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Water and energy budget desc r i p t i ons  o f  f o u r  broad c l a s s i f i c a t i o n s  

1 

of sumn~rt ime,  cumul us convect ion occu r r i ng  over t h e  Nat iona l  Hai 1  Research 

ABSTRACT 

~ x ~ e r i m b n t  (NHRE) area are c a l c u l a t e d  from NHRE rawinsonde data. The 

MESOSCALE CHARACTERISTICS OF CUMULUS CONVECTION 

convect ion 

A 

area i s  

f a c i  1  i 

space veraging scales a re  made e x p l i c i t  i n  o rde r  t o  a i d  t h e  i n t e r p r e t a t i o n  

o f  t he  budget r e s u l t s .  The change o f  c loud storage term ( u s u a l l y  1 
neglected) i s  re ta ined  f o r  use du r i ng  i n t e r v a l s  o f  r a p i d  convect ion 

development. 

e  budget c a l c u l a t i o n s  are  based on data f o r  39 i n t e r v a l s  (about 

ours long)  occu r r i ng  over  14 days. The da ta  processing takes i n t o  

c l a s s i f i c a t i o n s  are  based on radar  and p r e c i p i t a t i o n  data. 

budget equat ion designed f o r  use w i t h  mesoscale data from the  NHRE 

der ived.  The equat ion uses a normal ized pressure coord ina te  t o  

t a t e  c a l  c u l a t i o n s  a t  t h e  s lop ing  1 ower boundary. The environmental 

va r i ab les  

accound downwind sonde d r i f t  and t ime d i f f e rences  i n  t h e  data due t o  

appear as func t i ons  o f  h o r i z o n t a l  p o s i t i o n  and t h e  t ime and 

developing average budget shows the  importance o f  r e t a i n i n g  the  change of 

sonde 

The 

used t o  

developing, 

c loud to rage term i n  t he  budget equat ion. The moderate and p r e c i p i t a t i n g  k 

rp ise t ime and launch t ime d i f f e rences .  

presence o r  absence o f  radar  echoes and/or p r e c i p i t a t i o n  i s  

c l a s s i f y  t h e  convect ion as (1) weak, suppressed, (2)  weak, 

(3) moderate, (4) p r e c i p i t a t i n g .  The weak, suppressed 

budgets show an i n t r o d u c t i o n  o f  r e l a t i v e l y  d r y  a i r  i n t o  t h e  sub- 

ayer. The p r e c i p i t a t i n g  convect ion a l s o  produces a s i n k  o f  mo is t  s t a t i c  

average budgets a re  gene ra l l y  s i m i l a r  t o  budgets c a l c u l a t e d  f o r  "undis- 

turbed"  synopt ic  s i t u a t i o n s .  The NHRE v e r t i c a l  v e l o c i t i e s ,  however, a re  

several  t imes l a r g e r  than the  e a r l  i e r  undis turbed values. The weak, 



energy i n  t he  subcl oud 1 ayer. In general , t h e  f l u x e s  shov 

v a r i a t i o n  w i t h  t h e  t rend  o f  t he  convect ive c l a s s i f i c a t i o n .  

systematic 

d37 
A c loud model i s  used t o  show t h a t  weak, suppressed cobvect ive f l u x e s  

IG~U 'a +eJ,i 

can be expressed as t h e  product  o f  a s i n g l e  convect ive mass IX t imes a 

cloud-environment d i f f e r e n c e  o f  st o r  h. The water  and el 
3AHH 3 

are  shown t o  be approx imate ly  c l o s e l y  coupled. 

Another c loud model i s  used t o  approximate ~r T ClUUU 

l ajrrsrri 
storage. Th i s  term i s  shown t o  be as l a r g e  as ! convec t ive  f l d x  

hnn mi 
terms du r i ng  per iods  o f  r a p i d  cumulus convect ion development. 

General conclus ions are  drawn on t h e  q u a n t i t y  and qual i i ty  o f  t he  

data needed t o  generate a use fu l  mesoscale convect ive budget. 
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I. INTRODUCTION 

convect ion extends w e l l  beyond t h e  t ime 

and spabe scales associated w i t h  t h e  immediate environment o f  an i n d i v i d u a l  

cumulus cloud. The combined a c t i o n  o f  a l l  t h e  c louds i n  a  g iven l a r g e  

t i o n  o f  convect ion i s  t h e  i m p r a c t i c a l i t y  o f  d i r e c t l y  measuring 

convect ive i n p u t  i n t o  t he  l a r g e r  scale. Th is  problem can be 

scale 

1  a t i on .  

descr ib ing  

o f  motion. 

Tt-e 

overco e  by  us ing  a  budget approach t o  make t h e  des i red  "measurements" i 

area produces an impor tan t  c o n t r i b u t i o n  t o  t h e  l a r g e  sca le  c i r c u -  

Considerable research has been focused on q u a n t i t a t i v e l y  

cumulus convect ion i n  terms o f  t h i s  i n p u t  t o  l a r g e r  scales 

basic  problem invo l ved  i n  o b t a i n i n g  t h i s  type  o f  l a r g e  scale 

i n d i r e d t l y .  A budget c a l c u l a t i o n  f o r  a  l a rge ,  g iven  volume i s  s imply 

the  a ldeb ra i c  sum o f  t h e  measured i n f l o w ,  ou t f low,  and storage terms of 

n  q u a n t i t y  s e t  equal t o  a  source term p lus  a  c o n t r i b u t i o n  due t o  

h a t  a re  n o t  reso lved by the  measurements. The unresolved f lows 

umed t o  be due t o  t h e  cumulus convect ion occu r r i ng  i n  t h e  g iven  

vo I ume , r' \ 
e general  o b j e c t i v e  o f  t h i s  t h e s i s  i s  t o  use a  budget approach, 

as mentioned above, t o  descr ibe summertime cumulus convect ion occu r r i ng  

over t he  Nat iona l  H a i l  Research Experiment (NHRE) data area. Four 

s p e c i f i c  problems a re  addressed w i t h i n  t he  framework o f  t h i s  general 

~ i r s t  , a general  budget equat ion designed f o r  use w i t h  m i d l a t i  tude, 

c o n t i n  n t a l  , mesoscale data (see diagram o f  NHRE area, F ig .  1 ) w i l l  be e 
der iveb.  The equat ion deals  w i t h  a  s lop ing  lower boundary, pronounced 
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h o r i z o n t a l  g rad ien ts  i n  t h e  data, and t h e  p o s s i b i l i t y  o f  r a p i d  cumulus 

i o n  development. Also, t h e  t ime and space averaging scales a r e  

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

~ b c o n d ,  t h e  budget equat ion i s  used t o  c a l c u l a t e  t h e  c loud t r a n s f e r  

proper / t ies o f  t h e  convect ion f o r  a  v a r i e t y  o f  mesoscale cond i t ions .  The 

l e  environment o f  t h e  convect ion over  t h e  NHRE area has consid- 

d i f f e r e n t  c h a r a c t e r i s t i c s  (sharper ho r i zon ta l  g rad ien ts  and t ime 

f o r  example) than t h e  environments o f  most o f  t h e  prev ious budget 

studie/s. Consequently, t h i s  budget c a l c u l a t i o n  w i l l  p rov ide  a  use fu l  

n  t o  the  c u r r e n t  s t o r e  o f  budget r e s u l t s .  

t h e  ca l cu la ted  desc r i p t i ons  o f  cumulus convect ion ( t h e  c loud 

w i l l  be s t r a t i f i e d  and averaged according t o  a  simple 

radar  d e s c r i p t i o n  o f  t h e  convect ion. The radar  c l a s s i f i c a t i o n  o f  convec- 

t i o n  used i n  t h i s  t h e s i s  i s  more d e t a i l e d  than most o f  t h e  convect ion 

desc r i p t i ons  used i n  o the r  budget s tud ies .  Th i s  a d d i t i o n a l  d e t a i l  

c o n s i ~ e r a b l y  helps i n  t he  i n t e r p r e t a t i o n  o f  t he  budget r e s u l t s .  

our th,  a  cons i s ten t  and reasonable i n t e r p r e t a t i o n  o f  t he  budget 

i s  presented i n  terms o f  simp1 i f  i e d  model s  . A1 though t h e  

value ( o f  t h i s  i n t e r p r e t a t i o n  i s  d i r e c t l y  t i e d  t o  t h e  choice o f  t he  

model t h e  use o f  a  model i s  a  key s tep  i n  understanding t h e  r e l a t i o n s  

betwedn cumulus convect ion and 1  a rger  sca le  c i r c u l a t i o n s .  

