  s tudy  a r e a  and i t s  v a r i a t i o n s  between r i n g  and non-ring r eg ions .  

A s  s t a t e d  e a r l i e r  wind da t a  a t  t h e  same t imes and s t a t i o n s  a r e  u t i l i z e d  

i n  a l l  t h e  dynamic ana lyses  on J u l y  18. This  parameter fol lows from 

t h e  divergence a s  a  r e s u l t  o f  t h e  kinematic method employed t o  o b t a i n  

v e r t i c a l  v e l o c i t y ,  t h a t  o f  t h e  p re s su re  coord ina tes  (pressure  P re- 

p l aces  he ight  Z a s  t h e  v e r t i c a l  coord ina te)  c o n t i n u i t y  equat ion 

(hydros t a t i c  equi l ibr ium assumption i m p l i c i t ) :  

-dP where - i s  t h e  v e r t i c a l  v e l o c i t y  i n  m i l l i b a r s  pe r  second and d t  

i s  t h e  ho r i zon ta l  divergencc,  DIV2 , measured along a 

cons tan t  p re s su re  su r f ace  a s  i s  t h a t  obtained i n  t h i s  s tudy  s i n c e  a l l  

wind d a t a  a r e  being considered a t  given p re s su re  l e v e l s .  Equation [2-41 

i s  i n t e g r a t e d  over a  l a y e r  of  atmosphere from i t s  lower boundary pres-  

su re  P1 t o  i t s  upper boundary p re s su re  P (P  >P ) t o  ob ta in  t h e  2  1 2  

v e r t i c a l  v e l o c i t y  equat ion:  

where y and 9 a r e  t h e  v e r t i c a l  v e l o c i t i e s  a t  t h e  lower and upper 

- 
boundaries of t h e  l a y e r ,  r e s p e c t i v e l y ,  and DIV2 i s  t h e  mean divergence 

i n  t h a t  l a y e r .  Note t h a t  dovnkard motion i s  p o s i t i v e  i n  t h e  w v e r t i c a l  

motion system. The hydros t a t i c  assumption i s  v a l i d  due t o  t h e  synopt ic  



s c a l e  na tu re  of t h c  wind dati l  rlsc:t l .  T f  l n t c r  d ; l t a  hccon~c avallahlc 

on t h e  s c a l e  of t h e  r i n g  clouds rhc~msu lvcs ,  t h e n  ~(rca t  care must h e  

taken  a s  t o  t h e  assumptions made due t o  t h e  smal le r  space s c a l e  (meso- 

s c a l e )  n a t u r e  of  t h e  r i n g s .  

V e r t i c a l  motion p r o f i l e s  a r e  computer ca l cu la t ed  from Equation 

[2-51 f o r  t h e  fou r  polygon a r e a s  and J u l y  18 032, 09Z and 152 and J u l y  

19 00Z t imes .  V e r t i c a l  v e l o c i t i e s  a r e  obtained a t  50 mb i n t e r v a l s  from 

975 mb t o  275 mb, u t i l i z i n g  t h e  previous ly  ca l cu la t ed  50 mb i n t e r v a l  

ho r i zon ta l  divergence va lues  a s  t h e  means of 50 mb t h i c k  layers .  A t  t h e  

e a r t h ' s  su r f ace  GO i s  assumed; no upper boundary c o n d i t i o r ~  i s  i m -  

posed because of t h e  300 mb l eve l  rawinsonde d a t a  l i m i t .  Where polygon 

divergence va lues  a r e  missing,  no v e r t i c a l  motion computations a r e  pos- 

s i b l e .  A s  with t h e  divergence r e s u l t s ,  t h e  v e r t i c a l  v e l o c i t y  va lues  

a r e  r e p r e s e n t a t i v e  of t h e  polygon a r e a s  a s  a whole. The (I; v e r t i c a l  

v e l o c i t i e s  a r e  then converted t o  t h e  w form i n  cm/sec, employing 

f o r  t h i s  t h e  h y d r o s t a t i c  conversion: 

where p i s  t h e  a i r  d e n s i t y  a t  t h e  pressure  l e v e l  where w i s  being 

2  considered and g  i s  t h e  g r a v i t a t i o n a l  a c c e l e r a t i o n ,  980 cm/sec . 

The v e r t i c a l  v e l o c i t y  p r o f i l e s  f o r  15002 on J u l y  18 i n  t h e  fou r  

polygon a r e a s  a r c  shown i n  Fig.  1 3 .  I n  t h e  r i n g  cloud region (Folygon 

1) t h e  v e r t i c a l  motion is  upward between t h e  s u r f a c e  and -700 mb and 

i s  downward (subsidence) a t  l e v e l s  above t h i s .  Above 350 mb t h e r e  i s  

an apparent  r e t u r n  t o  upward flow. In t h r  non-ring reg ion  (Polygon 2 )  

t h e  v e r t i c a l  motion i s  upward a t  a l l  l e v e l s  except t h e  h ighes t  around 





and above 400 mb. A t  t h e  o t h e r  wind d a t a  t imes g iv ing  J u l y  18 v e r t i c a l  

motion r e s u l t s  it i s  observed t h a t  i n  t h e  hours somewhat before  152, 

t h e  Polygon 1 r i n g  r eg ion  p r o f i l e  i s  s i m i l a r  t o  t h a t  a t  152, while  i n  

hours a f t e r  152 it changes t o  one of  upward motion a t  a l l  l e v e l s .  For 

t h e  Polygon 2 non-ring a rea  t h e  e a r l i e r  p r o f i l e  i s  a l s o  q u i t e  s i m i l a r  

t o  t h a t  a t  152 while  t h e  l a t e r  p r o f i l e  cllanges t o  one o f  downward mo- 

t i o n  a t  l e v e l s  above 650 mb. A t  152 t h e  Polygon 3 a r e a  shows low l e v e l  

upward motion and middle t o  highcr  l e v e l  downward motion, very  s i m i l a r  

t o  Polygon 1, while  t h e  Polygon 4 a r ea  shows gene ra l ly  upward motion 

a t  a l l  l e v e l s  s i m i l a r  t o  Polygon 2 .  The Polygons 3 and 4 p r o f i l e s  

show no g r e a t  change i n  t h e  per iods  before  and a f t e r  152. 

These r e s u l t s  demonstrate t h e  ex i s t ence  (hypothesized e a r l i e r )  

o f  subs ident  v e r t i c a l  motion i n  t h e  middle and h igher  l e v e l s  of  t h e  

t roposphere i n  t h e  r i n g  reg ion ,  which c o r r e l a t e s  now with the  f ind ings  

o f  s t a b l e ,  d r y  middle and higher  l e v e l s  from t h e  thermodynamic d a t a  and 

t h e  r a d a r  cloud he igh t s  upper bound occurr ing  a t  middle t ropospher ic  

l e v e l s .  These t h r e e  f ind ings  toge ther  i n d i c a t e  t h e  ex i s t ence  of  a  

r i n g  cloud he ight  l i m i t i n g  mechanism i n  t h e  form o f  a  genera l  synopt ic  

subsidence with capping o f  t h e  r i n g  cloud v e r t i c a l  c i r c u l a t i o n s  by t h e  

s t a b l e  " l id"  produced. The lower l e v e l s  i n  t h e  r i n g  occurrence reg ion  

show upward motion concurrent  with low l e v e l  convergence. The non-ring 

reg ions  show genc ra l ly  upward motion a t  a l l  l e v e l s ,  although t h e r e  i s  

some decrease  in  t h i s  motion a t  t h e  higher  l e v e l s  i n  some of  t h e  non- 

r i n g  region p r o f i l e s .  Also t h e  e a r l i e r  discussed disappearance of  t h e  

"honeycomb" r i n g  p a t t e r n  i n  t h e  South Grid a rea  between 152 and 182 

is c o r r e l a t e d  with t h e  change i n  t h e  Polygon 1 a r e a  v e r t i c a l  motion 

p r o f i l e  between 15Z and l a t e r  t imes,  over which period t h e  motion 



changes t o  upward a t  a l l  l e v e l s .  The gene ra l ly  upward motion i n  t h e  

non-ring (polygons 2 and 4 )  reg ions  c o r r e l a t e s  with t h e  e a s t e r l y  wave 

cloud " t a i l "  extending i n t o  these  reg ions  wi th  a t t endan t  general  con- 

vergence and r e s u l t a n t  dense c loudiness .  

2 . 3 . 4  Rela t ive  V o r t i c i t y  

The f i n a l  but  important dynamic parameter i s  t h e  r e l a t i v e  v o r t i c i t y  

i n  t h e  r i n g  and non-ring reg ions  of  t h e  BOMEX Ring Study a r e a  on J u l y  18. 

4 f i r s t  p r i n c i p l e s  equat ion f o r  r e l a t i v e  v o r t i c i t y  i s  modified t o  a form 

which u t i l i z e s  t h e  wind d a t a  and polygons i n  t h e  same manner a s  t h a t  

used i n  t h e  divergence c a l c u l a t i o n .  The u  and v component wind d.ata, 

converted t o  cloud displacement coord ina tes  a s  i n  t h e  divergence com- 

p u t a t i o n s ,  a r e  used t o  ob ta in  r e l a t i v e  v o r t i c i t y  va lues .  The de r iva -  

t i o n  of  t h e  modified r e l a t i v e  v o r t i c i t y  equat ion t o  be used i n  tllc ac- 

t u a l  c a l c u l a t i o n s ,  aga in  based on t h e  p re sen ta t ion  by Vonder IIaar and 

Smith (1971), i s  given i n  Appendix C ,  Pa r t  11. The f i r s t  p r i n c i p l e s  

equat ion i s :  

.. - = -  
' A N  54 

where 5 i s  t h e  r e l a t i v e  v o r t i c i t y  o r  v e r t i c a l  component o f  t h e  t o t a l  

v o r t i c i t y ,  $x$ , C i s  t h e  c i r c u l a t i o n  ~ f  t h e  f l u i d  obtained by in-  
-+ 

t e g r a t i o n  o f  t h c  v e l o c i t y  vec to r  V arountl n c losed  curve whose in-  

f i n i t e s i m a l  element i s  d; , and AN i s  aga in  t h e  a r e a  o f  t h e  N-sided 

polygon wi th  N v e r t i c e s .  P o s i t i v e  (cyclonic)  and negat ive  ( a n t i -  

cyc lonic)  r e l a t i v e  v o r t i c i t y  fol lows from t h e  " r i g h t  hand screw r u l e "  

s i g n  convention f o r  i n t e g r a t i o n  around c losed  curves .  



Computer-calculated polygon-area-average r e l a t i v e  v o r t i c i t y  pro- 

f i l e s  a r e  obtained from t h e  modified equat ion 12-71 f o r  t h e  four  poly- 

gons and J u l y  18 032, 09Z and 152 and J u l y  19 00Z t imes .  Values a r c  

c a l c u l a t e d  a t  50 mb i n t e r v a l s  from 1000 mb t o  300 mb. Again, missing 

wind d a t a  nega tes  computation o f  polygon r e l a t i v e  v o r t i c i t y  p r o f i l e s .  

The r e l a t i v e  v o r t i c i t y  p r o f i l e s  i n  t h e  BOMEX Ring Study a r e a  a t  

15002 on J u l y  18 a r e  shown i n  F ig .14  . This  shows t h a t  i n  t h e  r i n g  

r eg ion  (Polygon 1)  cyc lonic  v o r t i c i t y  p r e v a i l s ,  weakly i n  t h e  lowest 

l e v e l s ,  below 500 mb with an t i cyc lon ic  v o r t i c i t y  above 500 mb. The 

non-ring r eg ion  (Polygon 2)  e x h i b i t s  genera l ly  cyc lonic  v o r t i c i t y  a t  

a l l  l e v e l s ,  though somewhat smal l ,  with t h e  except ion being t h e  l a r g e  

an t i cyc lon ic  f l u c t u a t i o n  from t h e  mean between -600 mb and 700 mb due 

t o  t h e  aforementioned r e l a t i v e l y  high wind speeds a t  t hese  l e v e l s  ar  

Discoverer  and Rockaway a t  152. A t  t h e  e a r l i e r  t imes of  i n t e r e s t  t h e  

Polygon 1 r i n g  reg ion  p r o f i l e s  a r e  s i m i l a r  t o  t h a t  a t  152, while  a f t e r  

152 t h e  lower l e v e l  p a r t  of  t h e  p r o f i l e  changes t o  an t i cyc lon ic  vor- 

t i c i t y  va lues .  The Polygon 2 non-ring region p r o f i l e s  before and a f t e r  

152 show gene ra l ly  l i t t l e  change from t h a t  a t  152, with t h e  00Z J u l y  19 

p r o f i l e  showing a  major an t i cyc lon ic  v o r t i c i t y  f l u c t u a t i o n  p re sen t  

a t  -600 mb t o  700 mb s i m i l a r  t o  t h a t  a t  152. Polygon 3 a t  152 shows 

gene ra l ly  an t i cyc lon ic  v o r t i c i t y  except very  near  su r f ace  and between 

-700 mb and 800 mb. A t  t h e  e a r l i e r  and l a t e r  t imes Polygon 3 d i sp l ays  

an t i cyc lon ic  v o r t i c i t y a t  a l l  l e v e l s .  Polygon 4 a t  152 shows a  marked 

cyc lonic  v o r t i c i t y  p r o f i l e  which i s  l i t t l e  changed a t  t h e  l a t e r  t ime. 

Altogether  t h e s e  r e s u l t s  gene ra l ly  show a  cyc lonic  v o r t i c i t y  pre-  

sen t  i n  t h e  iower and middle t roposphere reg ions  where t h e  r i n g  cloud 





systems appear t o  be confined,  while t h e  upper t roposphere reg ions  wl ie~c  

d a t a  i s  a v a i l a b l e  d i s p l a y  an an t i cyc lon ic  v o r t i c i t y .  These r e s u l t s  

c o r r e l a t e  wel l  with t h e  r i n g  occurrence reg ion  low l e v e l  cyc lonlc  and 

high l e v e l  an t i cyc lon ic  ho r i zon ta l  wind shears  discussed e a r l i e r .  The 

non-ring r eg ions ,  e s p e c i a l l y  t h a t  near  t h e  e a s t e r l y  wave cloud " t a i l " ,  

d i s p l a y  g e n e r a l l y  marked cyclonic  v o r t i c i t y  a t  a l l  l e v e l s .  Also the- 

observed change i n  t h e  Polygon 1 a r e a  lower l eve l  p r o f i l e  from cycloni r  

t o  a n t i c y c l o n i c  v o r t i c i t y  between 152 and (102 c o r r e l a t e s  with t h e  ob- 

served disappearance o f  t h e  honeyconib r i n g  system a t  182. 

2 .3.5 Summary 

In  Summary t h e  ROMEX ,July 18 cloud r i n g  s t r u c t u r e  synopt ic  s c a l e  

dynamic d e s c r i p t i o n  i s  a s  fol lows:  Tn t h e  South Grid r i n g  occurrence 

r eg ion  ho r i zon ta l  winds a r e  gene ra l ly  e a s t e r l y  a t  speeds on t h e  order  

o f  5  t o  10 m/sec, t hey  d i s p l a y  900 mb-5500 mb cloud depth l a y e r  v e r t i -  

0 c a l  shear  o f  -20 and 2.5 m/sec t o  5 m/sec, and they  d i s p l a y  an i n t e r -  

s h i p  s t a t i o n  ho r i zon ta l  shear  i n  speed of  - 2 . 5  m/sec t o  5  m/sec per  

250 km. The ho r i zon ta l  shear  i s  cyc lonic  i n  t h e  low l e v e l s  changing 

t o  an t i cyc lon ic  i n  t h e  high l e v e l s .  In  t h e  non-ring a r e a s  t h e  gene ra l ly  

0 0 
e a s t e r l y  ho r i zon ta l  wind v e r t i c a l  shea r  i s  30 t o  50 and - 7 . 5  m/sec 

over  t h e  900 mb+500 mb l a y e r ,  t h e  hor izonta l  wind speeds a r e  near  o r  

no tab ly  h igher  than those  i n  t h e  r i n g  reg ion ,  and t h e  ho r i zon ta l  shear  

between s h i p  s t a t i o n s  i s  e s s e n t i a l l y  t h e  same i n  magnitude and na tu re  

a s  t h a t  p reva len t  i n  t h e  r i n g  reg ion .  In  t h e  r i n g  a r e a  i n  t h e  low 

l e v e l s  weak convergence, upward motion and weak cyc lonic  r e l a t i v e  

v o r t i c i t y  cond i t i ons  a r e  p reva len t ,  while i n  t h e  middle i e v e l s  divergence,  



subsidence and g r e a t e r  cyc lonic  r e l a t i v e  v o r t i c i t y  a r e  observed. In  

t h e  h igher  l e v e l s  t h e r e  i s  a  r e t u r n  t o  convergence and upward motion, 

with a change t o  an t i cyc lon ic  r e l a t i v e  v o r t i c i t y .  In t h e  non-ring 

r eg ions  convergence, upward motion and cyc lonic  r e l a t i v e  v o r t i c i t y  a r e  

i n  general  p reva len t  a t  a l l  l e v e l s .  In  t h e  r i n g  occurrence reg ion ,  

bu t  i n  t h e  per iod  from 182 on when t h e  r i n g s  a r e  observed t o  d isappear ,  

t h e  dynamic cond i t i ons  a r e  observed t o  change t o  t hose  similar t o  non- 

r i n g  reg ion  cond i t i ons .  



