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SYMBOL LIST 

temperature 

potential temperature 

equivalent potential temperature 

pressure 

water vapor mixing ratio 

density 

a conserved quantity 

3-D divergence operator 

vector wind (3-D) 

vertical velocity 

- Pgw 

acceleration due to gravity 

specific heat of dry air 

latent heat of vaporisation of water 

height co-ordinate 

t time 

Model - Fig. 1 

A 1 area: region 1 (contains echo) 

area: region 2 (environment) 

echo area 

working area of radar 

circumference of region 1 (~ITR) 

circumference of region 2 

h 

mean echo radius (used to scale R) 

non-dimensional radius from echo center 

iii 





radial velocity on 1, 2 boundary (positive outwards) 

mean echo half lifetime 

mean number of echos/day 

mean length of echo period/day 

Other Symbols 

large-scale average (including several clouds and their 
environment) 

average over region 1 (model) 

average over region 2 (model) 

large-scale and 17 day average (except in 5.1, 5.2) 

average over region 1 and 17 days data 

average over region 2,and 17 days data 

echo area A. 
a value of w , scaled to echo half-lifetime T t 
a deviation from an area-mean 

defined in 6.1 

denotes sum over life-time of echo 

a sum over pressure increments 

a sum over 12 values on 
1 





ABSTRACT 

Composite maps a t  l e v e l s  from 950 mb t o  150 mb of r e l a t i v e  wind 

f i e l d ,  mixing r a t i o  ( r ) ,  equiva len t  p o t e n t i a l  temperature (eE) 

and temperature pe r tu rba t ion  f r o  t h e  growth and decay phases of a  mean 

mesoscale cumulonimbus system (systems used had a  maximum r a d a r  echo 

a r e a  >400 km2) were cons t ruc ted  using r a d a r  and one rawinsonde 

(experiment VIMHEX) f o r  days having a  s i m i l a r  synopt ic  s c a l e  wind f i e l d .  

Echo a r e a  and t r a c k  were measured from r a d a r  f i l m ,  r e l a t i v e  winds c a l -  

cu l a t ed  by sub t r ac t ing  a  mean echo v e l o c i t y ;  p o s i t i o n s  of  radiosonde 

d a t a  p o i n t s  r e l a t i v e  t o  echo a s  c e n t e r  were computed, s ca l ed  by an 

echo r ad ius ,  and p l o t t e d  with echo motion v e c t o r s  a l igned  along one 

coordinate  a x i s .  Mass flows i n t o  t h e  mean system a t  a l l  l e v e l s  g ive  

v e r t i c a l  mass t r a n s p o r t s  f o r  growth and decay phases,  and n e t  mass 

balance.  The n e t  convergence of r c l o s e l y  ba lances  a  mean su r f ace  

r a i n f a l l  p e r  echo, and t h e  n e t  enthalpy source by t h e  cumulonimbus 

system. Fluxes of e~ i n t o  and out  o f  t h e  system f o r  5 ' ~  ranges 

confirm energy conserva t ion ,  and g ive  updra f t ,  downdraft t r a n s p o r t s .  

The v e r t i c a l  s t r u c t u r e  of n e t  mass, r , f l u x e s  a r e  presented .  

The mesoscale r e s u l t s  a r e  r e l a t e d  t o  t h e  l a rge - sca l e  modi f ica t ion  of 

t h e  mean atmosphere, using a  t h e o r e t i c a l  cumulonimbus model. The l a r g e  

s c a l e  v e r t i c a l  motion i s  computed a s  a  r e s i d u a l  from t h e  temperature 

and water vapour budgets.  Su i t ab ly  averaged, t h e  synop t i ca l  s c a l e  mass 

t r a n s p o r t  is  s i m i l a r  but  no t  i d e n t i c a l  t o  t h e  ( l i f e c y c l e  mean) cumulonim- 

bus v e r t i c a l  mass t r a n s p o r t .  I t  i s  concluded t h a t  paramet r ic  models of  

cumulonimbus convection i n  terms of mass t r a n s p o r t  a r e  q u i t e  r e a l i s t i c  

f o r  t h i s  d a t a  above t h e  su r f ace  150 mb, where t h e  e f f e c t s  of ho r i zon ta l  

v a r i a t i o n s  between updra f t  and downdraft a r e  dominant. The p r e c i s e  





r e l a t i o n s h i p  between synopt ic  s c a l e  c o n t r o l s  and cumulonimbus s c a l e  

mass t r a n s p o r t  remains unc lear .  
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1. INTRODUCTION 

a) Outline of problem: 

The vertical transports by deep convection (cumulonimbus convection) 

present a formidable problem to the understanding and modelling of the 

tropical atmosphere. The releases of latent heat are large, and the 

vertical redistribution of enthalpy and water vapor is very significant 

in determining the structure and time development of the mean atmosphere. 

However, deep convection can also be regarded as a response to the 

large-scale thermodynamic fields, which in turn result from the large- 

scale horizontal and vertical motion fields. Deep convection is one 

major process by which the atmosphere maintains an equilibrium structure 

which in some sense is stable. The resulting large-scale mean field 

is a subtle balance between large-scale forcing, (e.g. mean vertical 

motion) and convective heat inputs and transports. C anges in the a 
mean atmosphere structure are thus smaller residuals of two larger 

opposing terms. Since we require these net changes, the details of the 

cumulonimbus induced changes must be well understood. This is not an 

easy task, theoretically or observationally. 

b) Objective of this study: 

This work is .directed to the observational problem, although the 

theoretical interpretation of the data is also discussed. To obtain 

an 4-D data set on the mesoscale (10-lOOKm), adequate to resolve the 

structure and time development of a cumulonimbus system, still seems 

impracticable with present techniques. During experiment VIMHEX 

(Venezuelan International Meteorological and Hydrological Experiment; 

1969; director: H. Riehl) an attempt was made to deduce a mean structure 

2 for a mesoscale cumulonimbus system (area > 400 km ) using the simplest 



pcjssible technique: cne 10 crn r ada r ,  and a s i n g l e  rawinsondc stzticn. 

m- ine r e s u l t s ,  discussed i n  t h i s  pzpcr, wzre encoural~;ir,g. By careful!:/ 

coli?positing d a t a  from many d i f f e r e n t  days and s t x m s ,  it was poss ib le  

t o  cons t ruc t  maps f o r  t h e  flow i n t o  and around a 1~1ean s t o r n  st a l l  

prfi-ssurz l e v e l s  f ron  t h e  sur face  t o  a b ~ v e  t h e  oatf lcw f o r  both t h e  

zrowth and decay phases. Budget ca l cu la t ions  on t h i s  nean system will 

1?? P T ~ S C I ~ ~ C ~ ,  and interpreted un t h c  s)?lo?f i c  s r a l c .  