2. H i s t o r i c a l  Background 
I 

1 any researchers have attempted t o  q u a n t i t a t i v e l y  assess t h e  r o l e  o f  

cumul s  convect ion on l a r g e r  scale c i r c u l a t i o n s  by us ing  a  budget approach. 

Reed 1 nd Recker (1 971 ) , Gray (1972), and Yanai , Esbensen and Chu (1973) 

have qsed synopt ic  scale, t r o p i c a l ,  oceanic da ta  averaged over many days 



f o r  such s tud ies .  Pearce (1968), Augstein, e t  a1 (19731, o l l a n d  and 

Rasmusson (19731, N i t t a  and Esbensen (1 9741, and N i  t t a  (1 9 5)  have 

presented budget s tud ies  us ing  A t l a n t i c  data gathered (ex 1 e p t  f o r  Pearce) 
I 

du r i ng  ATEX and BOMEX. The ATEX and BOMEX data used i n  t 

s tud ies  were taken on a sca le  o f  750 km and 500 km, respe 

t r o p i c a l  ocean areas. The r e s u l t s  were averaged over  one 

W i l l  iams (1970) used a composit ing technique t o  s tudy t r o  

c l u s t e r s  on a sca le  o f  about 400 km. Ninomiya (1974) d i d  

mesoscale budget s tudy us ing  data from an oceanic network 

30°N near Japan. Recent ly,  Lewis (1975) presented a budg 

2 2 data from a 180 km con t i nen ta l  area. These s tud ies  c l e  

t h e  importance o f  convect ion as a v e r t i c a l  t r a n s p o r t  mech 

and moisture.  The calculat+ions by Wi l l iams (1970), Reed 

and Pearce (1968) suggest t h a t  cumulus clouds a l s o  t ransp 

H o l l  and and Rasmusson (1 973) present  a momentum budget. 

v o r t i c i t y  and momentum t ranspo r t s  a re  noted t o  con ta in  co 

A sumnary of prev ious budget s tud ies  i s  presented i n  Appe 

The f i r s t  problem t h i s  t h e s i s  addresses i s  t h e  d e r i v  

equat ion s u i t a b l e  f o r  use i n  a m id - l a t i t ude ,  mesoscale a r  

s tud ies  were based on budget equat ions i n  which the  r e s o l  

sca le  components were expressed i n  terms o f  area average 

unresolved components were considered dev ia t i ons  from the  

Several authors inc luded sho r t  remarks t h a t  suggested t h e  

r e l a t i n g  t h e  measured data t o  t h e  r e q u i r e d  averages. Augstein, e t  a1 

(1973) and Reed and Recker (1971) s t a t e  t h a t  t h e i r  ana l ys i s  procedure 

imp l i es  h o r i z o n t a l l y  1 i n e a r  changes o f  t he  mass f l u x  as w e l ~ l  as o f  o ther  

meteoro logica l  values. Yanai, e t  a1 (1973) p o i n t  o u t  t h a t  t h e i r  data 
I 



reg ion  ou ld  be too l a r g e  t o  p rope r l y  represent  t h e  r e q u i r e d  averages I '  
because 

and beca.use 

Ninomiy: 

c louds 

remarks 

have 

reta inec 

The 

c loud - t rans fe r  

f o r  a  

budget 

o f  subs tan t i a l  h o r i z o n t a l  v a r i a t i o n s  o f  l a r g e  sca le  parameters 

o f  t he  ex is tance o f  s h o r t - l i v e d  mesoscale convect ion regions.  

(1974) remarked t h a t  he was us ing  mesoscale data because cumulus 

;.re n o t  always d i s t r i b u t e d  u n i f o r m l y  over a  l a r g e  area. Such 

are p a r t i c u l a r l y  p e r t i n e n t  t o  t h i s  t hes i s ,  because t h e  NHRE data  

s t rong ho r i zon ta l  g rad ien ts  and these g rad ien ts  a re  expl  i c i  t l y  

and discussed i n  t h e  budget d e r i v a t i o n  i n  Chapter 11. 

second problem addressed i n  t h i s  t h e s i s  i s  t h e  c a l c u l a t i o n  of 

p rope r t i es  o f  t he  convect ion w i t h i n  t he  NHRE data network 

v t . r i e t y  o f  mesoscale cond i t ions .  Most o f  t h e  p rev ious l y  c i t e d  

s tud ies  were based on c i r c u l a t i o n s  c h a r a c t e r i s t i c  o f  low l a t i t u d e ,  

oceanic r e g i o n s .  Cho and Ogura (1974) s t a t e  t h a t  more budget s tud ies  a re  

needed 

s tud ies .  

budget 

( they  

(1  975) 

( t h e  NHRE 

d i f f e r e  

t h e  NHRE 

t o  increase t h e  conf idence i n  t h e  conclus ions drawn from prev ious 

Yanai e t  a1 (1973) s t ress  t h e  need n o t  o n l y  f o r  more d iagnos t i c  

q tud ies  b u t  a l s o  f o r  such s tud ies  t o  be c a r r i e d  o u t  on smal ler  

suggest 300 km) areas. Both t h i s  study and t h e  study by Lewis 

use data taken over mid-1 a t i  tude, con t i nen ta l  , mesoscal e  areas 

and NSSL data networks, respec t i ve l y ) .  These data a re  q u i t e  

it than t h e  p rev ious l y  used low l a t i t u d e ,  oceanic data. Fur ther ,  

data used i n  t h i s  t h e s i s  are c h a r a c t e r i s t i c  o f  convect ion 

per iods cons iderab ly  d i f f e r e n t  than t h e  p r e f r o n t a l  squa l l  1  i n e  pe r i od  

used b y  Lewis (1975). The r e s u l t s  of t h e  budget c a l c u l a t i o n s  and t h e i r  

a d d i t i o ~  

The 

c a l c u l a t e d  

i n t e r p r z t a t i o n s  (see Chapter V and V I )  w i l l  consequently be a  use fu l  

t o  t he  c u r r e n t  s t o r e  o f  budget r e s u l t s .  