3.0 CLOUI) RING - 'I'ROPICAI, AThIOSPI IT:RI: COMPARISONS 

liaving determined t h e  physi ca 1 (phenomenological) p r o p e r t i e s  o f  

t h e  r i n g s  and t h e  thermodynamic and dynamic cond i t i ons  p r eva l en t  dur ing  

t h e  c loud r i n g  occur rence  s i t u a t i o n  o f  J u l y  18 ,  1969 i n  t h e  BOMEX a r e a ,  

it i s  now d e s i r e d  t o  compare t h a t  s i t u a t i o n  wi th  t h e  BOMEX Phase I V  

pe r iods  a  whole and with  t h e  work of o t h e r  c loud r i n g  i n v e s t i g a t o r s .  

A comparison of c loud r i n g  and mean t r o p i c a l  cond i t i ons  (Loranger, 

1974) i s  no t  d i s cus sed  i n  d e t a i l  here ,  bu t  i s  summarized i n  Sec t i on  

4.0 

3 .1  Phys ica l  Comparisons 

Table  3 p r e s e n t s  a summary 1 i s t i r . g  o f  cloud r i n g  phys i ca l  proper-  

t i c s  found by v a r i o u s  i n v e s t i g a t o r s  inc lud ing  t h e  BOMEX s t udy .  For t h e  

BOMEX and o t h e r  r i n g  s t u d i e s  t h e  giver) l o c a t i o n s  o f  t h e  s t u d i e s  a r e  

t h e  mean l o c a t i o n s  o f  a  s e t  o f  r i n g  s t r u c t u r e s  used i n  t h a t  p a r t i c u l a r  

a n a l y s i s .  The Ruprecht e t  a l .  (1973) s t udy  involves  on ly  t h e  s i n g l e  

r i n g  observed on March 19, 1969. Note i s  taken t h a t  one of t h e  physi-  

c a l  s t u d i e s  i s  accomplished using on ly  non-geosynchronous TIROS 1 

s a t e l l i t e  d a t a  and another  us ing  on ly  weather r a d a r  d a t a .  This  d a t a  

usage l e ads  t o  t h e  observed lack  of r i n g  l i f e t i m e  in format ion  f o r  t h e  

non-geosynchronous d a t a  s tudy  and t o  an indeterminant  l i f e t i m e  f o r  t h e  

r a d a r  d a t a  c a s e .  

The t a b l e  shows t h a t  t h e  r i n g  s i z e s  a r c  a l l  on t h e  o r d e r  o f  ap- 

proximately 60 km mean i n s i d e  diameter  though wi th  n o t a b l e  v a r i a t i o n s .  

The 50 km mean r i n g  d iameter  found by Krueger and F r i t z  (1961) i n  

t h e i r  m i d - l a t i t u d e  reg ion  of s t udy  i s  t h e  s m a l l e s t  o f  t h e  f o u r  r e s u l t s .  



TABLE 3 CLOUD RING PHYSICAL DESCRIPTION 

Comparison o f  Various Inves t iga t ion  Findings 

LOCATION 
(mean) 

10-15 '~  
5z0w 

Cent ra l  
P a c i f i c  
10°S+lOO~ 

3 ~ " y 5 5 ~ ~  

O'N, 3 2 ' ~  

(Diameter) 
km 

80kmmean  
55-+115 km 

range 
( i n s i d e  d i a l  

60 km mean 
30 k m 4 0  km 

range 
( i n s i d e  d i a )  

50)o lmedian  
2&90 km 

range 

60 L= 
(not cons tan t )  

DATA SOURCES (S) 

A T S 3 a n d G -  
COVERER Selen ia  
Radar 

ATS 1 

7-IROS I 

METEOR 
Se len ia  Radar 

SOURCE/ 
INVESTIGATOR (S) 

Loranger 
and 

Vonder Haar 
(Present ,  
1973) 

Vonder IIaar, 
e t ,  a l .  (1968) 

- 
Krueger and 
F r i t z  11961; 
F r i t z  (1965) 
H~!bert (1966) 

~ u ~ r e i h t ,  
c t  a l .  (1973) 

. . 

DATE 

' ~ u l ~  18 
1969 

BOMEX 
PHASE I V  

A p r i l  2 5  
1967 

Several  
clays 

(1960- 
19G4) 

March 19 

A::!g 
1 ! r i n g  on Mar 19 

km IHEIGHT MTIO 

I 
Upper bound, 1 

I 
7 . 1  km mean ' 1 3 : l  

HEIGHTS /TO RING CLWD OB=OBSEZ\'.YED CIWMCTERISliCS 
EST=ESTIMATED 

6 h r s .  (OB) E-H elongat ion;  
- 5 1 1  j i range I 
Estimated, ! 
'6km mean 

I 
N.A. 1 8 h r s .  (OB) ' 14+lh h r s .  

E 2 - -1.7;  9 4 9  km 
NS 

wide clout1 bands 
Xighttime oc- 
currence 

Not~>s sone de- 
p a r t u r e  from 

(EST) c i r c u l a r  form 

I 

l . Z * n S . h k m /  3 l : l  19+2& hm dide  
range 1 i cloud bands. 

Smsli d i ~ t o r -  1 I t i o n  i x  d i rec -  
i t i o n  nf wind 
i I shear  rioted. 
i 
I 

to-8 Ian I 7 .5 : l  

I 
;~l;tcL on otllcr 

I days; Sj?.gle 



The 20 km diameter  s i z e s  mentioned by these  au thors  a r e  of  t oo  small  

s c a l e  t o  be  included i n  t h e  mesoscale r i n g  s t r u c t u r e  a n a l y s i s  being 

c a r r i e d  ou t  he re  and should be d e a l t  with a s  cumulonimbus s c a l e  phe- 

nomena. As f o r  r i n g  cloud he igh t s ,  t h e  s t u d i e s  r evea l  t h a t  t h e  maxi- 

mum mean h e i g h t s ,  on t h e  o rde r  of  6 t o  8 km, occur i n  t h e  equa to r i a l  

a r e a s ,  while  from t h e  mid- la t i tude  a rea  s tudy  by Krueger and F r i t z  

(1961) t h e  maximum he igh t s  a r e  around 3.6 km. The r i n g  cloud diameter  

t o  he ight  r a t i o  ranges from about 10 : l  i n  t h e  t r o p i c a l  reg ions  t o  30: l  

i n  t h e  mid - l a t i t udes .  Thus it appears  t h a t  t h e  mid - l a t i t ude  r i n g s  a r e  

f l a t t e r  and of  somewhat smal le r  diameter  than  those  occurr ing  i n  t h e  

t r o p i c a l  r eg ions .  This  i n d i c a t e s  t h e  l i ke l ihood  of  some d i f f e r e n t  s e t  

o f  cond i t i ons  f o r  r i n g  cloud occurrence i n  t h e  mid- la t i tudes  compared 

t o  t h e  t r o p i c s .  . 
Basic t ime du ra t ion  va lues  f o r  r i n g  p a t t e r n s  a r e  seen t o  be a v a i l -  

a b l e  f o r  a l l  but  t h e  F r i t z  e t  a l .  c a ses .  Data shortcoinings such a s  

n ight t ime te rmina t ing  r i n g  observa t ion  by s a t e l l i t e  o r  weather r ada r  

t r a c k i n g  i n t e r r u p t i o n s  lead  t o  minimmm l i f e t i m e  va lues ,  ques t ionable  

i n  gene ra l .  The small amount of information a v a i l a b l e  on t h i s  r i n g  

a spec t  nega tes  coming t o  any s o l i d  conclusions on t h i s  sub jec t  a t  

p r e s e n t ,  bu t  t h e  J u l y  18 BOMEX day does show a  s h o r t e r  r i n g  cloud l i f e -  

t ime than  t h a t  of t h e  Vonder Haar r i n g s .  The Ruprecht e t  a l .  (1973) 

s i n g l e  r i n g  a c t u a l  l i f e t i m e  ( radar  s tudy  mentioned previous ly)  i s  

considered ve ry  indeterminant .  Tracking of t h e  March 19 r i n g  cloud 

was i n t e r r u p t e d  by a  rawin ascent  and upon i t s  completion t h e  r i n g  

could not  be loca ted .  ATS 111 d a t a  on t h i s  r i n g  a r e  not  a v a i l a b l e  

due t o  l o c a t i o n  of  t h e  r i n g  a t  t h e  extreme e a s t e r n  edge o f  t h e  s a t e l -  

l i t e  p i c t u r e .  Other s a t e l l i t e s  a l s o  provided no d a t a  on t h i s  r i n g .  



The sub jec t  of  du ra t ion  needs t o  be s tudied  more i n  o rde r  t o  broaden 

t h e  knowledge o f  r i n g  s t r u c t u r e  l i f e t i m e s .  This  w i l l  become p o s s i b l e  

wi th  t h e  a v a i l a b i l i t y  of  i n f r a r e d  geosynchronous s a t e l l i t e  p i c t u r e s  

and/or cont inuous weather r a d a r  observa t ions .  

I t  is observed t h a t  t h e  r i n g s  do occur i n  low and mid - l a t i t ude  

r eg ions  and i n  va r ious  seasons,  t h i s  combined wi th  t h e  e a r l i e r  descr ibed 

r i n g  occurrences on a  number o f  days dur ing  t h e  BOMEX experiment and 

t h e  no te  o f  presence o f  r i n g  p a t t e r n s  dur ing  t h e  n ight t ime hours .  Mis- 

ce l laneous  c h a r a c t e r i s t i c s  shown i n  Table 3 demonstrate some f u r t h e r  

phys ica l  s i m i l a r i t i e s  and d i f f e r e n c e s  between r i n g s  i n  t h e  var ious  

s t u d i e s .  

3 . 2  Thermodynamic Comparisons 

The f i r s t  few fol lowing paragraphs dea l  with ob ta in ing  mean temp- 

e r a t u r e  and mois ture  p r o f i l e s ,  a s  well  a s  mean su r f ace  a i r  temperature - 

sea  s u r f a c e  temperature d i f f e r e n c e s  and consequent a i r - s e a  i n t e r f a c e  

hea t  f l u e s ,  f o r  t h e  BOMEX Phase I V  covering J u l y  11 t o  28, 1969 

and comparing t h e s e  f ind ings  with those  f o r  t h e  J u l y  18 r i n g  occur-  

rence  day. Temperature and mois ture  f i nd ings  of o t h e r  r i n g  cloud 

i n v e s t i g a t i o n s  w i l l  a l s o  be compared t o  t h e  BOMEX r i n g  day r e s u l t s .  

The f i rs t  mean thermodynamics t o  be d iscussed  a r e  t h e  nfean temp- 

e r a t u r e  p r o f i l e s  f o r  t h e  BOMEX J u l y  10  t o  30, 1969 per iod  obtained 

from t h e  sun-synchronous Nimbus I11 SIRS-A r ad ia t ion - inve r s ion  tempera- 

t u r e  p r o f i l e s  d i scussed  e a r l i e r .  The a r e a  covered by t h e  averaging 

process  extends from 7s t o  27N and 30W t o  75W, t h e  l a t t e r  chosen t o  



i nc lude  d a t a  some 1.5' on e i t h e r  s i d e  o f  t h e  BOMEX Ring Gr ids .  Zonal 

averages of  t h e  -1200 LT and 2400 LT SIRS temperature observa t ions  a r e  

c a l c u l a t e d  over  2' l a t i t u d e  zones and f o r  t h e  s tandard  SIRS d a t a  l e v e l s  

from 1000 mb t o  1 mb. The average o f  t h e  1200 LT and 2400 LT observa- 

t i o n s  i s  considered r e p r e s e n t a t i v e  o f  -1800 LT. With an - 2 ' ~  d i u r n a l  

temperature v a r i a t i o n  over t r o p i c a l  oceans,  t h e  1200 LT - 2400 LT mean 

i s  a l s o  a r a t h e r  r e p r e s e n t a t i v e  mean temperature f o r  t h e  day a s  a whole. 

F igure  15 p r e s e n t s  t h e  8N and 12N BOMEX Period I V  mean SIRS temp- 

e r a t u r e  p r o f i l e s ,  along wi th  t h e  J u l y  18 152 Oceanographer and Discoverer 

a r e a  rawinsonde and SIRS-A temperature s o ~ ~ n d i n g s  presented  previous ly  

i n  F igure  1 0 .  The 8N and 12N p r o f i l e s  a r e  chosen f o r  t h e i r  very  c l o s e  

correspondence wi th  t h e  l a t i t u d i n a l  l oca t ions  o f  sh ips  Oceanographer 

and Discoverer r e s p e c t i v e l y .  From Figure 15 it i s  seen t h a t  i n  t h e  

8N r eg ion  t h e  SIRS J u l y  18 157. and BOmX IJeriod I V  mean temperature 

p r o f i l e s  d i f f e r  very  l i t t l e  except near  t h e  su r f ace  where t h e  J u l y  18 

temperatures  a r e  h igher ,  while a t  1 2 N  t h e  two p r o f i l e s  d i f f e r  on ly  

very  s l i g h t l y  i n  t h e  lowest and h ighes t  l e v e l s ,  bu t  show t h e  J u l y  18 

0 0 
temperatures  t o  be 1 C t o  2 C cooler  than t h e  mean i n  t h e  middle 

l e v e l s .  Note t h a t  t h e  observed dev ia t ions  from t h e  mean temperatures  

a r e  due t o  both t h e  d i f f e r ences  i n  r e p r e s e n t a t i v e  t imes o f  t h e  d a i l y  

and mean soundings and a c t u a l  d a i l y  weather v a r i a t i o n s .  I n  regard 

t o  t h e  general  v a r i a t i o n  i n  t h e  SIRS mean temperature p r o f i l e s  from 

7s t o  27N, t hey  show t h e  expected cool ing  going no r th  from t h e  equa- - .  
t o r ,  g r e a t e s t  a t  t h e  su r f ace ,  and very  l i t t l e  N-s v a r i a t i o n  i n  t+pera-  

t u r e  i n  t h e  h igher  l e v e l s  i n  t h e  near-equator  reg ions .  These r e s u l t s  

lend credence t o  t h e  v a l i d i t y  of t h e  SIRS mean temperature p r o f i l e s  

ob ta ined .  



Figure 15 BOMEX July 18 Fixed Ship Rawinsonde Temperature and Dew Point and NIMBUS I11 SIRS-A Radiation 
Inversion Temperature Soundings and BOFEX Phase IV Mean SIRS-A Temperature Soundings. 



Another s e t  o f  mean soundings f o r  t h e  BOMEX Phase IV period i s  

ob ta ined  from rhc  f ixed  s h i p  rawinsonde temperature - and s p e c i f i c  humidity 

mois ture  d a t a .  The 122 and 18Z d a i l y  temperature and s p e c i f i c  humidity 

d a t a  a t  25 mb i n t e r v a l s  from 1000 mb t o  300 mb a r e  averaged t o  produce 

t h e  mean p r o f i l e s .  These t imes a r e  chosen f o r  maximum d a i l y  d a t a  a v a i l -  

a b i l i t y  and correspondence with t h e  J u l y  18 r i n g  occurrence t i m e  per iod .  

E r r a t i c  and erroneous temperature and/or mois ture  d a t a  a r e  e l imina ted  

from t h e  averages through t h e  use o f  ranges of acceptab le  va lues  which 

va ry  with he ight  i n  t h e  atmosphere and a r e  cons t ruc ted  from s u b j e c t i v e  

examination o f  t h e  raw d a t a .  Use o f  t h i s  method o f  d a t a  checking no 

doubt l eads  t o  occas iona l  e l imina t ion  o f  good d a t a  and r e t e n t i o n  of  

bad d a t a .  

The above procedure y i e l d s  t h e  BOMEX Period I V  mean temperature 

and mois ture  p r o f i l e s  a t  t h e  f i v e  f ixed  sh ips  f o r  122 and 182. General 

c h a r a c t e r i s t i c s  o f  t h e  mean soundings going from south  t o  no r th  a r e  a 

r a t h e r  u n s t a b l e  l a y e r  from su r face  t o  -940 mb, a  s t a b l e  l aye r  between 

-700 mb and 800 mb which i s  most def ined  t o  t h e  no r th ,  and dryness  i n -  

c r e a s i n g  t o  t h e  no r th .  The dryness  a l s o  shows t h e  most marked inc rease  

a t  and above t h e  s t ronge r  s t a b l e  l aye r  i n  t h e  no r th .  Except f o r  t h e  

above t h e  temperature l apse  r a t e s  a r e  gene ra l ly  moist a d i a b a t i c .  The 

122 and 182 mean sounding d i f f e r e n c e s  a r e  very  minor a s  i s  expected 

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

S p e c i f i c  comparisons. a r e  lpade between t h e  Ju ly '  18 152 Qcbanographher 
. . . .  . - ' .  . - 

. . 
and Discoverer  T-q s o u d i n g s  and thk 122 and 182 B&X ~ e r i o d  IV-"meai .* ." ' 

T-q soundings a t  t h e  same sh ips .  These a r e  d isp layed  i n  F igure  1 6 .  