2. DATA COLLECTION AND ANALYSIS 

a) Radar 

A modified M-33 10 cm radar  was located a t  Anaco i n  north-eastern 

Venezuela for  four months, June t o  September 1969. The radar was 

0 
scanned a t  successive e levat ion increments of  2 t o  i t s  maximum 

elevat ion angle of  18O, and t h e  P .P .  I .  d isplay  was photographed with 

a 35 mm camera a t  a t tenuat ions  of 0, 6,  1 2 ,  18 db. This sequence of 

operations was repeated approximately every 15 mins when echos were 

v i s i b l e .  Using a microfilm reader,  pos i t ions  of  major echos were 

traced,  and echo area  and heights  calculated.  Only systems which 

2 
reached a maximum area  g rea te r  than 400 km were used t o  construct  

composites. The d e f i n i t i o n  of  a mesoscale system, o f t en  c l u s t e r s  of 

smaller cumulonimbus c e l l s ,  c l e a r l y  introduces some sub jec t iv i ty :  

t h e  radar analys is  i s  discussed f u r t h e r  i n  Cruz (1972). A mean 

veloci ty  vector  of an echo was ca lcula ted  from t h e  beginning and end 

of t h e  t r a j e c t o r y  (though f o r  a few longer l a s t i n g  storms, where 

wind-field and motion vector  seemed t o  change appreciably during t h e i r  

l i f e t ime ,  mean t racks  f o r  shor te r  periods were ca lcu la ted) .  From t h e  

time sequence of  echo area  and height ,  a growth and decay phase f o r  

each echo could be defined with l i t t l e  ambiguity. S t a t i s t i c s  f o r  t h e  

mean echo were computed from a t o t a l  of  about 230 echos f o r  the  

experiment period (Cruz, 1972). Some of  these  a r e  shown i n  Table 1. 

TABLE 1. MEAN ECHO STATISTICS 

Mean echo radius  R = 12.5 km 
Mean echo growth time T = 66 mins 
Mean echo decay time T = 66 ?ins 
Mean echo t r a v e l  speed = 7 m s -  

2 The mean echo area  (Ao) was taken as 500 km , t h e  area  (AR) 
2 scanned by t h e  radar  (working radius  80 km) -was taken as  20,'000 km . 



b) Rawinsonde 

Before, during,  and a f t e r  t h e  per iod  of deep convecti17c a c t i v i t y ,  

rawinsonde a scen t s  were made ad jacent  t o  t h e  r a d a r  a t  a timc frequent!, 

i n i t i a l l y  of  two hours ,  and l a t e r  i n  t h e  experiment only one hour.  

The s t r i p  cha r t  d a t a  was t abu la t ed  a t  one minute i n t e r v a l s  and 

in t e rpo la t ed  t o  spec i f i ed  pressure  l e v e l s  ( a t  25 o r  50 mb i n t e r v a l s ) .  

I t  was found t h a t  t h e  h y g r i s t o r  (Type ML-476) su f f e red  from se r ious  

e r r o r  i n  d i r e c t  sunshine ( see  e .  g .  Morrissey and Brousaides,  1970) , and 

some co r rec t ion  was e s s e n t i a l .  A temperature d i f f e r ence  independent 

of  he ight  between h y g r i s t o r  and the rmis to r  was assumed, and a  va lue  

deduced by comparing t h e  su r f ace  r e l a t i v e  humidity recorded by the  

radiosonde (ex t rapola ted  where necessary)  with an accura te  su r f ace  

value obtained simultaneously with an a s p i r a t e d  psychrometer. This  

simple co r r ec t ion  e l imina te s  t h e  major sys temat ic  e r r o r  i n  t h e  lowest 

l e v e l s  - f u r t h e r  d e t a i l s  a r e  i nd ica t ed  i n  t h e  Appendix. For tuna te ly  

about h a l f  t h e  d a t a  obtained during d i s tu rbed  condi t ions  were a f t e r  

sunset  o r  under s t r a t i f o r m  cloud,  when t h e  h y g r i s t o r  e r r o r  is  r e l a t i v e l y  

small .  liumidity values obtained before t h e  per iod  of deep convection 

under s t rong  sunshine a r e  l e s s  r e l i a b l e  a s  t h e  c o r r e c t i o n  is  l a rge  

c) Construct ion o f  composite 

The bal loon pos i t i on  r e l a t i v e  t o  a  storm was ca l cu la t ed  f o r  each 

pressure  l e v e l ,  and t h c  co-ordinate  system of each observat ion r o t a t e d  

so  t h a t  a l l  storm motion vec tors  were a l igned  along t h e  p o s i t i v e  S 

a x i s .  The d i s t ance  o f  t h e  rawinsonde t o  t h e  echo was a l s o  sca led  by 

an echo r ad ius  measured along t h e  l i n e  t o  t h e  rawinsondc. T!lc r e s u l t  

o f  t h i s  simple sca l ing  i s  t h a t  with echo rad ius  u n i t y ,  a l l  J a t a  po in t s  



with in  t h e  u n i t  c i r c l e  were taken wi th in  t h e  r a d a r  echo, while those  

a t  g r e a t e r  r a d i i  were ou t s ide  t h e  echo. Some s c a l i n g  of d i s t ance  i s  

e s s e n t i a l  t o  compensate f o r  d i f f e r e n t  echo s i z e s :  t h e  procedure used 

here  does no t  preserve  divergence,  but  was chosen f o r  s i m p l i c i t y .  Wind 

v e l o c i t i e s  ( V  ) r e l a t i v e  t o  t h e  storm were ca l cu la t ed  by s u b t r a c t i n g  r 

t h e  storm mean v e l o c i t y  vec to r  a t  a l l  l e v e l s ,  and maps were p l o t t e d  

o f  vr , equiva len t  p o t e n t i a l  temperature BE , mixing r a t i o  r , and 

a temperature pe r tu rba t ion  T '  , a t  p re s su re  l e v e l s  of  950, 900, 850, 

800, 700, 600, 500, 400, 300, 250, 200, 175, 150 mb. The temperature 

pe r tu rba t ion  was defined nea r  t h e  su r f ace  (850 t o  950 mb) as t h e  

d i f f e r ence  between t h e  dev ia t ion  from t h e  morning (0800) sounding, and 

a  mean d iu rna l  curve (with zero a l s o  a t  0800) cons t ruc ted  from a l l  

t h e  soundings. A t  h igher  l e v e l s  a  simple temperature d i f f e r e n c e  from 

t h e  l a s t  sounding preceding t h e  onse t  o f  deep convection was taken.  

This apparent ly  e l abo ra t e  procedure is  necessary s i n c e  t h e  synopt ic  

and, a t  low l e v e l s ,  d iu rna l  temperature v a r i a t i o n s  a r e  as l a r g e  a s  t h e  

changes produced l o c a l l y  by t h e  convection. Indeed t h e  two can only 

be p a r t i a l l y . r e s o 1 v e d .  Humidity pe r tu rba t ion  maps were no t  cons t ruc ted  

because t h e  water vapor measurements were o f  l e s s  b a s i c  accuracy owing 

t o  t h e  poorly v e n t i l a t e d  and r ad ia t ion - sh i e lded  h y g r i s t o r .  Composite 

maps were cons t ruc ted  f o r  t h e  growth and decay phases o f  a  mean system 

f o r  s p e c i f i c  synopt ic  c l a s s i f i c a t i o n s .  

d) Synoptic c l a s s i f i c a t i o n  

To cons t ruc t  a  composite mesoscale wind f i e l d  around a  cumulonimbus 

system, it i s  necessary f o r  t h e  synopt ic  s c a l e  wind f i e l d s  of d i f f e r e n t  

days t o  be comparable. Three at tempts  a t  c l a s s i f i c a t i o n  using t h e  

synopt ic  wind f i e l d s  over  Venezuela and t h e  Caribbean, a t  850 and 200 



mb, were made 

( i )  By thermal s t ruc tu re :  thickness 850 t o  200 mb: warm or  

cold core.  