t h i r d  problem considered i n  t h i s  research i s  t h e  averaging o f  t he  

c loud- t rans fer  p r o p e r t i e s  based on radar  desc r i p t i ons  o f  t h e  



convect ion. I n  mpst o f  t he  p rev ious l y  c i t e d  s tudies,  t he  c  l c i l a t e d  
- . *  I 

convect ive c o n t r i b u t i o n s  t o  t he  mean f l o w  were grouped i n  t k n s  o f  some 

general  c h a r a c t e r i s t i c s  o f  t he  cumulus clouds. I n  t he  l a r g b s t  scale 

s tudies,  t he  convect ion was mos t l y  c l a s s i f i e d  i n  a way t h a t  d i r e c t l y  

corresponded t o  t he  synopt ic  s i t u a t i o n ,  t h a t  i s ,  d i s tu rbed  or undis turbed 

cond i t ions .  Reed and Recker (1971) and Cho and Ogura (19741) discussed 

the  convect ion i n  terms o f  e i g h t  sec tors  o f  a  composite, 

sca le  wave d is turbance.  Hol land and Rasmusson (1973) and 

a1 (1973) presented r e s u l t s  o n l y  f o r  per iods when convect io  

absent. Wi l l iams (1970) and Gray (1972) used ATS-3 s a t e l l  i 

c l a s s i f y  t he  convect ion i n  terms o f  s i x  ca tegor ies  o f  c loud 

Only Ninomiya (1974) and Lewis (1975) were ab le  t o  use a mo 

d e s c r i p t i o n  o f  convect ion suppl f e d  by radar  data. The radaf d e s c r i p t i o n  

of convect ion used i n  t h i s  t h e s i s  i s  s l i g h t l y  more d e t a i l e d  than t h a t  

used by Ninomiya (1 974). Lewis ' (1 975) radar  d e s c r i p t i o n  of convect ion 

i s  q u i t e  s p e c i f i c  because he deals  w i t h  o n l y  a s i n g l e  case $tudy o f  a  

squa l l  1  ine.  

The f o u r t h  problem approached i n  t h i s  t h e s i s  i s  t he  p r  sen ta t i on  o f  e ,  
a cons i s ten t  and reasonable i n t e r p r e t a t i o n  o f  t h e  budget c a ~ c u l a t i o n s  i n  

terms o f  s i m p l i f i e d  models. The need t o  i n t e r p r e t  cumulus dudget s tud ies  

i n  terms o f  conceptual convect ive t r a n s p o r t  models was rece  t l y  emphasized 

by B e t t s  (1975). Pearce (1968), Gray (1972) and Augstein, 

used ext remely i d e a l i z e d  convect ion models t o  demonstrate t q a t  t h e i r  

c a l c u l a t e d  eddy t ranspo r t s  o f  moisture,  energy and v o r t i c i t  cou ld  be 

reasonably accompl i shed by cumulus clouds. Ogura and Cho (1973) and N i t t a  I 
(1975) used a spec t ra l  c loud ensemble model developed by  

(1974) t o  i n t e r p r e t  budget c a l c u l a t i o n s  i n  terms o f  model 

Arakawa and Schubert 

c loud populat ions.  



Lewis ( 1 975) used a similar model t o  interpret  his resul ts .  Betts (1975) 

interpr 

using a 

during 

interpret  

model i s  

2ted some of the BOMEX data for  periods of weak convection by 

single cloud type model tha t  entrains and detrains a t  a l l  levels 

i t s  l i f e  cycle. The same model i s  used in th i s  research to  

weak convection resul ts  over the NHRE area. A second simple 

used to  show tha t  the cloud storage term of the budget equation 

i s  imy-tant in cases of developing convection. 



11. BUDGET EQUATION 

1. Frequently Used Forms and Terminology 

In order to  f a c i l i t a t e  l a t e r  comparisons of resul ts  i th is  thesis ri 
with those found in the l i t e ra tu re  and in order to  establ idh a point of 

reference for  the budget equation used i n  t h i s  thesis ,  a f equently used 

form of a budget equation will be presented. This short d rivation i s  

mainly based on a presentation by Yanai (1971), and i s  par f icularly 

useful i n  pointing out the role convection plays in influe cing the 1 
large scale circulation. Let 

x = any scalar  

Q = source/mass of x 

The Lagrangian and Eulerian forms of a budget equation fo r  x are,  I 
respectively: 

Next, define an area averaging operator (7 tha t  will be used over a 

horizontal area which i s  large enough to contain the ensem l e  of clouds 

b u t  i s  small enough so tha t  the area can s t i l l  be viewed a a fraction 

of the large scale motion. Applying th is  operator and den ting deviations I 
from the average by primes we obtain: 

- am i s  call  ed the apparent source of x and a z 
vertical eddy flux of x. 

Yanai (1971) summarizes how the eddy flux term can be re la ted  to  

the cumulus convection: 



L e t  x  an 1 PW have t h e  average values xc and (pw), i n s i d e  cumulus clouds 

and $ 1 -  x and (pw) i n  t h e  environment ( c l e a r  z i r ) .  A f r a c t i o n ,  V t  o f  t h e  

horizont/al  area i s  covered by cumulus clouds. Then 

- 'L 'L 'L 

For quan l t i t ies  such as temperature and s t a t i c  energy, x  = y(xc - x )  + x = x 
- N 

However, pw # pw. Def ine  a c loud mass f l u x ,  Mc, as f o l l o w s  Mc = ~ ( P w ) ~ .  

Then 
I 

dget  c a l c u l a t i o n s  i s  c l o s e l y  connected t o  two types o f  averages 

esponding dev ia t i ons .  The f i r s t  k i n d  o f  averaging i s  obv ious ly  

I ,  

That i s ,  

and t h e  

The 

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

the  area average de f ined  by t h e  bar  (7 operator .  The second i s  a t ime 

t h e  eddy f l u x  term i s  d i r e c t l y  r e l a t e d  t o  t h e  c loud mass f l u x  

excess va l  ue o f  xc above t h e  environmental va lue ;. 
researchers mentioned i n  sec t i on  2 o f  Chapter I c a r r i e d  o u t  budget 

us ing  t h i s  o r  ve ry  s i m i l a r  approaches. The i n t e r p r e t a t i o n  of 

average. Even though t h e  t ime average does n o t  appear e x p l i c i t l y ,  

substandia l  t ime averaging i s  used when data a re  i n s e r t e d  i n t o  Eq. 1. 

o re  e x p l i c i t  t reatment  o f  t h e  t ime averaging would be o f  use f o r  

ons. F i r s t ,  i n  t h i s  and t h e  p r e v i o u s l y  c i t e d  research a budget 

i s  being used t o  s tudy convect ion, and an impor tan t  aspect of 

convect on i s  i t s  t rans ience.  Equations 1 and 2 ,  however, con ta in  very 1 
l i t t l e  e x p l i c i t  comnent on t h e  t rans ience o f  t h e  source term o r  eddy f l u x  

term. Second, a l l  t h e  average terms on t h e  LHS o f  Eq. 1  a re  a l s o  func t i ons  

o f  t ime. The t reatment  o f  t h i s  t ime dependence and i t s  r e l a t i o n  t o  t he  

c loud t me sca le  does n o t  r e a d i l y  f o l l o w  from t h e  formal ism o f  Eq. 1. 1 
h (1 973, 1974), Arakawa and Schubert (1974), and B e t t s  (1  975) have 

d on t h e  importance uf  d i s t i n g u i s h i n g  t h e  average and p e r t u r b a t i o n  

t ime sc l e s  i n  t he  i n t e r p r e t a t i o n  o f  budget c a l c u l a t i o n s .  4 



A s l ight  change in the area averaging procedure used i n Eqs. 1 and 2 

would also be useful. As long as there i s  no strong horiz ntal gradient i 
% of the environmental values of x ,  x 1  and (xc - x) can be osely related 

H 

t o  an &cess value of x in a cloud compared to  some enviro mental value I r 'b 
of x near the cloud. This physical interpretation of x '  o (xc - x) i s  

somewhat obscured in the presence of a strong horizontal gdadient of x. 

