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ABSTRACT 

The e ros ion  and subsequent mixing t o  t h e  environment of t h e  

updraf t  of mesoscale convect ive clouds is  examined and modeled a s  a 

mechanism f o r  t h e  thermal modi f ica t ion  of t h e  cloud environment. 

Atmospheric soundings made nea r  t h e  cloud edge of mesoscale convec- 

t i v e  systems a t  Anaco, Venezuela during p r o j e c t  VIMHEX* i n d i c a t e  

t h a t  these  systems a r e  a s i n k  of hea t  t o  t h e  p r e v a i l i n g  a i r f low.  

The convect ive mixing model is  shown t o  be capable of expla in ing  

t h i s  hea t  exchange and thermal modif icat ion.  

To s imula te  t h e  e f f e c t  of an i n t e n s i f y i n g  t r o p i c a l  d i s turbance  

t h e  model is appl ied  with h igher  va lues  of updraf t  equiva len t  

p o t e n t i a l  temperature.  The model demonstrates t h a t  t h e  convect ive 

clouds a r e  transformed from a ne t  s i n k  t o  a n e t  source  of hea t  i n  

t h e  t roposphere and remain i n  phase wi th  t h e  observed thermal  

changes of t r o p i c a l  d i s turbances .  

* Venezuelan I n t e r n a t i o n a l  Meteorological  and Hydrological  
Experiment 
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THERMAL MODIFICATION OF THE TROPOSPHERE 

DUE TO CONVECTIVE INTERACTION 

William R. Kininmonth 

In t roduc t ion  

One of t h e  major problems of t h e  meteorology of t r o p i c a l  regions 

is t o  determine how a cold  core d is turbance  of t h e  lower and middle 

troposphere of t h e  t r a d e  wind e a s t e r l i e s  can b e  transformed i n t o  a 

w a r m  core  system, t h e  development of which may l e a d  t o  t h e  formation 

of a t r o p i c a l  cyclone. Despi te  cons iderable  a n a l y s i s  and modeling 

of t hese  t r o p i c a l  d i s turbances ,  and i n  p a r t i c u l a r  t h e  mature t r o p i c a l  

cyclone, fundamental a spec t s  of mesoscale and synopt ic  s c a l e  energy 

conversions have no t  been developed. Nowhere is t h i s  more apparent  

than i n  numerical s t u d i e s  where t r o p i c a l  cyclones a r e  gene ra l ly  t h e  

r e s u l t  of weak d is turbances ,  whereas i n  a c t u a l i t y  t hese  weak d i s t u r -  

bances in f r equen t ly  develop t o  t r o p i c a l  cyclone i n t e n s i t y .  

There i s  no doubt t h a t  t h e  energy, source of t h e  warm core  

t r o p i c a l  d i s turbance  is  t h e  r e l e a s e  of l a t e n t  energy during conden- 

s a t i o n  wi th in  convect ive clouds. However t h e  processes  involved i n  

t h e  conversion from l a t e n t  energy t o  k i n e t i c  energy a r e  obscure.  

Most t r o p i c a l  p r e c i p i t a t i o n  (with t h e  a s soc i a t ed  r e l e a s e  of l a t e n t  

energy) is produced by synopt ic  s c a l e  d is turbances .  Predominantly 

t hese  d is turbances  are no t  warmer but  a r e  more dense i n  t h e  lower 

and middle t roposphere than t h e i r  surroundings (Riehl ,  1969). 



I n  t h e  t r a n s £  ormat ion from a weak d i s t u r b a n c e ,  which i s  n o r e  

dense  i n  t h e  r a i n  a r e a s ,  t o  t h e  more i n t e n s e  warm c o r e  v o r t e x  t h e r e  

is a requirement  f o r  t h e  the rmal  f i e l d  t o  change. The h e a t  s i n k  of 

t h e  lower and middle t roposphere  of t h e  weak d i s t u r b a n c e  must be  

r e p l a c e d  by a h e a t  s o u r c e  which produces  t h e  warm anomaly. 

P rev ious  work ( R i e h l ,  1965; Cars tang  e t  a l ,  1967) h a s  i n d i c a t e d  

t h a t  t h e  changes i n  t h e  t r o p o s p h e r i c  energy p r o f i l e  a s s o c i a t e d  w i t h  

t r o p i c a l  d i s t u r b a n c e s  can be  a t t r i b u t e d  t o  v e r t i c a l  a d i a b a t i c  ex- 

changes w i t h i n  t h e  cumulonimbi. The middle t r o p o s p h e r i c  energy i s  

i n c r e a s e d  by mixing w i t h  t h e  h i g h e r  energy u p d r a f t  a i r  w h i l e  t h e  

low l e v e l  energy is  decreased  by wet a d i a b a t i c  descen t  of lower 

energy middle t r o p o s p h e r i c  a i r  i n  t h e  downdrafts .  

I f  t h e  h o r i z o n t a l  i n t e r a c t i o n  between t h e  convec t ive  u p d r a f t s  

and t h e  c loud  environment i s  such t h a t  a n o t i c e a b l e  change i n  t h e  

energy occurs  t h e n  t h e r e  must b e  a two way f l u x  between t h e  c loud  

and i t s  environment.  During t h i s  l l o r i z o n t a l  i n t e r a c t i o n  excess  

e n t h a l p y  from t h e  e r o d i n g  u p d r a f t  is advec ted  t o  t h e  environment 

w h i l e  e n t h a l p y  i s  consumed d u r i n g  t h e  e v a p o r a t i o n  of c loud matter. 

O b j e c t i v e .  I t  is  t h e  purpose  of t h i s  s t u d y  t o  i n v e s t i g a t e  t h e  . 

e r o s i o n  of t h e  buoyant u p d r a f t  and t h e  subsequent  mixing w i t h  t h e  

environment.  The r e l a t i v e  importance of t h e  e v a p o r a t i o n  of c loud 

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

d u r i n g  t h i s  e r o s i o n  p rocess  w i l l  be  compared t o  determine t h e  r o l e  

of t h e  c loud i n  t h e  the rmal  m o d i f i c a t i o n  of i t s  environment.  



Thermodynamics of Cumulonimbus Eros ion  -- 

Cons iderab le  work h a s  been done on t h e  modeling of t h e  s t r u c t u r e ,  

dynamics, and thermodynamics of convec t ive  c louds .  A g e n e r a l  d i s -  

c u s s i o n  of convec t ive  t h e o r i e s  is  given by Simpson e t  a 1  (1965) ,  and 

by Newton (1967) . Probably t h e  most s i g n i f i c a n t  s i n g l e  advance i n  

t h e  e v a l u a t i o n  of convec t ive  p r o c e s s e s  w a s  t h e  p r o p o s i t i o n  and enu- 

merat ion of en t ra inment  by Stommel (1947).  Stommel's i n t e n t ,  l i k e  

t h a t  of f o l l o w i n g  workers ,  w a s  t o  e x p l a i n  why d i f f e r e n t  c louds  grow 

t o  d i f f e r e n t  h e i g h t s  and a t  d i f f e r e n t  r a t e s  b u t  under  similar envi-  

ronmental  c o n d i t i o n s .  The requirement  was t o  model t h e  growth of 

convec t ive  c louds .  

Recognis ing t h a t  d i f f e r e n t  c louds  have d i f f e r e n t  growth and s i z e  

c h a r a c t e r i s t i c s ,  t h e  method of t h i s  s t u d y  w i l l  b e  t o  make u s e  of 

known c h a r a c t e r i s t i c s  of t h e  c loud  forms t o  e x p l a i n  how t h e  c louds  

can modify t h e i r  environment.  I n  t h i s  s t u d y  t h e  c l a s s i c a l  " top h a t "  

p r o f i l e  i n t r o d u c e d  by Stommel w i l l  be  modif ied t o  a l low f o r  h o r i z o n t a l  

t u r b u l e n t  exchanges.  