Note t h a t  t h e  122 and 182 t imes  form a mean a t  ~ 1 5 2 .  I t  i s  seen from 

t h e  f i g u r e  t h a t  a t  Oceanographer t h e  J u l y  18 and mean soundings sllow 





a very similar temperature profile except near surface where the mean 

shows a somewhat unstable layer (related to the nearly dry adiabatic 

near-surface layer noted before in the ring occurrence regions and also 

observed in the other mean soundings). The July 18-mean moisture 

comparison at Oceanographer shows that the 18th is somewhat more moist 

than the mean in the lower half of the troposphere and similar to the 

mean above -500 mb. The July 18-mean soundings comparison at Discoverer 

shows that on July 18 the lower troposphere temperatures are somewhat 

warmer than the mean with two well defined stable layers present on 

the 18th compared to one in the meal1. The -800 mb level stable layer 

present in both the 18th and mean soundings is more defined on the 18th. 

Both the 18th and mean soundings show the well-defined unstable layer 

near the surface. In the upper troposphere the temperatures for the 

18th and the period are quite comparable. As for the Discoverer area 

moisture, comparison of the July 18 and mean soundings shows a much 

more rapid drying at and above the lower stable layer on July 18 than 

in the mean and this drier aspect is present to -550 mb, above which 

the 18th is a bit more moist than the mean. Above 450 mb the moistures 

are comparable and small. 

Anomaly analysis also provides a method of making daily-mean com- 

parisons. This is done for both the Nimbus 3 SIRS-A temperature data 

and fixed ship rawinsinde temperature and specific humidity data. The 

SIRS 2'-latitude-zone HOMEX Phase I V  mean temperature profiles are corn- 

bined into three wider latitude zone (lON+l4N, 14N+18N and 8N-tl8N) period 

mean profiles and the daily and period means in these zones are differ- 

enced to obtain the daily temperature anomaly profiles. As with the 

SIRS means, the anomalies are considered representative of -1800 1,T. 



S p e c i f i c a l l y  r e f e r r i n g  t o  t h e  10N-+14N zone which covers  t h e  J u l y  18 

cloud r i n g  occurrence reg ion  discussed i n  t h e  above comparisons, but  

gene ra l ly  a p p l i c a b l e  t o  t h e  e n t i r e  8N+18N zone covering most of Ring 

Grids  a r ea ,  t h e  anomaly r e s u l t s  a r e  t h a t  t h e  18th  o f  J u l y  d i s p l a y s  r e -  

l a t i v e l y  small  dev ia t ions  from t h e  per iod  mean, compared t o  var ious  

o t h e r  days which show r e l a t i v e l y  l a r g e  dev ia t ions  from t h e  mean. These 

non-mean days a r e  observed t o  be those  on which r a t h e r  d i s tu rbed  wea- 

t h e r  was occurr ing  i n  o r  near  t h e  BOMEX a r e a .  

The anomaly procedure i s  a l s o  appl ied  t o  t h e  BOMEX Phase I V  122 

rawinsonde temperature and moisture d a t a  a t  f i xed  s h i p  Discoverer .  

The J u l y  11+28, 1969 d a i l y  122 soundings a r e  co r r ec t ed  with regard  t o  

e r r a t i c  d a t a  a s  d i scussed  previous ly  and compared t o  t h e  computer- 

processed BOMEX Phase TV period 122 mean temperature and mois ture  

soundings a t  Discoverer t o  y i e ld  t h e  d a i l y  122 temperature and s p e c i f i c  

humidity moisture anomaly p r o f i l e s .  Temperature and s p e c i f i c  humidity 

anomaly time-height c r o s s  s e c t i o n s ,  based on t h e  d a i l y  anomaly pro- 

f i l e s ,  a r e  presented  i n  F igs .  17 and 1 8 ,  r e s p e c t i v e l y .  From t h e s e  

f i g u r e s  it i s  again seen t h a t  t h e  18t11 of  J u l y  is  a r e l a t i v e l y  small 

dev ia t ion  day compared t o  var ious  o t h e r  days o f  t h e  BOMEX Phase I V  a t  

122 i n  t h e  Discoverer  a r e a .  Par tagas  and Estoque (1970) have a l s o  

performed a BOMEX Phase I V  Discoverer 1 2 2  rawinsonde temperature and 

mois ture  (dew po in t )  anomaly a n a l y s i s  a s  p a r t  o f  t h e i r  p re l iminary  

survey of  BOMEX Phase I V  meteorological  cond i t i ons .  The r e s u l t s  o f  

t h e s e  au tho r s1  BOMEX Phase IV Discoverer 122 anomaly a n a l y s i s  a r c  

s i g n i f i c a n t l y  s i m i l a r  t o  those  obtained by t h i s  i n v e s t i g a t o r ,  though 

t h e  r e s u l t s  do d i f f e r  i n  some s p e c i f i c  d e t a i l s .  The d a t e s  o f  no tab le  

anomaly occurrences a s  seen i n  F igs .  17 and 18 agree very  well  with t h e  

occurrence items o f  l a r g e  anomalies a s  found by Par tagas  and Estoque 



Figure  17 BOMEX Phase I V  Time-Height Cross Sec t ion  of Fixed Ship Discoverer  122 Daily  temperature('^) 
Anomaly P r o f i l e s  Based on Rawinsonde Data (Contour I n t e r v a l  l o  C ) .  





i n  t h e i r  anomaly a n a l y s i s .  Fur ther  i n  t h i s  l i n e ,  with regard t o  temper- 

a t u r e  only ,  t hese  l a r g e  anomaly occurrence t imes agree  well with t h e  

SIRS f ind ings  a s  d iscussed  above and t h e s c  l a r g e  anomalies a r e  a l l  co r -  

r e l a t e d  with t h e  r e l a t i v e l y  d i s tu rbed  weather occurr ing  i n  t h e  BOMEX 

r eg ion  a t  those  times. Again no te  t h a t  t h e r e  a r e  s p e c i f i c  d e t a i l  

d i f f e r e n c e s  among t h e  var ious  anomaly ana lyses .  

In  regard  t o  t h e  r e l a t i o n s h i p  between d i s tu rbed  and undisturbed 

weather s i t u a t i o n s  and t h e  Figures  17 and 18 anomaly c r o s s  s e c t i o n s ,  it 

is noted t h a t  i n  t h e  t r a n s i t i o n  from d i s tu rbed  t o  undisturbed weather 

t h e r e  is  a t r a n s i t i o n  from cool-moist t o  warm-dry cond i t i ons ,  r e s -  

pec t ive ly ,  a s  would be expected. 

In  a l l  t h e  above thermodynamic (omparisons show t h a t  t h e  18th  of 

J u l y  cond i t i ons  do not  va ry  d r a s t i c a l l y  from t h e  BOMEX Phase IV mean 

cond i t i ons .  But it must be kept  i n  niind t h a t  cond i t i ons  i n  t h e  t r o p i c s  

do no t  g e n e r a l l y  vary  d r a s t i c a l l y  over  sho r t  per iods  and a l s o  t h a t  

t h e  small  d i f f e r e n c e s  observed may well be those  which a t  l e a s t  p a r t l y  

determine whether o r  no t  cloud r i n g s  w i l l  form. 

The BOMEX Phase I V  mean su r f ace  a i r  temperature-sea s u r f a c e  temp- 

e r a t u r e  d i f f e r e n c e  a t  each of  t h e  f i v e  f i x e d  s h i p s  i s  a l s o  obtained.  

The BOMEX Ship S t a t i o n  Surface Observations (1969) provides t h e  twice- 

o r  4- t imes-dai ly a i r  and sea  su r f ace  temperature observa t ion  d a t a  

u t i l i z e d  i n  c r e a t i n g  t h e  Period I V  mean d i f f e r e n c e s .  The r e s u l t i n g  

mean d i f f e r e n c e s  going from south t o  nor th  show t h e  l a r g e s t  va lues  

0 (-1.5 C ,  Tair < T ) a t  Oceanographer, a  decrease  t o  a  minimum va lue  
sea  

0 
(-0.4 '~)  a t  Discoverer and an inc rease  t o  (-0.7 C) a t  Ra in i e r .  The 

s p e c i f i c  observa t ion  time mean d i f f e r e n c e s  a t  each s h i p  show a decrease  

from n igh t  t o  day, i n  keeping with t h e  expected g r e a t e r  warming o f  t h e  



ai r  dur ing  t h e  day compared t o  t h a t  o f  t h e  ocean. Comparison of t h e  

J u l y  18 va lues  o f  t h e  (Tair - T ) d i f f e r e n c e  with t h e  BOMEX Phase I V  
s e a  

mean va lues  of t h a t  parameter shows t h a t  a t  Oceanographer and M t .  Mi tche l l  

t h e  J u l y  18 and mean va lues  a r e  only  s l i g h t l y  d i f f e r e n t ,  whi le  a t  t h e  

t h r e e  nor thern  s h i p s  t h e  mean (T - T ) values  a r e  s i g n i f i c a n t l y  
a i r  s ea  

d i f f e r e n t  than those  on J u l y  18. From Discoverer no r th  t o  Rain ier  t h e  

mean d i f f e r e n c e s  d i s p l a y  s i g n i f i c a n t  nega t ive  va lues ,  while  on t h e  18th 

t h e  d i f f e r e n c e s  d i s p l a y  r e l a t i v e l y  small  p o s i t i v e  and nega t ive  va lues .  

A s  d i scussed  e a r l i e r  a  nega t ive  va lue  o f  (T - T ) corresponds 
a i r  s ea  

t o  an ocean-to-atmosphere hea t  f l u x .  A s  seen from t h e  BOhIEX Phase I V  

mean d i f f e rences ,  t h i s  condi t ion  p r e v a i l s  i n  t h e  mean a t  a l l  f i v e  f ixed  

s h i p  s t a t i o n s .  On J u l y  18 t h e  upward hea t  f l u x  i s  s i g n i f i c a n t l y  oc- 

cu r r ing  o n l y  i n  t h e  Oceanographer and M t .  Mi tche l l  reg ions  ( t h e  l a t t e r  

nea r  where t h e  r i n g  cloud p a t t e r n  i s  p r e s e n t ) ,  while  a t  t h e  nor thern  

sh ips  t h e  f l u x  i s  small and even downward a t  some l o c a t i o n s .  These 

comparisons appear  t o  i n d i c a t e  t h a t  a p o s i t i v e  c o r r e l a t i o n  e x i s t s  be- 

tween r i n g  cloud occurrence and upward hea t  f l u x  r e l a t e d  t o  a  nega t ive  

( T a i r  
- T ) value ,  i n  t h a t  on J u l y  18 r i n g  clouds a r e  p re sen t  i n  s e a  

reg ions  of  upward hea t  f l u x  and a r e  weakly o r  not  p re sen t  i n  r eg ions  of  

very  small o r  downward f l u x e s  and f u r t h e r  t h a t  t h e  upward f l u x  i s  pre-  

v a l e n t  i n  a l l  a r e a s  i n  t h e  mean, making t h e  North Grid reg ions  on t h e  

18th  o f  J u l y  unfavorable  f o r  r i n g  cloud occurrence compared t o  t h e  South 

Grid reg ion .  From t h i s  it appears  t h a t  s i g n i f i c a n t  sea  su r f ace - to -  

atmosphere hea t  f l u x  is  one of  t h e  necessary  cond i t i ons  f o r  r i n g  cloud 

occurrence.  



Having compared t h e  Ju ly  18 c.loud r i n g  occurrence day and t h e  BOMEX 

Phase I V  mean condi t ions  of tempcraturc and mois ture ,  it i s  next de- 

s i r e d  t o  compare t h e  BOMEX r i n g  day thermodynamic s i t u a t i o n  with t h e  

r i n g  reg ion  s i t u a t i o n s  found by o t h e r  r i n g  cloud phenomena i n v e s t i -  

g a t o r s  who have been mentioned a l r eady  i n  t h e  r i n g  cloud phys ica l  com- 

pa r i sons  s e c t i o n .  However, no t  a l l  t h e  s t u d i e s  of  r i n g  phenomena have 

included thermodynamic and/or dynamic ana lyses .  

Table 4 p r e s e n t s  a summary o f  t h e  thermodynamic cond i t i ons  accom- 

panying r i n g  cloud occurrences a s  found by t h e  i n v e s t i g a t o r ( s )  l i s t e d ,  

inc luding  t h e  BOMEX r i n g  s tudy.  The d a t e s  and loca t ions  of  t h e  s t u d i e s  

a r e  t h e  same a s  t h o s e  l i s t e d  i n  Table 3.  Table 4 shows t h a t  genera l  

c o r r e l a t i o n  e x i s t s  between t h e  BOMEX r i n g  reg ion  cond i t i ons  and those  

found by o t h e r s .  Ring occurrences a r e  favored i n  synopt ic  s c a l e  a n t i -  

cyc lonic  r eg ions .  A dry ,  s t a b l e  l a y e r  capping a moist r a t h e r  uns t ab le  

near -sur face  l aye r  i s  common t o  a l l  c a ses ,  a s  i s  an upward hea t  f l u x  

due t o  a warmer s e a  su r f ace  than atmosphere j u s t  above. The Ruprecht 

e t  a l .  (1973) i n v e s t i g a t i o n  r e s u l t s  r e l a t e d  t o  t h e  s i n g l e  r i n g  occur- 

rence  i n  t h e  ITCZ region  a r e  somewhat d i f f e r e n t  from t h e  above desc r ip -  

t i o n  i n  t h a t  t h e  near -sur face  uns t ab le  l aye r  i s  t h e  l e a s t  deep and t h e  

moist l a y e r  ve ry  deep compared t o  t h e  o t h e r  two case  s t u d i e s .  The 

d r y  l a y e r  i s  a l s o  not  a s  marked as i n  t h e  o t h e r  ca ses  and occurs  a t  

a h igher  l e v e l .  The soundings were obtained wi th in  and o u t s i d e  t h i s  

r i n g  as i s  d iscussed  below. Krueger and F r i t z  (1961) no te  h ighes t  

c louds where t h e  inve r s ion  i s  h ighes t  and i n  t h i s  regard  t h e  t a b l e  

shows t h e  middle l a t i t u d e  reg ion  d iscussed  by F r i t z ,  Krueger and o t h e r s  

t o  have a lower s t a b l e  l aye r  i n  t h e  mean than t h a t  preva len t  i n  t h e  

BOMEX a r e a .  From Table 3 t h e  cloud he igh t s  i n  t h e  mid - l a t i t ude  reg ion  



TABLE 4: CLOUD RING THERMODYNAMIC DESCRiPTION 

Comparison o f  Various Inves t iga t ion  Findings 

SOURCE/ 
INVESTIGATORS MIST LAYER(S) I i iRY LAYLR(S) DATA SOURCE(S) 

I 

s f c  t o  lowest 
s t a b l e  l ayer  

Loranger and 
Yonder tiaar 
(Present ,  1973) 

Krueger and F r i t z  
(1961), Fr i tz( lY65) 
Hubert (1966) 

Ruprccht , 
e t  a l . ,  (1973) 

UNSTABLE UYER(s) 

A t  and above 
lowest s t a b l e  l ayer  

STABLE LIYER(S1 I 

Nimbus I11 Dry Adiabatic, 

i 1 

Isothermal o r  in -  

Sfc  t o  Inver- 
s ion. 

A'Jove inversior.  

1 
I 

Sfc  t o  -6Clisb In and above s t a b i e  
base of  Gefixedl l ayer  s t a r t i z g  a t  
s t a b l e  l a y e r  -575 nb. 

SIRS-G 1015 mb+ 920 nb 
Fixed Ship Rawi - 
sonde and SLIT- 

version,  1 o r  2 
occur between 
6oclni:, sad 800nb 

f a c e  cbserva t io  I 
I I 

Inversion,  occur 
between 700 mb 
and 906 mb. 

Invz-sion o r  near  
i s o t h e r l a i ,  s fv -  
e r a 1  occur, small 
between 500mb 
and 700mb 

Ship Radiosonde Sear  s f c  dry ad-. 
and s f c  obs, I i a b a t i c  layer .  
A i r c r a f t  and 
dropsonde. 

Ship Rawin- and 
Radiosonde and 
s f c  obs. 

Dry ab iaba t ic ,  
1015ab965mb 



TABLE 4 (cont) 

GENERAL LAPSE AIR-SEA TEMPERAZRE RING CL033 CASE > f I S C E L ~ t G u S  MISCELWYEOUS 
DIFFERENCE, 1EAT FLUX C ( )=CALCULATED (TYPE) CHARZCTERISTICS CHARACTERISTICS 

M( ) =BIEASURED (TYPE) 1 
Moist Adiabat ic  

Between dry  and 
moist a d i a b a t i c  

C (LCL) 

--1°c, sea  s f c  t o  
Atmosphere 

I Occur i n  ITCZ re-  
gion; soundings 
obtained ins ide  
and ou ts ide  r i n g  

- - ~ O C ,  sea s f c  t o  
Atmosphere 

700 m, L3w l e v e l s ,  some- I --Z'C, Sea s f c  t o  

900 meters, C(LCL,CCL) 

I Cccur generai i y I Clcud t h i c k e s t  
600rn-r9001n, M(ai rc ra f t )  near S. of  a n t i -  where inversion 

I 
cyclone cen te r ,  kc- highes t  
hind cold f r0n t .a -  i I head of warm f r o z t i  

what r moist ad- 
i a b a t i c ;  b b i s t  I a d i a b a t i c  above 

Occur i n  STHP 
ant icyclone regior, 
SW of Center 

I 

Atmosphere 



are lower than those in the BOMEX region, lending additional credence 

to the previously discussed subsidence-caused stability being the 

major factor governing the vertical extent of the ring cloud circula- 

tion and thus limiting cloud height. 