The problem i s  i l lus t ra ted  schematically in Fig. 2 .  

I 

.f 

X 

/ 
I 1 

1 Cloud x -+ X2 

Figure 2. Schematic Representation of xE - - 
With a Strong Horizontal Gradient. 

The quantit ies and ; are single constant values determin d fo r  the ent i re  + 
I % 

averaging area ( x p  - xl i n  Fig. 2 ) .  The quantit ies x' and xc - x are 

deviations from or ;. They are not direct ly  related to  simple cloud- 

local environment difference, xc - xE (xE s environmental alues of x) .  

A formulation of a budget equation tha t  addresses the above problems I 
i s  presented in the next section. The time averaqing i s  made expl ic i t .  



The s imdle concept o f  a  c loud having an excess value o f  x compared t o  

t he  l o c d l  environment i s  re ta ined  i n  t h e  presence o f  h o r i z o n t a l  g rad ien ts  

of x. Add i t i ona l l y ,  a  general  v e r t i c a l  coord ina te  i s  used t o  f a c i l i t a t e  

ca lcu lat / ions over t h e  s lop ing  lower boundary o f  t h e  da ta  volume used i n  

t h i s  re jea rch .  

3 ) )I and vS*  ( ) a re  t h e  standard opera tors  except s  i s  he ld  constant .  

I t  
f S  ;I-3 

coord inc te  

normal ized 

the  s lop ing  

f o l l o w i n g  

a r b i  t raS-y 

form o f  

i -t 

; i s  t h  v e r t i c a l  v e l o c i t y  i n  t h e  s coord ina te  system. V i s  t he  

i s  o f t e n  n o t  convenient t o  use pressure o r  h e i g h t  as a v e r t i c a l  

when t h e  lower boundary i s  n o t  l e v e l .  I n  Chapter 111, a 

pressure v e r t i c a l  coord ina te  w i l l  be used i n  o rder  t o  make 

lower boundary o f  t he  NHRE area a coord ina te  surface. The 

d e r i v a t i o n  w i l l  be kept  s l i g h t l y  more general by us ing  an 

v e r t i c a l  coord inate,  s  . Fol  low ing  Kasahara (1 974), t h e  Eul e r i a n  

a budget equat ion f o r  a  sca la r ,  x, i n  an x, y, s coord ina te  system 

hor izonkal  v e l o c i t y  vec to r  w i t h  components u, v  i n  t h e  x, y  d i r e c t i o n s ,  

respec t ' ve ly .  p and z a re  t h e  usual d e n s i t y  and he igh t  above sea l e v e l .  I 
Q i s  a ource per u n i t  mass o f  t h e  s c a l a r  q u a n t i t y  x. I 

~ v b n  though we want t o  deal w i t h  t h e  e f f e c t s  o f  convect ion, we w i l l  

use t h e  h y d r o s t a t i c  approximation. Th is  i s  reasonable because the  t ime 

and spaFe scales o f  non-hydrostat ic  e f f e c t s  a re  probably  very  much smal le r  

scale which we w i l l  even tua l l y  i n t e g r a t e  over. With t h i s  

a t i o n ,  t h e  budget equat ion becomes 



The factor  i s  simply related to  the mass between two a jacent s 

surfaces. If  x = 1 , Q = 0 we have a budget equation for  m s s ,  that  i s ,  ! + 
The continuity equation. In the following development, as  and V are 

+ 
often considered together bec?af54' $$ V has the straightC ward inter-  

pretation of a horizontal mass flux. - r f i  

As i t  now stands, E q .  3 i s  valid for  any arbi t rary "p int" . '  In the 

previous derivation (section 1 ) an area averaging bar oper to r  was applied I 
t o  th i s  equation. However, t h i s  procedure causes problems dhen there i s  

an average horizontal gradient of the data. Instead, we oceed by 

remembering the budget calculation i s  t o  be valid for  t h ~  art icular  

volume fo r  which we have data. The specific extent of thi  

be discussed l a t e r ;  for  now we simply integrate over a 

A ,  and a depth from s,, t o  s .  The lower 1 imit of integrat n, sH,  can be 
lt18f791 il1 5f7. 2 ,9f5fl l  T"f9v "1Ih considered as e i ther  the next lower s surface or i t  can b considered as 

b the lower boundary. In the l a t t e r  case, sH i s  generallv n t a cqordinate 
' 

surface and will change as a function of position and time. 

+Jn6:  equation i s  I /  k(g X ) d ~ d ~ + I I v - ( ~ y  1 
9ftj  E f S 

A s A s ~ 

integrated 

We have three choices concerning the final form of E q .  4 ,  l" --- ot which 

would matter i f  we had four dimensional, correct,  analyti data. The 
92US3 

f i r s t  decision concerns the s integration - i t  can be perf rmed e i ther  P 
a before or a f t e r  the and V s -  operators are applied. If i s  brought 

a inside the and vS-  operators, the terms generated becau 

function of x, y and t ,  will cancel w i t h  the x $ i,, term Finite . 



+ 
forms f o r  bo th  5 (1 x dss) + 0,-(1 x V ds) and 

S S 

x )  ds + V s o  x ds have been t r i e d ,  and n e i t h e r  seemed t o  

S s 

r e s u l t s  than the  o ther .  I n  t h e  fo l l ow ing ,  we w i l l  keep t h e  

a a t i o n  ou ts ide  o f  t h e  and v S *  operators.  

~ h f  second choice concerns t h e  t ime d e r i v a t i v e .  A t ime i n t e g r a t i o n  

could b performed be fore  t h e  volume i n t e g r a t i o n  i s  c a r r i e d  ou t .  Th is  4 
method equi res instantaneous values o f  x a t  t h e  beginning and end of I 
t he  i n t  g r a t i o n  i n t e r v a l  and t ime average values o f  t he  second and t h i r d  i 
f l u x  d i  ergence terms i n  Eq. 4. If t h e  t ime i n t e g r a t i o n  i s  n o t  performed, t 
i n s t a n t  neous values o f  t h e  f l u x  divergences a re  requ i red .  The measurement i 
of t h e  ivergence o f  t h e  f l u x  o f  x i s  more suscept ib le  t o  e r r o r  than t h e  pl 
measure e n t  o f  x and, there fo re ,  averaging t h e  divergence terms i ns tead  t 
of x cob ld  he lp  reduce t h e  e r r o r .  I n  a d d i t i o n  t o  these computat ional 

advantabes, t he  t ime i n t e g r a t i o n  helps t o  make t h e  data averaging t ime 

scale e p l i c i t  and w i l l  l a t e r  emphasize t h e  t r a n s i e n t  na ture  o f  t h e  i( 
q u a n t i t i e s .  The t ime i n t e g r a t i o n  approach i s  used i n  t h i s  

w ' I  

research. 

~ h k  t h i r d  choice i n  Eq. 4 concerns whether o r  n o t  t he  term 

The prober choice i s  r e l a t e d  t o  t h e  p a r t i c u l a r  c o n f i g u r a t i o n  o f  t h e  da ta  

I v ~ - ( ~  
A 

network used i n  t h e  budget c a l c u l a t i o n s .  I n  t h i s  research, t he  data 

-+ 

V )  dA i s  t o  be transformed by use o f  t h e  divergence theorem. 

networ i s  composed o f  f i v e  rawinsonde s i t e s  l oca ted  a t  t h e  corners of a "i 
pentag& about 100 km across (see Chapter I11 and F ig .  4 ) .  Many 

researdhers have taken the  approach o f  changing t h e  term i n t o  a l i n e  

i n t e g r  1. Once t h i s  i s  d o ~ z ,  t he  area being considered i s  s t r o n g l y  t i e d  1 



to the plane figure formed by connecting the data points w ~ t h  straight 

lines. The problem with using this approach is that the rising sondes 

trace out a volume that is substantially tilted because of the downwind 

sonde drift. A vertically standing volume cannot be constructed such 

that the data measurements (or even interpolated measuremeits) occur 

along the walls of the volume. As previously mentioned, the line integral 

approach is closely tied to having the measurements represent perimeter 

values of the flux of x. In this thesis the line integral approach is not 

used; the area integration is retained. This is reasonable because the 

interpolated data do not represent measurements taken on tie sides of a 

given well defined volume, but rather, are more representative of an area 

average. It is not necessary to precisely define the area of integration 

that appears in Eq. 4 if the integrands vary linearly across the area. 