I n  a  growing o r  mature convec t ive  c loud  t h e  r e g i o n  of t h e  buoyant 

u p d r a f t  c e n t e r  is  a  maximum of t o t a l  energy (where t o t a l  energy ,  o r  

energy ,  i s  d e f i n e d  a s  t h e  sum of t h e  s p e c i f i c  e n t h a l p y ,  t h e  p o t e n t i a l  

energy and t h e  l a t e n t  e n e r g y ) .  The c o o l e r  d r i e r  environment of t h e  

c loud i s  an energy minimum f o r  a  p r e s s u r e  s u r f a c e .  It i s  assumed 

t h a t  s t r e s s e s  a c t i n g  between t h e  ascend ing  u p d r a f t  and t h e  environment 

r e s u l t s  i n  t u r b u l e n t  exchanges such t h a t  i n  t h e  mean t h e r e  is  a 

cont inuous  p r o f i l e  of t o t a l  energy from t h e  u p d r a f t  t o  t h e  undis-  

t u r b e d  environment.  



Away from t h e  u p d r a f t  energy maximum t h e  energy i s  d e c r e a s i n g  

toward t h a t  of t h e  u n d i s t u r b e d  environment.  A t  any p o i n t  on a ver -  

t i c a l  s u r f a c e  su r rounding  t h e  u p d r a f t  t h e  a c t u a l  energy i s  t h e  

r e s u l t  of t h e  r e l a t i v e  mass f l u x e s  through t h e  s u r f a c e  from t h e  

u p d r a f t  and from t h e  u n d i s t u r b e d  environment.  

To e v a l u a t e  t h e  energy a t  a p o i n t  on t h e  v e r t i c a l  s u r f a c e  i t  is 

necessa ry  t o  e q u a t e  t h e  r e l a t i v e  mass f l u x e s  i n t o  t h e  s u r f a c e  and t h e  

energy t r a n s p o r t e d  by t h e s e  f l u x e s .  A p o s i t i v e  f l u x  is  d e f i n e d  a s  

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

toward t h e  environment) and a n e g a t i v e  f l u x  i s  d e f i n e d  as b e i n g  i n t o  

t h e  v e r t i c a l  s u r f a c e .  For c o n s e r v a t i o n  of mass t h e  t o t a l  f l u x  i n t o  

t h e  s u r f a c e  is e q u a l  t o  t h e  t o t a l  f l u x  o u t  of t h e  s u r f a c e .  

- TI - T 2  + ( r l  + '2) = 0 (1)  

For  c o n s e r v a t i o n  of energy t h e  sum of t h e  energy t r a n s p o r t s  of 

t h e  mass f l u x e s  i n t o  t h e  s u r f a c e  from t h e  u p d r a f t  and t h e  environment 

i s  i d e n t i c a l  w i t h  t h e  energy t r a n s p o r t s  due t o  t h e  mass f l u x e s  o u t  of 

t h e  s u r f a c e .  

- r ( C  T + Lql + g z )  - '2(CpT2 + Lq2 + &z) + 1 P l  

( T ,  + T ~ ) ( C ~ T  + Lq + gz) = 0 ( 2 )  

S i m i l a r l y  t h e  t r a n s p o r t  of w a t e r  i n t o  t h e  s u r f a c e  must b e  

equa ted  w i t h  t h e  t r a n s p o r t  of w a t e r  ou t  of t h e  s u r f a c e .  

- T l ( o l  + q l )  - T2q2 + ( r l  + r 2 ) ( u  9)  = 0 ( 3 )  

I s o l a t i n g  t h e  mixing r a t i o  a t  t h e  v e r t i c a l  s u r f a c e  from e q u a t i o n  3 

and s u b s t i t u t i n g  t h i s  v a l u e  of q i n t o  equa t ion  2 l e a d s  t o  ( f o l l o w i n g  re -  

arrangement) an e x p r e s s i o n  f o r  t h e  t empera tu re  at  t h e  v e r t i c a l  s u r f a c e .  



t'.lso from e q u a t i o n  3 i t  f o l l o w s  t h a t :  

I.lence t h e  t empera tu re  of t h e  v e r t i c a l  s u r f a c e  i s  a l s o  g iven  b y :  

The v e r t i c a l  s u r f a c e  cons ide red  i s  a r b i t r a r y .  The t e m p e r a t u r e  

a t  any p o i n t  of t h e  mixing r e z i o n  about  t h e  u p d r a f t  i s  consequen t ly  

s p e c i f i e d  by t h e  c loud  liydrometeor mixing r a t i o  and vapour mixing 

r a t i o  a t  t h a t  p o i n t ,  t o g e t h e r  w i t h  t h e  boundary pa ramete r s  of t h e  

u p d r a f t  and t h e  environment a t  t h a t  p r e s s u r e  l e v e l .  

A t  t h e  c loud  edge t h e  hydrometeor mixing r a t i o  i s  z e r o  and t h e  

vapour mixing r a t i o  (qc) is  n e a r  t h e  s a t u r a t i o n  v a l u e  f o r  t h a t  

t empera tu re  (T,). The t empera tu re  of t h e  c loud  edge is  consequen t ly  

g iven  by : 

The t empera tu re  e x c e s s  (TI  - T2) and t h e  hydrometeor mixing r a t i o  of 

t h e  u p d r a f t  s p e c i f y  t h e  s i g n  of t h e  t empera tu re  anomaly (Tc - T2) of 

t h e  c loud  edge from t h e  environment .  

To e v a l u a t e  t h e  t empera tu re  of t h e  c loud  edge,  environment 

t empera tu re  and mixing r a t i o  p r o f i l e s  a r e  r e a d i l y  a v a i l a b l e  from 

a tmospher ic  soundings .  For l a r g e  cumulonimbi t h e  u p d r a f t  t empera tu re  

and mixing r a t i o  p r o f i l e s  can be approximated a s  u n d i l u t e  a s c e n t  from 

t h e  s,ub-cloud l a y e r .  Knowing t h e  sub-cloud l a y e r  e q u i v a l e n t  p o t e n t i a l  

t empera tu re  s p e c i f i e s  t h e  t empera tu re  and mixing r a t i o  of t h e  u p d r a f t  

a t  any p r e s s u r e  l e v e l .  



The updraf t  hydrometeor mixing r a t i o  is  an unknown parameter.  

Adiaba t ic  l i q u i d  water  va lues  a r e  not  r e a l i s t i c  as t h e  l a r g e r  s i z e  

d r o p l e t s  f a l l  out  a s  r a i n .  With he igh t ,  a s  t h e  a i r  dens i ty  decreases ,  

t h e  te rmina l  v e l o c i t i e s  of d rop le t s  i nc rease  and l e s s  water  would be  

expected t o  be  h e l d  i n  t h e  updraf t .  I n  t h e  lower l e v e l s  where t h e  

updraf t  v e l o c i t y  is  inc reas ing  r a p i d l y  with he igh t  s o  too  t h e  water  

content  would be expected t o  be  inc reas ing  sharp ly  wi th  he igh t .  

F l e t che r  (1962) gives a summary of observed l i q u i d  water  i n  cumulus 

type clouds. There i s  a wide v a r i a t i o n  i n  t h e  va lues  found by d i f -  

f e r e n t  researchers .  These r e s u l t s  vary from l e s s  than  0.5 g/meter3 

t o  10 g/meter3. Numerical models, f o r  example Squires  and Turner 

(1962), t y p i c a l l y  give maximum values  of cloud water  i n  excess  of 

A t  t h e  cloud w a l l  t he  mixing r a t i o  is  nea r  t h e  s a t u r a t e d  va lue  

f o r  t h a t  temperature and pressure .  A s  a f i r s t  approximation equat ion 7 

can be  solved at a pressure  l e v e l  by spec i fy ing  an updra f t  p r o f i l e  and 

using an environment sounding and a reasonable l i q u i d  water  p r o f i l e .  

