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ABSTRACT 

T h i s  r e p o r t  summarizes r e s e a r c h  focused  o n  t h e  problem of t h e  

w a t e r  b a l a n c e  and p r e c i p i t a t i o n  regimes  of e x t r a t r o p i c a l  and t r o p i c a l  

c y c l o n e s .  The s t u d y  c e n t e r s  on  t h e  t r e a t m e n t  of t h e  c y c l o n e  i n  a 

moving r e f e r e n c e  frame s o  t h a t  t h e  sys t em is i s o l a t e d  from t h e  l a r g e r  

s c a l e  a tmosphe r i c  mot ion  f i e l d .  The e x t r a t r o p i c a l  cyc lone  a n a l y s i s  

i s  based on t h e  e v a l u a t i o n  of t h e  n e t  i n f l o w  and change of s t o r a g e  of 

w a t e r  vapor  i n  t h e  a tmosphe r i c  volume encompassing t h e  s to rm.  The 

a n a l y s i s  l e a d s  t o  a n  e s t i m a t e  of  p r e c i p i t a t i o n ,  n e g l e c t i n g  ground 

e v a p o r a t i o n ,  which i s  compared t o  t h e  obse rved  p r e c i p i t a t i o n .  The 

obse rved  p r e c i p i t a t i o n  f o l l o w i n g  t h e  moving s t o r m  c e n t e r  i s  o b t a i n e d  

from h o u r l y  p r e c i p i t a t i o n  d a t a .  The p r e c i p i t a t i o n  regime t h a t  e v o l v e s  

is  one  of h i g h l y  l o c a l i z e d  p r e c i p i t a t i o n ,  even  i n  w i n t e r  t i m e  e x t r a -  

t r o p i c a l  c y c l o n e s ,  w i t h  t h e  p r e c i p i t a t i o n  areas moving w i t h i n  t h e  

frame of r e f e r e n c e .  An a n a l y s i s  of t h e  d i s t r i b u t i o n  of p r e c i p i t a t i o n  

i n  s p a c e  and t ime  f o r  r a i n g a u g e s  moving th rough  t h e  s t o r m  sys t em i s  

p r e s e n t e d  f o r  b o t h  summer and w i n t e r  c a s e s .  F i n a l l y ,  t h e  r u l e  of 

condensa t e  f o r m a t i o n  i s  de te rmined  from t h e  mass i n f l o w  w i t h i n  t h e  

cyc lone  sys tem.  The c y c l o n e s  a r e  shown t o  be a n  e f f i c i e n t  sys tem i n  

c o n v e r t i n g  condensa t e  t o  p r e c i p i t a t i o n  (85% e f f i c i e n t ) .  The d i s t r i b u t i o n  

of  condensa t e  a s  a  f u n c t i o n  of c loud  t e m p e r a t u r e  l e a d s  t o  t h e  c o n c l u s i o n  

t h a t  t h e  c y c l o n e  cou ld  be mod i f i ed  by c loud  s e e d i n g .  The t r o p i c a l  

c y c l o n e  s t u d i e s  a r e  summarized i n  a  s t e a d y - s t a t e  s t o r m  model f o r  

s o u t h e a s t  A s i a .  The p r e c i p i t a t i o n  y i e l d  f o l l o w i n g  t h e  moving t r o p i c a l  

s t o r m  sys t em is de te rmined .  I n  a d d i t i o n ,  t h e  computed mass c u r v e  f o r  

ground s t a t i o n s  i s  e v a l u a t e d  as a  f u n c t i o n  of s t a t i o n  l o c a t i o n  w i t h  

r e s p e c t  t o  t h e  s t o r m  t r a c k .  



CYCLONES AND THE ATXOSPHERIC WATER CYCLE 

A Question on the  General Ci rcu la t ion  

On the  average, t h e  pole-to-equator temperature d i f f e r ence  i s  

about 60°c i n  win ter  and 30°C i n  summer i n  t he  lower atmosphere. We 

know t h a t  a s i zeab le  f r a c t i o n  of t h i s  d i f f e r ence ,  a s  much as  h a l f  o r  

even more, becomes concentrated from time t o  time i n  middle l a t i t u d e s .  

There the  combination of a high l e v e l  of p o t e n t i a l  energy derived from 

the  r a i s ed  pos i t i on  of t h e  polar  cold a i r  r e l a t i v e  t o  t h e  t r o p i c a l  warm 

a i r  and a coincident  maximum k i n e t i c  energy i n  j e t  streams can l ead  

t o  i n s t a b i l i t i e s  upse t t i ng  t h e  balanced s t a t e  of flow; e.g. ,  give 

r i s e  t o  t he  b i r t h  of  g rea t  energy r e l eas ing  cyclones. 

The ex is tence  of t h e  average pole-to-equator temperature 

d i f fe rence  is usual ly accepted as  a consequence of d i f f e r e n t i a l  hea t ing  

between high and low l a t i t u d e s .  I n  a very broad sense t h i s  i s  of 

course t r u e .  Yet some of the  d e t a i l s  a r e  of considerable  i n t e r e s t .  

The d i f f e r e n t i a l  hea t ing  is  found only when the  system e a r t h  p lus  

atmosphere i s  considered. In  t he  atmosphere a lone ,  t h e  f l u x  of t h e  

long wave r ad ia t ion  t o  space i s  l a r g e r  i n  t h e  t r o p i c s  than i n  high 

l a t i t u d e s .  The t o t a l  north-south temperature d i f f e r ence  would decrease 

by about 0.5OCfday i f  long wave r ad ia t ion  was t h e  only a c t i v e  agent.  

Since t h e  sho r t  wave r ad ia t ion  absorbed i n  t he  lower troposphere i s  a 

small  f a c t o r ,  t r a n s f e r  of l a t e n t  and sens ib l e  hea t  from t h e  su r f ace  

must s u s t a i n  t he  almost i nva r i an t  temperatures i n  low l a t i t u d e s .  Of 

these  two processes ,  l a t e n t  hea t  exchange is  t h e  l a r g e s t ,  c e r t a i n l y  i n  

the  t rop ic s .  The l a t e n t  heat  becomes ava i l ab l e  t o  t he  atmosphere a s  



sens ib l e  hea t  only when condensation has  occurred and when t h e  

condensation product f a l l s  back onto the  e a r t h  a s  p r e c i p i t a t i o n .  