The very important aspect of the Ruprecht et al. (1973) ring 

study on March 19, 1969 during the Atlantic Experiment (APEX) is that 

a ring cloud passed directly over the R. V. Meteor ship at -12002 on 

that day. This is an extremely lucky and valuable occurrence in that 

it provides the only known available ring scale data compared to the 

synoptic scale data available in all the ring studies discussed to 

this point. Radiosonde soundings were made inside and outside the ring 

as it passed over the ship and Fig.19 displays the results of these 

soundings in terms of the equivalent potential temperature ' e . This 

temperature parameter, which implicitly represents both the internal 

energy and moisture content of a parcel of air in the atmosphere, dis- 

plays a marked minimum at constant pressure at the center of the ring 

cloud (-122) with highest values outside the ring. The lower values 

of Be inside the ring are seen to extend to 200 mb. The explanation 

for the reduced Be 
is the presence of drier air inside the ring than 

outside it and not lower ring-center temperature. Relating again to 

the only logical physical process which can be operating to produce 

the open cell ring cloud, that of upward motion in the cloud wall and 

subsidence in the central region, it is reasonable to assume that sub- 

sidence in the ring's central region is re:;ponsible for the observed . 

dryness there. Also this subsidence further negates the aspect of 

net cooling in the ring central region unless there is a relatively 

very large radiational cooling t.here which is not very likely. In 
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Figure 19 APEX March 19,  1969 R . V .  Meteor Equivalent Po ten t i a l  Temper- 

a t u r e  8 Time - Height Cross Sect ion during Cloud Ring Pass- 
age oveB Ship S t a t i o n  (After Ruprecht e t  a l ,  1973). 



regard to the above discussion the ring's vertical circulation can be 

equated in a very basic sense to that of a "miniature hurricane". 

This aspect deserves future consideration in regard to tropical distur- 

bance evolution. 

3.3 Dynamics Comparisons 

The cloud ring dynamic situations are now compared in a 

manner similar to that used for the thermodynamics. The first compari- 

son will again be that of the July 18 ring day conditions with the 

BOMEX Period IV mean winds and dynamics. As with the 122 and 18Z 

fixed ship temperature and moisture means obtained from the ROMEX 

fixed ship rawinsonde data, the 122  and 182 mean winds, in terms of 

u and v components, at each fixed ship and 25 mb interval from 1000 mb 

to 300 mb are calculated. In contrast to the temperature and specific 

humidity data, no wind data elimination is done in obtaining the mean 

winds since the wind data appear smooth and no solid basis for elimina- 

tion is present. Linear interpolation and the BOMEX Ship Station Sur- 

face Observations (1969) data are again utilized to fill in missing 



winds a t  t h e  25 mb i n t e r v a l  l e v e l s .  The Rain ier  mean winds show t h e  

anomalous west wind f o r  t h e  whole Phase IV period and again t h e s e  wind 

d a t a  a r e  dropped from cons ide ra t ion .  No Barbados 122 o r  Rockaway 182 

mean winds a r e  a v a i l a b l e  due t o  lack of  wind soundings a t  t h e s e  t imes .  

The a v a i l a b l e  mean wind d a t a  a t  50 mb i n t e r v a l s  f o r  t h e  four  f ixed  

s h i p s  (Rain ier  excluded) p lus  Barbados a s  input  t o  t h e  dynamics compu- 

t a t i o n  program discussed  e a r l i e r  y i e l d  t h e  BOMEX Period IV mean ho r i -  

zonta l  divergence,  v e r t i c a l  v e l o c i t y  and r e l a t i v e  v o r t i c i t y  p r o f i l e s  

i n  t h e  same f o u r  t r i a n g u l a r  polygon a r e a s  used i n  t h e  J u l y  18 a n a l y s i s .  

Figure 20 d i s p l a y s  wind soundings r e p r e s e n t a t i v e  of  t h e  non-ring 

and nea r - r ing  a r e a s  a t  152 on J u l y  18, along with t h e  122 and 18Z 

BOMEX ~ k r i o d  IV mean wind p r o f i l e s  a t  t h e  same s t a t i o n s ,  Oceanographer 

and M t .  Mi t che l l .  Again t h e  122 and 182 mean r e s u l t s  t oge the r  form an 

approximate 152 mean. Comparison of  t h e  J u l y  18 and mean soundings 

r e v e a l s  t.hat t h e  Oceanographer d i s p l a y s  t h e  g r e a t e r  v e r t i c a l  shea r  o f  

t h e  zonal wind u i n  both t h e ' J u l y  18 and mean soundings compared t o  

M t .  Mi tche l l  where t h e  shear  i s  r e l a t i v e l y  smal l ,  e s p e c i a l l y  a t  122 

i n  t h e  mean. Oceanographer 1000 mb t o  500 mb u component speed 

shea r  (absolu te  va lue)  i s  on the  o rde r  o f  6 t o  8 m/sec, while  a t  

M t .  Mi tche l l  t h e  shear  is  from 2 t o  4 m/sec, t h e  smal le r  va lues  pre-  

s e n t  i n  t h e  means. These 1000 mb t o  500 mb wind shea r s  a r e  of  an in -  

c r eas ing  e a s t e r l y  wind a l o f t  n a t u r e .  I n  comparing t h e  M t .  Mi tche l l -  

Discoverer reg ion  wind d a t a ,  it i s  found t h a t  i n  t h e  mean, a s  on J u l y  

18, t h e  v e r t i c a l  shear  i s  smal l .  In genera l  t h e  122 and 182 mean 

soundings d i s p l a y  t h e  same proper ty  a s  t h a t  found i n  t h e  J u l y  18 

p r o f i l e s ,  t h a t  o f  a S+N low l eve l  e a s t  wind speed inc rease ,  l i t t l e  

change i n  t h e  middle l e v e l s ,  and a decrease  in  e a s t  wind speed i n  t h a t  





d i r e c t i o n  a t  t h e  h igher  l e v e l s  t o  300 mb. Rockaway in  t h e  mean shows 

t h e  h ighes t  wind speeds a s  it does on J u l y  18.  The v components 

i n  a l l  cases  show l i t t l e  d e f i n i t i o n  and c l u s t e r  gene ra l ly  around zero 

with maximum values  of  s eve ra l  meters per  second. 

Therefore i n  a l l  t h e  J u l y  18-BOMEX Period IV mean wind comparison 

shows t h a t  cons iderable  s i m i l a r i t y  e x i s t s  between t h e  r i n g  occurrence 

day and per iod  mean cond i t i ons .  Magnitude v a r i a t i o n s  a r e  t h e  only  

s i g n i f i c a n t  d i f f e r e n c e s .  The J u l y  18 r i n g  and non-ring reg ion  p r o f i l e s  

e s p e c i a l l y  show good agreement with t h e  BOMEX Period I V  means f o r  

t h o s e  a r e a s .  

The mean dynamic parameters fol lowing from t h e  mean winds a r e  next 

compared. The J u l y  18 r i n g  and non-ring reg ion  polygon ho r i zon ta l  d i -  

vergence r e s u l t s ,  a long with t h e  BOMEX Period I V  mean divergences f o r  

t hose  reg ions ,  a r e  d isp layed  i n  F ig .  2 1 .  122 means f o r  Polygons 1 and 2 

a r e  compared t o  152 J u l y  18 r e s u l t s  f o r  those  a r e a s ,  due t o  t h e  lack of  

mean divergence va lues  r e s u l t i n g  from missing 122 and 182 mean winds 

a t  Barbados and Rockaway, r e s p e c t i v e l y .  The f i g u r e  shows t h a t  i n  t h e  

J u l y  18 r i n g  cloud a r e a  (Polygon 1) t h e  e a r l i e r  d i scussed  near  su r f ace  

and h igher  l e v e l  convergence and middle l e v e l  divergence a r e  p r e s e n t ,  

while  t h e  mean f o r  t h a t  a r ea  shows convergence preva len t  a t  a l l  l e v e l s .  

The J u l y  18 non-ring a rea  (Polygon 2 )  shows r e l a t i v e l y  deep conver- 

gence (1000 t o  -700 mb) with divergence above p reva len t  i n  both t h e  

J u l y  18 and period mean p r o f i l e s  which a r e  t hus  q u i t e  s i m i l a r  except 

f o r  some magnitudes which i n  t u r n  a r e  s e n s i t v e  t o  t h e  wind d a t a  used 

t o  d e r i v e  t h e  divergence va lues .  These magnitudinal v a r i a t i o n s  a r e  

gene ra l ly  on t h e  o rde r  of a  f a c t o r  of  2 o r  3 and thus  a r e  not  extreme. 



convergence divergence 

Figure 21 BOMEX July 18 and BOMEX Phase I V  Mean Ring Study Area Horizontal  Veloci ty  Divergence V e r t i c a l  
P r o f i l e s  Obtained Using Polygon Method. 



T t  i s  a l s o  found t h a t  t h e  Polygon 3 a r e a  d i sp l ays  a  very  s i m i l a r  pro- 

f i l e  on both J u l y  18 and i n  t h e  mcan, t h a t  o f  divergence a t  a l l  l e v e l s  

except f o r  a  small  convergence i n  t h e  near  su r f ace  l a y e r s .  Also Poly- 

gon 1 d i s p l a y s  a  s i g n i f i c a n t  s i m i l a r i t y  between t h e  122 and 182 means, 

t h i s  a r e a  being t h e  on ly  one where BOMEX Phase IV mean d a t a  a r e  a v a i l -  

a b l e  a t  both t imes .  

V e r t i c a l  v e l o c i t y  p r o f i l e  comparisons f o r  t h e  same a r e a s  and t imes 

as i n  F ig .  2 1  a r e  presented i n  F ig .  2 2 .  On J u l y  18 upward motion pre-  

v a i l s  i n  t h e  lower and h igher  l e v e l s  with downward motion i n  t h e  

middle l e v e l s  i n  t h e  Polygon 1 r i n g  cloud a r e a ,  while  t h e  BOMEX Period 

IV mean i n  t h a t  a r e a  shows t h a t  upward motion p r e v a i l s  a t  a l l  l e v e l s .  

In  t h e  Polygon 2 non-ring reg ion  both t h e  J u l y  18 and mean p r o f i l e s  

show upward motion t o  -450 mb with downward motion above t h a t  l e v e l .  

I t  is  thus  observed i n  both t h e  divergence and v e r t i c a l  v e l o c i t y  pro- 

f i l e s  t h a t  i n  t h e  Polygon 1 a r e a  t h e r e  i s  cons iderable  d i f f e r e n c e  be- 

tween t h e  J u l y  18 and mean cond i t i ons ,  while i n  t h e  Polygon 2 region 

t h e  J u l y  18-mean p r o f i l e  d i f f e r e n c e s  a r e  small .  Again t h e  Polygon 1 

122 and 182 BOMEX Period IV means comparison shows s i m i l a r i t y  o f  t h e  

two p r o f i l e s  with a somewhat l e s s e r  upward motion magnitude a t  182. 

Polygon 3 a l s o  shows some s i m i l a r i t y  between t h e  J u l y  18 and mean pro- 

f i l e s ,  with s l i g h t l y  g r e a t e r  downward motion a t  t h e  lower l e v e l s  i n  

t h e  mean. 

Figure 23 d i sp l ays  t h e  BOMEX Phase IV r e l a t i v e  v o r t i c i t y  compari- 

sons f o r  t h e  same t imes and polygon a r e a s  considered i n  t h e  preceeding 

two f i g u r e s .  Polygon 1 ( r ing  cloud occurrence reg ion)  shows cyc lonic  

v o r t i c i t y  p r e v a i l i n g  i n  t h e  lower ha l f  o f  t h e  t roposphere on J u l y  18 

with an t i cyc lon ic  v o r t i c i t y  above. The Polygon 1 BOMEX Phase IV mean 
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Figure 22  BOMEX J u l y  18 and BOMEX Phase I V  Mean Ring Study Area V e r t i c a l  Veloci ty  Ver t i ca l  P r o f i l e s  Kine- 
m a t i c a l l y  Computed from Figure 2 1  Horizontal Divergence P r o f i l e s .  





profile shows general, but small, anticyclonic vorticity prevailing 

at all levels. The Polygon 2 (non-ring) region displays generally 

cyclonic vorticity in the low levels in both the July 18  and period 

mean profiles, but with some anticyclonic vorticity present in the 

middle levels on July 18 compared to cyclonic vorticity there in the 

mean. In the higher levels both the July 18 and mean profiles display 

vorticities fltictuating around zero. Thus in the case of relative 

vorticity both polygons 1 and 2 show notable differences between the 

July 18 and mean profiles, The Polygon 1 122 and 18Z mean relative 

vorticity profiles again show considerable similarity. Polygon 3 

displays a similar nature in both the July 18 and mean profiles, with a 

lower middle level cyclonic tendency on July 18 and anticyclonic values 

elsewhere in the two profiles. 

The dynamic comparisons of ring occurrences studied by the investi- 

gators listed in Table 4 are confined to those of wind profiles, since 

the investigations other than the BOMEX effort covered the wind fields 

only with respect to magnitudes and shear and contained no related 

dynamic parameter studies. Figure 24 displays the ring region wind 

profiles from the BOMEX and two other investigations. The u component 

is used since it represents the major portion of the total wind pre- 

valent in the investigation areas and is convenient. Also since the 

Krueger and Fritz (1961) discussion presents only a wind speed shear 

value of -5 m/sec from surface to maximum cloud top (-3.6 km or 650 km), 

a straight line representing this shear is entered in Fig. 24. From the 

figure it is seen that the shears are generally the same in all the ring 

occurrences, with the lower 200 mb of the Ruprecht profile (personal 
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communication) showing t h e  l a r g e s t  shea r .  The shea r s  a r e  a l l  on t h e  

o rde r  of an  -5 m/sec e a s t  wind speed inc rease  from 1000 mb t o  var ious  

l e v e l s  between 500 and 750 mb, with a reversed  shear  above t h e s e  maxi- 

mum wind speed l e v e l s .  Wind speeds a r e  predominantly i n  t h e  l i g h t  

ca tegory  wi th  a mean o f  -10 m/sec. Thus over  t h e  lower ha l f  o f  t h e  

t roposphere t h e  v e r t i c a l  shear  of  t h e  ho r i zon ta l  wind i s  small  i n  t h e  

v i c i n i t y  o f  a l l  t h e  i nves t iga t ed  cloud r i n g  occurrences.  A small 

veer ing  of  t h e  winds i n  t h e  lowest ki lometer  o r  two o f  t h e  atmosphere 

and a s i m i l a r  magnitude backing a l o f t  i n  t h e  r i n g  cloud occurrence 

reg ions  i s  a l s o  observed. 



4.0 SUMMARY DISCUSSION AND HYPOTHESES 

4 .1  Cloud Ring System Composite Summary 

From t h e  foregoing s e c t i o n s  a  composite p i c t u r e  o f  ocean reg ion  

convect ive  cloud r i n g  s t r u c t u r e s  emerges. These lldoughnutsll, occur r ing  

s i n g l e y  o r  i n  m u l t i p l e  "honeycomb" p a t t e r n s ,  c o n s i s t  o f  i nd iv idua l  

cumulus elements forming and decaying t o  produce t h e  r i n g  wall and a  

c l e a r  c e n t e r  a r e a .  The p a t t e r n  p e r s i s t s  f o r  pe r iods  of  t ime ranging 

from seve ra l  t o  8 hours  w i th  est imated longer  du ra t ions .  S ing le  oc- 

cur rences  appear t o  be o f  s h o r t e r  du ra t ion  than  mul t ip l e  occurrences .  

The r i n g s  a r e  found i n  both t r o p i c a l  and mid - l a t i t ude  oceanic  r eg ions  

of  undisturbed weather which i s  f r equen t ly  a s soc i a t ed  wi th  an a n t i -  

cyc lon ic  synopt ic  weather p a t t e r n .  Mean t r o p i c a l  r i n g s  possess  d i a -  

meters  o f  6 W 8 0  km, cloud wall  widths o f  14 km and cloud tops  of  6+8 km, 

whi le  mean mid - l a t i t ude  r i n g s  show diameters  o f  50 km, cloud wall  widths 

o f  23 km and cloud tops  <4 km. Thc t h e o r e t i c a l l y  important r i n g  d i a -  

meter t o  he igh t  r a t i o  is  on t h e  o rde r  of 30 : l  i n  t h e  t r o p i c s  and 30:l  

i n  t h e  mid - l a t i t udes .  From r i n g  cloud v i c i n i t y  synopt ic  s c a l e  wind 

f i e l d  d a t a  t r o p i c a l  r i n g s  a r e  found t o  t r a v e l  with t h e  mean wind i n  

t h e  lower 500 mb o f  t h e  t roposphere,  c o r r e l a t i n g  with t h e  est imated 

cloud he igh t s  from r a d a r  echo d a t a  and in fe r r ed  he igh t s  from synopt ic  

s c a l e  thermodynamic sounding d a t a .  

From t h e s e  l a t t e r  d a t a ,  r i n g  cloud occurrence i s  c o r r e l a t e d  with 

a  surface-based -60 mb t h i c k  d r y  a d i a b a t i c  l apse  r a t e  l a y e r  which is 

r e l a t i v e l y  mois t ,  a  r e l a t i v e l y  s t a b l e  l aye r  i n  t h e  lower o r  middle 

l e v e l s  ( loca ted  h igher  toward t h e  equator)  with cons iderable  dry ing  

a t  and above t h i s  l a y e r ,  and a  gene ra l ly  moist a d i a b a t i c  l a p s e  r a t e  a t  

o t h e r  than these  discussed l e v e l s .  An atmosphere t h a t  i s  coo le r  than 



t h e  sea  su r f ace  j u s t  below i t ,  i . e . ,  upward hea t  f l u x ,  p r e v a i l s  dur ing  

r i n g  cloud occurrences.  