The mixing r a t i o  of t he  cloud w a l l  can be approximated at f i r s t  by t h e  

- updraf t  mixing r a t i o .  That i s ,  qc - ql .  Equation 7 i s  then solved 

f o r  t h e  cloud edge temperature Tc. 

A convergent i t e r a t i v e  method can be  employed t o  ob ta in  a b e t t e r  

e s t ima te  of t h e  cloud wa l l  temperature and mixing r a t i o .  The f i r s t  

es t imate  of Tc can be  used t o  re-evaluate  t h e  cloud edge mixing r a t i o .  

The s a t u r a t i o n  vapour p re s su re ,  es ,  is es t imated  from: 



which, by s u b s t i t u t i o n  i n t o :  

gives a new es t ima te  of t h e  cloud edge s a t u r a t i o n  mixing r a t i o .  

E i t h e r  t h e  e s t ima te  of t h e  cloud edge s a t u r a t i o n  mixing r a t i o  o r  a 

mixing r a t i o  l e s s  than t h e  s a t u r a t e d  va lue  can be  used, through 

equat ion 7 ,  t o  de f ine  a new es t ima te  of t h e  cloud edge temperature 

a t  t h a t  p ressure  l e v e l .  This cyc le  is  repeated u n t i l  t he  des i r ed  

l e v e l  of accuracy is achieved. 

The temperature anomaly of t h e  mixing region is  considered t o  

be dominantly the  r e s u l t  of h o r i z o n t a l  t u rbu len t  exchanges. Even 

though t h e r e  a r e  s t r o n g  v e r t i c a l  motions i n  t h e  updra f t s  and down- 

d r a f t s  w i th in  the  cumulonimbi, t hese  motions a r e  along constant  energy 

su r f aces .  The updraf t  a i r  reaching t h e  cloud edge a t  any p re s su re  

su r f ace  can be considered t h e  r e s u l t  of ascent  o r  descent  a long a 

wet ad iaba t  followed by h o r i z o n t a l  mixing. 

Outside the  cloud t h e  l apse  r a t e  followed by a i r  p a r c e l s  is dry 

ad iaba t i c .  V e r t i c a l  motions w i l l  tend t o  des t roy  any anomaly of 

temperature formed a t  t h e  cloud wal l .  The weak v e r t i c a l  motions out- 

s i d e  t h e  cloud wa l l  and s t rong  h o r i z o n t a l  motions of t h e  environment 

r e l a t i v e  t o  t he  cloud ensures  t h a t  any temperature anomaly formed a t  

t h e  cloud wa l l  w i l l  be propogated downwind before  d i s s i p a t i o n .  

A schematic c ross -sec t ion  through a cumulonimbus cloud t h e o r i s i n g  

t h e  e f f e c t s  of ho r i zon ta l  mixing is described i n  f i g u r e  1. Here t h e  

cloud is a c t i n g  a s  an atmospheric hea t  s i n k  with cloud edge cool ing.  

Enthalpy of t h e  environment is  converted t o  l a t e n t  energy through the  

evaporat ion of cloud hydrometeors. Due t o  t h e  mean h o r i z o n t a l  motion 



of t h e  environment around t h e  u p d r a f t ,  t h e  temperature anomaly of 

t h e  cloud edge i s  shown t o  be advected downwind. 

Liquid Water = = ='/ Qi ~elotive~ind 
-- Mixing Ratio 
- Temperature 

Figure 1. Schematic c ross  s e c t i o n  through t h e  model cumulonimbus 
showing cloud edge cool ing.  

Observat ional  Data 

Due t o  t h e  v i o l e n t  na tu re  of cumulonimbus clouds very l i t t l e  is  

known of t h e  updraf t  condi t ions i n  t hese  mesoscale systems. From 

rada r  r e f l e c t i v i t i e s  i t  is known t h a t  t h e  hydrometeor content  i n  and 

around the  updraf t  is h igh ,  but  a percentage of t h i s  w i l l  f a l l  out  a s  

p r e c i p i t a t i o n .  I f  a cumulonimbus cloud is t o  a c t  a s  a hea t  s i n k  i n  

t h e  atmosphere then t h e  hydrometeor mixing r a t i o  of t h e  updraf t  

evaporated t o  t h e  environment must be high while  the thermal excess 



is c o n s t r a i n e d .  Within a c t i v e  cumulonimbi t h e  u p d r a f t  t empera tu re  

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

a  v igorous  u p d r a f t  w i l l  maximise t h e  mass of c loud hydrometeors 

suppor ted  and d e t r a i n e d  d u r i n g  boundary e r o s i o n .  

1. The VIMHEX P r o j e c t .  

Oppor tun i ty  t o  i n v e s t i g a t e  t h e  cumulonimbus as a  h e a t  s o u r c e  o r  

s i n k  t o  t h e  atmosphere w a s  g iven  d u r i n g  the Venezuelan I n t e r n a t i o n a l  

Meteoro log ica l  and Hydro log ica l  Experiment (VIMHEX) conducted under 

t h e  d i r e c t i o n  of P r o f e s s o r  Herber t  R i e h l  a t  Anaco, Venezuela ( l o c a t i o n ,  

f i g u r e  2 )  d u r i n g  t h e  summer of 1969. P a r t  of t h e  experiment invo lved  

t h e  r e l e a s e  of rad iosonde  b a l l o o n s  d u r i n g  p e r i o d s  of d i s t u r b e d  weather  
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Figure  2 .  Loca t ion  diagram - Anaco, Venezuela. 



w h i l e  s imul taneous ly  moni to r ing  tile l o c a t i o n  of convec t ive  sys tems 

b y  t h e  p o s i t i o n  of t h e i r  r a d a r  images. 

The convec t ive  a c t i v i t y  a t  Anaco fol lowed a  d i u r n a l  t r e n d .  The 

peak of a c t i v i t y  was d u r i n g  t h e  middle t o  l a t e  a f t e r n o o n .  Convection 

r a r e l y  s t a r t e d  b e f o r e  noon and g e n e r a l l y  t h e  echoes were dying at 

s u n s e t .  

A sounding was r e g u l a r l y  r c l e a s e d  n e a r  0730 LST each day. As  

echoes  began t o  appear  on t h e  r a d a r  scone rad iosondes  were r e l e a s e d  

a t  approximately  two hour i n t e r v a l s  u n t i l  t h e  c e s s a t i o n  of convec t ion  

d u r i n g  t h e  evening.  Th is  p l a n  made f o r  a  random s c a t t e r  of  t h e  

b a l l o o n s  r e l a t i v e  t o  t i le echo c e n t e r s .  

The 10 cm wavelength r a d a r  used had a d j u s t a b l e  an tenna  t i l t  and 

s i g n a l  a t t e n u a t i o n  f a c i l i t i e s .  These allowed f o r  examinat ion of t h e  

h e i g h t  of t h e  r a d a r  echo and t h e  r e f l e c t i v i t y  (hydrometeor concentra-  

t i o n )  of t h e  echo.  Following t11e commencement of convec t ion  a  sequence 

of photographs was made of  t h e  r a d a r  scope a t  t e n  minute  i n t e r v a l s .  