From s t a t i s t i c s  prepared i n  var ious p a r t s  of t he  world we f i n d  

uniformly t h a t  a few synoptic  dis turbances a r e  responsible  f o r  t h e  

g r e a t e s t  f r a c t i o n  of p rec ip i t a t i on .  Even i n  a bas in  a s  ex tens ive  a s  

t h a t  of t h e  Upper Colorado River (100,000 sq.  mi.) 25 percent  of t he  

dis turbances,  o r  s i x  storms i n  an average year ,  produce h a l f  of t h e  

annual p r e c i p i t a t i o n  (Fig. 1 ) .  The s i n g l e  l a r g e s t  s torm is  responsible  

f o r  10-20 percent  (Fig. 2 ) .  I n  smal le r  a r eas ,  i l l u s t r a t e d  f o r  t h e  

Kenya Highlands i n  Fig. 1, the  s t a t i s t i c  i s  even more extreme. There,  

1 3  percent of t h e  d is turbances ,  o r  t e n  storms pe r  t en  years  on t h e  

average, cont r ibu te  h a l f  of t he  p r e c i p i t a t i o n .  Fa i lu re  of a s i n g l e  one 

of these storms t o  appear i n  a given year  can cause a s e r ious  d is -  

l oca t ion  of t he  water  budget and of many aspec ts  of  l i f e .  These few 

p r e c i p i t a t i o n  systems play a major r o l e  i n  t he  maintenance of t h e  

observed g loba l  atmospheric s t r u c t u r e  . We can almost say t h a t ,  on 

i t s  warm s i d e ,  t h e  pole-equator temperature grad ien t  i s  maintained 

o r  enhanced through a number of po in t  r a t h e r  than a r e a  sources of 

The Water Budget i n  Cyclones 

Aware of t h e  r o l e  of atmospheric storms i n  shaping weather and 

cl imate over  s e a  and land  through the  condensat ion-precipi ta t ion 

process ,  var ious U.S. Government Agencies have sponsored research  about 

t h e  atmospheric water  cycle  a t  t h e  Department of Atmospheric Science, 

Colorado S t a t e  Universi ty .  Both e x t r a t r o p i c a l  and t r o p i c a l  weather 

dis turbances have been, and a r e  being,  explored. A convenient and 



indeed necessa ry  s t a r t i n g  p o i n t  is  t h e  de te rmina t ion  of t h e  wa te r  

budget w i t h  r e s p e c t  t o  t h e s e  systems. 

Fig.  1 
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Percen t  c o n t r i b u t i o n  t o  annual p r e c i p i t a t i o n  made 
by ra ins to rms  i n  t h e  Upper Colorado River  Bas in ,  1930- 
1960. The s torm e p i s o d e s ,  numbering about 25 p e r  y e a r  
on t h e  average,  a r e  o rdered  according t o  t h e i r  w a t e r  
y i e l d ,  from h i g h e s t  t o  lowest  rank.  White curve g ives  
t h e  same in format ion  f o r  t h e  Kenya Highlands.  

I n  t h e  p a s t  two decades w a t e r  ba lance  c a l c u l a t i o n s  f o r  c e r t a i n  

c o u n t r i e s  o r  c o n t i n e n t s  have been undertaken by numerous r e s e a r c h e r s  

us ing  meteoro log ica l  upper a i r  soundings of p r e s s u r e ,  t empera tu re ,  

humidity and wind. One determines  t h e  - n e t  flow of mois tu re  i n  gaseous 

form a c r o s s  t h e  boundary of t h e  reg ion  of i n t e r e s t  and a l s o  t h e  change 



Fig.  2 
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S c a t t e r  diagram of annual s to rm p r e c i p i t a t i o n  a g a i n s t  
y i e l d  of l a r g e s t  s torm i n  each y e a r  f o r  t h e  Upper 
Colorado Basin ,  19 30-1960. S t r a i g h t  l i n e s  g i v e  p e r c e n t  
c o n t r i b u t e d  by l a r g e s t  s torm t o  annual  p r e c i p i t a t i o n .  

i n  l o c a l  s t o r a g e  i n  t h e  atmosphere. Usually change i n  l o c a l  s t o r a g e  

i s  smal l  when t h e  time u n i t  i s  t h e  month o r  t h e  y e a r .  But i t  may be  

l a r g e  on i n d i v i d u a l  days ,  e s p e c i a l l y  when an a n t i c y c l o n e  fo l lows  a  

cyclone wi th  d ry ing  o u t  of t h e  atmosphere. The sum of i n f l o w  o r  

outf low p l u s  s t o r a g e  g ives  p r e c i p i t a t i o n  minus evapora t ion  from t h e  

ground (P-E ). 
G r  E ~ r  cannot be  measured as y e t  s a t i s f a c t o r i l y  on a 

r o u t i n e  b a s i s ;  i t  may be e s t i m a t e d ,  from t h e  r a d i a t i o n a l  h e a t  ba lance  

wi th  va ry ing  assumptions o r  i n s t r u m e n t a t i o n ,  f o r  i n s t a n c e  a  n e t  radiom- 

e t e r  o v e r  l a n d  (Renne, 1970).  Assuming t h i s  e s t i m a t e  is  reasonab le ,  

t h e  p r e c i p i t a t i o n  can be  c a l c u l a t e d  from t h e  ba lance  requirement and 

compared w i t h  gauge p r e c i p i t a t i o n ,  given a dense enough network of 



r a i n f a l l  s t a t i o n s  and n o t  t o o  many complicat ing topograph ic  f e a t u r e s .  

For a r i v e r  b a s i n ,  computed p r e c i p i t a t i o n ,  o r  p r e c i p i t a t i o n  minus 

ground evapora t ion ,  can b e  c o r r e l a t e d  w i t h  annual  r i v e r  runoff  a s  done 

by Rasmussen (1970) f o r  t h e  Upper Colorado (F ig .  3 ) ,  an a r e a  where 

gauge p r e c i p i t a t i o n  s e r i o u s l y  underes t imates  t o t a l  p r e c i p i t a t i o n  s i n c e  

t h e  upper mountain s l o p e s  cannot be  p r o p e r l y  ins t rumented  over  such a 

l a r g e  a rea .  A l t e r n a t e l y ,  runoff  may b e  computed from R = P - EGr a s  

done by Renne (1970) f o r  r i v e r  of e a s t e r n  Venezuela w i t h  t h e  assump- 

t i o n  of s m a l l  n e t  s o i l  mois tu re  s t o r a g e  and underground dra inage .  