That this is true can be seen by considering a linear function H = ax + by 

+ c. The area integral of this function per unit area is jiven by 

The problem of defining both the size and location of the 

replaced by the problem of just defining the location (mid 

area. In this thesis, not only will the area integrations 

but the integrands also will be assumed to vary linearly across the 

integration area. This procedure will be discussed furthen in section 3 

and also in Chapter 111. 

In the above derivation of the budget equation, Eq. 4, we have 

retained the time and space integrations explicitly, chos the order of 

differentiations and integrations, and retained an area in egration t 



i ns tead f us ing  t h e  divergence theorem. Th i s  procedure has been 1 

c o n t r i b u t i o n  t o  t h i s  budget. 

mot iva te  

t ime 

duc t ion  

v e r t i c a l  

w i t h  t he  

a budget 

B. Budg t Decomposition 

The idea t h a t  c l e a r  a i r  (environmental ) q u a n t i t i e s  va ry  smoothly over  

the  meso 1 c a l e  data network, and t h a t  t h e  major pe r tu rba t i ons  t o  these 

by t h e  des i re  t o  ob ta in  a budget equat ion which emphasizes the  

averaging o f  a l l  t h e  budget terms and a l s o  f a c i l i t a t e s  t h e  i n t r o -  

- n d  d iscuss ion  o f  data con ta in ing  h o r i z o n t a l  g rad ien ts .  A general 

coord ina te  and lower boundary have been used i n  order  t o  cope 

problem o f  a lower boundary t h a t  i s  n o t  l e v e l .  Equat ion 4 i s  

o f  t he  t o t a l  f l o w  o f  x. We nex t  separate o u t  t h e  cumulus 

d f i e l d s  a re  caused by smal l ,  l o c a l i z e d  d is turbances r e l a t e d  t o  

n i s  one o f  t h e  main assumptions o f  t h i s  t hes i s .  The budget 

formul a t  on presented i n  sec t i on  1 , f o l l o w i n g  Yanai (1971 ) and several  i 
akes use o f  t h i s  idea when t h e  c h a r a c t e r i s t i c  and Xc q u a n t i t i e s  

oduced. I n  t h i s  research, however, t h e  environmental q u a n t i t i e s  

b 'IJ 

(corresp nding t o  x) are e x p l i c i t l y  a l lowed t o  vary  l i n e a r l y  i n  t he  

h o r i z o n t  1 d i r e c t i o n s .  I 
Con e p t u a l l y ,  d i v i d e  t h e  area o f  i n t e g r a t i o n ,  A,  appearing i n  budget t N 

equat ion 4 i n t o  AE and Ac = 1 Ai. The environmental area, A E y  i s  t h e  area 
1 

where t h  da ta  w i  11 l a t e r  ( sec t i on  3, and Chapter 111) be assumed t o  vary  

l i n e a r l y  1 across the  network. The Ai a r e  t h e  areas a f f e c t e d  by convect ion. 
i 

They i nc iude  bo th  u p d r a f t  and downdraft  areas and occur bo th  i n  clouds and 
I 

below clbuds. AE and t h e  Ai a re  f unc t i ons  o f  t ime and he igh t .  I n  t he  

lower po t i o n  o f  the  s u b c l o l ~ I  l aye r ,  t he  Ai should a l so  i nc lude  areas o f  r 
s t rong d y convect ion. Applying t h i s  area decomposit ion and the  t ime I 



i n t e g r a t i o n  mentioned i n  sec t i on  2a, t o  Eq. 4, we examine Facn resu l  t i n g  
L 

term. The n o t a t i o n  lL2 means eva lua t i on  a t  t h e  l i m i t s  tl, 
1  

term becomes i 

L 

7 i P ,,0i:rhu03 , j9*;91 fdjn 2 t $ ~ ' ! 3  vsi~nuot' Vile: h 2:) 1 b 
Recal l  i n g  t h a t  we p lan  t o  1  i n e a r l y  approximate t h e  observe envi  ronmental 

data, we extend t h e  environmental i n t e g r a t i o n  ( f i r s t  term on the  RHS) over 

t he  e n t i r e  area A (A = AE + Ac) by symbo l i ca l l y  ass ign ing  l i n e a r l y  

i n t e r p o l a t e d  values t o  t h e  in tegrand (s x)E i n  t h e  c loud areas where i t  

was n o t  p r e v i o u s l y  def ined. The same term i s  subtracted i n  t h e  i n t e g r a t i o n  

over Ac . 

A s  

The expression (s x)c - (s X)E i s  t h e  excess value o f  x i clouds compared 

t o  the  va lue o f  x  i n  t h e  l o c a l  environment o f  each c loud.  :t i s  a  measure 

of t h e  e x t r a  s torage o f  x due t o  clouds. The second term on t h e  RHS of t h e  

above equat ion i s  t h e  t ime change o f  t he  c loud storage o f  x. Although t h i s  

term i s  n o t  measured, i t  i s  u s u a l l y  neglected, because Ac i a  smal l  compared 

t o  A ( t y p i c a l l y  1-10%) and i s  f a i r l y  constant  i n  t ime. I n  ';his research, 

i t  i s  assumed n e g l i g i b l e  i n  t h ree  ou t  o f  t he  four average b dget ca lcu la -  

t i o n s  presented i n  Chapter V. However, i t  makes an importa t c o n t r i b u t i o n  

t o  t h e  one budget c a l c u l a t i o n  performed du r i ng  per iods o f  d  ve lop ing  

convect ion ( sec t i on  48, Chapter V) . A model o f  t h e  c loud s  orage term i s  I 
presented i n  Chapter V I .  The r e c o g n i t i o n  o f  t h e  importance ' o f  t h i s  term 

i n  developing convect ion s i t u a t i o n s  i s  a  s i g n i f i c a n t  c o n t r i d u t i o n  o f  t h i s  

research. 



I' . , a  ' 6  

Th second term i n  Eq. 4 becomes 

we apply the divergence theorem t o  the RHS o f  t h i s  equation 

examine on ly  the area in teg ra t ion .  Also, f o r  the moment, 

o f  the Ai which make up Ac are a l l  w i t h i n  the 

boundarb o f  A. (see Fig. 3 ) . 

2 $) dl i  + 1 I (X 
dli. (x "l - 1 cx as ti 

E i 1 
E i 

r 

3 

A, = i = l  1 Ai 

A = A, + A, w 

t 
I 
I 

. . I  " ! % & ' I ,  , . 