( i i )  By v o r t i c i t y  d i f ference:  850 t o  200 mb. 

( i i i )  By 850 and 200 mb winds r e l a t i v e  t o  mean echo motion f o r  

t h a t  day. 

The t h i r d  c l a s s i f i c a t i o n  was most successful;  t h e  o the rs  a r e  l e s s  

c lose ly  r e l a t e d  t o  t h e  wind f i e l d  r e l a t i v e  t o  an echo. Composite maps 

were therefore  constructed f o r  days with comparable high and low 

leve l  synoptic s c a l e  wind f i e l d s  r e l a t i v e  t o  a mean storm motion 

vector  f o r  t h a t  day. 

Only one synoptic c l a s s  proved t o  have a l a rge  enough da ta  

sample f o r  analysis:  t h a t  i n  which t h e  low leve l  flow was e a s t e r l y ,  

t h e  storms moved westward f a s t e r  than t h e  low leve l  flow, and t h e  upper 

level  flow has a westerly component. In  t h e  frame where the  storm is  

s ta t ionary ,  t h e  r e l a t i v e  wind-field is  near ly  two-dimensional, with 

flow i n  t h e  f ron t  a t  low leve l s ,  and out  t o  t h e  r e a r  a t  outflow leve l s  

( d l 7 5  mb). 

Important da ta  c h a r a c t e r i s t i c s  f o r  t h i s  c l a s s  of days a re  shown 

i n  Table 2. 

TABLE 2. DATA FOR DAYS IN COMPOSITE ANALYSIS 

No. of days 17 
Total  no. of echos 9 0 
Total mean r a i n f a l l  i n  

echo area  101 m 
Mean ra in fa l l /day  5.9 mm 
No. of echos/day N = 5 . 3  
Mean r a i n  period/day A t  = 6.7 h r s  



e) Composite ana lys i s  

The mixing r a t i o ,  equivalent  p o t e n t i a l  temperature, temperature 

pe r tu rba t ion ,  and streamline f i e l d s  were analyzed a t  each l eve l  f o r  

t h e  growth and decay phases. A f u l l  i so tach  analys is  seemed l e s s  

convincing, and i n  t h e  l i g h t  of  t h e  t h e o r e t i c a l  framework discussed i n  

t h e  next sec t ion ,  it was decided t h a t  only f luxes  i n t o  and out of t h e  

echo could be ca lcula ted  t o  use fu l  accuracy. 

The mean echo was considered enclosed i n  a c y l i n d r i c a l  s h e l l  from 

surface  (990 mb) t o  137.5 mb (see  Fig. l ) ,  non-dimensional r ad ius  
,. 
R = 2 (RR = r ad ius  vec tor  from mean storm c e n t e r ) .  ~ i u x e s  across 

t h e  v e r t i c a l  boundary of  t h i s  cy l inder  were computed a t  t h e  pressure  

l e v e l s  from 950 t o  150 mb: n e t  v e r t i c a l  mass f l u x  a t  137.5 mb proved 

neg l ig ib le .  Examples of t h e  analysed f i e l d s  a r e  shown i n  Figs.  2a, 2b. 

Mass f l u x .  Wind speeds were est imated from t h e  r a t h e r  s c a t t e r e d  
A 

da ta  a t  12 equally spaced i n t e r v a l s  on t h e  c i r c l e  R = 2 . Radial 

v e l o c i t i e s  C (k = 1, 12) were ca lcula ted  from wind speed and k 

s treamlines.  Though t h e  s c a t t e r  i n  t h e  indiv idual  d a t a  was considerable,  

t h e  r e s u l t i n g  n e t  mass convergence var ied  uniformly with pressure  

(though i n  opposi te  senses)  f o r  growth and decay phases. L i t t l e  

r eana lys i s  was necessary. 

Water vapor, and temperature per turbat ion .  The mass convergence 

analys is  was over la id  i n  t u r n  on t h e  analyzed f i e l d s  of water vapor 

and temperature per turbat ion .  
A 

Net f luxes  i n t o  t h e  echo across t h e  c i r c l e  R = 2 were ca lcula ted  

1 
using t h e  12 values of  Ck and corresponding means rk, Tk f o r  r , 

T '  , f o r  each circumference i n t e r v a l .  



MODEL 

F L U X E S  MEASURED ON I ,2 BOUNDARY 

( TWICE ECHO RADIUS ) 

F i g u r e  1. Sketch of  cumulonimbus model used f o r  budget  computa t ions .  
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Equivalent p o t e n t i a l  temperature.  The f i e l d  of BE was t r e a t e d  

d i f f e r e n t l y  from those  o f  r , T . In a  p r e c i p i t a t i n g  system, t h e  

r e l e a s e  o f  l a t e n t  hea t  r e s u l t i n g  from a ne t  condensation of  water 

vapor t o  l i q u i d ,  i nc reases  t h e  enthalpy o f  t h e  mean atmosphere. A 

budget on a  cumulonimbus system may be regarded a s  conserving en tha lpy  

p lus  l a t e n t  hea t  on a  s c a l e  o f  an hour o r  two. 

I t  i s  convenient t o  use BE a s  a  conserved q u a n t i t y  both t o  

i n v e s t i g a t e  t h i s  energy conserva t ion ,  and t o  give a  more d e t a i l e d  

p i c t u r e  of t h e  v e r t i c a l  t r a n s p o r t s  (Rasmussen e t  a l .  1969).  The usua l  

d e f i n i t i o n s  o f  e involve approximations (e .  g. , neg lec t  of s p e c i f i c  

hea t  o f  l i q u i d  water ) ,  t h e  i c e  phase is  not  considered,  and i n  

i s o b a r i c  mixing IC 0 pdV i s  only approximately conserved (see e .  g.  , 
P E  

Be t t s  1970). However t y p i c a l  e r r o r s  a r e  about 5% and wi th in  t h e  l eve l  

of accuracy o f  t h i s  experiment. 

The convergence ana lys i s  was ove r l a id  on t h e  eE a n a l y s i s  and 

t h e  n e t  mass f l u x  i n  5 ' ~  ranges o f  E (from 330-355'~) i n t o  t h e  

composite system was ca l cu la t ed .  

f )  Mean f i e l d s  

The t h e o r e t i c a l  framework presented  i n  t h e  next  s e c t i o n  r equ i r e s  

averages of T , r e t c . ,  ou t s ide  t h e  volume conta in ing  t h e  echo. 