Th i s  sequence c o n s i s t e d  of t h e  f o u r  a t t e n u a t i o n  s e t t i n g s  (18 db,  12 db, 

6 db,  and z e r o  a t t e n u a t i o n  r e s p e c t i v e l y )  a t  each of  t h e  an tenna  

e l e v a t i o n  s e t t i n g s  (18 ,  16 ,  14 ,  1 2 ,  1 0 ,  8 ,  6 ,  4 ,  2 ,  and z e r o  degrees  

e l e v a t i o n  r e s p e c t i v e l y ) .  Where t h e r e  were no v i s i b l e  echoes a t  t h e  

h i g h e r  e l e v a t i o n s  no photographs were made. 

The primary o b j e c t i v e  of t h e  experiment was t o  r e l a t e  t h e  r a d i o -  

sonde d a t a  i n  n c o o r d i n a t e  system r e l a t i v e  t o  t h e  c e n t e r  o f ,  and i n  

t h e  d i r e c t i o n  of movement o f ,  t h e  mesoscale convec t ive  sys tems i n  

composite form. This  i s  p o s s i b l e  by t l ie a c c u r a t e  t r a c k i n g  of t h e  

radiosonde b a l l o o n s  and by n o t i n g  t h e  changing p o s i t i o n  and i n t e n -  

s i t i e s  of t h e  c loud images a s  t h e  b a l l o o n  ascends  through tliz t roposphere .  



During t h e  t h r e e  months o p e r a t i o n  of t h e  exper iment  a  number 

of b a l l o o n s  were r e l e a s e d  i n t o  and i n  c l o s e  p rox imi ty  t o  mesoscale  

c o n v e c t i v e  sys tems.  The f o l l o w i n g  i s  a  s c r i e s  of a n a l y s e s  of d a t a  

from such rad iosondes .  

The r a d a r  scope pi io tograpl~s  !lave Anaco a t  t h e  c e n t e r  of t h e  

scoi>c. Th i s  is a l s o  thi. p o i n t  of r e l e a s e  of t h e  b a l l o o n s .  The 

e l e v a t i o n  of t h e  r a d a r  an tenna  i s  always a t  t h e  lowes t  s e t t i n g  

w h i l e  t h e  s i g n a l  is  u n a t t c n u a t c d .  North i s  t o  t h e  t o p  of t h e  

p i c t u r e s  and t h e  p e r s i s t e n t  echoes  i n  t h e  a r c  from n o r t h  t o  n o r t h -  

e a s t  a r e  t h e  mountains n e a r  t h e  c o a s t .  The i n n e r  c i r c l e  i s  o f  

50 Km r a d i u s  w h i l e  t h e  o u t e r  d i r e c t i o n a l  s c a l e  is  of 130 Krn r a d i u s .  

The a tmospher ic  soundings  a r c  p l o t t e d  on a  t r o p i c a l  tephigram,  

t h e  o r d i n a t e  b e i n g  p o t e n t i a l  t empera tu re  and t h e  a b s c i s s a  b e i n g  

a c t u a l  t empera tu re .  For e a c l ~  sounding t h e  upper  p l o t  i s  t h e  a c t u a l  

t empera tu re  a g a i n s t  p r e s s u r e  w h i l e  t h e  lower  p l o t  is  t h e  dew p o i n t  

t empera tu re  a g a i n s t  p r e s s u r e .  

I t  i s  d o u b t f u l  t h a t  t h e  c loud  w a l l  and t h e  edge of t h e  r a d a r  

echo a r e  c o i n c i d e n t .  Thus, w h i l e  t h e  rad iosondes  were  r e l e a s e d  a t  

t h e  r e l a t i v e  p o s i t i o n  of t l le  scope c e n t e r  t o  t h e  echo,  t h e r e  i s  no 

i n d i c a t i o n  of t h e  r e l a t i v e  p o s i t i o n  of t h e  c loud edge.  However, 

from t h e  proximity  of t h e  r a d a r  echoes  and t h e  d e v i a t i o n  of t h e  

mixing r a t i o  ( o r  dcv p o i n t  t empera tu re )  i t  is  p o s s i b l e  t o  a s c e r t a i n  

in-c loud and out-of-cloud c o n d i t i o n s .  

I n  each a n a l y s i s  t h e  m o d i f i c a t i o n  of t h e  a i r f l o w  by t h e  c loud 

is  shown. The e a r l y  sounding p r i o r  t o  convec t ion  is  r e p r e s e n t a t i v e  

of t h e  u n d i s t u r b e d  a i r f l o w  and t i le  f o l l o w i n g  sounding i s  i n d i c a t i v e  

of t h e  m o d i f i c a t i o ~ l  t a k i n g  p l a c e  n e a r  t h e  c loud  edge.  The l a t e r  



Figure 3. Radar scope photographs at Anaco; a) 1506 LST, b) 1800 LST. 
10 J u l y  1969. 



soundings demonstrate t h a t  t h e  cumulonimbus can a c t  a s  an atmospheric 

hea t  s i n k  as a r e s u l t  of t h e  conversion of enthalpy of t he  cloud 

environment t o  l a t e n t  energy during t h e  evapora t ion  of cloud hydro- 

meteors. 

10 J u l y  1969: Following t h e  passage over  Anaco of a s u r f a c e  

e a s t e r l y  wave dur ing  t h e  evening of 9 J u l y ,  convect ive a c t i v i t y  w a s  

considerably enhanced during the  a f te rnoon of 10 Ju ly .  Frequent 

radiosondes were re leased  during t h e  a f te rnoon.and  evening. F igures  

3a and 3b a r e  photographs of t h e  r ada r  scope a t  1506 LST and 1800 LST 

re spec t ive ly  a s  radiosondes were re leased .  An in te rmedia te  radio-  

sonde was r e l ea sed  a t  1645 LST when t h e r e  were no echoes nea r  Anaco. 

This ba l loon  prematurely b u r s t  a t  500 mb. The sounding of 500 mb 

was s i m i l a r  t o  t he  1500 LST r e l e a s e .  The soundings of 1500 LST and 

1800 LST a r e  compared i n  f i g u r e  4. 

Figure 4. Comparison of atmospheric soundings a t  Anaco. 10 J u l y  1969. 



The r ada r  echoes during t h e  a f te rnoon of 10 Ju ly  were consis-  

t e n t l y  moving west northwest.  The a r c  of echoes t o  t h e  south of 

Anaco moved northwest whi le  developing t o  t h e  mesoscale system 

observable a t  1800 LST. 

The cool ing wi th in  t h e  l a r g e  mesoscale system t o  t h e  south  of 

Anaco which is  observed from 800 mb t o  400 mb is c o n s i s t e n t l y  w i th in  

the  range of from one t o  two cent igrade  degrees.  The ba l loon  en tered  

t h e  cloud below 750 mb and remained wi th in  t h e  cloud t o  a t  l e a s t  

350 mb. It i s  only near  300 mb t h a t  t h e  temperatures a r e  comparable 

with the  1500 LST sounding. Above 300 mb cool ing is  again r e g i s t e r e d ,  

wi th  maximum values  nea r  t he  well-defined tropopause. It is  l i k e l y  

t h a t  overshoot and mixing of t h e  now r e l a t i v e l y  cold and dense up- 

d r a f t  is respons ib le  f o r  t h e  high l e v e l  cooling. 

12 Ju ly  1969: The i n i t i a l  sounding (0810 LST) showed a cool  

moist l a y e r  below 700 mb with near  normal temperatures above. The 

f i r s t  s igns  of convective a c t i v i t y  were t o  t h e  south  of Anaco where 

e a r l y ,  but  smal l ,  echoes began t o  appear.  By 1130 LST a mesoscale 

system had developed t o  t h e  sou theas t  of Anaco a t  a d i s t ance  of 

nea r  60 Km ( f i g u r e  5a) .  A t  t h i s  time the  radiosounding was s i m i l a r  

t o  t he  e a r l i e r  sounding i n d i c a t i n g  l i t t l e ,  i f  any, downwind in f luence  

by t h e  convective system. 