NHRE Rawinsonde S i tes  

Radar Echo t i 

Figure 3. Budget Area Decomposition 

i s  the outer  environmental boundary. The ti are the inner  common 

i e s  between area AE and areas Ai. This use o f  the divergence 

simply shows t h a t  the outward f luxes a t  the inner boundaries o f  



t he  environmental i n t e g r a t i o n  are  equal and opposi te  t o  

f l u x e s  o f  t he  c loud area i n t e g r a t i o n s .  That i s ,  any n e t  d  

t h e  area A  w i l l  be accounted f o r  a t  t h e  ou te r  bounaary OT 

same as the  boundary o f  A). The presence o f  c louds on the  

:e w i t h i n  

\assumed tne  

r t e r  boundary 

o f  A w i l l  produce a  c o n t r i b u t i o n  t o  t h e  budget i f  the re  i s  4 n e t  i n f l o w  

o r  o u t f l o w  o f  t he  l o c a l  c loud excess o f  x dur ing  t h e  pe r i od  o f  t he  t ime "''''' i n t e g r a t i o n .  The data presented i n  Chapter I V  suggest t h i s  c o n t r i b u t i o n  

second term o f  Eq. 4 can be w r i t t e n i  R srif 7 o ?.a i .rtrbrtiiiltf qrl 

I can be neglected i n  t h i s  research. With thisi8h6abfiI%kirn- ion ,  the  

, , * ..lie 
G )  ds dA d t  = I I v S 0 ( x  V I E  d  d t .  

s  t u A s t  
. ii 

Some man ipu la t ion  ( a d d i t i o n  and s u b t r a c t i o n  o f  t h e  same term) i s  

needed t o  ob ta in  t h e  des i red  expression f o r  t h e  t h i r d  term ~r 

Th is  man ipu la t ion  i s  based on t h e  idea t h a t  o n l y  t he  averash 

mass f l u x  i s  a v a i l a b l e  f o r  c a l c u l a t i o n s  i n v o l v i n g  t h e  area f. 

Consider f i r s t  o n l y  t he  area i n t e g r a t i o n .  

4, 9 I - .  "' very l o c a l i z e d  average value o f  kE. around t h e  i th c loud 

space scale o f  t h e  i t h  i s  nea r l y  a  constar 

13 zsirtibnucd *rshni 4 s  ~b '3df $+id' ?WOIJZ 

le t ime and 

17 ('lqfI'J 



cons tan  4 would depend on the x, y pos i t i on  o f  the ith cloud. Using t h i s  

a t i o n  and decomposing the l a s t  i n t eg ra l  as a ; dA we obtain: 

A 

Th, above equation i s  an expansion o f  the t h i r d  term o f  Eq. 4. It t 
i s  the n l y  term t h a t  requires an approximation t h a t  i s  s p e c i f i c a l l y  t 

d t o  l e t t i n g  the environmental f i e l d ,  xE, have hor izonta l  

s. The second p a i r  o f  terms on the RHS o f  the above equation 

ncel i f  xE was constant. The terms would a lso  cancel i f  the 

enta l  v e r t i c a l  mass f l u x ,  (g i ) E 9  was ho r i zon ta l l y  constant 

(no res  i r c t i o n  on xE i n  t h i s  case). The sum o f  these terms w i l l  be it 
neglect  d i n  t h i s  study under the second assumption. That i s ,  the c l ea r  ie 
a i r  be t  een the strong convective updraf ts  and downdrafts i s  assumed t o  iY 

r i n k  uni formly across the data area. 

l a s t  term on the RHS o f  the above equation i s  a measure o f  how 

u n i f o m l y  the clouds are d i s t r i bu ted  over the area A. The f i r s t  term o f  
-4 r 

t h i s  product, [XE - (k xE CIA~)], i s  the dev ia t ion o f  xE associated 
I , i 
1 E 

e ith cloud from an average value o f  xE. The magnitude and s ign 

dev ia t ion  depends on the x, y pos i t i on  o f  the ith cloud. The sum 

o f  the e deviat ions would be zero i s  the clouds were "evenly" d i s t r i bu ted .  i 



However, t h i s  d e v i a t i o n  i s  p a r t  o f  a product  i n c l u d i n g  t* t o t a l  mass f l u x  

:flh o f  t h e  ith cloud. Each d e v i a t i o n  o f  xE f rom t h e  averag xE i s  weighted 
i e 

by t h e  v e r t i c a l  mass f l u x  associated w i t h  t h e  ith -',ud. I n  t h i s  research, 
A1 I 

3 t h e  convec.tion w i l l  be assumed t o  be u n i f o r m l y  d i s t r i b u  I i n  t he  sense 
A 

t h a t  t he  sum o f  t l e s e  weighted dev ia t i ons  i s  n e a r l y  z e r  O f  course t h e  

d i s t r i b u t i o n  o f  t h e  clouds would n o t  mat te r  i f  xE was rndc tan t  because 

xE dAE) i s  zero i n  t h a t  case. 

The two approximations discussed above can be combi d ed i n t o  t h e  
: -  d 

f o l  1 owing more general approximation: I 

L 

y f r r  The v e r t i c a l  v e l o c i t y  f i e l d  i n  area A i s  assumed t o  be ur c o r r e l a t e d  w i t h  I 
I t h e  d e v i a t i o n  o f  xE from i t s  average value. 

The f i n a l  expression f o r  t h e  t h i r d  term o f  
' 

L 

The terms r e s u l t i n g  from t h e  above decomposit ion (1 ss t h e  neglected 

p o r t i o n s )  w i l l  now be combined t o  g i v e  the  budget 

o ~ o r f  7.0 thes is .  Equat ion 5 descr ibes t h e  budget f o r  a sca la r ,  

i q n  used i n  t h i s  

ntler a budget 

volume_dpf!ned by area, A, and v e r t i c a l  es ten t ,  sH t o  s The budget i s  'I.0 tmqf ,, 

r j a t n  v a l i d  over t h e  t ime i n t e r v a l  tl t o  t2. - 
1 qE d t  5 dA 1 ! X)E~:: ds d~ + j j v S - ( x  3s 

npi'e bns $ m r ~ g r   st I 



L 

be used i n  Chapter 111, but  t h i s  l i n e a r i t y  has no t  been used i n  Eq. 5. 

T e formalism of Eq. 5 i s  d i f f e r e n t  than t h a t  o f  the f requent ly  used 

budget equation 1. F i r s t ,  a general v e r t i c a l  coordinate, s, i s  used. I 

Th-s 

separated 

sonde 

plus the 

residua1 

of clouds 

Second, 

the 

mations 

thes is  i s  based on Eq. 5 .  Environmental processes have been 

t o  the LHS o f  the equation and w i l l  be ca lcu la ted from rawin- 

dilta taken over the NHRE area (Chapter 111). Convective processes 

source term, on the RHS o f  the equation, w i l l  be calculated as a 

. Equation 5 contains two approximations. F i r s t ,  any ne t  i n f l o w  

i n t o  the area, A ,  during the budget i n t e r va l  i s  neglected. 

the v e r t i c a l  mass f l u x  f i e l d  i s  assumed t o  be uncorrelated w i t h  

dev ia t ion o f  XE from i t s  average value. The use o f  l i n e a r  approxi- 

f o r  the in teg ra t ions  have been mentioned i n  t h i s  sect ion and w i l l  

posi tic(n. Third,  the t ime and space in teg ra t ions  are e x p l i c i t .  Fourth, 

Second, 

the c l  ud storage term has been reta ined.  A discussion o f  these features i 

the environmental var iables , XE, are funct ions o f  hor izonta l  

and t h  l i n e a r  approximations t o  be appl ied t o  the inpu t  data i n  Chapter t 
I 1 1  w i l l  be presented i n  the next sect ion. 