Winds i n  t h e  v i c i n i t y  of  r i n g s  a r e  on t h e  o rde r  o f  5 t o  10 m/sec 

with a  small  v e r t i c a l  shea r  o f  - <5 m/sec between su r f ace  and 500 mb. 

Horizontal  e a s t e r l y  wind shea r s  from south  t o  nor th  a r e  on t h e  o rde r  of 

5 m/sec over  200 km, cyc lonic  a t  low l e v e l s  (implying f r i c t i o n a l  

convergence and CISK) and an t i cyc lon ic  a t  high l e v e l s .  Ring cloud v i -  

c i n i t y  wind f i e l d  dynamics r evea l  t h e  presence o f  low l e v e l  convergence, 

upward motion and small cyc lonic  r e l a t i v e  v o r t i c i t y ,  while  i n  t h e  mid- 

d l e  t o  some h igher  l e v e l s  divergence,  downward motion and an t i cyc lon ic  

v o r t i c i t y  prevAi ls .  From t h e  above it i s  seen t h a t  a  s i g n i f i c a n t  cor-  

r e l a t i o n  e x i s t s  between t h e  observed wind f i e l d  and c a l c u l a t e d  dynamics 

with regard  t o  ho r i zon ta l  wind shea r s  and c o r r e l a t i o n  a l s o  e x i s t s  be- 

tween t h e s e  dynamics and t h e  thermodynamic s t r u c t u r e  i n  regard  t o  mo i s t ,  

uns t ab le  and dry ,  s t a b l e  l aye r  occurrence and l o c a t i o n .  

In  comparison with t h e  BOMEX Phase I V  several-weeks-period mean 

about t h e  "honeycomb" r i n g  cloud p a t t e r n  occurrence day and i n  t h a t  

same a r e a ,  t h e  r i n g  occurrence day thermodynamics show cons iderable  

s i m i l a r i t y  t o  t h e  mean thermodynamics with upward hea t  f l u x  a l s o  pre-  

v a l e n t  i n  t h e  mean. The r i n g  occurrence day and mean wind p r o f i l e s  

a r e  a l s o  s i m i l a r ,  while  t h e  mean dynamics show g e n e r a . 1 1 ~  convergent ,  

upward motion, and an t i cyc lon ic  v o r t i c i t y  cond i t i ons  preva len t  a t  a l l  

l e v e l s  ( t o  300 mb), d i f f e r i n g  cons iderably  from t h e  r i n g  occurrence 

r e l a t e d  cond i t i ons  i n  t h a t  reg ion .  Atmospheric dynamics t hus  appear  

t o  govern i n  a  l a r g e  measure t h e  occurrence of  cloud r i n g  s t r u c t u r e s .  

From t h e  mean t r o p i c a l  atmosphere comparisons t h e  cloud r i n g  occur- 

rence  cond i t i ons  l i e  in te rmedia te  between those  a s soc i a t ed  with d i s tu rbed  



and undisturbed weather s i t u a t i o n s .  I t  i s  noted he re  t h a t  t h e  major 

po r t ion  o f  t h e  wind f i e l d  and dynamic f ind ings  presented here  i s  based 

on t h e  BOMEX Phase IV r i n g  cloud s tudy.  Also o f  importance i s  t h e  f a c t  

t h a t  t h e  r i n g  cloud occurrence condi t ions  a r e  not  equal t o  t hose  i n  

t h e  mean ( s t a t i s t i c a l )  o r  e l s e  t h e s e  p a t t e r n s  would be  p re sen t  e i t h e r  

much l e s s  f r equen t ly  o r  much more f r equen t ly  than a c t u a l l y  observed. 

4 . 2  Cloud Ring Model Hypotheses 

I t  i s  ve ry  important t o  understand, i n  regard t o  t h e  cloud r i n g  

system d e s c r i p t i o n  presented  i n  t h e  above summary, t h a t  t h e  p i c t u r e  o f  

t h e  system presented by t h e  combination o f  condi t ions  a t t end ing  cloud 

r i n g  occurrence i s  t h e  r e s u l t a n t  of  t h e  i n t e r a c t i o n s  o f  a l l  t h e  atmos- 

phe r i c  processes  opera t ing  dur ing  cloud r i n g  s t r u c t u r e  occurrence.  

In  o t h e r  words t h e  meteorological cond i t i ons  noted accompanying cloud 

r i n g  occurrencz r ep re sen t  t h e  s teady  s t a t e  and no t  n e c e s s a r i l y  causes 

of  formation.  

A hypo the t i ca l  r e s u l t a n t  condi t ions  model o f  cloud r i n g s  o r  "open 

c e l l  convection" fo l lows  from t h e  cloud r i n g  occurrence d e s c r i p t i o n s  

presented  i n  t h i s  paper .  From t h e  observed phys ica l  form of t h e  cloud 

r i n g  s t r u c t u r e  it q u a l i t a t i v e l y  and n e c e s s a r i l y  fol lows t h a t  upward 

flow is  occurr ing  where t h e  convect ive clouds appear forming t h e  r i n g  

wall  and subsidence (or  a t  l e a s t  non-upward motion) i s  occurr ing  i n  

t h e  r i n g  c e n t e r  r e s u l t i n g  i n  t h e  c l e a r  a r e a  t h c r c .  In  regard  t o  t h e  

"honeycomb" p a t t e r n  of m u l t i p l e  r i n g  occurrence,  it i s  considered 

t h a t  an  i n v i s i b l e  atmospheric c i r c u l a t i o n  p a t t e r n  e x i s t s  forming a 

"mold" i n  which t h e  upward and downward motions a r e  de l inea t ed  and cloud 



wal l s  and c l e a r  a r e a s ,  r e s p e c t i v e l y ,  a r e  t h e  v i s i b l e  r e s u l t s  of t h e  

molded c i r c u l a t i o n  p a t t e r n .  'This "mold" forms i n  response t o  some 

favorable  condi t ions  and t h e  disappearance of  t h e  v i s i b l e  p a t t e r n  

marks t h e  demise of  t h e  "mold" c i r c u l a t i o n  p a t t e r n  due t o  l o s s  of one 

o r  more of t h e  cond i t i ons  necessary f o r  ' r ing p a t t e r n  maintenance. I t  

is a l s o  important t o  n o t e  t h a t  t h e r e  a r e  necessary and s u f f i c i e n t  con- - 
d i t i o n s  f o r  r i n g  cloud occurrence inherent  i n  t h e  above hypothesis  and 

which a r e  included i n  t h e  fol lowing.  

The model connection between cloud r i n g  occurrence and synoptic  

s c a l e  meteorological  parameter d i s t r i b u t i o n s  i s  a l s o  hypothesized.  

This  d i scuss ion  i s  mainly r e l a t e d  t o  t r o p i c a l  a r e a  cloud r i n g  f i n d i n g s ,  

but  should be b a s i c a l l y  app l i cab le  t o  a l l  cloud r i n g  phenomena. The 

r e l a t i v e l y  moist near -sur face  d r y  a d i a b a t i c  l a p s e  r a t e  l a y e r ,  t h e  up- 

ward f l u x  of  hea t  from t h e  sea  su r f ace ,  and t h e  low l e v e l  convergence 

toge the r  imply p o t e n t i a l  i n s t a b i l i t y  and a t r i g g e r  f o r  i t s  r e l e a s e .  

The presence o f  t h e  moist and uns t ab le  near -sur face  l a y e r ,  heated from 

below, al lows convect ive a c t i v i t y  t o  mainly i n i t i a t e  thermal ly  with only 

very  weak dynamic forc ing  p re sen t ,  a s  exemplified by t h e  shallow and 

r a t h e r  weak low l e v e l  convergence t h a t  i s  observed i n  t h e  v i c i n i t y  o f  

r i n g  c louds .  With t h e  presence i n  t h e  mean o f  t h e  moist uns t ab le  

near -sur face  l a y e r  and warming of t h e  a i r  from t h e  sea  su r f ace  below, 

t h e  low l e v e l  convergence " t r igger"  becomes one c r i t i c a l  f a c t o r  de- 

termining r i n g  cloud occurrence.  Due t o  t h e  mois t ,  thermodynamically b 

uns t ab le  na tu re  o f  t h e  low l eve l  a i r  mass i n  t h e  reg ions  where cloud 

r i n g s  a r e  found, on ly  a r e l a t i v e l y  weak mechanism i s  needed t o  t r i g g e r  

t h e  r e l e a s e  of t h e  p o t e n t i a l  i n s t a b i l i t y  i n  t h i s  a i r  mass a s  well  a s  



br ing  it t o  condensation i n i t i a l l y  by  l i f t i n g  t o  t h e  r e l a t i v e l y  low 

cloud base l e v e l  o f  -920 mb. 

In  regard t o  t h e  cloud r ing -a i r+sea  i n t e r f a c e  hea t  f l u x  r e l a t i o n -  

s h i p ,  a r e c e n t  review o f  mesoscale c e l l u l a r  convection by Agee e t  a l .  

(1973) p re sen t s  t h e  important r e s u l t  o f  a s a t e l l i t e  cloud p i c t u r c  sur -  

vey t h a t  open c e l l  convection (cloud r i n g s )  occurs  predominantly i n  

t h e  western reg ions  o f  oceans ( eas t  of con t inen t s )  where r e l a t i v e l y  

warm c u r r e n t s  a r e  present  with consequent ocean-to-atmosphere hea t  

f l u x .  This  r e s u l t  agrees  with t h e  cloud r i n g  f ind ings  d iscussed  i n  

t h i s  paper .  Closed c e l l s ,  on t h e  o t h e r  hand, a r e  found t o  be favored 

i n  t h e  e a s t e r n  reg ions  of oceans (west o f  con t inen t s )  where r e l a t i v e l y  

co ld  c u r r e n t s  p r e v a i l  and t h e r e  i s  no s i g n i f i c a n t  upward hea t  f l u x .  

Thus a l l  f i nd ings  t o  t h e  present  i n d i c a t e  t h a t  upward hea t  f l u x  from 

t h e  ocean su r f ace  i s  a very  necessary  condi t ion  f o r  cloud r i n g  occurrence.  

A s  is a l s o  observed, cloud r i n g s  a r e  - not  favored i n  reg ions  of 

deep convergence with i t s  accompanying upward v e r t i c a l  motion f i e l d ,  

gene ra l ly  a s soc i a t ed  with d i s tu rbed  weather s i t u a t i o n s .  Rings - a r e  

favored i n  r e l a t i v e l y  undisturbed weather an t i cyc lon ic  r eg ions  o f  mid- 

d l e  l eve l  divergence and subsident  motion, r e s u l t i n g  i n  t h e  observed 

s t a b l e  temperature l apse  l aye r  occurrence i n  t h e  middle o r  lower middle 

l e v e l s  a s  wel l  a s  t h e  subsidence-caused dry ing  a t  and above t h e  s t a b l e  

l a y e r s .  The subs ident  v e r t i c a l  motion is  a " l id"  mechanism which con- 

t a i n s  t h e  v e r t i c a l  c i r c u l a t i o n  wi th in  a def ined  l a y e r ,  a s  wel l  a s  a l lows 

t h e  thermal s t r u c t u r e  near  t h e  s u r f a c e  t o  be  maintained.  With deep 

convergence and upward motion t o  high l e v e l s ,  t h e  c i r c u l a t i o n  covers 

l a r g e r  ho r i zon ta l  a r e a s  with s t rong  inflow from thesc  a r e a s ,  negat ing 

t h e  organized mesoscale up-down c i r c u l a t i o n  of t h e  cloud r i n g  patter11 



and r e s u l t i n g  in s t ead  i n  a  l a r g e  d i s tu rbzd  weather reg ion  such a s  a  

cloud c lus t .e r  . 

That t h e  s t a b l e  l a y e r  " l id"  a s soc i a t ed  with an t i cyc lon ic  subs i -  

dence i s  an importnnt f a c t o r  i n  r i n g  occurrence is shown by t h e  ob- 

served lower r i n g  :loud he igh t s  i n  t h e  middle l a t i t u d e s  where t h e  in -  

ve r s ion  i s  loca ted  a t  a lower l eve l  than it i s  i n  t h e  t r o p i c s .  Tn 

both reg ions  t h e  r i n g  clcud tops  arc  observed t o  be c o r r e l a t e d  with t h e  

dry ing  a l o f t ,  growth o f  t h e  clouds i n t o  t h e  d ry  layer  being i n h i b i t e d  

by evapora t ive  and detrainment processes  along with t h e  s t a b i l i z a t i o n  

which i s  o f t e n  not  excess ive .  I n  regard t o  t h i s  l a t t e r  p o i n t ,  r ad i a -  

t i v e  processes  a r e  a l s o  p re sen t  with i n f r a r e d  energy n e t  outward f l u x  

a t  t h e  l e v e l s  of  t ~ e  subsidence and dry ing ,  implying r a d i a t i v e  cool ing  

of  r e l a t i v e l y  l a r g e  magnitude t h e r e  and thus  p a r t i a l  c a n c e l l a t i o n  of  

t h e  s t a b i l i z i n g  e f f e c t  o f  t h e  subsident  warming. 

And t h e  f i n a l  f a c t o r  i n  t h e  cloud r i n g  model i s  t h e  small  v e r t i -  

c a l  shear  o f  t h e  ho r i zon ta l  wind which al lows t h e  r e l a t i v e l y  slow 

v e r t i c a l  c i r c u l a t i o n  p a t t e r n  t o  bc maintained i n  t h e  v e r t i c a l  without 

being t o r n  a p a r t ,  t i l t e d  excess ive ly  from t h e  v e r t i c a l ,  o r  exces s ive ly  

v e n t i l a t e d  by environmental a i r  r e s u l t i n g  i n  e l imina t ion  o f  t h e  r i n g  

cloud wall  l o c a l  concent ra t ions  of hea t ing  and moisture.  Associated 

wi th  t h i s  f a c t o r  i s  t h e  o v e r a l l  r a t h e r  l i g h t  wind speed which is an 

expected occurrence i n  r e l a t i v e l y  undisturbed weather s i t u a t i o n s .  

Strong winds a r e  gene ra l ly  a s soc i a t ed  with a  d i s tu rbed  weather s i t u a -  

t i o n  of  some kind. 

In  regard t o  t h e  low l e v e l  convergence and h igher  l e v e l s  d ive r -  

gence wi th  subs ident  motion t h e r e  and t h e  small  v e r t i c a l  shca r  o f  t h e  

ho r i zon ta l  wind preva len t  i n  r i n g  cloud occurrence a r e a s ,  comparison 



with Williams' (1970) and o the r  inves t iga to r s '  cloud c l u s t e r  and c l e a r  

a rea  meteorological condi t ions  ind ica te s  t h a t  t h e  cloud r i n g  associa ted  

condi t ions  l i e  in termedia te  between cloud c l u s t e r  d i s tu rbed  weather and 

c l e a r  a r e a  undisturbed weather s i t u a t i o n s .  Thus t h e  r i n g  clouds pos- 

s i b l y  represent  a  phase i n  a  t r a n s i t i o n  from c l e a r  weather t o  d i s tu rbed  

weather occurrence. Fur ther  t h e r e  i s  noted a  l e s s  organized and/or 

s h o r t  l i v e d  r i n g  cloud p a t t e r n  ( s ing le  occurrence f requent ly)  when a  

model parameter o r  two a r e  marginal o r  when a  s i n g l e  parameter va lue  i s  

s u f f i c i e n t  t o  compensate f o r  t h e  near  absence of  some o the r  necessary 

parameter configurat ion.  In general  t he  cloud r i n g  model thermodynamics 

a r e  those  near  t h e  average f o r  t h e  a r e a ,  but t h e  dynamics show consider-  

a b l e  d i f f e r e n c e  between cloud r i n g  occurrence and mean condi t ions .  

This  seems t o  i n d i c a t e  t h a t  t h e  dynamics a r e  gene ra l ly  t h e  c r i t i c a l  

f a c t o r  i n  determining whether o r  not  cloud r i n g  p a t t e r n s  w i l l  occur. 

The r i n g  and non-ring region  meteorological parameter comparisons f o r  

t h e  J u l y  18 case  s tudy day a l s o  gene ra l ly  demonstrate t h e  v a l i d i t y  of  

t h e  above conclusion.  

In  a l l ,  then, t h e  model of t h e  cloud r i n g  i s  t h a t  o f  a  c i r c u l a t i o n  

p a t t e r n  d e l i c a t e l y  balanced, favored by l i g h t  wind and small v e r t i c a l  

shear  cond i t i cns ,  weak wind dynamics f i e l d s  (low l e v e l  convergence) 

associa ted  with r e l a t i v e l y  undisturbed weather s i t u a t i o n s  and contain-  

ment of t h e  r i n g  p a t t e r n  c i r c u l a t i o n  wi th in  a  l imi t ed  v e r t i c a l  ex ten t  

of t h e  atmosphere based a t  t h e  sur face ,  with moist ,  uns tab le  condi- 

t i o n s  a t  and near  t h e  ocean surface  which is  i n  t u r n  hea t ing  t h e  

boundary atmosphere. S igni f icant  dev ia t ion  from t h e s e  model condi- 

t i o n s  r e s u l t s  i n  des t ruc t ion  of t h e  d e l i c a t e  balance needed t o  main- 

t a i n  t h e  cloud r i n g  p a t t e r n  c i r c u l a t i o n .  