Ca lcu la ted  and d i r e c t l y  observed runoff  may then  be  compared. 

Fig.  3 
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Seasonal  va lues  of  P-E (October through A p r i l )  f o r  
t h e  Upper Colorado ~ a s f g  a g a i n s t  A p r i l  through (.following) 
March runoff  a t  Lee ' s  Fer ry  a t  t h e  lower end of t h e  
b a s i n .  S o l i d  l i n e  g ives  l i n e a r  r e g r e s s i o n  f o r  t h e  
i n d i c a t e d  y e a r s .  



I n  applying water budget techniques t o  cyclones we must compute 

q u a n t i t i e s  such a s  wind and p r e c i p i t a t i o n  i n  coordinates  moving with 

t h e  center .  For wind, t h e  vec tor  i s  subt rac ted  from a l l  i nd iv idua l  

wind observat ions around a moving boundary; such a boundary i s  

i l l u s t r a t e d  i n  Fig. 4 f o r  18-19 February 1961 i n  t h e  c e n t r a l  United 

S t a t e s  (Rasmussen, Furman and Riehl ,  1970) . The wind around t h e  

Fig. 4 Track of cyclone center  i n  t h e  Central  United S t a t e s ,  
18-19 February 1961 and boundary of computation' a r e a  
following center .  

boundary is  divided i n t o  two terms: the  components t h a t  flow through 

t h e  boundary without ne t  divergence o r  convergence, and the  ne t  

convergence. The former may be g r e a t l y  a f f ec t ed  by the  sub t r ac t ion  

of cen te r  motion; a f a s t  moving storm may overtake moist a i r  ahead of 



t h e  c e n t e r  and l e a v e  behind d r y  a i r  t o  i t s  rear even though bo th  a i r  

masses t r a v e l  i n  t h e  same d i r e c t i o n  as t h e  c e n t e r .  The n e t  convergence 

remains unchanged i n  r e l a t i v e  coord ina tes  s i n c e  t h e  s torm displacement  

i s  a  non-divergent v e c t o r .  It is  o f t e n  a  small component, sometimes 

d i f f i c u l t  t o  d e t e r n i n e  w i t h  accuracy,  which h a s  been omi t t ed  i n  many 

types  of c a l c u l a t i o n s  b u t  which must be  inc luded  a s  a  major  mechanism 

f o r  mois tu re  convergence i n  e x t r a t r o p i c a l  and t r o p i c a l  s torms (over  

80% i n  t h e  February 1961 s torm d i scussed  h e r e ) .  Even f o r  t h e  l a r g e  

Colorado River  Basin  Rasmussen found t h a t  t h e  term could n o t  b e  

a r b i t r a r i l y  excluded a s  o r i g i n a l l y  planned;  i t  c o n t r i b u t e d  about 50 

p e r c e n t  t o  t o t a l  p r e c i p i t a t i o n  p a r t l y  i n  connect ion w i t h  topograph ic  

f e a t u r e s  i n f l u e n c i n g  t h e  flow of air i n  t h e  lowest  a tmospher ic  l a y e r s .  

I n  t r o p i c a l  d i s t u r b a n c e s  i t  i s  o f t e n  a c c u r a t e  t o  say  t h a t  t h e  

s t e a d y  s t a t e  assumption is  n e a r l y  t r u e  f o r  p e r i o d s  of one day; f u r t h e r  

t h a t  evapora t ion  from t h e  ground i s  an o r d e r  of magnitude less than  

p r e c i p i t a t i o n  and may be  omi t t ed  w i t h i n  computat ional  l i m i t s .  Based 

on t h e s e  s i m p l i f y i n g  assumptions Riehl  (1965) c o n s t r u c t e d  a  model 

summer d i s tu rbance  over  Southeast  Asia.  Fig .  5 shows p r e c i p i t a t i o n  

r e l a t i v e  t o  t h e  moving system. Fig .  6 g i v e s  t h e  i n s t a n t a n e o u s  p rec ip -  

i t a t i o n  r a t e  a long a l i n e  p a r a l l e l  t o  t h e  d i r e c t i o n  of s torm d i s p l a c e -  

ment and p a s s i n g  through t h e  c e n t e r ,  a s  w e l l  as t h e  computed 

accumulation,  o r  mass curve,  of w a t e r  on t h e  ground. I n  Fig .  7 we 

s e e  t h e  t o t a l  e f f e c t  of t h e  cyclone on ground c o n d i t i o n s  a f t e r ,  

roughly,  60 hours  of d i s t u r b e d  weather .  It t u r n s  o u t  t h a t  t h e  model 

cyclone i s  by no means extreme. Three t o  f o u r  such s torms p e r  month 

would be  needed t o  account f o r  t h e  average monthly r a i n f a l l  i n  t h e  



Fig. 5 
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Computed instantaneous p r e c i p i t a t i o n  r a t e ,  expressed 
i n  cm/day, f o r  summer model storm over Southeast Asia 
i n  coordinates  f ixed  r e l a t i v e  t o  t h e  moving cen te r ,  

/ 
e - 

f l  
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P r o f i l e  of instantaneous p r e c i p i t a t i o n  r a t e  expressed 
i n  =/day and weighing r a i n  gauge t r a c e  computed from 
Fig. 5 f o r  a gauge on the  ground which is  passed d i r e c t l y  
by t h e  center .  



Mekong River  a r e a  dur ing t h e  w e t  season.  I n  cyclones  over  t h e  United 

S t a t e s ,  e s p e c i a l l y  i n  w i n t e r ,  t h e  s t e a d y  s t a t e  assumption i s  n o t  v a l i d  

f o r  a day o r  1 2  hours  even i n  coord ina tes  moving w i t h  t h e  system 

because  o f  t h e  r a p i d  l i f e  c y c l e  o f  such s to rms ,  f o r  example, t h e  wa te r  

vapor s t o r e d  i n  t h e  atmosphere w i t h i n  t h e  boundary d e p i c t e d  i n  Fig.  4 

v a r i e d  by 40 p e r c e n t  dur ing  t h e  24 hours  spanning t h e  t h r e e  t i m e  

p e r i o d s .  