The convective system became more a c t i v e  and enlarged during t h e  

fol lowing two and a h a l f  hours a s  i t  moved toward Anaco. The con- 

vec t ive  system was s t i l l  t o  t h e  e a s t  of Anaco when the  subsequent 

sounding was made a t  1400 LST ( f i g u r e  5b).  This and t h e  1130 LST 

sounding a r e  compared ( f i g u r e  6)  t o  show t h e  thermal modi f ica t ion  

i n  t h e  cloud a i r  t r ave r sed  by t h e  bal loon.  
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Figure  5. Radar scope photogrg$Es at  Anaco; aJ 1130 L ~ T ,  b) i303 LST. 
12 J u l y  1969. 



Figure 6 .  Comparison of atmospheric soundings a t  Anaco. 1 2  J u l y  1969. 

Between 850 mb and 700 mb t h e  cold anomaly present  on t h e  e a r l i e r  

sounding tends t o  be e l imina ted  a t  1400 LST. Between 700 mb and 

400 mb, when t h e  r e l a t i v e  humidity continues t o  be  h igh ,  s t r o n g  

cool ing  is  evident  a t  t h e  l a t e r  time. Above 450 mb t h e  temperature 

is  nea r  t h e  environment temperature while  t he  dew poin t  depression 

is  small .  It is  probable t h a t  t h e  ba l loon  remains wi th in  t h e  cloud. 

The weak warming ev ident  i n  t h e  lower l a y e r s  a t  1400 LST i s  

s i g n i f i c a n t  because i t  shows t h a t ,  i f  t h e  temperature excess of t h e  

updraf t  i s  s u f f i c i e n t l y  l a r g e ,  then t h e  cumulonimbus can a c t  a s  a 

hea t  source wi th  r e spec t  t o  i t s  environment, I n  f a c t  a l a t e r  sounding 

a t  1545 LST shows t h e  cold anomaly of t h e  morning sounding t o  be  

completely e l imina ted  a s  a r e s u l t  of t h e  a f te rnoon convection. At 



1400 LST t h e  sounding shows t h e  cloud cont inuing t o  modify t h e  

environment with maximum cool ing  a t  550 mb and decreas ing  t o  no 

s i g n i f i c a n t  va lue  when t h e  ba l loon  b u r s t  a t  above 300 mb. 

12 August 1969: Very l i t t l e  convection was being experienced 

about Anaco on 12 August. During t h e  a f te rnoon a c l u s t e r  of c e l l s  

formed t o  t h e  nor th  and e a s t  of Anaco and moved westward. A radio-  

sonde was r e l ea sed  as t h e  edge of t h e  main body of r a d a r  echoes was 

a few k i lometers  t o  t h e  no r th  of Anaco ( f i g u r e  7) .  The n e a r  s a tu ra -  

t i o n  i n  t h e  lower l a y e r s  of t h e  1630 LST sounding ( f i g u r e  8) i nd i -  

ca t e s  t h a t  t h e  ba l loon  en te red  t h e  cloud through t h e  base  and emerged 

i n t o  c l e a r  a i r  below 650 mb. The wind p r o f i l e  i nd ica t ed  t h a t  t h e  

ba l loon  emerged from t h e  cloud t o  t h e  southwest of t h e  system. 

Figure 7. Radar scope photograph a t  Anaco. 1645 LST, 12 August 1969. 
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Figure 8. Comparison of atmospheric soundings a t  Anaco, 12 August 1969. 

A comparison of t h e  1630 LST sounding and t h e  morning sounding 

given i n  f i g u r e  8 shows cooling i n  t h e  cloud maintained t o  550 mb and 

a f t e r  t h e  balloon has apparently emerged from the  cloud a i r .  The 

temperature and dew point  p r o f i l e s  above 500 mb a r e  i n  general  agree- 

ment between t h e  morning and t h e  afternoon soundings. Cooling above 

200 mb and t h e  tendency f o r  t h e  formation of a second tropopause at 

150 mb is noticeable on t h e  afternoon sounding. Above 135 mb t h e  

1630 LST sounding resumed the  p r o f i l e  of the  morning. 

13  August 1969: .Enhanced convective a c t i v i t y  resumed on the  

afternoon of 13 August. The a c t i v i t y  was associated with the  approach 

of an upper l e v e l  trough from the  eas t .  A radiosonde was released a t  

1200 LST on t h e  r i g h t  r e a r  f lank of a decaying convective system 



Figure 9 .  Radar scope photographs a t  Anaco; a) 1200 LST, b) 1500 LST. 
13 August 1969. 



( f igure  9a).  The radiosonde, being upwind of t h e  convective system, 

did not  pass through a i r  which had been thermally modified by t h e  

convective system. The following radiosonde a t  1500 LST was re leased 

i n  approximately t h e  same r e l a t i v e  pos i t ion  t o  an a c t i v e  system 

( f igure  9b) a s  the  former radiosonde was t o  t h e  decaying system. 

This l a t e r  bal loon was, by comparison, entrained i n t o  t h e  cloud a i r  

and s i g n i f i c a n t l y  influenced by t h e  mesoscale system. 

The comparison of t h e  1200 LST and t h e  1500 LST soundings 

( f igure  10) is  evidence of t h e  s t rong modification t o  the  entrained 

environment on the  upwind s i d e  of t h e  cloud. Cooling is again 

indicated  t o  near  420 mb where, p r i o r  t o  the  l a t e r  bal loon burs t ing ,  

t h e  temperature p r o f i l e  corresponds t o  the  e a r l i e r  sounding. The 

1EMPERATURE 'C 

Figure 10. Comparison of atmospheric soundings a t  Anaco. 1 3  August 1969. 



dew poin t  p r o f i l e  i n d i c a t e s  t h a t  t he  ba l loon  en tered  the  cloud nea r  

850 mb and genera l ly  remained wi th in  t h e  cloud. Although t h e r e  i s  

a genera l  cool ing t o  400 mb t h e r e  a r e  r ap id  f l u c t u a t i o n s  i n  t h e  

temperature p r o f i l e .  It i s  probable t h a t  t he  ba l loon  i s  o s c i l l a t i n g  

across  equiva len t  p o t e n t i a l  temperature su r f aces  and t h a t  t h e  

h o r i z o n t a l  in-cloud temperature g rad ien t s  r e s u l t  i n  t h i s  p r o f i l e .  

11 September 1969: The convect ive a c t i v i t y  observed on t h e  

r ada r  scope was again enhanced on 11 September. Echoes were f i r s t  

appearing on t h e  r ada r  scope before  noon and continued i n t o  t h e  

evening. 

A radiosonde was r e l ea sed  a t  1100 LST and t h e  r a d a r  showed no 

echoes i n  t h e  nea r  v i c i n i t y  of Anaco. The fol lowing radiosonde 

r e l e a s e  was a t  1330 LST a s  a small  convect ive system passed t o  t h e  

nor th  and e a s t  of Anaco ( f i g u r e  l l a ) .  With a p r e v a i l i n g  e a s t e r l y  

flow t h e  modified a i r  from t h e  convective system was i n t e r s e c t e d  by 

t h e  ba l loon  during i t s  ascent  from 850 mb t o  450 mb. The sounding 

( f i g u r e  12) shows cool ing (with re ference  t o  t h e  1100 LST sounding) 

from 850 mb t o  450 mb. The tendency f o r  convect ive overshoot is  

ind ica t ed  above 200 mb. 