3. Diqcussion o f  the Budget Equation 1 

A. Fomalism and Linear Approximations 

A  

2 (Eq. 

approx-[mated 

p a r t i c u l a r  form o f  a budget equation has been presented i n  sect ion 

5 ) .  I n  Chapter I11 the data t o  be used i n  t h i s  equation are 

by l i n e a r  t ime and space funct ions.  These two choices 

I 



a f f e c t  the r e s u l t s  o f  the residual  ca l cu l a t i on  and the in tc j rpre ta t ion o f  

a l l  the  terms i n  the budget. The impl ica t ions o f  these chdices w i l l  be 

discussed i n  t h i s  sect ion. 

A general v e r t i c a l  coordinate i s  used i n  Eq. 5 i n  orddr 'aci 1  i t a t e  

the use o f  a  normalized pressure coordinate (a) i n  the cal  u ri I n s s T h e  

system i s  useful  over the s loping NHRE are because Lne gdound i s  a  

coordinate surface (see sect ion 1, Chapter 111). Computat ons of the I 
v e r t i c a l  ve l oc i t y  are s impl f ied  because ;(surface) = - ,  T  E hoice of h 
the a  coordinate system, however, has another con.c~nuer.,, 

wor'tflt v e l o c i t i e s  and v e r t i c a l  f luxes o f  x  must now be i n t e r p r e t  

The v e r t i c a l  

as motion 

r e l a t i v e  t o  s lan t ing  a  surfaces (see sect ion 1, Chapter I 1  and sect ion I 
l A ,  Chapter V I  f o r  t h i s  discussion). 1 3t1rEd 

The hor izonta l  spa t ia l  dependence o f  xE i s  retained. Consequently, 

the cloud storage term, which i s  based on the quan t i t y  u -I 
~d modeled as a  cloud excess o f  x  above a  l oca l  environmenta 

, can be 

ralue. The 

bszu y treatment o f  the ne t  i n f l ow  o r  out f low o f  clouds i n t o  th- 

.b would a lso  contain t h i s  type o f  l o ca l  cloud excess tern i 

however, the term i s  neglected). When x i  has a  pf-omunea nor izonta l  t tAf7u gradient  i t  i s  much more s t ra ight forward t o  model the quan i t y  x ,  - xE 

'L fb 
than xc - x. The quan t i t y  xc - x  i s  no t  d i r e c t l y  r e l a t ed  a  loca l  

cloud excess (see Fig. 2). 1 sd oS z c i  i . r m r  ~c:iqqs ~s,!: 

The considerat ion o f  data t h a t  have hor izonta l  gradie t s  and the fl 
desire t o  a t t a i n  a  p a r t i c u l a r  f i n a l  form o f  term 3 i n  Eq. (sect ion 28) 4 
has prompted the assumption t h a t  the v e r t i c a l  motion o f  t h  

a i r  i s  ho r i zon ta l l y  uniform. This assumption would appear 
noi.5:~ 

der i va t ion  o f  Eq. 2 i f  2 was no t  se t  t o  a  ho r i zon ta l l y  con t a n t  value. 4 
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e x p l i c i t  use o f  t ime and space in teg ra t ions  i s  an important p a r t  

o f  the ormalism o f  Eq. 5 .  The general consequence o f  t h i s  approach i s  f 
the exp i c i t  appearance o f  both the t ime and space averaging scales t h a t  1 
are use i n  the ca lcu la t ions.  The emphasis on the area in teg ra t ion  t 
prompte the computational decis ion t o  no t  use the divergence theorem i n  f 
the ca l  u l a t i o n  o f  the f l u x  divergence term (see discussion i n  sect ion 2A). f 
One coniequence o f  the t ime i n t eg ra t i on  i s  the use o f  t ime averaged values 

o f  the o r i zon ta l  divergence o f  mass f l u x  and x f l u x .  This averaging i s  I 
because these quan t i t i es  are t y p i c a l l y  qu i t e  noisy. The e x p l i c i t  

i n  the apparent source term also emphasizes the need t o  

I 1 1  the very d i r e c t  f i l t e r  o f  approximating the  data as l i n e a r  time and 

account 

nct ions i s  applied. This procedure has two general impl ica t ions.  

i s  simply t h a t  the i n t e rp re ta t i on  o f  the budget ca lcu la t ions 

t o  the extent  t ha t  small nonconvective features such as 

f o r  the transience o f  i nd iv idua l  clouds i n  the i n t e rp re ta t i on  o f  

the cal  u la ted  budget residual  (see sect ion 2 ,  Chapter V I ) .  

Th three p a r t i c u l a r  choices o f  formalism discussed above f i l t e r  the 

informa f i o n  inpu t  t o  the budget equation i n  an i n d i r e c t  manner. I n  Chapter 

t ime and space) over the budget area o r  by having the clouds in f luence an 

enter  the budget volume. The second i s  an impl i e d  assumption t h a t  

a1 in f luence o f  the convection w i l l  no t  produce any s t rong ly  non- 

area o$ substant ia l  s ize  compared t o  the budget area. The f i r s t  p o s s i b i l i t y  

goes a ong w i t h  the discussion i n  sect ion 2 and w i t h  Ninomiya's (1974) 

remark 1 t h a t  he used mesoscale budget data because cumulus clouds are no t  

l i n e a r  

ment 

always d i s t r i b u t e d  un i formly  over a la rge  area. 

changes i n  the environment. Such uni form inf luences on the environ- 

cculd be accomplished by having the  clouds d i s t r i bu ted  un i formly  ( i n  a 



B. Budget Residual 4- 
The RHS o f  Eq. 5 w i l l  be ca l cu la ted  as a res idua l .  'I q i  s i n  no way 

means t h a t  i t  i s  t h e  "dependent va r i ab le "  i n  t h e  budget eqdat ion. I n  

Chapter V, c a l c u l a t i o n s  f o r  a l l  o f  t he  terms i n  t h e  budget equa t i on  w i l l  

be presented and discussed. However, because i t  i s  n o t  a 

measured quan t i t y ,  i t s  component p a r t s  w i l l  now be 

The change o f  c loud storage ( t h i r d  term on t h e  RHS o f  E ~ .  5) has a 

s t r a i g h t f o r w a r d  phys ica l  i n t e r p r e t a t i o n  as t h e  change i n  t h e  excess 

amount o f  x s to red  i n  clouds (see sec t ions  28 and 3A) .  I t  i s  zero be1 ow 

c loud base and above c loud tops, and i s  assumed n e g l i g i b l e  except i n  t h e  

case o f  developing convect ion. I n  t he  one case o f  developilng convect ion 

t o  t h e  change o f  phase o f  water  due t o  i n d i v i d u a l  c loud tr nspor ts .  ai 

i t  i s  removed f rom t h e  apparent source term by t h e  a p p l i c a t i o n  

c loud storage model (Chapter V I ) .  

trn* n r , There are  two types o f  sources ( f i r s t  term on t h e  RHS 

q u a n t i t i e s  considered i n  t h i s  research. The f i r s t  i s  

modeled on t h e  sca le  o f  t h e  e n t i r e  data area ( s e c t i o n  5,  

The model c a l c u l a t i o n s  a re  used t o  remove t h i s  source f rom 

res idua l .  T y p i c a l l y ,  t h e  r a d i a t i o n  divergence i s  smal l  on 

t ime sca le  o f  t h i s  study. The second type  o f  source i s  

o f  a 

o f  Eq. 5)  f o r  

r a d i a t i o n .  It i s  

Chapter 111). 

t h e  c a l c u l a t e d  

' the th ree  hour 

d i r e c t l y  r e l a t e d  

reso lved by t h e  data. The cloud-environment decomposit ion o f  t h e  budget 

The l a s t  component i s  t he  divergence o f  t h e  eddy f l u x  

t e r n  on the  RHS o f '  Eq. 5 ) .  The eddy f l u x  i s  t h e  t r a n s p o r t  

equat ion i m p l i e s  these f l u x e s  a r e  r e l a t e d  t o  convect ion. bove the  "i 
1 i f t i n g  condensation l e v e l  (LCL) t h e  convect ion i s  assumed t o  be cumulus 

clouds. Below t h e  LCL t h e  convect ion i s  assumed t o  be upd a f t s ,  down- 

d r a f t s ,  and d r y  thermal s. Mechanical m ix ing  and d i f f u s i o n  are  inc luded I . - 
o f  x (second 

o f  x n o t  

near t he  ground. 