5.0 CONCLUSIONS 

. To conclude this discussion of cloud ring (open cell) convection 

systems, the present understanding of these systems is summarized in 

Table 5. This summary displays the understanding in terms of three 

categories: (1) Confident; (2) Preliminary; and (3) Unknown. The 

Confident category includes ring system findings that are based on a 

number of investigati.ons and which show significant agreement in these 

studies. Findings which are based generally on a single case study or 

are only initially observed but not specifically investigated at pre- 

sent are included in the Preliminary knowledge category. Knowledge de- 

sired about the ring systems which is not at present available is in- 

cluded in the Do Not Know category. Table 6 presents a summary of 

the similarities and differences between tropical and mid-latitude 

cloud rings. In the instances where data are not available for both 

types of rings, comparisons cannot be made. 

The information contained in the Confidently and Preliminarily 

known columns of Table 5 is a general summary of the findings in the 

investigation of cloud ring phenomena discussed in this paper, more 

specifically derailed in the previous sections. The major portion 

of ring cloud thermodynamic and dynamic information is based on fixed 

ship station synoptic scale data and this ipformation is so indicated 

in the table. The major portion of cloud ring physical description 

information is obtained from satellite and weather radar observation 

data. Findings based on tropical region 'investigafion only are also 

indicated. It is considered here that the investigation of more ring 
. . ,  ' .  . . .  . . 

cloud pat tern occurrences, especi a1 1 y on the BOMEX days, will provide 



TABLE 5 CLOUD RING SYS7Ef.l: PRESEhT UNUERSTAh'DIKC 

. K N O W  WITH CONFIDENCE KNOW PRELIWIKARILY DO XOT KXOV 

Convective cloud ring pattern (cloud wall, hltiple ring occurrences (honeycomb pattern) Characteristics, especially magnitude, 
clear center) exists (well-defined) for a are of longer duration than single isolated on the ring cloud pattern mesoscale 
significant period of time. occurrences. of themodynamics, dycamics, and 

circulations. 
Sense of ring pattern circulation: up- Occurrence in relatively undisturbed wea- 
ward motion in cloud wall, downward mo- ther regions (anticyclonic). (S) Energy transfer and conversion pro- 
tion in clear center area. cesses in and around ring patterns. 

Pattern exists during nighttime hours. (T) 
Multiple (honeycomb) and single ring precipitation characteristics of 
occurrences. Brief occurrence over tropical land areas. ring 

Occurence in tropical and middle lati- 
tude ocean regions in various seasons. 

Hoist, unstable lapse rate in lowest 
levels with middle level stable layer 
and considerable drying above it. (S) 

Temperature gradient related sea sur- 
face-to-atmosphere heat flux, (S) 

Ring cloud heights positively cor- 

Occur predominantly on west sides of oceans. 

Relatlve dryness in rlng center compdred 
to exterior reglons indicative of subsi- 
dent motion in center. (T) 

Cyclonic shear of the horizontal wind in 
the low levels with anticyclonic shear of 
that uind in the high levels. (S,T) 

blovenent with the mean wind in the cloud 
related with synoptic scale middle to depth la).er. (S,T) 
low level st$le layer height. 

Low level convergence and upward motion 
Small vertical shear of the horizon- with middle t'l highcr level divergence 
tal wind. (S) and subsident mtion. (S,T) 

Moist adiabatic lapse rate in the mean General cyclonic relative vort~city, 
to the tropopausc, (S,T) mall in low levels. (S,T) 

In comparable (data available) 
respects BOiWX July 18, 1969 and 
other investigated ring patterns 
are significantly similar. 

Crltlcal parazeters and their nagni- 
tudes for rin: cloud fornation and 
exis:cnce. 

If ring circul~tion pattern is of 
local or advectlve origin. 

If and whcre there are favored regions 
of formation and if and when there 
are favored tines ci forzation and 
occurrence. 

>ladel of stnospheric r i ~ g  c:ourl 
pattern origin. 

Interaction betheen ring pattern 
mesoscalc and szalier cun~lus scale 
and larger synopt~c 5cale processes. 

KO unique tcci;>era:ure profile in upper 
trouosi)here. isothernsl to inversion (S) Synoptic scale findings 

. a  , 
lapse rate above tropopsuse into 
stratosphere. (S.T) (T) Tropical region findings 

Thermodynamic conditions,cn occurrence 
days very similar to mean conditions.(S,Tj 

Dynnmic conditions on occurrence days 
differ significantly from mean conditions. 
(S,T) 



TABLE 6 COWMISON Ah" CONTRAST OF 
TROPICAL AND MID-LATITUDE CONVECTIVE 

CLCWD RINGS 

Roughiy c i r c u l a r  convective clcud wall surrounding 
a  c l e a r  c e n t e r ;  cloud wall cumulus elements growing 
and decaying. 

SIF.iIL.4RITIES 

Piag p a t t e r n  reea ins  defined over s i g n i f i c a n t  t i ~ e  
i n t e r v a l s .  

DIFFERENCES 

Occurence favored i n  undisturbed weather reg ions .  

Moist and r e l a t i v e l y  uns tab le  boundary !ayer capped 
by middle l e v e l  s t a b l e  izyer  with marked dryness .  

Ring cloud and s t a b l e  l ayer  he igh ts  p o s i t i v e l y  cor-  
r e l a t e d .  

Occur i n . r e g i o n s  of  cooler  a i r  over1yir.g warm ocean 
with consequent sea  surface-,atmosphere s e n s i b l e  
hea t  f l u x .  

Mean Diameters : (T) 60+80 km, (ML) 50 km. 

. Mean Cloud Height: (Tj 6 4  Lm, (ML) <4 km. 

S m l l  v e r t i c a l  shear  of  t h e  horizontal  wind preva len t ,  
~ 5 m / s e c .  between 1OOO mb and 500 inb. - 
Single  and mul t ip le  r i n g  occurrences. 

Diameter-Height Rat io:  (T) 10:1, (ML) 3 0 : l .  

Cloud Wall Width: (T) 15 km, (ML) 25 km. 

Stab le  l ayer  height :  (T) 500 mb+800 s ~ b ,  
(ML) 70Cmb900 mb. 

(T) = Tropical  Findings 
(ML) = Mid-Latitude Findings 



s u f f i c i e n t  information t o  permit s h i f t i n g  t h e  Preliminary knowledge 

over  t o  t h e  Confident category with regard t o  t r o p i c a l  cloud r i n g  oc- 

currences.  Middle and higher  l a t i t u d e  s t u d i e s  w i l l  f i l l  i n  t h e  in fo r -  

mation gap i n  these  regions ,  e s p e c i a l l y  i n  regard t o  dynamics. The 

add i t iona l  inves t iga t ions  w i l l  a l s o  add t o  t h e  confidence i n  t h e  

p resen t ly  accepted f ind ings .  

In add i t ion  t o  providing supplementary information with regard 

t o  t h e  present  and r a t h e r  meager understanding of  convective cloud 

r i n g  systems, t h e  f u r t h e r  inves t iga t ions  can provide d a t a  on t h e  Un- 

known f a c t o r s  r e l a t e d  t o  r i n g  cloud formation and occurrence. The major 

Unknown f a c t o r s  a r e  l i s t e d  i n  t h e  Do Not Know column of  Table 5 .  The 

f i r s t  major need i n  regard t o  the  Unknown cloud r i n g  f a c t o r s  i s  t o  

ob ta in  d a t a  on t h e  space s c a l e  of the  r i n g s  themselves, t h i s  mesoscale 

information t o  include thermodynamic, dynamic and energy measurements 

along with su r face  and atmosphere i n t e r a c t i o n s  including p r e c i p i t a t i o n .  

Only with these  d a t a  ava i l ab le  can t h e  cloud r i n g  p a t t e r n  i t s e l f  be 

thoroughly understood and i t s  i n t e r a c t i o n  with t h e  atmosphere a s  a 

whole be deduced. The p r e c i p i t a t i o n  information (radar  methods?) 

would be most usefu l  f o r  use i n  i n f e r r i n g  energy t r anspor t  and conver- 

s ion  where t h e  f l u x  type measurements may be d i f f i c u l t .  

Another major Unknown i s  whether t h e  r i n g  c i r c u l a t i o n  p a t t e r n  

moves i n t o  an a rea  from another a rea  of formation a s i g n i f i c a n t  d i s t ance  

away o r  whether it forms i n  a given a rea  by v i r t u e  of  t h e  coming togeth-  

e r  of  t h e  necessary and s u f f i c i e n t  condit ions f o r  formation and occur- 

rence i n  t h a t  a rea  a t  a given time. This  l a t t e r  aspect  has an analogy 

i n  t h e  incept ion  of  severe storms i n  the  middle l a t i t u d e s  where such 



f a c t o r s  a s  low l eve l  moisture,  middle l e v e l  d r y  l i n e  and upper l e v e l  

j e t  co inc ide  i n  a  given manner t o  i n i t i a t e  t h e  tornado o r  o t h e r  severe  

weather phenomena i n  t h e  given a rea  and a t  t h e  given time of necessary 

and s u f f i c i e n t  condi t ion  coincidence.  In  regard t o  t h e  l o c a l  o r  advec- 

t i v e  n a t u r e  of r i n g  cloud p a t t e r n s ,  e s p e c i a l l y  t h e  t r o p i c a l  ones,  

t h e r e  i s  specu la t ion  t h a t  some t r o p i c a l  e a s t e r l y  d i s tu rbances  may t r a -  

v e l  cons iderable  d i s t a n c e s ,  from t h e  Indian Ocean o r  Afr ica  land mass 

i n t o  and a c r o s s  t h e  A t l a n t i c  Ocean and even i n t o  and ac ros s  t h e  P a c i f i c  

Ocean and f u r t h e r  even circumnavigate t h e  world i n  t h e  e a s t e r l y  flow. 

The above would al low f o r  t h e  p o s s i b i l i t y :  (1) o f  t h e  cloud r i n g  a s -  

soc i a t ed  c i r c u l a t i o n  p a t t e r n s  t r a v e l l i n g  over  s i g n i f i c a n t  d i s t a n c e s  

from remote formation a reas  such a s  Afr ica  i n  t h e  case  of t h e  BOMEX 

r i n g  occurrence;  o r  (2)  t h a t  c e r t a i n  o f  t h e  cloud r i n g  a s soc i a t ed  

parameters a r e  advected i n t o  a  given favorable  reg ion  from a d i s t a n c e  

r e s u l t i n g  i n  cloud r i n g  c i r c u l a t i o n  i n i t i a t i o n .  Thus t h e r e  i s  t h e  g r e a t  

need t o  determine t h e  c r i t i c a l  f a c t o r s  i n  cloud r i n g  formation and ex i s -  

t ence  i n  order  t o  subsequently d iscover  where t h e  va r ious  parameters 

o r i g i n a l l y  a r e  p re sen t  and how they  i n t e r a c t  i n  r i n g  system formation 

and perpe tua t ion .  A t  p resent  t h e  a u t h o r ' s  specu la t ion  is  t h a t  t h e  

cloud r i n g  p a t t e r n  i s  of a l o c a l  na tu re ,  poss ib ly  with some advected 

p r o p e r t i e s ,  due t o  t h e  r a t h e r  d e l i c a t e  n a t u r e  of t h e  p a t t e r n  organiza-  

t i o n .  Fur ther  i n  regard t o  formation and occurrence o f  r i n g  cloud 

p a t t e r n s ,  t h e r e  i s  t h e  ques t ion  of whether o r  no t  t h e r e  a r e  favored 

reg ions  ( a f f i rma t ive  according t o  Agee e t  a l . ,  1973) and/or t imes 

o f  formation and occurrence,  which if t h e r e  a r e  would add t o  t h e  know- 

ledge o f  c r i t i c a l  formation and ex i s t ence  f a c t o r s .  



Combining t h e  r e s u l t s  o f  the  above discussed needed inves t iga t ions  

when they becoae a v a i l a b l e  w i l l  lead t o  t h e  eventual formulation of  

a b a s i c a l l y  complete model of open c e l l u l a r  convection systems. This  

" p o r t r a i t t 1  w i l l  include t h e  na tu re  and magnitude of  r i n g  cloud system 

i n t e r a c t i o n  with the  atmosphere a s  a whole and w i l l  provide knowledge 

of t h e  cloud r i n g  p a t t e r n  mesoscale c i r c u l a t i o n ' s  r o l e  i n  t h e  h i e r -  

archy of atmospheric s c a l e s  of  motion i n  t h e  t r anspor t  of  energy and 

momentum. From t h i s  knowledge follows t h e  a b i l i t y  t o  include,  by some 

appropr i a t e  method such a s  parameterizat ion,  t h e  cloud r i n g  systems 

i n  t h e  numerical models of var ious  kinds,  d i agnos t i c  o r  prognost ic ,  

genera l  c i r c u l a t i o n  o r  ene rge t i c s .  (These above form t h e  u l t ima te  

goal  of  t h i s  inves t iga t ion  of  cloud r i n g  systems a s  s t a t e d  i n  t h e  

In t roduct ion  t o  t h i s  paper) .  And f u r t h e r ,  only when t h e  sum t o t a l  

of atmospheric ?recesses i s  accounted f o r  a s  accura te ly  a s  poss ib le  

i n  t h e  numerical and o the r  models w i l l  t h e  output  of  those  models 

accura te ly  represent  t h e  r e a l  atmosphere. In a l l ,  t h i s  and f u t u r e  

inves t iga t ions  w i l l  l ead  t o  a b e t t e r  understanding of t h e  na tu re  of  

these  most i n t e r e s t i n g  and in t r igu ing  doughnuts i n  Nature 's  teacup.  
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APPENDIX A 

ATS I11 CAMERA SYSTEM TECHNICAL ASPECTS AND DATA PROCESSING 

I .  Analog t o  D i g i t a l  Data Conversion and Use 

The p repa ra t ion  of t h e  d i g i t a l  d a t a  t apes  (used i n  t h i s  s tudy)  

from t h e  analog d a t a  t apes  was done a t  t h e  Un ive r s i t y  o f  Wisconsin 

and u t i l i z e d  a  l i n e a r  conversion between t h e  analog d a t a  vo l t age  out -  

p u t s  of  t h e  camera-data s i g n a l  t ransmiss ion  system and a  s e t  o f  d i g i t s  

r ep re sen t ing  those  vo l t age  ou tpu t s .  

The conversion was such t h a t  a  500 m i l l i v o l t  ou tput  was assigned 

a  d i g i t a l  va lue  of  255 and o t h e r  ou tputs  lower than  t h i s  were given 

d i g i t a l  va lues  i n  t h e  r a t i o  of t h e s e  two numbers. The 500 mv output  

(255 d i g i t a l  count)  was considered t h e  h ighes t  va lue  t h a t  would be 

l i k e l y  t o  r e s u l t  from measuring cloud r e f l e c t e d  energy. This  a spec t  

i s  connected with t h e  f a c t  t h a t  t h e  ATS 111 MSSC system has t h e  pro- 

v i s i o n  f o r  system v o l t a g e  gain s e t t i n g  changes t o  al low f o r  measurement 

of a  wide range of  e a r t h  s u r f a c e  and cloud r e f l e c t i v i t i e s .  The v a r i -  

a b l e  s e t t i n g s  al low compensation f o r  ve ry  b r i g h t  r e f l e c t o r s  t o  pre-  

vent  system s a t u r a t i o n  and l i m i t  d i g i t a l  va lues  t o  255 a t  500 mv 

system ou tpu t .  Fur ther  t h e  v a r i a b l e  s e t t i n g s  al low f o r  va r ious  out -  

pu t  vo l t age  va lues  and corresponding d i g i t a l  va lues  t o  r ep re sen t  t h e  

same r e f l e c t e d  energy i n p u t .  This  po in t  must be kept i n  nind when 

us ing  ATS d i g i t a l  d a t a  i n  ana lyses ,  e s p e c i a l l y  comparative s t u d i e s .  
.?  

With t h e  d i g i t a l  da t a  magnetic t apes  a v a i l a b l e  and a l s o  gr idded 

with r e spec t  t o  l a t i t u d e  and longi tude ,  computer input  of  t h e s e  w i l l  

r e s u l t  i n  a p r i n t e d  a r r a y  o f  numbers from 1 t o  255 r ep resen t ing  t h e  



various magnitudes of energy r e f l e c t e d  from surfaces  a t  o r  near e a r t h .  

A map is  thus obtained of the  br ight  and dark areas ,  a s  i n  the  photo- 

graphs, but  i n  lmch more d e t a i l  and i n  which l a r g e  d i g i t a l  values 

represent  b r igh t  o r  highly r e f l e c t i v e  areas  and small d i g i t a l  values 

represent  dark o r  s l i g h t l y  r e f l e c t i v e  a reas .  I t  must be remembered 

t h a t  f o r  t h e  major por t ion  o f  t h e  ATS I11 s a t e l l i t e  l i f e t ime ,  including 

J u l y  18, 1969, t h e  re f l ec ted  energy measured is  comprised of only t h e  

"green channel" por t ion  of the  s o l a r  spectrum. Also t h e  ATS I11 

ground reso lu t ion  is  - 2  nau t i ca l  miles while the  d i g i t a l  da ta  resolu- 

t i o n  is  - 3  naut ica l  miles. Further i n  Peekna e t  a l .  (1970) i s  d i s -  

cussed t h e  ATS I11 MSSC aspect of non-uniform response across i t s  f i e l d  

of view. Only r e f l e c t i v e  elements of 10 n.m. diameter o r  more a r e  

well represented i n  t h e  p ic tu re  and d i g i t a l  da ta ;  smaller elements 

a r e  general ly not c o r r e c t l y  displayed. 