The fol lowing radiosonde was re leased  a t  1535 LST i n t o  a l a r g e  

mesoscale convective system ( f i g u r e  l l b ) .  Even s t r o n g e r  cool ing  

than on t h e  1330 LST sounding i s  evidenced a t  t h e  600 mb l e v e l  and 

between 500 mb and 450 mb. The 1330 LST and 1535 LST soundings a r e  

compared i n  f i g u r e  13. The sounding a t  1535 LST is nea r ly  s a t u r a t e d  

throughout i n d i c a t i n g  t h a t  t h e  radiosonde remained wi th in  t h e  cloud 

during ascent .  The 1535 LST radiosonde was apparent ly o s c i l l a t i n g  

i n  t h e  h o r i z o n t a l  between a cold anomaly toward t h e  edge of t h e  

cloud and a buoyant updraf t  region.  



Figure 11. Radar scope photographs a t  Aanco; a) 1330 LST, b) 1535 LST. 
11 September 1969. 



Figure 12. Comparison of atmospheric soundings at Anaco. 
11 September 1969. 
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Figure 13. Comparison of atmospheric soundings at Anaco. 
11 September 1969. 



A common c h a r a c t e r i s t i c  of t h e  above thermally modified sound- 

i ngs  of t h e  atmosphere is  t h e  tendency f o r  cool ing i n  t he  lower and 

middle troposphere (with a co ld  anomaly maximum nea r  500 mb), t h e  

resumption of t h e  o r i g i n a l  p r o f i l e  nea r  200 mb, and followed by 

another  l a y e r  of cool ing a s  apparent ly  t he  buoyant updra f t s  over- 

shoot  t h e  equi l ibr ium l e v e l  and tend t o  mix wi th  the  p r e v a i l i n g  

a i r £  low. 

2. The Convective Model. 

The soundings examined f o r  f i v e  of t h e  d i s tu rbed  days a t  Anaco 

w i l l  now be used t o  t e s t  t h e  model of h o r i z o n t a l  mixing as a v i a b l e  

mechanism of atmospheric modif icat ion.  The f i v e  soundings p r i o r  t o  

t h e  onse t  of convection (1500 LST, 10 Ju ly ;  1130 LST, 12 J u l y ;  

0730 LST, 1 2  August; 1200 LST, 13 August; and 1100 LST, 11 September) 

have been meaned a t  50 mb i n t e r v a l s  t o  give a r e p r e s e n t a t i v e  sounding 

of t h e  undisturbed environment. The f i v e  fol lowing soundings when 

radiosondes were launched i n t o  and about mesoscale convect ive systems 

(1800 LST, 10 Ju ly ;  1400 LST, 12 J u l y ;  1630 LST, 12 August; 1500 LST, 

13  August; and 1330 LST, 11 September) a r e  considered r e p r e s e n t a t i v e  

of t h e  modified atmosphere nea r  t h e  cloud edge. 

Through t h e  use of equat ion 7 f o r  t h e  determinat ion of t h e  cloud 

edge temperature,  t h e  sounding represent ing  the  undisturbed environ- 

ment, and a s u i t a b l e  updraf t  p r o f i l e  i t  is now poss ib l e  t o  determine 

a v e r t i c a l  p r o f i l e  of t h e  modified atmosphere a t  t h e  cloud edge. For 

t h i s  i l l u s t r a t i o n  t h e  cloud edge is  assumed t o  be t h e  v e r t i c a l  su r f ace  

on which the  cloud hydrometeor mixing r a t i o  goes t o  zero and t h e  

r e l a t i v e  humidity is  90%. The i t e r a t i o n  process  prev ious ly  descr ibed 



was c a r r i e d  out  u n t i l  succeeding e s t ima te s  of t h e  cloud edge temper- 

a t u r e  a t  each 50 mb l e v e l  d i f f e r e d  by l e s s  than 0.05 cen t ig rade  

degrees.  

The r a d a r  echoes of t h e  p a r t i c u l a r  convect ive systems w e r e  

l a rge .  It is  considered t h a t  t h e  updra f t  c e n t e r s  of t h e s e  systems 

can be  approximated by u n d i l u t e  ascent  from t h e  boundary l a y e r .  

Noting t h a t  t h e  a c t u a l  modified sounding approximated t h e  undisturb-  

ed sounding nea r  200 mb and on t h e  347" K equiva len t  p o t e n t i a l  

temperature s u r f a c e  ( f i g u r e  1 4 ) ,  then  3 4 7 O  K was taken as t h e  pseudo- 

adiab a t  of und i lu t  e a s  cent .  This  pseudo-adj.abat is  thermally 

buoyant from below 850 mb t o  200 mb . 

Figure 14. A comparison of the mean of f i v e  soundings p r i o r  t o  t h e  
onse t  of convection with t h e  mean of f i v e  fol lowing soundings made 
near  t h e  cloud edge of mesoscale systems. 



Estimating t h e  updraf t  hydrometeor mixing r a t i o  which i s  eroded 

i n t o  t h e  environment i s  d i f f i c u l t .  An upper l i m i t  would be l e s s  than 

10  g/Kg, t h e  maximum p red i c t ed  by numerical  models and a l s o  observed 

by research  f l i g h t s .  For t h i s  model t h e  upd ra f t  hydrometeor mixing 

r a t i o  which is eroded and evaporated i n t o  t h e  environment i s  taken 

a s  t h e  p r o f i l e  of f i g u r e  15. The e f f e c t i v e  hydrometeor mixing r a t i o  

i nc reases  sha rp ly  t o  600 mb, r ep re sen t ing  t h e  i nc reased  hold ing  

capac i ty  of t h e  upd ra f t  wi th  i nc reased  v e r t i c a l  v e l o c i t y .  The 

e f f e c t i v e  hydrometeor mixing r a t i o  then f a l l s  from t h e  maximum of 

6 g/Kg t o  i n s i g n i f i c a n t  va lues  above 200 mb. The p r o f i l e  of 

F igure  15 may be regarded as t h e  e f f e c t i v e  hydrometeor mixing r a t i o  

f o r  t h e  purposes of t h i s  model. The a c t u a l  hydrometeor mixing r a t i o  

of t h e  updraf t  i s  i n  excess  of t h i s ,  t h e  d i f f e r e n c e  f a l l i n g  out  a s  

p r e c i p i t a t i o n .  

Using t h e  undis turbed environment p r o f i l e  of f i g u r e  1 4 ,  t h e  

e f f e c t i v e  updraf t  hydrometeor mixing r a t i o  of f i g u r e  15 ,  and t h e  

updraf t  pseudo-adiabat of 347' K equiva len t  p o t e n t i a l  temperature ,  

t h e  cloud edge temperature p r o f i l e  was ca l cu l a t ed .  The d i f f e r e n c e  

between t h e  ca l cu l a t ed  cloud edge temperature p r o f i l e  and t h e  undis- 

tu rbed  environment temperature  p r o f i l e  is  t h e  temperature  dev ia t i on ,  

o r  anomaly, at t h e  cloud wa l l .  

The c a l c u l a t e d  temperature  anomaly a t  t h e  cloud edge is  compared 

t o  t h e  a c t u a l  anomaly of t h e  modified a i r  nea r  t h e  cloud edge i n  

f i g u r e  16. It i s  r e a d i l y  apparent  t h a t  t h e  model of h o r i z o n t a l  mix- 

i n g  from t h e  eroding updraf t  can reproduce t h e  observed modi f ica t ion  

brought about on t h e  edges of mesoscale convect ive systems. 



HYDROMETEOR MIXING RATIO g/Kg 

Figure 15. The e f f e c t i v e  updraft  hydrometeor mixing r a t i o  of t he  
mes os c a l e  convective clouds. 
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Figure 16. A comparison of t h e  mean dev ia t ion  of t h e  temperature 
observed nea r  t h e  cloud edge and t h e  temperature dev ia t ion  p red ic t ed  
us ing  t h e  h o r i z o n t a l  mixing model. 