0 
I- MEAN CYCLONE 

RATE OF CYCLONE 
MOTION I0 KNOTS 

A-. L L L - . L  
2 4 6 8 1 0  
PRECIPITATION (em) 
STATIONARY COORDINATES 

Fig.  7 Accumulation of p r e c i p i t a t i o n  on t h e  ground produced 
by t h e  model cyclone of Fig .  5 a long a p r o f i l e  perpendic- 
u l a r  t o  t h e  d i r e c t i o n  of cyclone motion.  Time of 
accumulation is  approximately 2 112 days. 

I n  Table  I computed p r e c i p i t a t i o n  minus evapora t ion  is  compared 

w i t h  gauge p r e c i p i t a t i o n  (PGa) f o r  t h e  t h r e e  computat ional  p e r i o d s  

i l l u s t r a t e d  i n  Fig .  4 .  Gauge p r e c i p i t a t i o n  i n  moving coord ina tes  i s  

ob ta ined  by l e t t i n g  a l l  s t a t i o n s  w i t h  hour ly  p r e c i p i t a t i o n  records  

t r a v e l  r e l a t i v e  t o  t h e  moving c e n t e r  and the reby  a s s i g n i n g  n e a r l y  



TABLE I 

Comparison of w a t e r  ba lance  r e s u l t s  (P-EGr) w i t h  

gauge p r e c i p i t a t i o n  measurements (P ) (cm/12 h r )  , 
G a 

f o r  t h e  t h r e e  t i m e  p e r i o d s  found i n  Fig .  4 .  

DateITime P - E ~ r  ~a 

Feb. 181002 1961 1 . 0  1 .0  

Feb. 181122 1961 

Feb. 191002 1961 0 .5  0 .5  

i n s t a n t a n e o u s  p r e c i p i t a t i o n  r a t e s  i n  t h e  mobile r e f e r e n c e  frame. 

These,  f o r  t h e  t h r e e  p e r i o d s  of Fig .  4 ,  are shown i n  F ig .  8. A 

narrow, major band of p r e c i p i t a t i o n  is found i n i t i a l l y ,  u n l i k e  t h e  

24-hour i s o h y e t a l  p a t t e r n  because  t h e  smearing e f f e c t  due t o  t h e  

cyclone t r a v e l  i s  e l i m i n a t e d .  This  narrow band moves forward r e l a t i v e  

t o  t h e  cyclone and even e x i t s  from t h e  a r e a  of computation as o c c l u s i o n  

of t h e  warm f r o n t  t a k e s  p l a c e .  The band shows c o n s i d e r a b l e  s i m i l a r i t y  

i n  p a t t e r n  w i t h  r a d a r  PPI d i s p l a y s ,  s a t e l l i t e  photos and some i n f r a r e d  

r a d i a t i o n  measurements o f  approximate c loud h e i g h t  from s a t e l l i t e s .  

Our p r o j e c t s  a r e  exper iment ing w i t h  d i r e c t  convers ion of s a t e l l i t e  

obse rva t ions  t o  r a i n f a l l  r a t e s ,  u s i n g  a series of c h a r t s  such  as 

Fig .  8 and corresponding in format ion  f o r  t r o p i c a l  d i s t u r b a n c e s .  

Table  I i n d i c a t e s  e x c e l l e n t  agreement between P-E and PGa G r  

sugges t ing  t h a t  ground evapora t ion  is  s m a l l e r  than  p r e c i p i t a t i o n  by 

a t  least a f a c t o r  of 1 0 ,  a reasonab le  r e s u l t  over  t h e  C e n t r a l  United 

S t a t e s  i n  w i n t e r .  Not a l l  computations have y i e l d e d  such c l o s e  

agreement;  however, f o r  n i n e  cases  s o  f a r  analyzed,  t h e  average 



Fig.  8 

Precipitat ion rates  (cmlhr) for  
,20 the three boundaries of Fig.  4 .  

Top: 18 Feb. 1961, O O Z Y  middle: 
18 Feb. 122, bottom: 19 Feb. 
00Z. These are instantaneous 
rates  i n  coordinates moving with 

,, the center; d irect ion  of  center 
displacement i s  toward the r ight  
of  the page. 



d i f f e r e n c e  between P-EGr and PGa was only f i v e  p e r c e n t .  Etuch l a r g e r  

d i f f e r e n c e s  a r e  expected i n  summer when incoming r a d i a t i o n  i s  s t r o n g  

and c louds  a r e  mainly cumuli s o  t h a t  even w i t h i n  a cyclone a l a r g e  

f r a c t i o n  of t h e  a r e a  r e c e i v e s  sunsh ine .  F i g s .  9 and 10 compare t h e  

f r a c t i o n a l  a r e a  and t h e  time r e c e i v i n g  v a r i o u s  pe rcen tages  of 12-hour 

p r e c i p i t a t i o n  i n  moving coord ina tes  f o r  a w i n t e r  and a summer case  

from gauge records .  The p a t t e r n  of  Fig .  8 i s  w e l l  s u s t a i n e d :  only  

a smal l  pe rcen tage  of t o t a l  a r e a  and t i m e  i s  a c t i v e l y  producing t h e  

b u l k  of t h e  p r e c i p i t a t i o n .  These r e s u l t s  a r e  set f o r t h  i n  Table  11. 

TABLE I1 

Area and Time percen tages  requ i red  t o  produce 
50,  75, and 100% of t h e  i n s t a n t a n e o u s  t o t a l  s to rm 
p r e c i p i t a t i o n  f o r  w i n t e r  and summer c a s e s .  