These were ca l cu la t ed  a s  simple averages of  t h e  d a t a  va lues  ou t s ide  
A 

R = 2 . More d a t a  po in t s  would be p re fe rab le  t o  ob ta in  a  r ep re sen ta t ive  

average, but  t h i s  average i s  not  c r i t i c a l .  More c r i t i c a l  a r e  represen-  

t a t i v e  synopt ic  s c a l e  averages of  T , r before  and a f t e r  t h e  per iod  

of deep convection, which a r e  e s s e n t i a l  t o  i n t e r r e l a t e  mesoscale 

t r a n s p o r t s  and t h e  synopt ic  s c a l e  motion f i e l d  ( s ec t ion  3 ) .  Mean values 
- 
T(p) f o r  t h e  17 days on t h e  da t a  s e t  (Table 2) were obtained by 



averaging t h e  l a s t  soundings preceding t h e  deep convect ion,  and t h e  

soundings immediately a f te rwards .  The mean ho r i zon ta l  advection over 

t h e s e  17 days w i l l  be supposed n e g l i g i b l e  f o r  t h e  l a rge - sca l e  budget 

c a l c u l a t i o n s .  
- 

Representat ive va lues  o f  T(p) near  t h e  sur face  (990-850 mb) 

were no t  thought ob ta inable  because of t h e  l a r g e  d iu rna l  temperature 

change, and t h e  widely varying time i n t e r v a l  between t h e  l a s t  

sounding preceding t h e  r a i n  per iod ,  and t h e  r a i n  period i t s e l f .  

- 
Mean values r ( p )  a f t e r  t h e  deep convection, were found 

s i m i l a r l y ,  but  a mean sounding before could only  be obtained by 

s e l e c t i n g  from a much l a r g e r  sample, owing t o  t h e  se r ious  inaccurac ies  

i n  t h e  humidity sensor .  The humidity e r r o r s  a r e  l a r g e s t  p r i o r  t o  a 

r a i n  episode when s o l a r  r a d i a t i o n  i s  l a r g e  and cloud cover r e l a t i v e l y  

small .  The synopt ic  s c a l e  r budget is  t h u s  only i n d i c a t i v e .  



3 .  THEORETICAL MODEL 

a )  Model d e s c r i p t i o n  

The mean echo was considered enclosed i n  a  c y l i n d r i c a l  s h e l l  from 
A A 

990 mb ( t h e  sur face)  t o  137.5 mb, r ad ius  R = 2 ( R  = 1 corresponds t o  

mean echo -- see  F i g .  1 ) .  The region i n s i d e  t h e  c y l i n d e r ,  t h e  cloud 

reg ion ,  w i l l  be l a b e l l e d  region 1; o u t s i d e ,  t h e  environment, w i l l  be 

l a b e l l e d  reg ion  2.  The f luxes  i n t o  t h e  cy l inde r  ac ros s  t h e  1, 2 boundary 

were measured a t  p re s su re  l e v e l s  from 950-150 mb ( sec t ions  2 ( e ) ,  5 ) ,  

and t h e  n e t  v e r t i c a l  mass f l u x  a t  137.5 mb proved n e g l i g i b l e  ( s ec t ion  

5 ( a ) ) .  The a r e a  r a t i o  o f  reg ions  1 t o  2 i s  a  t ime-space average and 

i s  d iscussed  l a t e r  i n  4 ( e ) .  This  model o f  cumulonimbus convection i s  

an ex tens ion  o f  t hose  o f  Pearce and Riehl (1968) and Yanai (1971). 

In  region 2 ,  p o t e n t i a l  temperature and water vapor w i l l  be 

considered conserved, t h a t  i s ,  a l l  t h e  phase changes o f  water  w i l l  be 

supposed t o  t a k e  p l ace  i n  reg ion  1 (an a r e a  f o u r  t imes t h e  mean echo 

a r e a ) .  Radiat ive f luxes  have been omit ted,  s i n c e  they  a r e  s e n s i t i v e  

func t ions  o f  a  l a r g e l y  unknown d i s t r i b u t i o n  of  cloud. Though 

not  n e c e s s a r i l y  n e g l i g i b l e ,  t hey  a r e  cons iderably  sma l l e r  than  t h e  

cumulonimbus hea t ing  on t h e  measured time s c a l e  o f  1-6 hours .  

b) Conservation equat ions 

For a conserved proper ty  Q 

E q .  3 . 1  can be in t eg ra t ed  over  both reg ions .  Cer ta in  assumptions w i l l  

be  made i n  t h e  budget equat ions:  

P = P (p? only 

p = p(z )  only (hydros t a t i c  assumption) 



and a  dens i ty  weighted v e r t i c a l  v e l o c i t y  w i l l  be def ined  a s  

w = -pgw . 

Over region 1, a f t e r  ho r i zon ta l  averaging and us ing  t h e  

divergence theorem 

where R1 i s  t h e  l eng th  o f  t h e  1, 2 boundary 

C i s  t h e  r a d i a l  component o f  t h e  ho r i zon ta l  wind. 

( p o s i t i v e  outwards) 

This  w i l l  on ly  be used i n  region 1 f o r  mass, f o r  which Q = 1 

@l 4 1  with t h e  boundary condi t ion  w = 0 a t  p = 990 mb . Alw' i s  a  

cumulonimbus s c a l e  mass t r a n s p o r t .  

Over region 2 

For mass, Q = 1 , and 3 . 4  reduces t o  

where ; i s  a  l a rge - sca l e  average over  both cloud and environment, 



r e l a t e d  t o  t h e  mass inflow across L2 , t h e  length  of t h e  ou te r  boundary 

of  region 2. 

-1 -2 - 
In teg ra t ing ,  with w = w = o  = 0 a t  p = 990 mb 

For A1 << A2 we note  

-2 - -1 o  = o - f w  

where f  i s  t h e  f r a c t i o n a l  a rea  cover o f  A1 . The composite proceedure 

-1 measures u , and t h i s  i s  being taken as  r ep resen ta t ive  of  t h e  cloud 

mass c i r c u l a t i o n .  An a l t e r n a t i v e  d e f i n i t i o n  e x i s t s :  t h a t  of  def in ing  

-1 - - 
w - w ( the  excess v e r t i c a l  mass f l u x  over w i n  region 1)  a s  a  

measure of  t h e  cloud mass c i r c u l a t i o n .  However, it could be argued 

-1 21 - t h a t  t h e  l a t e n t  hea t  r e l e a s e  i s  r e l a t e d  t o  w , r a t h e r  than o  - w : 

-1 t h e  d i f f e rence  i s  of  course small ,  s ince  G << w . 
For o the r  p roper t i e s  Q = 0 , r , OE ; two f u r t h e r  assumptions 

w i l l  be made t o  s impl i fy  3 . 4 .  We s h a l l  assume no v e r t i c a l  eddy 

t r anspor t  i n  region 2  ( the  environment) 

a  necessary approximation a s  we have no d a t a  on these  t r a n s p o r t s .  Clear ly  

t h e  v e r t i c a l  eddy t r anspor t s  ou t s ide  t h e  cloud region a r e  l i k e l y  t o  

be much smaller  than i n s i d e ,  and t h e  d a t a  shows t h a t  f luxes  across t h e  

1-2 boundary a r e  nea r ly  i n  hydros ta t i c  balance, a t  l e a s t  above a  

sur face  l a y e r .  We s h a l l  a l s o  neglec t  la rge-sca le  hor izonta l  g rad ien t s ,  