Meso and Synoptic Sca le  I n t e r a c t i o n s  

Typical ly  t h e  su r f ace  equiva len t  p o t e n t i a l  temperature a t  

Anaco, Venezuela w a s  i n  excess of 360" K during the  a f te rnoon and 

preceding convection. The v e r t i c a l  g rad ien t  of moisture and temper- 

a t u r e  was such t h a t  a t  950 mb a t y p i c a l  va lue  of t h e  equiva len t  

p o t e n t i a l  temperature was l e s s  than 335" K. Under t hese  boundary 

l a y e r  condi t ions ,  except f o r  a very narrow and weak l a y e r  nea r  

250 mb, t h e  model and t h e  a c t u a l  da t a  show t h e  convect ive clouds t o  

be a s i n k  of s e n s i b l e  hea t  t o  t h e  atmosphere. 

Over t r o p i c a l  oceans the  summertime equiva len t  p o t e n t i a l  

temperature a t  t h e  su r f ace  i s  t y p i c a l l y  nea r  35S0 K (Gray, 1967). 

With tu rbu len t  mixing and an abundant hea t  and mois ture  supply from 

t h e  ocean's s u r f a c e ,  t he  mean sub-cloud l a y e r  equiva len t  p o t e n t i a l  

temperature w i l l  be nea r  350" K.  I n  regions of synop t i c  s c a l e  low 

l e v e l  convergence t h e  mean sub-cloud l a y e r  equiva len t  p o t e n t i a l  

temperature w i l l  approach 355" K a s  t h e  high energy s u r f a c e  a i r  is  

l i f t e d .  Typica l ly ,  t h e  mean equiva len t  p o t e n t i a l  temperature of 

t h e  sub-cloud l a y e r  w i l l  r i s e  with t h e  inc rease  of s u r f a c e  conver- 

gence during t h e  i n t e n s i f i c a t i o n  of a t r o p i c a l  d i s turbance .  

It is  of i n t e r e s t  t o  extend the  model of h o r i z o n t a l  mixing from 

t h e  convect ive updraf t  t o  determine the  cloud edge temperature 

modif icat ion r e s u l t i n g  from changes i n  t h e  sub-cloud l a y e r  equiva len t  

p o t e n t i a l  temperature.  This changing sub-cloud l a y e r  equiva len t  

p o t e n t i a l  temperature w i l l  be not iced  wi th in  t h e  cloud as a change 

i n  t h e  equiva len t  p o t e n t i a l  temperature of t h e  updra f t  pseudo- 

adiabat  . 



The h o r i z o n t a l  mixing model has  been app l i ed  us ing  t h e  same 

undisturbed environment ( f i g u r e  14) and e f f e c t i v e  updraf t  hydro- 

meteor mixing r a t i o  ( f i g u r e  15) a s  used previous ly .  Updraft pseudo- 

ad i aba t s  of 347" K ,  351" K and 355" K r e f l e c t  t h e  changing mean 

equiva len t  p o t e n t i a l  temperature of t h e  sub-cloud l a y e r  wi th  d i s t u r -  

bance i n t e n s i f i c a t i o n .  Equation 7 was used t o  c a l c u l a t e  t h e  cloud 

edge temperature ( a s  previously)  at  50 nib i n t e r v a l s  between 900 mb, 

and 150 mb f o r  t h e  t h r e e  sub-cloud l a y e r  condi t ions .  

The v e r t i c a l  expansion o r  con t r ac t ion  of an atmospheric l a y e r  

between pressure  su r f aces  is  dependent on t h e  l a y e r  mean mixing 

r a t i o  a s  w e l l  a s  t he  l a y e r  mean temperature.  The e f f e c t  of t h e  

moisture i s  accounted f o r  i f  t h e  v i r t u a l  temperature,  T*, i s  used 

i n  c a l c u l a t i n g  t h e  l a y e r  th ickness .  

T* = ( 1  + 0.61q)T OK (10) 

From the  cloud edge temperature p r o f i l e s  ca l cu la t ed  us ing  t h e  347' K,  

351" K and 355" K updraf t  pseudo-adiabats t h e  cloud edge v i r t u a l  

temperature p r o f i l e s  were evaluated.  The dev ia t ion  of t h e s e  v i r t u a l  

temperature p r o f i l e s  from t h a t  of t h e  undisturbed environment is  

shown i n  f i g u r e  17. 

The l a y e r  t h i ckness ,  Az, between 50 mb increment p re s su re  

su r f aces  is given by: 

where T* i s  t h e  l a y e r  mean v i r t u a l  temperature and p is  t h e  mid-layer 

pressure  su r f ace .  The v i r t u a l  temperatures prev ious ly  ca l cu la t ed  a t  

50 mb i n t e r v a l s  f o r  t h e  347" K ,  351" K and 355" K updraf t  pseudo- 

ad i aba t s  were used as t h e  mid-layer (approximately l a y e r  mean) v i r t u a l  

temperature i n  t h e  c a l c u l a t i o n  of t h e  cloud edge th ickenss  of each 



VIRTUAL TEMPERATURE DEVIATION "C 

Figure  1 7 .  The v i r t u a l  t empera tu re  d e v i a t i o n  a t  t h e  c loud edge 
p r e d i c t e d  f o r  v a r y i n g  u p d r a f t  pseudo-adiabats .  



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

of t h e  t h i c k n e s s  of t h e s e  50 mb l a y e r s  from t h e  t h i c k n e s s  of t h e  cor re -  

sponding l a y e r  of t h e  u n d i s t u r b e d  environment a r e  shown i n  f i g u r e  18. 

NET DEVIATION (925mb - 175mb) 

347 OK -43meters 

351 OK -12meters 

355 OK +17meters 

THICKNESS DEVIATION meters 

F i g u r e  18.  The p r e d i c t e d  t h i c k n e s s  d e v i a t i o n  of 50 mb l a y e r s  a t  t h e  
c loud edge f o r  v a r y i n g  u p d r a f t  pseudo-adiabats .  



The main v a r i a t i o n  o f  v i r t u a l  t e m p e r a t u r e ,  and consequen t ly  

t h i c k n e s s ,  occur red  n e a r  250 mb. lJhere c o o l i n g  was a t  a l l  l e v e l s  

e x c e p t  250 mb w i t h  a 347' K e q u i v a l e n t  p o t e n t i a l  t empera tu re  u p d r a f t ,  

as t h e  u p d r a f t  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 c r e a s e d  warnling 

w a s  apparen t  from 350 mb t o  200 mb f o r  t h e  351' K pseudo-adiabat 

and from 400 mb t o  150 mb f o r  t h e  355O K u p d r a f t  pseudo-adiabat .  

Consequently t h e  n e t  t h i c k n e s s  change between 925 mb and 175 mb 

v a r i e d  from -43 mete r s  f o r  t h e  347" K u p d r a f t ,  through -12 m e t e r s  

f o r  t h e  351' K u p d r a f t ,  t o  1 7  mete r s  f o r  t h e  355' K u p d r a f t .  As t h e  

sub-cloud l a y e r ,  and hence u p d r a f t ,  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 c r e a s e s  beyond 355O K t h e  h o r i z o n t a l  mixing model shows t h e  meso- 

s c a l e  convec t ive  c louds  t o  i n c r e a s e  i n  e f f e c t i v e n e s s  as a n e t  h e a t  

s o u r c e  t o  t h e  atmosphere.  