Percen t  
P r e c i p i t a t i o n  5 0 7 5 100 

Percent  Percen t  Percen t  Percen t  Percen t  Percen t  
Are a Time Area Time Area Time 

Winter 
Case 11 2 9 21 50 6 5 100 

-- 
Summer 

Case 3 5 6 1 5  40 60 
-- 

Noteworthy a r e  t h e  smal le r  a r e a  and t i m e  pe rcen tages  r e s p o n s i b l e  f o r  

t h e  p r e c i p i a t i o n  i n  summer due,  no doubt ,  t o  t h e  e x c l u s i v e l y  convect ive  

c h a r a c t e r  of r a i n f a l l .  I n  bo th  systems a l a r g e  f r a c t i o n  of  t h e  a r e a  

was wi thout  any p r e c i p i t a t i o n .  For comparison, over  Sou theas t  Asia 

r a i n f a l l  occurred on ly  20 percen t  of t h e  t i m e  i n  monsoon d i s t u r b a n c e s ,  

and two p e r c e n t  of a l l  hours  accounted f o r  h a l f  of t h e  p r e c i p i t a t i o n  

i n  moving coord ina tes .  



Fig. 9 

PI ICCNT AREA OR flMt 

P r e c i p i t a t i o n  ana lys i s  f o r  a cyclone moving northeastward 
i n  the  Central  United S t a t e s  on 26 January 1967. The 
p r e c i p i t a t i o n  is expressed i n  percent  of t o t a l  p rec ip i t a -  
t i o n  wi th in  a box 8' x 12' l a t i t u d e  moving wi th  t h e  
sur face  cen te r  for 12 hours.  The absc i s sa  gives t h e  
accumulative percent of t h i s  a r ea  and of t h e  time . 
producing t h i s  p r e c i p i t a t i o n .  

L t  may be pointed out  t h a t  t he  preceding techniques may be  used 

a l s o  t o  compute ground evaporation i n  c l e a r  weather s i t u a t i o n s ,  a s  

reported i n  t h e  l i t e r a t u r e .  We have not  appl ied t h e  method t o  moving 

an t icyc lones ,  only t o  f ixed  coordinates.  Rasmussen (1970) solved a 

s p e c i a l  problem f o r  t h e  Colorado River Basin: given c l e a r  weather 

a f t e r  storm passage, ground evaporation should be h ighes t  on t h e  f i r s t  

c l e a r  day, s i n c e  the  ground i s  wet everywhere, and then the re  should 

be a decay funct ion a s  l a r g e  segments of t he  ground dry out  

successively.  This pos tu l a t e  could be v e r i f i e d  and the  decay funct ion 



e s t a b l i s h e d  (F ig .  1 1 ) .  F u r t h e r ,  t h e  c a l c u l a t i o n  l e a d s  t o  i d e n t i f i c a -  

t i o n  of weather p a t t e r n s  p a r t i c u l a r l y  conducive t o  h i g h  evapora t ion  and 

a  q u a n t i t a t i v e  e s t i m a t e  of t h e  amount of r i v e r  runoff  l o s t  i n  such 

c a s e s ,  e s p e c i a l l y  i n  s p r i n g  (Rasmussen , 1968) . 

Fig.  10 

CIRCINT A R I A  OR TIME 

P r e c i p i t a t i o n  a n a l y s i s  f o r  a  s t a t i o n a r y  a r e a  around 
Oklahoma Ci ty  bu t  of  about t h e  same s i z e  a s  t h a t  i n  
Fig .  9 ,  f o r  a 12-hour p e r i o d  c e n t e r e d  on 23  J u l y  1966, 
1200 GMT. Coordinates  a s  i n  F ig .  9 .  Cold f r o n t  
passed dur ing  t h e  p e r i o d .  

Conversion of La ten t  Heat t o  K i n e t i c  Energy 

We saw i n i t i a l l y  t h a t ,  i n  t h e  g e n e r a l  c i r c u l a t i o n  s e n s e ,  

condens a t  i o n  h e a t i n g  s u s t a i n s  t h e  pole- to-equator  temperature  g r a d i e n t  

t o  a  l a r g e  e x t e n t .  The condensat ion occurs  mainly i n  a  few s y n o p t i c  

d i s t u r b a n c e s  (F ig .  1 ) .  Never the less ,  i t  i s  o f t e n  d i f f i c u l t  t o  f i n d  

an immediate t r ans format ion  from l a t e n t  h e a t  t o  k i n e t i c  energy i n  



Fig.  11 

MARCH -APRIL 

C -- 
\ 

\ 

DAYS FROM START OF EVAPORATION PERIOD 

Decay of evapora t ion  r a t e  w i t h  t ime on c l e a r  days 
fol lowing r a i n  ep i sodes  i n  t h e  Upper Colorado Bas in .  

t h e s e  s torms.  An excep t ion  i s  t h e  h u r r i c a n e  where t h e  warm i n t e r i o r  

i s  mainly produced by condensat ion h e a t i n g .  I n  e x t r a t r o p i c a l  s torms 

of w i n t e r  t h e  v e r t i c a l  s t r a t i f i c a t i o n  i s  a b s o l u t e l y  s t a b l e  except  

where thunderstorms break o u t  a long f r o n t s ,  s o  t h a t  v e r t i c a l l y  r i s i n g  

air  would a r r i v e  l e v e l  f o r  l e v e l  w i t h  lower t e n p e r a t u r e  t h a n  p rev ious ly  

p r e s e n t .  Cf course ,  one must c o n s i d e r  t h e  a s c e n t  a long  s l o p i n g  

s u r f a c e s ,  sometimes volumes, of cons tan t  e q u i v a l e n t  p o t e n t i a l  tempera- 

t u r e  (Oe) along which t h e  r i s i n g  motion would t a k e  p l a c e ,  g iven 

conserva t ion  of energy i n  t h e  ascending a i r . y  Even a long t h e s e  

LIT.rue only  f o r  non-turbulent f low wi thou t  mi r ing .  The f a c t  t h a t  Oe- 
t u b e  a n a l y s i s  t ends  t o  g i v e  good r e s u l t s  i n  e x t r a t r o p i c a l  cyclones 
sugges t s  t h a t  mixing i s  a  minor e f f e c t  t h e r e .  See B e l t s  (1972) on 
O - tubes i n  t r o p i c a l  convect ion.  e  



i n c l i n e d  s u r f a c e s  t h e  condensa t ion  would have t o  produce v ~ a r n i n g  