-2 and hence l o c a l  changes by advection, by assuming Q = Q on t h e  ou te r  



boundary R 2  . 3 . 4  t hen  s i m p l i f i e s  t o  

The l a s t  term inc ludes  an 'eddy' f l u x  across  t h e  1-2 boundary through 

t h e  c o r r e l a t i o n  of C and Q . ( I f  Q = a2 on t h e  1-2 boundary, then 

t h e  l a s t  term i s  zero . )  Using 3.5 

I 

Both t h e  r i g h t  hand terms a r e  e s s e n t i a l l y  r e s i d u a l s ,  and a r e  t y p i c a l l y  

q u i t e  small .  The d a t a  w i l l  show t h a t ,  i n  t h e  middle atmosphere where - 2 
v e r t i c a l  motions a r e  l a r g e ,  t h e  f i r s t  term (der ived  from w ) i s  dominant, 

while a t  t h e  su r f ace  and above t h e  main outf low,  t h e  last term becomes 

dominant. 

c)  Fur ther  d e r i v a t i o n s  

By i n t e g r a t i n g  over  a c l o u d - l i f e  cyc l e ,  one may suppose t h a t  

t h e  a r e a  mean change i s  well  approximated by t h a t  i n  reg ion  2 ,  t h a t  i s  

This  i s  v a l i d  i f  

which i s  l i k e l y  t o  be a reasonable approximation f o r  A /A +A .- 10%. 1 1  2 

However, t h i s  may be a b e t t e r  approximation f o r  8 ( a s  t h e  atmosphere 

i s  neLer f a r  from hydros t a t i c  ba lance) ,  than  f o r  r . Using t h e  

-2 C 

rawinsonde d a t a  o f  t h i s  experiment, Q and Q cannot be accu ra t e ly  

d i s t i ngu i shed ,  e i t h e r  i n  t h e i r  t ime o r  p re s su re  d e r i v a t i v e s ;  Using 



3 . 8 ,  3 . 7  becomes 

The f a c t o r  A2/A1+A2 i n  3.9 i s  c l o s e  t o  u n i t y ,  and q u a n t i t a t i v e l y  

*l 
r a t h e r  t r i v i a l .  I t  a r i s e s  from t h e  inc lus ion  i n  w o f  t h e  l a r g e -  

- 
s c a l e  w over  t h e  a r e a  A1 . 

One f u r t h e r  t ransformat ion  o f  3 . 7  i s  important .  I n t e g r a t i n g  

over  p re s su re ,  using 3 .2 ,  we no te  

(3.10) 

The p re s su re  i n t e g r a t e d  modif icat ion o u t s i d e  t h e  echo reg ion  may be 

expressed i n  terms o f  a  l a rge - sca l e  term, and an exchange wi th  t h e  

echo reg ion ,  where Q may not  be conserved. If Q = 9 , t h e  l a s t  

term rep resen t s  a  l a r g e  i n p u t ,  s ince  t h e  mass divergence i s  a t  a  

h igher  8 , than  t h e  convergence. 

T f  Q = r , t h i s  term i s  a  l a r g e  s ink  of  water vapor ,  which f a l l s  

ou t  a s  r a i n ,  i f  t h e r e  is  no change i n  s to rage  i n s i d e  reg ion  1. 

I f  Q = eE then t h e  last term i s  zero t o  t h e  ex t en t  t h a t  BE 

i n t e g r a t e d  over  mass is  conserved i n  t h e  wet process .  Thus t h e  p re s su re  

i n t e g r a t e d  l o c a l  mean change of BE: can be c a l c u l a t e d  from t h e  l a rge -  

s c a l e  ; . 



I t  should be s t r e s s e d  t h a t  3.7 ( o r  3 . 8 )  i s  t h e  equat ion f o r  

computing l o c a l  changes a t  a p re s su re  l e v e l :  no t  t h e  terms under t h e  

p re s su re  i n t e g r a l  on t h e  r i g h t  hand s i d e  of  3.10. 



4. EVALUATION 

a)  Mass - 
3 . 3  was evaluated using 12 values of  C , equal ly  spaced on t h e  

A 

circumference R1 a t  R = 2 (see  2(e) )  , and pressure  increments Ap 

between t h e  halfway po in t s  between pressure  l e v e l s .  A few pressure  

increments have the re fo re  uncentered values,  but t h e  d a t a  accuracy 

does not  warrent an in t e rpo la t ion  scheme. Ver t i ca l  f luxes  were 

computed using echo a rea  A. (= A1/4) a s  a  s tandard a rea ,  r a t h e r  

than A1 ( the  inne r  cyl inder  c ross-sec t ion) .  This does not  a f f e c t  

t h e  in t eg ra ted  v e r t i c a l  t r anspor t  i n  region 1, and was done on t h e  

bas i s  t h a t  t h e  bulk o f  t h e  v e r t i c a l  t r anspor t  i s  probably within t h e  

echo, and v e r t i c a l  v e l o c i t i e s  so computed a r e  more i l luminat ing  than 
A 

i f  based on t h e  a r b i t r a r y  cyl inder  a t  R = 2 

where A. = A1/4. 

The t h e o r e t i c a l  model is now applied t o  t h e  composite da ta :  t h e  

overbar represents  t h i s  composite mean; a 17 day mean (see  Table 2) 

a s  well a s  an a rea l  mean. 

s ince  t h e  increment of  circumference A% = 41~R/12 

and chosen reference  a rea  = TR 2 

In t h e  t abu la t ions  and graphs, values of  ECk and o* f o r  t h e  

growth and decay phases, which had equal dura t ion ,  w i l l  simply be 

added t o  give t h e  t o t a l  l i f e -cyc le  t r anspor t .  This means t h a t  t h e  

reference time period f o r  computing t h e  t o t a l  t r anspor t  by t h e  composite 

system over i ts  l i f e - c y c l e  is t h e  h a l f  l i f e t i m e :  T = 66 mins (Table 1 ) .  



b) Water vapor 

The convergence o f  water  vapor ( s ee  2 (e ) )  i n t o  t h e  system a t  a  

l e v e l  i s  

where C i s  t o  be i n t e r p r e t e d  a s  summing over  t h e  l i f e t i m e :  t h a t  i s ,  
L 

growth and decay phases.  

c) Equivalent p o t e n t i a l  temperature 

0 
The v e r t i c a l  v e l o c i t y  was computed f o r  each 5 K range of  OE: A 0  E j . 

d) Temperature 

F i e lds  of  temperature pe r tu rba t ion  r a t h e r  t han  p o t e n t i a l  tempera- 

t u r e  were p l o t t e d  ( see  2 ( c ) ) .  Le t t i ng  Q be 0 i n  3 . 9 ,  reexpress ing  
1 

i n  terms o f  T , T , and f i n i t e  d i f f e r e n c e  form, one ob ta ins  (us ing  

where A. = T T R ~  , A!?, = nR/3  . 
Of importance i s  t h e  t o t a l  enthalpy input  by an echo 

which w i l l  be compared t o  a  l a t e n t  hea t  r e l e a s e  equiva len t  t o  t h e  n e t  

vapor inf low i n t o  t h e  system, (4 .4) .  



e)  Meso-synoptic i n t e r a c t i o n  

The modi f ica t ion  of t h e  mean atmosphere over  t h e  e n t i r e  per iod  of  

deep convection i s  a t ime i n t e g r a t i o n  of 4.6 f o r  t h e  per iod  A t  (Table 

2 ) .  