11. ATS I11 D i g i t a l  Data Normalization Procedure 

In  o rde r  t o  compare space-time span ATS 111 (o r  o t h e r  s a t e l l i t e )  

c loud p i c t u r e  d a t a  with r e spec t  t o  on ly  c loud ,  ocean and land s u r f a c e  

d i f f e r e n c e s  themselves,  two f a c t o r s  r e l a t e d  t o  t h e  camera system and 

r e f l e c t e d  energy input  must be  considered and compensated f o r .  The 

f i r s t  f a c t o r  i s  t h e  v a r i a b l e  vo l t age  ga in  s e t t i n g  provis ion  i n  t h e  

ATS I11 MSCC c3mera and grqund r e c e i v e r  system. This  p rov i s ion  al lows 

f o r  measurement o f  a  wide range o f  r e f l e c t e d  energy magnitudes o r  r e -  

f l e c t i v e  element b r igh tnes ses  without s a t u r a t i o n  o f  t h e  system occurr ing .  

The v a r i a b l e  ga in  f a c t o r  l eads  t o  ambiguity i n  t h e  a c t u a l  r e f l e c t i v i t y  

t h a t  i s  being represented  by a given d i g i t a l  d a t a  va lue .  This  f a c t o r  

is  important  i n  s t u d i e s  o f  both a c t u a l  and r e l a t i v e  r e f l e c t e d  energy; 

t h e  l a t t e r  is  t h e  n a t u r e  of t h e  r i n g  cloud s tudy  presented  i n  t h i s  

paper.  Thus some common re fe rence  b a s i s  must be  found t o  enable 

q u a n t i t a t i v e  and comparative r e f l e c t e d  energy s t u d i e s  t o  be accom- 

p l i shed .  The pre-launch c a l i b r a t i o n  r e fe rence  s t a t e  o f  t h e  ATS I11 

camera system provides a  very  s a t i s f a c t o r y  common re fe rence  b a s i s  f o r  

any d e s i r e d  s t u d i e s .  Reference t o  t h e  c a l i b r a t i o n  state i s  necessary  

on ly  f o r  q u a n t i t a t i v e  r e f l e c t e d  energy s t u d i e s .  Any common ga in  s t a t e  

of a  s e t  o f  ATS I11 p i c t u r e s  al lows f o r  r e l a t i v e  r e f l e c t e d  energy 

comparison o f  a l l  such d a t a .  

The method f o r  accomplishing t h e  vo l t age  ga in  p o r t i o n  o f  t h e  

"normalization" c o n s i s t s  of  f i nd ing  t h e  d i g i t a l  va lue  which a  given 

r e f l e c t i v e  e lement ' s  b r igh tnes s  would be  represented  by when t h e  

measurement of  i t s  r e f l e c t e d  energy i s  made i n  a  r e f e rence  vo l t age  

ga in  s t a t e .  Mathematically t h i s  r e f e rence  s t a t e  d i g i t a l  va lue  D 

i s  given by: 



where D' i s  t h e  given d i g i t a l  br ightness  va lue  and GSIC and G 
g 

a r e  t h e  spacecraf t  camera system and ground rece ive r  system vo l t age  

ga ins ,  r e spec t ive ly .  Voltage gain i s  defined a s  t h e  r a t i o  of t h e  given 

vol tage  i n  a system component during a p ic ture- taking  period t o  t h e  

reference  s t a t e  vo l t age  i n  t h a t  component. For a l l  p i c t u r e s  being 

considered t h e  quan t i ty  i n  brackets  i n  E q .  [A-11 i s  ca lcu la t ed  f o r  

each p i c t u r e  and t h e  given d i g i t a l  values i n  t h a t  p i c t u r e  a r e  mult i -  

p l i e d  by t h a t  quan t i ty  t o  y ie ld  t h e  reference s t a t e  p i c t u r e .  A l l  

p i c t u r e s  so t r e a t e d  a r e  then comparable with r e spec t  t o  t h e  camera- 

t ransmission system. But t h e r e  i s  t h e  second f a c t o r  regarding com- 

par ison  which must be considered before t h e  p i c t u r e s  a r e  t r u l y  comparable. 

This  second f a c t o r  a c t u a l l y  c o n s i s t s  of two p a r t s .  Pa r t  1 i s  t h e  

varying r e f l e c t e d  energy from surfaces  due t o  t h e  varying sun-object 

geometry which occurs  over t h e  space and time of t h e  p i c t u r e s .  Thus 

due t o  t h i s  f a c t  and t h e  f a c t  t h a t  t h e  d e s i r e  i s  t o  compare p i c t u r e s  

only with r e spec t  t o  t h e  d i f f e rences  i n  t h e  r e f l e c t i v e  su r faces  them- 

se lves ,  a l l  p i c t u r e s  must be referenced t o  a common s e t  of space-time 

condit ions.  This "geometryn normalizat ion i s  based on a d iscuss ion  

contained i n  a paper by Sikula and Vonder Haar (1972) where another  

s tudy was done over space and time, presenting t h e  need f o r  a common 

reference  f o r  t h e  d i g i t a l  da ta  in  order  t o  make v a l i d  p i c t u r e  compari- 

sons. However, Pa r t  2 of t h e  second f a c t o r  e n t e r s  i n t o  t h e  normali- 

za t ion  procedure here  from Sikula and Vonder Haar ls  d iscuss ion .  This 

p a r t  r e l a t e s  t o  t h e  f a c t  t h a t  clouds,  ocean and most r e a l  sur faces  



are not Lambert reflectors and thus there is varying reflected energy 

from these reflectors depending on the sun-object-satellite geometry. 

Thus we must take the position of the satellite (observer) at various 

space-time points into account in the normalization procedure so as 

to complete the reduction of the pictures to a cornmon basis. It is 

important to undersatnd that the basic need for normalization comes 

from the sun-object geometry variations and not from the isotropy- 

anisotropy of reflective surfaces. Even if a surface were an iso- 

tropic reflector, normalization would be necessary in order to com- 

pare the pictures. However in this case the normalization would be 

complete with consideration only of Part 1. Part 2 considerations are 

necessary to complete normalization when surfaces are anisotropic. 

While the normalization procedure used here is a mathematical 

operation, the physical meaning can bc best understood by a simple 

analogy. First measure the reflected radiation from a given cloud or 

ocean element and note the digital value obtained. Then apply the 

chosen normalization conditions to the cloud or ocean element, measure 

the reflected energy, and note this digital value. The ratio of the 

second digital value to the first is the "nornalization" factor which 

references that element to the normalization basis. However in re- 

gard to referring a reflective element of the normalization conditions, 

this is not really possible in actual analysis and the normalization 

reflected energy cannot be obtained for use in the mathematical equa- 

tions. Thus a "reflective model" for clouds and ocean, based on 

Nimbus 3 data and discussed by Sikula and Vonder Haar (1972), is used 

to relate the reflected energies t.o the sun-object-satellite geometry 



ang le s  which a r e  known f o r  both given and normalizat ion r e fe rence  

cond i t i ons .  The r a t i o  procedure would be  repea ted  f o r  a l l  r e f l e c t i v e  

elements o f  i n t e r e s t  and then  a l l  t h e  elements would be  comparable. 

Var i a t ions  i n  d i g i t a l  va lue  would be only  t h e  r e s u l t  o f  element d i f -  

fe rences  themselves.  

The mathematics o f  t h e  ATS 111 d i g i t a l  d a t a  normal iza t ion  proce- 

dure  from SikulaandVonder  Haar (1972) is  based on t h e  fol lowing equa- 

t i o n  r e l a t i n g  d i g i t a l  va lue  output  t o  r e f l e c t e d  r ad iance  inpu t  t o  

t h e  camera: 

where K1 and K2 a r e  cons t an t s ;  K1 is  t h e  vo l t age  output  t o  d i g i t a l  

va lue  conversion f a c t o r  of  255 d i g i t a l  counts  equiva len t  t o  500 mv 

output  and thus  equals  0.51. Note t h a t  t h i s  va lue  i s  cons tan t  f o r  a l l  - 
ATS I11 p i c t u r e s  d i g i t i z e d  a t  t h e  Un ive r s i t y  o f  Wisconsin. K 2  i s  t h e  

f a c t o r  which r e l a t e s  t h e  vo l t age  output  t o  t h e  r e f l e c t e d  rad iance  in-  

put  and t h i s  f a c t o r  inc ludes  t h e  camera system v o l t a g e  g a i n  f a c t o r s  

d i scussed  previous ly  and thus  t h i s  "constant" i s  on ly  a cons tan t  

f o r  a p a r t i c u l a r  p i c t u r e  with i t s  p a r t i c u l a r  ga in  s e t t i n g s  o r  f o r  a l l  

p i c t u r e s  which a r e  a t  a common ga in  s e t t i n g .  The v o l t a g e  output -  

rad iance  input  conversion i s  obtained from t h e  c a l i b r a t i o n  and ga in  

s e t t i n g  d a t a  obtained before t h e  s a t e l l i t e  launch.  Nr is t h e  r e -  

f l e c t e d  rad iance  en te r ing  t h e  camera, which r ad iance  can be r e w r i t t e n  

a s  shown i n  Eq .  [ A - 2 1  . H i.s t h e  s o l a r  cons t an t  f o r  t h e  wavelength 
i 

o r  spectrum band under cons ide ra t ion ,  5 i s  t h e  s o l a r  zen i th  angle ,  

and p i s  t h e  b i - d i r e c t i o n a l  r e f l e c t a n c e  which i s  def ined  a s  t h e  r a t i o  



of reflected radiation in a particular direction to incident radiation 

from a particular direction. Therefore p is the anisotropy descrip- 

tor for the particular reflective element under consideration. Thus 

I 
P and Nr are functions of 5 , the solar zenith angle, 0 ', the 

satellite zenith angle, and IC, , the relative azimuth angle of the 

sun and the satellite. These three angles ( < , 8 # )  are just the de- 

finers of the sun-object-satellite geometry and Fig. A 1  diagrams 

this geometry. Next Eq. A-2  is defined for both the individual given 

cloud or ocean point and normalizati.on reference point by assigning 

the unprimed value equation to the normalization space-time point and 

primed value equation to the given element space-time point. The 

1 atter becomes : 

Then the ratio of Eq. A-2  to E q .  A-3  gives the normalization factor, 

n , for a given cloud or ocean element: 

K 
cos r; = 2 P  -- 

K; p '  cos 5 '  

However since all pictures with various gain settings are reduced to 

a common one or the pictures arc already in that stgte and also since 

the same gain conditions are used at the normalization yoint as in 

the gain-normalized pictures, then K and Ki are equal and thus: 2 



Figure A 1  Sun - Reflective Element - S a t e l l i t e  Geometry (After Sikula 
and Vonder Haar, 1972). 



But since the normalization point bi-directional reflectance for the 

desired cloud or ocean elements cannot be obtained because no observa- 

tions were made of the elements in that normalization state, then the 

ratio of P to 0 '  must be obtained from some equivalent expression. 

This is done by utilizing the Nimbus 3 cloud or ocean "model" presented 

in the normalization discussion by Sikula and Vonder Haar (1972). The 

factors r ( 5 )  and x (5, €I $ ) comprising the model describe the varying 

reflected energy from cloud or ocean reflectors as a function of the 

sun-object-satellite geometry which must usually be taken into account 

in normalization of real reflectors. The directional reflectance, 

r(c) , is given by: 

This is seen to be the total reflectance into the hemisphere from the 

cloud or ocean element at a given solar zenith angle. x is defined by: 

where p , )  is just the directional reflectance from a given 

cloud or ocean element when it is considered an isotropic reflector 

with a constant bi-directional reflectance equal to that from the 

actual surface in some particular directional defined by (<,8&). 

With these quantities in mind the primed and unprimed versions of " 

Eq. A-7 are created and the ratio p / p l  is formed: 



One small s t e p  i s  needed t o  put  E q .  A-8 i n t o  t h e  form f o r  u se  with t h e  

complete r e f l e c t i v e  model. This  i s  en t e r ing  t h e  f a c t o r s  r (5=0)  and 

r l ( c=O)  which a r e  equal because d i r e c t i o n a l  r e f l e c t a n c e ,  when t h e  

sun i s  d i r e c t l y  overhead of  a  r e f l e c t i v e  element, i s  independent of 

where t h a t  elemznt a c t u a l l y  i s  loca t ed  on e a r t h .  The r e s u l t  i s :  

Then from Eqs. A-5 and A-9 t h e  normalizat ion f a c t o r  becomes: 

cos 5 I [A- 101 

which i s  now completely so lub le  s i n c e  t h e  geometries o f  bo th  cloud o r  

ocean element po in t  and normalizat ion po in t  a r e  known, which geometries 

i n  t u r n  determir-e t h e  cloud o r  ocean model va lues  t o  be used. Multi-  

p l i c a t i o n  o f  t h e  r e l a t e d  given d i g i t a l  b r igh tnes s  va lues  and computed 

normalizat ion f a c t o r s  y i e l d s  t h e  normalized and thus  comparable ATS I11 

p i c t u r e s .  

For t h e  BOIVIEX J u l y  18 cloud r i n g  s tudy  t h e  normalizat ion p lace-  

t ime i s  chosen a s  ON l a t i t u d e ,  46W longi tude  a t  l o c a l  noon on J u l y  19. 

This  d a t e  was chosen because o f  i t s  s o l a r  d e c l i n a t i o n  of  20N, which 

def ined  a  p a r t  o f  t h e  s o l a r  geometry. The whole normalizat ion condi- 

t i o n  s e t  was chosen so a s  t o  s imp l i fy  t h e  geometry a s  much a s  poss ib l e  

and t o  a l s o  keep those  condi t ions  somewhat i n  t h e  reg ion  of  t h e  space- 

t ime of  t h e  s tudy .  The usual  s o l a r  e l e v a t i o n  and azimuth equat ions 



a r e  employed and t h e  au thor  has  der ived  t h e  s a t e l l i t e  geometry equa- 

t i o n s  used.  Since t h e  s a t e l l i t e  i s  f ixed  with r e spec t  t o  t h e  e a r t h ,  

t h e  s a t e l l i t e  geometry remains a cons tan t  f o r  any poin t  on e a r t h .  

However s i n c e  ATS I11 i s  occas iona l ly  moved t o  s tudy  va r ious  reg ions ,  

c a r e  must be taken t o  no te  i t s  subpoint  on any p i c t u r e s  used o t h e r  

t han  a given one a s ,  f o r  example, J u l y  18, 1969 when it was loca ted  

a t  ON, 46W. Also t h e  procedure f o r  normalizat ion used he re  i s  t o  

c a l c u l a t e  t h e  normal iza t ion  f a c t o r s  a t  t h e  midpoints o f  lo square  

a r e a s  of t h e  r i n g  s tudy  g r i d s  and cons ider  t h e s e  f a c t o r s  v a l i d  f o r  t h e  

whole lo square .  The c a l c u l a t i o n  of t h e  cloud normalizat ion f a c t o r s  

was accomplished by computer using t h e  cloud model and geometry va lues  

read  i n  by hand. For t h e  ocean normalizat ion t h e  model was incor-  

porated i n t o  t h e  program, while  t h e  geometry was t h e  same a s  be fo re .  

For any f u t u r e  use  o f  t h e  normalizat ion procedure, which w i l l  l i k e l y  

be f o r  o t h e r  days and t imes,  both t h e  model and t h e  s o l a r  and s a t e l -  

l i t e  geometry equat ions  w i l l  be incorporated i n t o  t h e  program (a 

l i t t l e  less work to say  t h e  l e a s t ) .  



APPENDIX B 

RADAR CLOUD HEIGHT DETERMINATION 

I .  Cloud Height Geometry 

The fol lowing desc r ibes  t h e  d e r i v a t i o n  of  an equat ion f o r  apparent 

cloud he ight  from weather r a d a r  cloud echo d a t a .  The equat ion i s  a  gener- 

a l  one g iv ing  t h e  he ight  of  a  point  above i t s  l o c a l  subpoint on e a r t h  

i n  terms of  t h e  d i s t a n c e  of  t h a t  po in t  from another  given poin t  on t h e  

e a r t h  su r f ace  measured along a p lane  tangent  a t  t h a t  l a t t e r  po in t  and 

t h e  ang le  between t h e  tangent  p lane  and t h e  po in t  whose he ight  i s  d e s i r e d .  

For t h i s  d e r i v a t i o n  t h e  e a r t h  i s  assumed t o  be a  sphere.  The general  

equat ion is  s p e c i f i c a l l y  r e l a t e d  i n  t h i s  ca se  t o  t h e  cloud he ight  a s p e c t ,  

where t h e  r a d a r  s i t e  i s  t h e  tangent  p o i n t ,  t h e  ho r i zon ta l  d i s t a n c e  o f  a 

cloud element from t h e  r ada r  s i t e  i s  measured from t h e  s i t e  a long t h e  
\ 

l i n e  tangent  a t  t h e  s i t e ,  and t h e  r ada r  s e t  antenna (beam cen te r )  c l c -  

va t ion  provides t h e  angle  of  t h e  cloud element 's  apparent  t o p  above t h e  

l o c a l  s u r f a c e  p lane .  The angle  of-' i n t e r e s t  is t h a t  a t  which t h e  echo 

d isappears ,  which marks t h e  he ight  point: from t h e  above d i scuss ion  in  

terms of  t h e  cloud t o p .  The geometry f o r  determining cloud he ight  i s  

shown i n  Figur2 B 1  a long with t h e  no ta t ion  used i n  t h e  he ight  equat ion 

d e r i v a t i o n .  