Whereas t h e  convec t ive  c louds  of t h e  r a i n  areas of  t h e  d i s t u r -  

bances over  e a s t e r n  Venezuela a r e  a s i n k  of h e a t  throughout  t h e  

t r o p o s p h e r e ,  t h e  r a i n  a r e a s  of  t h e  d i s t u r b a n c e s  of  t h e  o c e a n i c  a r e a s  

of t h e  t r o p i c s  a r e  c o l d e r  i n  t h e  lower and middle  t r o p o s p h e r e  and 

warmer above. The model of convec t ive  mixing can reproduce t h e  c o l d  

anomaly i n  t h e  v i c i n i t y  of t h e  c louds  of e a s t e r n  Venezuela and 

p r e d i c t s  t h e  fo rmat ion  of a w a r m  anomaly i n  t h e  h i g h  t r o p o s p h e r e  

about t h e  c louds  of weak d i s t u r b a n c e s .  

Yanai (1963) ,  i n  a s t u d y  of t r o p i c a l  d i s t u r b a n c e s  of  t h e  P a c i f i c ,  

found t h a t  t h o s e  d i s t u r b a n c e s  which subsequen t ly  develop t o  Typhoon 

i n t e n s i t y  have an upper  l e v e l  warm anomaly. During t h e  t r a n s f o r m a t i o n  

p rocess  from a co ld  c o r e  d i s t u r b a n c e  t o  a warm c o r e  d i s t u r b a n c e  t h i s  

warm anomaly i n c r e a s e s  i n  i n t e n s i t y  and p ropoga tes  downward (Yanai,  

1964).  



The model of convective mixing shows the  clouds t o  be a hea t  

source i n  t h e  upper t roposphere when they loca t ed  over  a mean sub- 

cloud l a y e r  equiva len t  p o t e n t i a l  temperature t y p i c a l  of a weak 

d is turbance .  A s  t h e  d is turbance  i n t e n s i f i e s  and t h e  s u r f a c e  pres-  

s u r e  lowers,  t h e  mean sub-cloud l a y e r  equiva len t  p o t e n t i a l  temperature 

w i l l  i nc rease  due t o  isothermal  expansion of t h e  low l e v e l  a i r f l ow.  

Continuing t h e  t rend  shown by t h e  model, t h e  upper l e v e l s  of t h e  

convective clouds w i l l  i nc rease  i n  i n t e n s i t y  ' a s  a hea t  source  t o  

t h e i r  environment and t h i s  hea t  source w i l l  propogate downward with 

the  i n t e n s i f i c a t i o n  of t he  d is turbance .  

Conclusion 

The p r i n c i p l e  of e ros ion  and mixing of updraf t  a i r  i n t o  t h e  

environment has  been shown t o  be capable of expla in ing  t h e  observed 

temperature anomalies near  the  cloud wa l l  of mesoscale convective 

clouds a t  Anaco, Venezuela. 

The model of t io r izonta l  mixing between t h e  convect ive updraf t  

and i t s  environment can r e a d i l y  be extended f o r  a p p l i c a t i o n  over  

t r o p i c a l  oceanic  a r eas .  Here t h e  mean sub-cloud l a y e r  equiva len t  

p o t e n t i a l  temperature i s  h igher  than t h a t  of Anaco, Venezuela. The 

model shows the clouds t o  a c t  a s  a s i n k  of hea t  i n  t h e  lower and 

middle t roposphere,  and a source of hea t  above. The hea t  exchange 

i s  a c t i n g  i n  exac t ly  t h e  same sense a s  i s  observed i n  weak t r o p i c a l  

d i s turbances .  With i n t e n s i f i c a t i o n  of t h e  d is turbance  the  model 

i n d i c a t e s  t h a t  t h e  hea t  source i n  t h e  upper regions of t h e  convec- 

t i v e  clouds i n t e n s i f i e s  and propogates downward. 



It has  been shown by t h e  model t h a t  t h e  hea t  sources  and hea t  

s inks  of t h e  convective clouds a r e  at l e a s t  a c t i n g  i n  sympathy with 

the  thermal f i e l d  of t h e  t r o p i c a l  d i s turbances  i n  which they a r e  

imbedded. 

While i t  i s  suggested t h a t  t he  hea t  sources and hea t  s i n k s  of 

t he  convect ive clouds a s  descr ibed  by t h e  model a r e  t h e  c o n t r o l l i n g  

f a c t o r s  of t h e  thermal f i e l d s  of t h e  d is turbances  i n  which t h e  

clouds a r e  imbedded, f u r t h e r  s t u d i e s  a r e  requi red  t o  v e r i f y  t h i s  

hypothesis .  A f u l l  ana lys i s  of t h e  d a t a  obtained during p r o j e c t  

VIMiiEX w i l l  g ive  t h e  e x t e n t  of t h e  thermal modi f ica t ion  about t h e  

clouds of e a s t e r n  Venezuela. Synoptic s t u d i e s  w i l l  be  requi red  t o  

incorpora te  t h e  model i n  t h e  framework of t h e  dynamics and thermo- 

dynamics of synopt ic  t r o p i c a l  d i s turbances .  



REFERENCES 

F l e t c h e r ,  N.  H . ,  1962: The P h y s i c s  of  Rainclouds .  U n i v e r s i t y  
Cambridge P r e s s ,  Cambridge. 

Gars tang,  M . ,  N .  E. LaSeur,  and C .  Asp l iden ,  1967: Equiva len t  
p o t e n t i a l  t empera tu re  a s  a measure of t h e  s t r u c t u r e  of  t h e  
t r o p i c a l  atmosphere.  F l o r i d a  S t a t e  U n i v e r s i t y ,  Department 
of Meteorology, Report  No. 67-10. 

Gray, W .  M . ,  1967: Global  view of t h e  o r i g i n  of t r o p i c a l  d i s t u r -  
bances  and s to rms .  Colorado S t a t e  U n i v e r s i t y ,  Atmospheric 
Sc ience  Paper  No. 114. 

Newton, C .  W . ,  1967: Severe  c o n v e c t i v e  s to rms .  Advances i n  
Geophysics,  Vol. 1 2 ,  257-308. 

R i e h l ,  H. , 1965 : Varying s t r u c t u r e  of waves i n  t h e  e a s t e r l i e s .  
Proceedings  of t h e  I n t e r n a t i o n a l  Symposium, Dynamics of 
Large S c a l e  Atmospheric P r o c e s s e s ,  Moscow, 411-466. 

R i e h l ,  H . ,  1969: Some a s p e c t s  of  cumu~onimbus convec t ion  i n  
r e l a t i o n  t o  t r o p i c a l  wea ther  d i s t u r b a n c e s .  B u l l e t i n  of  
t h e  American Meteoro log ica l  S o c i e t y ,  Vol. 50, No. 8 ,  587-595. 

Simpson, J . ,  R. H. Simpson, D. A. Andrews, and M. A.  Eaton,  1965: 
Exper imental  cumulus dynamics. Reviews of Geophysics,  Vol. 3 ,  
NO.  3 ,  387-431. 

Stommel, H . ,  1947: Entrainment of a i r  i n t o  a cumulus c loud.  
J o u r n a l  of Meteorology, Vol. 4 ,  91-94. 

S q u i r e s ,  P. J . ,  and J .  S. Turner ,  1962: An e n t r a i n i n g  jet model 
of cumulonimbus u p d r a f t s .  T e l l u s  X I V ,  4 ,  422-434. 

Yanai ,  M . ,  1963: A p r e l i m i n a r y  survey  of l a r g e  s c a l e  d i s t u r b a n c e s  
over  t h e  t r o p i c a l  P a c i f i c  reg ion .  G e o f i s i c a  I n t e r n a c i o n a l ,  
3 ( 3 )  : 73-84. 

Yanai ,  M . ,  1964: Formation of t r o p i c a l  cyc lones .  Reviews of 
Geophysics,  Vol. 2 ,  No. 2 ,  367-414. 