The a r e a  u n i t  (Al+A2) pe r  storm can be ca l cu la t ed  (Table 2) from 

AR - t h e  r a d a r  a r e a  

N - t h e  number o f  echos/time period A t  i n  AR 

2~ - echo l i f e t i m e  

where n i s  t h e  mean number o f  echos v i s i b l e  i n  A a t  one t ime.  So R 

one ob ta ins  

(4.10) 

Note t h a t  both time and space averages a r e  involved i n  comparing w *  

with . Within t h e  observed a r e a  AR , t h e  mean f r a c t i o n  covered by 

echo a t  one time i s  

but  over  t h e  d a i l y  per iod of convection, A t  , t h e  t o t a l  a r e a  'covered1 

i s  



The analog o f  4.10 f o r  water vapor is  



5. RESULTS 

a) Mass budget 

The convergence and divergence a s  a funct ion of pressure  f o r  

t h e  growth and decay phases, and t h e i r  sum ( represent ing  t h e  n e t  

convergence) a r e  presented i n  Fig. 3 and Table 3, and t h e  v e r t i c a l  

mass f l u x  curves i n  Fig. 4 .  Neither growth nor decay phases show 

s t r i c t  mass balance, but t h e  d i f ference  is  within experimental e r r o r .  

However, t h e r e  is  no reason why, using t h i s  composite technique, t h a t  

one must obta in  mass balance f o r  each phase, s ince  t h e  sampling 

method i s  not  instantaneous,  and t h e  phenomena is  t r a n s i e n t .  For 

example, t h e  growth phase l a s t e d  i n  t h e  mean about 60 mins, t h e  ascent  

time o f  an a i r  parce l  through a cumulonimbus a t  10 m s q l  i s  about 20 

mins, and t h e  rawinsonde ascent  time i s  about 50 mins. Thus sampling 

of  t h e  outflow a t  high l e v e l s  may be some 30 mins l a t e r  than t h e  

sampling o f  t h e  corresponding inflow a t  low l e v e l s ,  though i n  f a c t  t h e  

same rawinsonde r a r e l y  i f  ever  samples both. 

Since t h e  growth and decay phases l a s t e d  equal t imes (Table l ) ,  

t h e  sm of  t h e i r  mass t r anspor t s  is t h e  bes t  es t imate  of t h e  ne t  

t r anspor t  over t h e  l i f e c y c l e  of  t h e  system. This n e t  mass budget shows 

mass balance,  which s impl i f i e s  t h e  subsequent ana lys i s .  Though t h e  

n e t  mass t r anspor t  on t h e  cumulonimbus s c a l e  is up a t  a l l  l e v e l s ,  

t h e r e  i s  more s t r u c t u r e  than t h a t  corresponding t o  simple inflow a t  

low l e v e l s  and outflow a t  high l e v e l s .  Referr ing t o  4.6 it is c l e a r  

t h a t  t h e  decrease of  t h e  ne t  w* from 800 t o  600 mb w i l l  have impor- 

t a n t  consequences on t h e  synoptic  s c a l e  modif icat ion of t h e  atmosphere, 
- 

un less .  w has a corresponding p r o f i l e .  
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Figure 6. Graph of net vertical mass flux against pressure for high 
0~ (345-355O K) and low 0~ (330-345' K) ranges, depicting simplified 
updraft and downdraft. 



confirmed by t h e  energy balance presented  i n  t h e  next  s e c t i o n .  The 

1 

a n a l y s i s  o f  T , r , BE were however made independent ly,  so  some 

d i f f e rences  must be expected. 

c )  Water vapor,  r a i n f a l l  and energy conservat ion 

The f luxes  of water vapor i n t o  region 1 a r e  shown i n  Table 5.  The 

n e t  vapor convergence i n t o  t h e  system over  t h e  l i f e c y c l e  w i l l  be taken 

t o  equal t h e  r a i n f a l l .  This  r e q u i r e s  some j u s t i f i c a t i o n .  I t  is no t  

being s a i d  t h a t  a l l  t h e  water condensed f a l l s  a s  r a i n ,  on ly  t h a t  which 

is  not  re-evaporated i n  downdrafts. By t ak ing  t h e  B E  ranges 330-345'~ 

and 345-355O~, one can d i s t i n g u i s h  updra f t  condensation and downdraft 

evaporat ion more c l o s e l y .  These a r e  a l s o  given i n  Table 5 ,  where t h e  

n e t  convergence i n t o  ascending 'ho t  towers1 ,  a measure o f  t h e  t o t a l  

condensation, i s  about twice t h e  vapor divergence from t h e  lower OE 

downdrafts; a measure o f  t h e  re-evaporat ion.  

The t o t a l  enthalpy input  (Eq. 4.7) by t h e  cumulonimbus system 

can be ca l cu la t ed  from t h e  thermal f i e l d s ,  and compared with t h e  n e t  

l a t e n t  hea t  r e l e a s e  i f  t h e  ne t  vapor convergence i s  condensed ( i . e . ,  

no change i n  vapor s to rage  i n  region 1 ) .  This  is  t a b u l a t e d  i n  Table 6. 

The agreement i s  t o  a few percent ,  wel l  wi th in  experimental e r r o r .  

C lea r ly  t h e  n e t  condensation i n  region 1 only  equals  t h e  r a i n f a l l  i f  

t h e r e  i s  a l s o  no change i n  s to rage  of l i q u i d  water from growth t o  

decay phase. There were no measurements of t h e  t o t a l  mean l i q u i d  water 

content  of t h e  atmosphere, so  t h i s  w i l l  be assumed. 

The r a i n f a l l  value equiva len t  t o  t h e  n e t  vapor convergence co r r e s -  

ponds t o  3.7 cm of  r a i n  over  t h e  echo a rea ,  during t h e  echo l i f e t i m e .  



TABLE 5 .  WATER VAPOUR BALANCE 

GROWTH DECAY SUM 

Vapour convergence i n t o  
updra f t  ( B E  > 34S0) 

Uni ts  x 10 mb ms- '  g ~ g - '  

Vapour divergence from 
downdrafts (BE < 345O) 

Sum 

TRT 
Key: (i) Net Vapour convergence = -CCAp. CC r 

3 8 ~ 1  l k  k k 
= 1.83 1013 gm water/echo 

Over a rea  F R ~  3.7  cm r a i n  



TABLE 6 .  ENERGY CONSERVATION CHECK ( E q .  4 .7)  

Key (i) To ta l :  3390 Units i s  an enthalpy source t o  be compared with 
vapour convergence of -3450 u n i t s .  

- 
T A9 ( i i )  In 4.7 T1 i s  - 3 R  bpi Co(pi) ( I -f) 

L 8 

T2 i s  -Api 1 Z Ck(Ti - Pt2) 
L k  

UNITS x 10 mb m s  -1 oc  

TR-r 
( i i i )  Enthalpy source is  - C T (T1 + T2) = 1.08  1016 ca ls /echo  

3g Pl 



This  can be compared with t i le measured mean r a i n f a l l  pe r  echo f o r  t h e  

days i n  t i le d a t a  s e t  (Table 2) ca l cu la t ed  f o r  t h e  echo area. 