w i t h  t ime i n  t h e  cov ing  c o o r d i n a t e  systeitl ,  i f  t h e  t empera tu re  g r a d i e n t  

a c r o s s  t h e  cyclone  and t h e r e w i t h  i t s  k i n e t i c  energy was t o  i n t e n s i f y  

from condensa t ion  I i ea t ing .  Some cyc lones  develop r e a l  o u t f l o w  a n t i -  

cyclones  o r  a t  l e a s t  s t r o n g  a n t i c y c l o n i c  bu lges  of  t h e  h i g h - t r o p o s p h e r i c  

f low o v e r  them t h a t  can be t r a c e d  t o  mois t  a s c e n t  o f  a i r  w i t h  h igh  

e q u i v a l e n t  p o t e n t i a l  t empera tu re .  I n  F ig .  12  we s e e  t h a t  t h e  mass 

a s c e n t  l e a d i n g  t o  t h e  banded p r e c i p i t a t i o n  p a t t e r n  o f  F ig .  8 ( t o p )  is  

c o n c e n t r a t e d  a long  t h e  3 1 5 O K  e q u i v a l e n t  p o t e n t i a l  i s o t h e r m  which a l s o  

o u t l i n e s  t h e  upper  flow p a t t e r n .  T h i s  occur red  i n  t h e  Midwest; very  

Fig .  12  F i e l d  o f  e q u i v a l e n t  p o t e n t i a l  t empera tu re  ( O K )  a t  500 mb, 
18 February 1961 ( s e e  F ig .  4 ) .  Area w i t h  h e a v i e s t  
p r e c i p i t a t i o n  r a t e  shaded ( F i g .  8 ,  top)  . 



s h a r p  upper r i d g e s  a r e  sometimes found above i n c i p i e n t  e a s t  c o a s t  

secondary cyc lones ,  n o t  always obvious from t h e  s y n o 2 t i c  a n a l y s i s  

because t h e  upper a i r  d a t a  s t o p  s o  a b r u p t l y  a t  t h e  c o a s t .  \ h e n  t h e  

event  occurs  f a r  enough west  t o  be f u l l y  v i s i b l e  one h a s  trle impress ion  

of a t tempted h u r r i c a n e  format ion over  l a n d .  

H o i s t - a d i a b a t i c  a s c e n t ,  a s  i n c o r p o r a t e d  i n t o  sone present-day 

numerical  models, f u r n i s h e s  a  s u b s t a n t i a l  advance over  e a r l i e r  dry  

models i n  which coo l ing  a l o f t  i n e v i t a b l y  fo l lowed d r y - a d i a b a t i c  a s c e n t  

i n  a  s t a b l e  atmosphere. Yet t h e r e  is  a  long  way t o  go b e f o r e  t h e  

r o l e  of t h e  condensat ion p rocess  i n  cyclones  i s  completely unders tood 

and t aken  i n t o  account .  We a r e  computing energy r e l e a s e  by c o n s i d e r i n g  

t h e  v e r t i c a l  mass f l u x  i n  s h e e t s ,  r a t h e r ,  t u b e s ,  o f  e q u i v a l e n t  

p o t e n t i a l  t empera tu re .  By i n t e g r a t i n g  over  t h e  cyclone mass a  r a t h e r  

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

of k i n e t i c  energy ernerges, i n c l u d i n g  t h e  c o n t r i b u t i o n  of l a t e n t  h e a t  

r e l e a s e .  The e f f i c i e n c y  of t h i s  r e l e a s e  is very  s m a l l ,  on t h e  o r d e r  

o f  a  few percen t  a t  most ,  when p roduc t ion  of k i n e t i c  energy i s  

ex2ressed  i n  p e r c e n t  o f  t o t a l  l a t e n t  h e a t  r e l e a s e .  A d i f f e r e n t  p i c t u r e  

r e s u l t s  i f  t h e  p o r t i o n  o f  l a t e n t  h e a t  r e l e a s e  merely used t o  ho ld  t h e  

a tmospher ic  temperature  f i e l d  i n  s t e a d y  s t a t e  is  exc luded ;  we p l a n  t o  

experiment wi th  t h i s  type  of approach.  

One of t h e  i n t e r e s t i n g  r e s u l t s  of t h e  computations i s  t h e  

o b s e r v a t i o n  t h a t  t h e  descen t  r e q u i r e d  f o r  t h e  mass i n  some of t h e  

e q u i v a l e n t  p o t e n t i a l  temperature  tubes  can t a k e  p l a c e  on ly  i f  

e v a p o r a t i o n  from f a l l i n g  p r e c i p i t a t i o n  lowers t h e  t empera tu re  i n s i d e  

t h e s e  t u b e s ;  t h e  temperature  fo l lowing  t h e  tube  then  i s  sor;e~.ilere 



between dry  and n o i s t  a d i a b a t i c .  I t  becomes apTarent  t h a t  t h e  mois- 

t u r e  c y c l e  w i t h i n  t h e  a tnosphere  i t s e l f  r e q u i r e s  f u r t h e r  refinexlent  

of a n a l y s i s ,  a s  b r i e f l y  in t roduced  below. 

Cyclone X o d i i i c a t i o n  P o t e n t i a l  -------.- 

I n  g e n e r a l ,  a dense network of r ecord ing  r a i n  gauges w i l l  g i v e  

a  reasonably  c l o s e  approx in~a t ion  t o  s torm p r e c i p i t a t i o n .  The same 

cannot be  s a i d  about t h e  t o t a l  condensat ion product  e x c e p t  when t h e  

c loud bases  a r e  only  a  s h o r t  d i s t a n c e  above t h e  ground. I n  Colorado,  

e a s t  o f  t h e  Rockies,  where t h e  c loud bases  a r e  7,000 - 10,000 f e e t  

above tile s u r f a c e  i n  summer and r e l a t i v e  humidity i n  t h e  atmosphere 

underneath  i s  low, p r e c i p i t a t i o n  a t  c loud b a s e  may b e  double  t h a t  

recorded i n  r a i n  gauges,  according t o  a  w e l l  known h y d r o l o g i s t .  T h i s  

s t a t ement  i s  r e a d i l y  b e l i e v a b l e  from mois tu re  b a l a n c e s  w i t h i n  t h e  

atmosphere. However, such computations y i e l d i n g  t h e  "condensate" -- 

a s  c o n t r a s t e d  t o  t h e  " p r e c i p i t a t e "  -- a r e  d i f f i c u l t  t o  ach ieve ;  a s  

y e t  t h e  sample of c a s e s  analyzed can be numbered on t h e  f i n g e r s  of 

one hand. Ke a r e  determining t h e  condensate  ( C )  from t h e  mass f low 

p l u s  h u n i d i t y  and temperature  s t r u c t u r e  i n  t h e  t u b e s  o f  e q u i v a l e n t  

p o t e n t i a l  t empera tu re .  Then C-P = EAir , t h e  "evaporate"  w i t n i n  t h e  

atmosphere,  t o  be d i s t i n g u i s h e d  from t h e  e v a p o r a t i o n  from t h e  ground 