Applying t h e  Law o f  Cosines t o  t r i a n g l e  OXC with r e spec t  t o  angle  

(f3+7~/2) y i e l d s  : 

? 
(RE+h) - = Ki + ( )  - 2 R cos (B+n/Z) 

E 



Figure B1 Radar Cloud Height Geometry 
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Expanding and s impl i fy ing  t h e  above and using t h e  Quadrat ic  Formula 

g ives  for  h : 

h = - R ~  + (R; + GF2 + R ~ E  s i n e )  + 

- 
Next it is  seen t h a t  << RE s i n c e  OC i s  on t h e  o rde r  o f  severa l  

hundred k i lometers  maximum. The square r o o t  term is  rearranged i n t o  

- 
OC/RE terms and t he  Binomial Theorem i s  used,  neg lec t ing  terms of 

&/R; and h igher  o rde r ,  t o  ob ta in :  

Now s i n c e  h i s  d e s i r e d  i n  terms of B and , use  t h e  f a c t  t h a t  

-- 
cos  B = OF/OC t o  ob ta in :  

-- 
Then a l s o  sinB=CF/OC and t a n B = m / m  which y i e l d :  

- 
OC s i n  B = m t a n  B 

2 2 
Using t h e  r e l a t i o n  1 - s in  B=cos B and s u b s t i t u t i n g  Equations B-4 and 

B-5 i n t o  Equation B-3 y i e l d s  t h e  f i n a l  form o f  t h e  heighr equat ion  a s :  

-3 - 
h = OF / 2 R E  + OF t a n  B 



where the tangent term represents that part of the height above the tan- 

gent plane and the other term represents the height portion due to the 

earth curvature away from the radar site tangent point. This equation 

then can be used with any combination of cloud echo disappearance ele- 

vation angles of the antenna and horizontal distances of cloud elements 

from the radar site to obtain apparent cloud heights. The heights are 

apparent since such factors as radar beam spread and beam bounce are or 

may be present. Computer calculation of Equation B-6 is valuable in 

providing tabular height results, which method is used in the BOMEX 

cloud ring study. 



11. Apparent Cloud Height Correc t ion  

The cloud he igh t s  determined a s  descr ibed  i n  t h e  f i r s t  p a r t  of t h i s  

appendix a r e  i n  ques t ion  a s  t o  t h e i r  v a l i d i t y ,  due mainly t o  beam spread 

with d i s t a n c e  which would y i e l d  a  cloud he igh t  i nc rease  with d i s t a n c e  

g r e a t e r  than  t k a t  due t o  e a r t h  cu rva tu re  away from t h e  r a d a r  s i t e .  The 

ex i s t ence  of  such an anomalous he ight  i nc rease  is o f  i n t e r e s t  f o r  t h e  

J u l y  18 r i n g  s tudy ,  but  t h e  method discussed he re  i s  app l i cab le  a t  a l l  

t imes and i n  any a r e a .  The r a d a r  e l eva t ion  sequences a t  13032 and 14332 

on J u l y  18 a r e  used. For t h e s e  two t imes t h e  apparent  he igh t s  o f  a  

t o t a l  o f  105 cloud elements a r e  found us ing  t h e  cloud element echo d i s -  

appearance e l eva t ions  and ho r i zon ta l  d i s t a n c e s  and t h e  computer c a l -  

cu l a t ed  apparent  he ight  t a b l e s .  These apparent  he igh t s  a r e  then  p l o t t e d  

versus  t h e i r  ho r i zon ta l  d i s t a n c e s  a s  shown i n  Figure B2. The 0' (an- 

tenna-beam cen te r )  e l eva t ion  minimum v i s i b l e  cloud he igh t s  a r e  a l s o  

p l o t t e d .  These he igh t s  c o n s t i t u t e  t h e  lower l i m i t  o f  a c t u a l  cloud 

he igh t s  v i s i b l e  a t  given ho r i zon ta l  d i s t a n c e s .  From t h e  graph i t  can  

be seen t h a t  t n e  cloud he igh t s  do indeed inc rease  wi th  d i s t a n c e  from t h e  

r a d a r  s i t e  and a t  a  g r e a t e r  r a t e  than  t h a t  o f  t h e  0' e l eva t ion  minimum 

v i s i b l e  cloud he igh t s .  A c o r r e c t i o n  i s  t h e r e f o r e  needed. This  cor rec-  

t i o n  is  based on t h e  d i f f e r ence  i n  he igh t  i nc rease  r a t e  between t h e  ap- 

pa ren t  cloud he igh t s  and t h e  minimum v i s i b l e  cloud he igh t s .  The ho r i -  

zonta l  d i s t ancc  a x i s  on t h e  graph i s  divided i n t o  fou r  50 nm s e c t i o n s ,  

two b e s t - f i t  s t r a i g h t  l i n e s  a r e  drawn through t h e  p o i n t s  of  t h e  apparent  

he ight  d i s t r i b u t i o n  and four  a r e  drawn through t h e  minimum v i s i b l e  cloud 

he ight  curve corresponding t o  t h e  four  ho r i zon ta l  d i s t a n c e  s e c t i o n s ,  

and i n  t hose  fou r  s e c t i o n s  four  d i f f e r ences  i n  he ight  i nc rease  r a t e  
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xrninimurn cloud height 
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Figure B2 BOMEX J u l y  18 Discoverer Weather Radar Determined Apparent Cloud Heights as a Function of Hori- 
zontal Distance from Radar S i t e  with Minimum Vis ib le  Cloud Height Curve. 



a r e  obta ined .  From t h e s e  d i f f e r ences  four  c o r r e c t i o n s  t o  t h e  apparent  

h e i g h t s  app l i cab le  i n  t h e  r e s p e c t i v e  ho r i zon ta l  d i s t a n c e  s e c t i o n  a r e  ob- 

t a i n e d .  These c o r r e c t i o n s  a r e  then en tered  i n  t h e  cloud he igh t s  compu- 

t e r  program which employed Equation B-6 t o  ob ta in  t h e  apparent  cloud 

he igh t  t a b u l a r  va lues  and t h e  modified program i s  r e run  t o  ob ta in  cor -  

r e c t e d  o r  "true1! cloud he igh t s  i n  t a b u l a r  form i n  terms o f  t h e  same 

echo d i s a p p e a r a x e  e l eva t ions  and ho r i zon ta l  d i s t a n c e s  a s  used before  

t o  o b t a i n  apparent  cloud he igh t s .  The c o r r e c t i o n  program a l s o  took 

i n t o  account t h e  above mentioned lower l i m i t  of "true1'  cloud h e i g h t s .  

The t r u e  he igh t  t a b u l a r  r e s u l t s  show t h a t  t h e  c o r r e c t i o n s  a r e  such 

t h a t  on ly  lo e leva t ion  a c t u a l  cloud he igh t s  a t  ho r i zon ta l  d i s t a n c e s  

g r e a t e r  t han  65 nm a r e  forced  below t h e  horizon and t h e r e f o r e  t h e  

c o r r e c t i o n s  can be considered q u i t e  reasonable i n  regard  t o  t h e  con- 

s i d e r a t i o n s  made and i n  regard t o  t h e  f a c t  t h a t  very  few clouds showed 

echo disappearance e l eva t ions  o f  l e s s  than 1.5'. Note a l s o  t h a t  

t h e s e  I1truef1 c l ~ u d  he igh t s  a r e  s t i l l  sub jec t  t o  some small v a r i a t i o n s  

which may e x i s t  and which a r e  not  accounted f o r  here .  One of  t h e s e  i s  

beam bounce froin inve r s ions  i n  t h e  atmosphere. Another i s  r e l a t e d  t o  

t h e  n a t u r e  o f  determining "exact" echo disappearance e l e v a t i o n  by the 

l i n e a r  i n t e r p o l a t i o n  method used he re ,  such t h a t  t h e  a c t u a l  d i sappear -  

ance e l eva t ion  i s  always g r e a t e r  than t h e  n e a r e s t  lower s t e p  eleva-  

t i o n  and may be b iased  toward too  high va lues  due t o  assuming l i n e a r  

echo s t r e n g t h  decrease  between e l eva t ion  s t e p s ,  a s  t h e  r e a l  c louds 

have r a t h e r  d i s t i n c t  t ops .  Fur ther  t h e  c o r r e c t i o n s  made he re  a r e  mini- 

mum ones, r e l a t i v e  t o  t h e  minimum v i s i b l e  cloud he ight  a spec t ,  such 

t h a t  " t rue" cloud he igh t s  found f o r  J u l y  18 a r e  an upper bound; t h e  



he igh t s  a r e  l i k e l y  somewhat lower.  tleight i nc rease ,  o t h e r  than  a pos- 

s i b l e  small amount due t o  t h e  nforcnicntioned cloud d r o p l e t  d e t e c t  ion 

c h a r a c t e r i s t i c s  of  t h e  3 . 2  cm r a d a r ,  seems very u n l i k e l y  i n  view of t he  

n a t u r e  o f  t h e  graphica l  p l o t  of  apparent cloud he igh t s  and by observa- 

t i o n  of t h e  t r u e  cloud he igh t s  found. Fur ther  t h e  d a t a  used from t h e  

r a d a r  a r e  t hose  l e s s  than 150 nm and p re fe rab ly  100 nm o r  l e s s  which 

i s  t h e  gene ra l ly  accepted range of  confidence.  



APPENDIX C 

POLYGON METHOD DYNAMIC PARAMETER CALCULATIONS 

I. Horizontal Divergence 

The calculation of the horizontal velocity divergence in a fluid 

is most commonly accomplished by the Cartesian coordinate system equation: 

a11 av DIV, 3 = - - +  - 
ax ay 

-+ 
where V is the fluid velocity vector with horizontal speed components 

u and v in the x and y directions respectively. In the atmos- 

phere x and u relate to E-W, positive eastward, while y and v 

to N-S, positive northward. In regard to Equation C-1, the data 

needed for solution are those along the Cartesian coordinate grid, but 

in actual practice atmospheric wind observations at surface and upper 

air sounding stations, which are usually randomly distributed, are 

rarely of such a rectangular nature. In this random data case the wind 

observations are utilized according to streamline and isotach analysis 

or the related u and v component analysis, with interpolation used 

to pick data values along the Cartesian grid for use in solving Equation 

C-1. However in some cases the wind data are of such a spacial distri- 

bution nature that even the above methods are impractical. A first 

principles method of horizontal divergence calculation, discussed by 

Vonder Haar and Smith (1971), covers this latter case and is applicable 

in the other wind data nature cases as well. 



This first principles method is based on the time rate of change 

of horizontal area of a fluid element due to differences in velocity 

across the fluid element. The fluid element area boundary is de- 

lineated by a chain of given fluid particles. Manipulating the area 

change aspect in terms of the Cartesian coordinate atmospheric nota- 

tion yields the horizontal divergence equation: 

where A is the fluid element area and dt is the time interval over 

which the area change is measured. Vonder Haar and Smith (1971), 

utilize the above equality by defining the horizontal area, AN , de- 

lineated by a set of N cloud element "verticesf' forming an N-sided 

closed polygon. Making the assumption that the cloud elements are dis- 

placed with the wind, the beginning, mid and end points of displacement 

are utilized along with the time interval (implicitly indicating wind 

speed and direction) to obtain the change in the polygon (atmospheric 

fluid element) area during the given time interval. The positions and 

displacements of cloud elements are given in terms of the x-y earth 

coordinate system. Specifically with respect to Vonder Ilaar and Smith's 

cloud displacements measured from satellites this system would be the 

earth's latitude-longitude grid. Derivation notation is as follows: 

(ai,b.) are beginning points, (xi,yi) are mid points and (ci,di) 
1 

are end points of cloud element displacement which is measured over 

a time interval of t seconds. The subscript i denotes the 

cloud element or polygon vertex number with i running from 1 to N 

and vertices numbered in countcrclockwise order around the polygon. 
\ 



Figure C 1  d l s p l a y s  t h e  polygon geometry and no ta t ion .  From t h e  

above t h e  a r e a  AN becomes : 

where I I denotes  abso lu t e  va lue  and i = O Z i = N  and i=lri=N+l . From 

t h i s  and t h e  a r e a  change - the  ho r i zon ta l  divergence: 

1 d %  DIV, V = - - 
dt 

fol lows as: 

which i s  t h e  usab le  form. I t  should be noted t h a t  divergence i s  a d i f -  

f e r e n t i a l  q u a n t i t y  with i n f i n i t e s i m a l  changes with t ime and a s  such 

i s  considered cons tan t  over  t h e  s h o r t  t ime i n t e r v a l  d t  . But i n  

t h e  above t h e  f i n i t e  d i f f e r e n c e  form of divergence c a l c u l a t i o n  i s  used 

and thus  AN changes s i g n i f i c a n t l y  over t h e  f i n i t e  t ime i n t e r v a l  o f  

atmospheric observa t ion .  Thus t h e  a r e a  change must be  small  compared 

t o  t h e  a r e a  i t s e l f  o r  e l s e  t h e r e  a r i s e s  cons iderable  ambiguity a s  t o  

t h e  t r u e  va lue  o f  divergence due t o  t h e  u ~ i c e r t a i n t y  o f  which A value  
N 

t o  use a s  r e p r e s e n t a t i v e  of t h e  f i n i t e  t ime i n t e r v a l .  Also it i s  noted 

t h a t  t h e  more accu ra t e  divergence va lues  w i l l  be  obta ined  with an in-  

c r eas ing  number of polygon cloud element v e r t i c e s  and t h a t  t h e  divergence 



Figu re  C 1  Polygon Geometry and Notat ion Rela ted  t o  Polygon Method of 
Hor izonta l  Ve loc i t y  Divergence Computation (After Vonder Haar 
and S n i t h ,  1971) .  



value  obtained i s  a r ep resen ta t ive  mean over t h e  polygon a r e a .  F i n a l l y  

it is  seen t h a t  t h e  polygon method u t i l i z e s  t h e  same bas ic  wind da ta  as 

is  employed i n  t h e  more common divergence ca lcu la t ion  methods; only  

t h e  form of  t h e  d a t a  d i f f e r s  with t h e  method used t o  obta in  hor izonta l  

v e l o c i t y  divergence. 



11. Rela t ive  V o r t i c i t y  

Atmospheric r e l a t i v e  v o r t i c i t y  is  commonly represented by t h e  

e a r t h  g r i d  Car tes ian  coordinate system (described i n  i ts  p a r t i c u l a r s  

i n  Pa r t  I)  equation: 

This  i s  t h e  t h i r d  o r  v e r t i c a l  component of t h e  t o t a l  v o r t i c i t y ,  X 5 , 

t h e  c u r l  of  t h e  f l u i d  ve loc i ty .  Equation C-6 is  of  course app l i cab le  t o  

any f l u i d  system u t i l i z i n g  Car tes ian  coordinates  and t h e  corresponding. 

v e l o c i t y  compor~ents (as  discussed i n  Par t  I ) .  However Equation C-6 

follows from a f i r s t  p r i n c i p l e s  d e f i n i t i o n  of r e l a t i v e  v o r t i c i t y ,  t h a t  

r e l a t i v e  v o r t i c i t y  i s  equal t o  t h e  c i r c u l a t i o n  per  u n i t  a rea  o r :  

where C i s  t h e  c i r c u l a t i o n ,  defined by t h e  l i n e  i n t e g r a l  around a closed 

curve bounding t h e  sur face  area  A and d s  is  an element of  t h a t  

-+ 
curve. V is  t h e  f l u i d  (wind) v e l o c i t y  vec tor .  Vonder Haar and Smith 

(1971) proceed from t h i s  f i r s t  p r i n c i p l e s  equation t o  obta in  a working 

equation f o r  r e l a t i v e  v o r t i c i t y  computation i n  much t h e  same manner 

a s  employed i n  obta in ing  t h e  divergence equation discussed i n  Pa r t  I 

of t h i s  appendix. Cloud elements again def ine  t h e  closed polygon of  

a rea  with t h e  closed curve l i n e  in t eg ra l  i n  t h e  v o r t i c i t y  equa- 

t i o n  being t h a t  around t h e  polygon a rea  boundary, cloud element d i s -  

placements over a given time i n t e r v a l  again form t h e  wind v e l o c i t y  



data set, and the position, displacement and other notations are the 

same as in Part I. Some additional notation is needed here for the 

relative vorticity equation derivation and it follows below with 

Figure C 2  displaying the particular geometry and notation used in this 

derivation. 

Equation C - 7  can be rewritten in summation form, using a defini- 

tion of vector dot product, as: 

with AN defined as in Part I. Further definitions are as follows: 

2 2 2  cos '3 = (a +b -c )/2ab i 

From the above the working equation for relative vorticity computation 

by the polygon method follows as: 



Figure C 2  Same as Figure C 1  for Relative Vorticity (After Vonder Haar 
and Smith, 1971). 



The latter two notes in Part I regarding wind data and dynamic parameter 

calculated value validity are equally applicable here. 