Mean r a i n f a l l / e c h o  = 

This  va lue  i s  somewhat l a r g e r  t han  t h e  mesoscale budget va lue .  The 

reason probably l i e s  i n  t h e  average va lues  used f o r  t h e  mean echo (Table 

1)  f o r  R , r  . There e x i s t  a s i z e  spectrum of echos (Cruz, 1972) with 

some c o r r e l a t i o n  between l a r g e r  r ad ius  and longer  l i f e t i m e .  From 4 . 4  

t h e  ne t  vapor convergence i s  

Over t h e  whole d a t a  sample f o r  t h e  summer (about 230 echos) 

- - 
so  t h a t  t h e  use  of  average values R , r  may underest imate t o t a l  

echo r a i n f a l l  by 10%. The same d a t a  gave 

so  t h a t  t h e  comparison f i g u r e s  o f  r a i n  p e r  u n i t  echo a r e a  of 550 km 2 

become 

Budget 

Measured 

which agree  wi th in  experimental e r r o r .  
- - 

I n  t h i s  paper only  simple mean va lues  R,r have been used, although 
- 

c l e a r l y  t h e  c o r r e l a t i o n  RT i s  important t o  t h e  i n t e r p r e t a t i o n  of 

composite budgets.  This  r equ i r e s  f u r t h e r  s tudy.  



d) Large-scale modi f ica t ion  

Mean va lues  f o r  A T ( P ~ )  i n  4.10, f o r  800 mb and above, ca l cu la t ed  

f o r  t h e  17 days used t o  cons t ruc t  t h e  composite, a r e  t abu la t ed  i n  

Table 7,  t oge the r  with a mean sounding f o r  region 2 .  No values f o r  

C 

w a r e  known s i n c e  t h e  experimental s i t e  i n  Venezuela is  not  wi th in  a 

good synopt ic  network. However, it is i l l umina t ing  t o  c a l c u l a t e  a 
- 

mean va lue  ( f o r  t h e  17 days) f o r  w us ing  4.10, while not ing  t h a t  4.10 

involves t h e  assumption of no mean l a r g e  s c a l e  changes due t o  ho r i zon ta l  

advect ion.  The computation i s  shown i n  Table 8; it uses  t h e  thermal 

cumulonimbus t r a n s p o r t s  from Table 6.  Two va lues  f o r  synopt ic  s c a l e  

- 
v e r t i c a l  motion a r e  given: w which is  a mean va lue  f o r  t h e  t ime 

- 
period A t  of deep convection, and w *  which is sca l ed  t o  t h e  a r ea  

and h a l f  l i f e t i m e  of t h e  composite,so a s  t o  be d i r e c t l y  comparable 

with Cw* . The maximum value of  w is  about -2  c .g . s .  u n i t s  which 
L 

is  n o t  unreasonable.  Values of  i* and Cw* a r e  p l o t t e d  i n  Fig. 7 
L 

I t  is  t o  be noted t h a t  3 and Cw* do not  d i f f e r  by much ( see  
L 

s e c t  ion 6) . 
The c a l c u l a t i o n  was repeated us ing  water  vapor changes (Eq. 4.11) 

- 
t o  g ive  a second va lue  of w* (Tables 9 ,  10 and Fig. 7 ) .  As s t a t e d  i n  

2 ( f )  t h e  water vapor changes A r  a r e  not  considered very  r e l i a b l e ,  but 

t h e  va lues  f o r  G* agree wi th in  t h e  e r r o r s :  except perhaps a t  300-400 mb 

- 
where t h e  water  vapor c a l c u l a t i o n  g ives  r a t h e r  l a r g e r  values f o r  w *  . 

- 
Evaporation from t h e  su r f ace  may a f f e c t  w a t  950 mb. r 

- - 
The l a r g e  s c a l e  w *  i s  l a r g e r  than  t h e  cumulonimbus s c a l e  w* 

between 700 and 300 mb. Thus t h e  motion i n  region 2 ,  t h e  'environment' 

i s  he re  upward, producing a cool ing and moistening, although a t  600 mb 

t h e  l i f t i n g  i s  small  and cance l led  by a l a t e r a l  t r a n s p o r t  of enthalpy 

out  o f  t h e  cloud region 1. 



TABLE 7 .  MEAN SOUNDINGS AND MEAN CHANGES OVER DEEP CONVECTIVE P E R I O D  



TABLE 8 .  SYNOPTIC SCALE w CALCULATION FROM AT (eq. 4.10) 

AT- 
W 

O K  

- 
TAB - -  - 
eApl 

O Kmb 

Key ( i l  ATCb - i s  change i n  temperature induced by cumulonimbus 

convection i n  t ime A t .  

- 7R.r 
A T ~ b  - q- (see Table 6 ( i i )  f o r  TI, T2) (T1 + T2Ii q 

- 
TAB - 

( i i )  AT- : - - - w A t  (see Table 2 f o r  A t ,  N) W 
e AP 

N 'rAo - - N T A ~  
( i i i )  - W* = w where - = 0.022 (Dimensionless) 

A t A R  A t A R  

This  f a c t o r  i s  t h e  percentage of a r e a  covered a t  one t ime by 
clouds i n ,  f o r  example, t h e  growth phase. 



200 - - 200 

300 - - 300 

400 - 

500- 
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600 - 

CUTLARGE S C A L E  DEDUCED 

700 - FROM AT - 700 
O  LARGE SCALE DEDUCED 

FROM AT 

- 800 
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C (-w*)(-Z*) C.G. S. 
L 

Figure  7 .  Graph of l a rge - sca l e  mean v e r t i c a l  mass f l u x ,  deduced from 
cumulonimbus budget and la rge-sca le  mean changes of temperature  and 
mixing r a t i o .  E r ro r  b a r s  correspond t o  +O.lOc i n  AT and to. 2 g ~ g - l  
i n  A;. 



TABLE 9. WATER VAPOUR MODIFICATION OF THE ATMOSPHERE 

P 7 A< C (-w*)  R1 R 2  R +R L 1 2  - 1 
mb l2Kg-l g ~ g - l  c.g.s. lOmb m s  

LI L Key (i) K = - 3R Api Z u(p i )  (F)i - 1 L 

UNITS x lOmb ms- '  g ~ g - '  



TABLE 10,  SYNOPTIC SCALE w CALCULATION FRO>! AT (eq. -2.11) 

A 2 A r  - 
P A r  A r -  w A r /  AP (-q. (-3) r Cb 

A1 + A2 

Key (i) A r c h  i s  change i n  mixing r a t i o  induced by cumulonimbus - 
convect ion i n  t ime A t .  

T ~ K T  A r  = - 
Cb 3 4 .  

(see Table 9 ( i )  f o r  R1, R 2 )  
1 

Ar - 
( i i )  A r -  = - - 

W 
w A t  (see Table 2 f o r  A t ,  N) 

A P 

- - 
( i i i )  w, w *  a r e  r e l a t e d  a s  i n  Table 8 ( i i i ) .  