( E  ) discussed  e a r l i e r .  A complete checkout of t h i s  s t a t e m e n t  i s  a  
G r  

d i f f i c u l t  t a s k ,  a t  t imes  w i t h i n  t h e  e r r o r  l i m i t s  of  t h e  o b s e r v a t i o n s .  

Aot only  must t h e  t o t a l  mois tu re  budget succeed ,  b u t  t h e  wa te r  t o  be  

evaporated must be  a v a i l a b l e  where tubes  of e d u i v a l e n t  p o t e n t i a l  

temperature  s l o p e  downward. This  means upper a s c e n t  w i t i i  condensat ion 

above lower d e s c e n t ,  such a s  nay hap?en c h i e f l y  t o  t h e  rear of s l o ~ . ~  



moving co ld  f r o n t s .  There w a t e r  f a l l i n g  ou t  fror! an upper tube  can 

drop i n t o  and evapora te  i n  a  lower one,  i n  p o l a r  a i r .  ? . lo is ture  con ten t  

of t h i s  a i r  w i l l  r i s e  w i t h  t i m e  and temperature  i s  k e p t  dcvn a g a i n s t  

h e a t i n g  from t h e  ground and from t h e  upper a i r  t u r b u l e n c e .  The 

importance of t h i s  evapora t ion  p rocess  f o r  cyc lones ,  f i r s t  no ted  f o r  

waves i n  t h e  t r o p i c a l  e a s t e r l i e s ,  is being s t u d i e d  by u s .  A con t r ibu-  

t i o n  t o  cyclone energy may be  found from t h e  condensate-evaporate 

system s i n c e  i t  upholds and may i n c r e a s e  t h e  temperature  g r a d i e n t s  i n  

c o n t r a s t ,  f o r  i n s t a n c e ,  t o  h e a t i n g  of co ld  a i r  over  w a r m  ocean c u r r e n t s  

which reduces t h e  temperature  g r a d i e n t  and the reby  a c t s  t o  d e c r e a s e  

cyclone energy.  

I n  Table  111 we s e e  t h e  r e s u l t s  of t h e  i n t e r n a l  m o i s t u r e  c y c l e  

c a l c u l a t i o n  f o r  t h e  t h r e e  p e r i o d s  of Fig.  4 .  S u b s t a n t i a l  e v a p o r a t i o n  

w i t h i n  t h e  a i r  (40 percen t  of t h e  condensate) occur red  only  i n  t h e  

f i r s t  p e r i o d  when t h e  c e n t e r  was i n  t h e  s o u t h  and t h e  p r i n c i p a l  band 

of heavy p r e c i p i t a t i o n  extended through t h e  c e n t e r  (F ig .  8). The 

r e s u l t s  of t h e  l a t t e r  p e r i o d s  show p r a c t i c a l l y  e q u a l  condensat ion and 

p r e c i p i t a t i o n  r a t e s  wi th  d i f f e r e n c e s  w i t h i n  t h e  margin of e r r o r  of t h e  

c a l c u l a t i o n s ;  they may be t aken  t o  i n d i c a t e  merely t h a t  evapora t ion  

w i t h i n  t h e  atmosphere was smal l .  

The energy t r a n s f o r m a t i o n s ,  a s  i n f l u e n c e d  by t h e  condensation- 

evapora t ion  p rocesses  w i t h i n  t h e  atmosphere,  a l s o  g i v e  some in format ion  

on p o s s i b l e  approaches f o r  m o d i f i c a t i o n  of s torms wi th  cloud seed ing  

t echn iques .  I n  Fig.  1 3  w e  s e e  t h e  d i s t r i b u t i o n  of condensat ion product 

i n  pe rcen t  of t o t a l  condensat ion a s  a  f u n c t i o n  o f  t e n p e r a t u r e  i n  1 0 ° C  

c l a s s  i n t e r v a l s .  I n  t h e  f i r s t  p e r i o d  n e a r l y  a l l  condensation occur red  



TABLE 111 

The t o t a l s  of  u n i t s  of  condensa t e  C, p r e c i p i t a t i o n  

computed u s i n g  w a t e r  b a l a n c e  P , gage  p r e c i p i  t a t  i o n  ~r 
and e v a p o r a t i o n  i n  t h e  a i r  E Air (cm/12 h r s )  f o r  t h e  

t h r e e  t i n e  p e r i o d s  found i n  Fig. 4 .  

_ _ _ . _ _ _ _ _ _ I _ _ _ _ _  I--- - - 

Time, February  , 1961 C P " ~ r  E ~ i  r 
________I___-___- 

18-0000Z 1 .4  1 .O 1 .0  0 .4  

F ig .  L3 P e r c e n t a g e  of t o t a l  condensa t e  o c c u r r i n g  i n  10°C c l a s s  
i n t e r v a l s  of c loud  t e m p e r a t u r e ,  18-19 February  1961.  

a t  t e m p e r a t u r e s  wanner t h a n  -20°C and much of i t  above f r e e z i n g .  Sub- 

s e q u e n t l y ,  condensa t ion  s h i f t e d  p r o g r e s s i v e l y  t o  l ower  t e m p e r a t u r e s .  

I f  we assume t h a t  o n l y  f r e e z i n g  n u c l e i  a c t i v e  a t  -20°C o r  lower  a r e  

p r e s e n t  and t h a t  i c e  c r y s t a l s  f r o n  above do n o t  f a 1 1  o u t  w i d e l y  i n t o  
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t h e  narrow main ascending c u r r e n t ,  then  a  c o n t r i b u t i o n  t o  t h e  buoyancy 

of t h e  a s c e n t  and t o  upper  warming r e l a t i v e  t o  t h e  c y c l o n ~ ?  c e n t e r  can 

be  made by i n t r o d u c i n g  f r e e z i n g  n u c l e i  a c t i v e  c l o s e  t o  t h e  f r e e z i n g  

p o i n t .  A change may a l s o  occur  i n  t h e  t o t a l  p r e c i p i t a t e ,  i f  t h e  f a l l -  

o u t  p a t t e r n  is  a l t e r e d .  

The scheme o f  seed ing  sugges ted  by Fig .  13 i s  p r e s e n t l y  s e e n  a s  

t h e  only  one t h a t  might produce an a l t e r a t i o n  of  cyclone s t r u c t u r e .  

Whether o r  n o t  i t  i s  an important  one can be  t e s t e d  w i t h  computer 

modeling of t h e  complex i n t e r n a l  mois tu re  t r a n s f o r m a t i o n s  i n  cyclones ,  

g iven v a r i o u s  i n i t i a l  c o n d i t i o n s  of  t h e  r a t i o  PIC under n a t u r a l  

c o n d i t i o n s .  

This  r a t i o  can s e r v e  a s  an index d e s c r i b i n g  any i n t e r n a l  mois tu re  

c y c l e .  A t  PIC = 0 a l l  condensat ion p roduc t s  evapora te  b e f o r e  reach ing  

t h e  ground as widely  found i n  t h e  t r a d e  wind r e g i o n s .  At P/C = 1 a l l  

condensate f a l l s  o u t  when t h e r e  i s  no chance f o r  w a t e r  t o  evapora te  

on t h e  way down, f o r  i n s t a n c e  i n  h u r r i c a n e  cores .  

I n  view of t h e  r o l e  of  cyclones  i n  t h e  g e n e r a l  c i r c u l a t i o n  any 

m o d i f i c a t i o n  i s  p o t e n t i a l l y  a  s u b j e c t  of  c o n s i d e r a b l e  consequences. 

Our p r e s e n t  e f f o r t  i s  d i r e c t e d  toward g a t h e r i n g  f u r t h e r  in fo rmat ion  

on t h e  frequency d i s t r i b u t i o n  of  t h e  r a t i o  PIC and t h e r e w i t h  t h e  

m o d i f i c a t i o n  p o t e n t i a l  i n  storms where l i t t l e  o r  no s i n k i n g  of  a  c o l d  

dome t a k e s  p l a c e  i n  t h e  middle t roposphere  and where t h e r e f o r e  t h e  

mois tu re  c y c l e  must be  mainly r e s p o n s i b l e  f o r  maintanence and deepening 

of t h e  s to rm system. 



References 

R i e h l ,  H. and W. M. Gray, 1962: On t h e  l a t e n t  h e a t  r e l e a s e  i n  a 
cyclone c r o s s i n g  t h e  Rocky Founta ins .  Dept. of Atmospheric 
Sc ience ,  Colorado S t a t e  Univers i ty .  Tech. Paper  No. 35. 

Rasmussen, J .  L. ,  1963: Some a s p e c t s  of  t h e  monthly a tmospher ic  
c i r c u l a t i o n  a f f e c t i n g  monthly p r e c i p i t a t i o n  over  t h e  Colorado 
River  Basin.  Dept. of  Atmospheric Sc ience ,  Colorado S t a t e  
U n i v e r s i t y .  Tech. Paper No. 46. 

Rasmussen, J .  L., 1968: Atmospheric wa te r  ba lance  of t h e  Upper 
Colorado River Basin .  Dept. of  Atmospheric S c i e n c e ,  Colorado 
S t a t e  Univers i ty .  Atm.  S c i .  Paper No. 121. 

Rasmussen, J .  L . ,  1970: Atmospheric Water Balance and Hydrology of t h e  
Upper Colorado River Basin .  Water Resources Research,  6 ,  1, 
62-76. 

Rasmussen, J .  L. ,  R .  W .  Furman and H. R i e h l ,  1969: Mois ture  a n a l y s i s  
of an e x t r a t r o p i c a l  cyclone.  Arch. Met. Geoph. B i o k l . ,  S e r .  A ,  
1 8 ,  275-298. 

Rieh l ,  H . ,  1965: Cumulus convect ion and o rograph ic  convect ion c e l l s .  
Dept. of Atmospheric Sc ience ,  Colorado S t a t e  U n i v e r s i t y .  F i n a l  
r e p o r t  f o r  p e r i o d  1 December 1964 - 31 May 1965. U. S. Army 
E l e c t r o n i c  Command, For t  14onmouth, N .  J . ,  Cont rac t  No. DA 36-039 
SC 89080. 

Rieh l ,  H . ,  1967: F i n a l  Report ,  Sou theas t  Asia  monsoon s t u d y .  Dept. 
of  Atmospheric Sc ience ,  Colorado S t a t e  U n i v e r s i t y .  U. S. Army 
E l e c t r o n i c s  Research and Development Laboratory .  Contract  No. 
DA 28-043-AMC 01303(E) . 

Rainbird ,  A. F., 1968: Some hydrometeorological  a s p e c t s  of f l o o d  flows 
i n  t h e  lower Mekong River ,  Sou theas t  Asia. Report No. 1, Weather 
d i s t u r b a n c e s  over  c o n t i n e n t s  and t h e i r  e f f e c t  on ground c o n d i t i o g s .  
Dept. of Atmospheric Sc ience ,  Colorado S t a t e  U n i v e r s i t y .  

Renne, D. S . ,  1970: Sur face-a i r  energy exchange over  E a s t e r n  Venezuela 
a s  r e l a t e d  t o  stream flow and cumulonimbus c loud systems. Report 
No. 4 ,  Weather d i s t u r b a n c e s  over  c o n t i n e n t s  and t h e i r  e f f e c t  on 
ground c o n d i t i o n s .  Dept. of Atmospheric Sc ience ,  Colorado 
S t a t e  U n i v e r s i t y .  Atmos. Science Tech. Paper 166. 