6.  DISCUSSION AND CONCLUSIONS 

a) Mass t r anspor t  models 

Simple paramcterisat ions o f  deep convection involving v e r t i c a l  mass 

t r anspor t  (Riehl and Malkus, 1958, Pearce and Riehl ,  1968, Ooyama, 1969, 

Yanai, 1971) and l a t e r a l  exchange (Kuo, 1965) can be examined using 

3.9, 3.10, 4.10, 4.11 and Tables 6 and 9 .  Clear ly  t h e  dominant terms 

a r e  those  i n  w * a B / a z  and w * a F / a  z , t h e  mass t r a n s p o r t  terms. For t h e  

heat  balance t h e  in t eg ra ted  ' l a t e r a l 1  term (A8 Z E Api E c ~ ( T ;  - T ~ ) )  
L i k 

represents  only 6% (190/3390 i n  Table 6) of  t h e  t o t a l  enthalpy inpu t ,  

a r e s u l t  of near hydros ta t i c  balance. For water vapor t h e  corresponding 

vapor term is  r a t h e r  l a r g e r ,  19% (660/3450 i n  Table 9) of  t h e  t o t a l  

vapor convergence. Except f o r  t h e  su r face  l e v e l s  950-850 mb and a t  150 

mb, a simple mass t r anspor t  model using w* and a mean atmosphere, c o r r e c t l y  

represents  about 90% of  t h e  cumulonimbus s c a l e  modif icat ion.  The t o t a l  
- 

vapor convergence, ca l cu la t ed  us ing  w* (from water vapor budget 850-950 

-2 mb and thermal budget above) and r , is  2930 u n i t s  t o  be compared with 

t h e  t o t a l  p r e c i p i t a t i o n  of  3450 u n i t s .  Thus synoptic  s c a l e  vapor 

convergence i s  f a i r l y  c lose ly  a measure o f  t h e  heat ing of  t h e  atmosphere. 

With t h e  mean sounding (Table 7) and t h e  wet adiabat  3 5 0 ° ~ ,  Kuols method 

gives a p r e c i p i t a t i o n  only about one qua r t e r  of  t h e  t o t a l  vapor conver- 

gence, with t h e  remainder increas ing  t h e  mean water vapor of t h e  atmos- 

phere. Thus Kuols method is  here a very poor est imate of  t h e  t o t a l  

heat ing,  and g r e a t l y  overest imates t h e  mean water vapor input  t o  t h e  

convective layer .  



Since 2 +I Cw* , one might approximately parameter i se  a*  i n  
L 

terms o f  * and hence i n  terms o f  a low l e v e l  convergence (not 

n e c e s s a r i l y  f r i c t i o n a l l y  induced a s  i n  CISK models). However, t h e  

low l e v e l  budgets cannot be expressed i n  terms of  simply a mass t r a n s p o r t  
A 

w* on t h e  cumulonimbus s c a l e .  Table 11 shows equiva len t  va lues  w r '  
A 

w def ined  t o  g ive  t h e  cumulonimbus modi f ica t ion  without  t h e  l a t e r a l  T 

term, e .g . ,  

A A 

w r ' w~ 
a r e  comparable above 800 mb, but  a t  t h e  lowest l e v e l s  have 

oppos i te  s ign  (where cool ing and dry ing  is  observed s imultaneously) .  A 

d e t a i l e d  model of  t h e  su r f ace  (sub-cloud) l a y e r  is needed t o  accu ra t e ly  

..4 

parameter i se  deep convection i n  terms o f  t h e  l a r g e  Sca le  w . 

b) Fac tors  i n f luenc ing  w* 

Accurate parameter i sa t ion  of  w* , though necessary ,  i s  d i f f i c u l t ,  

s i n c e  t h e  mean atmospheric changes AT , AT (Tables 7,  8,  10) a r e  

small  r e s i d u a l s  whose s ign  depend p r imar i ly  on t h e  d e t a i l e d  v e r t i c a l  

s t r u c t u r e  o f  and w* , and hence on t h e  complex s t r u c t u r e  o f  updra f t  

and downdraft, growth and decay. The f a c t o r s  c o n t r o l l i n g  w*(p) a r e  

s t i l l  not  c l e a r l y  resolved,  but  some may be suggested. 

i )  The l a rge - sca l e  shea r  f i e l d  may con t ro l  t h e  updraft-downdraft  

p a t t e r n  and hence w*(p) . I t  i s  hoped t o  s tudy  o the r  c l a s s e s  

o f  shea r  f i e l d  than  t h e  one i n  t h i s  s tudy  i n  a f u t u r e  

experiment. 

i i )  The t r ans i ence  of i nd iv idua l  clouds i s  of importance. The 

cause may be t h e  mid-level s t a b i l i s a t i o n  observed during t h e  



TABLE 11. EQUIVALENT MASS FLUXES TO G I V E  CUhILJLONIMBUS 
MODIFICATION OF MEAN ATMOSPHERE ( E q .  6.1) 

- 
Key (i) w* values a r e  from vapour budget below 800 mb. - 

A 

( i i )  w defined i n  6.1.  

A Ar 
e.g.  ; (ur vIi = - ( 

R1 + R 2  
3R Ap )i (R1, R2 defined i n  

Table 9 ) .  
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Appendix 

The rawinsonde hygr i s to r  r e l a t i v e  humidity (R.H.) was extrapolated 

t o  t h e  surface,  where a surface  value was not recorded. Despite the  

presence of  a superadiabatic layer  t h i s  procedure gives t h e  surface 

r e l a t i v e  humidity t o  an accuracy of  about 3% a t  Bowen r a t i o s  0.8 

and humidities 50% . This value was subtracted from an accurate 

surface  value f o r  R.H. obtained using a well ven t i l a t ed  aspi ra ted  

psychrometer. A temperature d i f ference  (AT) between hygr i s to r  and 

thermistor  was ca lcula ted  from t h i s  R.H. d i f ference ,  and used t o  correc t  

the  mixing r a t i o  values a t  a l l  pressure l eve l s .  No v a r i a t i o n  of AT with 

height was considered, although it should be r e a l i s e d  t h a t  t h e  thermal 

l ag  could vary with height (densi ty and lapse-ra te  change), and f u r t h e r  

t h a t  sca t t e red  clouds can randomly a f f e c t  t h e  s o l a r  r ad ia t ion  e r ro r .  

Theory: 
- 

T T T + A T  T 
I I 

I I I > 
r r e t rs (TI rs(T + AT) r 

denotes erroneous value 

denotes t r u e  value 

i s  sa tu ra t ion  mixing r a t i o  a t  (T) 

i s  thermistor  temperature 

T + AT i s  hygr is tor  temperature 
- 
T = T + AT/2 a mean value 

R = hygr i s to r  R.H. 

Surface: Let 

- 
Ro - surface hygr is tor  R.H. 

Ro + ARo = t r u e  surface R.H. 



ARo A r s  
. . - - - -  - -- where t h e  b a r  denotes a mean value f o r  t h e  f i n i t e  

Ro r 
S 

s t e p  T += T + AT . 
0 0 

= F (?;) AT where F (T) = - ( ~ l a u s i u s - ~ l a p y r o n  eq.)  

Rv = gas cons tan t  f o r  water vapor. 

A value  o f  AT can thus  be computed from ARo . This is  taken  as a 

cons tan t  f o r  t h e  sounding. 

Above t h e  sur face :  

R , T , AT aSe known 
, , , * '  

r = R rS (T) e 

r = R rS (T + AT) 
t 

A r = r  - r  = R A r s  t e 

Again from t h e  Clausius-Clapyron eq. ,  

Other re -express ions  a r e  poss ib l e ,  e .g . ,  

r ( )  r (T) + A r s / 2  
S S 

F (T) r- (T) AT 