~ h d  decomposition o f  the eddy f l u x  term i n t o  the quan t i t i es  

S S 
d A ]  d t  and - I xE ( g i ) ) , d A ]  d t  

S~ S~ 
*c 

mass fl dx (usual l y c a l l  ed compensating subsidence) and an environmental 

i s  analdgous 

Eq. 2. 

eddy f l i x  

o f  x. 

XE. 
I n  Chapter V I ,  the i n t e rp re ta t i on  o f  one o f  the simpler 

c i p i t a t i n g )  eddy f l u x  ca lcu la t ions  i s  developed by the use o f  a 

t o  t h a t  o f  Yanai (1971 ) which i s  presented i n  sect ion 1 as 

This decomposition provides the basic mot iva t ion f o r  r e l a t i n g  the 

t o  convection. The f i r s t  term i s  the d i r e c t  convective t ransport  

"he second term i s  the product o f  the negative t o t a l  convective 

cloud rnhdel (Betts, 1975) t h a t  has a form s i m i l a r  t o  the above two terms. 



111. CALCULATION PROCEDURES 

1. Vertical Coordinate and Vertical Velocity I 
The specific vertical coordinate to be used in Eq. 5 wr/s not given in 

Chapter 11. The NHRE area, which is the lower boundary of dhe budget 

volume (see Chapter IV) , is not horizontal. If the usual h ight or i "' pressure coordinate is used, this lower boundary will not b a coordinate 
1 

jV0qz a' surface, and the lower 1 imit of integration must be treated as a variable 

in both time and space. The problem is overcome by the use of a normalized 

pressure, o, coordinate system introduced by Phil1 ips (1957)~: 

o = where n = n(x, y, t) = surface predsure 
71 

With the generalized vertical coordinate, s, equal to o, th factor $ 
that appeared repeatedly in the budget equation is equal to T. The 

following physical interpretations can be related to o surf ces and to 6 ,  

the vertical velocity. 

1 
In a pressure coordinate system, assuming hydrostatic 

masslarea contained between two pressure surfaces is 

system, two u surfaces always enclose a given percent 

area, where the total mass per unit area is 

pressure. The 5 surfaces are closely parallel to the surfa e topography 4 
in the lower and mid-troposphere. The ground below the datal volume 

considered in the research has an east-west slope of approxibately -4.0 mlkm. 

At o = .59 (500 mb) a typical surface has a slope of -3.5 /km, at a = .18 Im 
(150 mb) a typical slope of -2.5 m/km. This tendency of th o surfaces to fi 
parallel the ground is related to a problem that occurs in using this 

coordinate in numerical weather prediction equations. The height gradient 
I 

appearing in prediction equations is composed of two terms, each of which 

contains a large hydrostatic component that must cancel (Ku ihara, 1968). I 



rtcoming o f  the a system does no t  occur i n  t h i s  research, because 

e t  equations do no t  contain a pressure gradient  fo rce  term. 

An expansion o f  the d e f i n i t i o n  of a shows how i s  r e l a t ed  t o  the 

A @ more f a  i l i a r  w = dt . . 0 

W = GIT + ITo 

The d i f  erence between w and ni i s  a;, a term associated w i t h  the changing f 
surface pressure experienced by a moving parcel.  The la rges t  pa r t  o f  ; 

-+ 
i s  V-vn,. This term usua l l y  increases w i t h  he ight  because o f  the increase 

of wind speed. The product on', however, has a magnitude o f  about 2 x 10- i 3 

mblsec k t  a l l  l eve ls  because o f  the decrease o f  a. The resu l t s  o f  the 

I ve r t i ca  mass f l ux  ca lcu la t ions are presented as p r o f i l e s  o f  both n; 

The i n t e rp re ta t i on  o f  the d i f fe rences between 

i n  Chapter V I .  

ava i lab le  t o  ca lcu la te  the v e r t i c a l  veloci ty ,  

the t o t a l  v e r t i c a l  mass f l u x  past a u 

surfac , I n; d t  dA; In t h i s  thesis,  the con t i nu i t y  equation w i l l  be r A t  
used although i t  i s  subject  t o  serious e r r o r  because o f  e r ro rs  i n  the wind 

data. A1 ternate so lu t ions such as the ad iabat ic  method o r  some s o r t  o f  

balance approximation, however, would be qu i t e  suspect because o f  the 

mesoscnle, convective nature o f  the data. The con t i nu i t y  equation i s  

simply a budget equation w i t h  x = 1, Q = 0. It has the fo l l ow ing  form 

i n  u coordinates (Kasahara, 1974; o r  Eq. 4, Chapter 11). 

pill ft" 



I 
The lower boundary condition, n6 = 0, at o = 1.0 can be urJA to obtain 

I nn  dt dA at any level by integration. 

A t 1 
As a budget equation, all the remarks in Chapter I1 pebtain to its 

formulation. In particular, an area integration instead of a line 

integration and a 1 inear approximation of the horizontal maps flux nu, 

nv will be used in the calculation of IT;. 

2. Choice of Budget Quantities, x I 

In this thesis, we shall be concerned with the followipg thermodynamic 

energies: latent energy, dry static energy, and moist stat'c energy. I 
These have the following definitions and source terms. I 

Latent Energy 
6 2 -2 L = heat of condensation = 2.5 x 10 m s 

q = water vapor mixing r 
0 s I$? Q = (e - c)L 

e = evaporation / (mass 
, 1 ,!:I;: , : i:~,,, + r i  * 

c = condensation / (mass 

bntw No attempt is made to account for the additional latent 'heah of freezing. 

This extra heat is surely important in terms of the dynamics of individual 

clouds. However, it makes only a very small contribution tb the latent 

energy budget residual. . 

The LHS of Eq. 5 with x defined as q is equal to the a parent source P 
of water vapor, denoted Q2 by many authors. The calculated values of Q2 

are presented and discussed (Chapters V and VI) as vertical profiles of 
UT 

the integral do . The interpretation of this method of presenting 
u 

Q2 is discussed in section 5B. 
r d 



Dry Sta t ic  Energy t ij lgdj e.cwiw 
I 2 -2 -1 

x =  c p T + g z  = 
c = 996. rn s deg 

P 

cj = 9.8mQ-: 

r = radTat1on heating / (mass time) 
L;n 

(1974), w i t h  the neglect of a (a = specific 

volusie) tlhe use of dry s t a t i c  energy i n  a budget equation involves an 

assumptio tha t  the locally generated kinetic energy i s  ent i rely 
j b  z 

In 
4j kt r q q ~  ni s i1  

dissipatep in the volume under study. 
1.. - 4 n r a l v a '  

.: i.,k 

usually dier 

prof i '  -- 

..-rent source of s has a definit ion analagous to  Q2,  and i s  

ed . The calculated values of Ql are also presented as 

I L r l r  quantity 
OT 177 10=9V = I r '  

do (see section 5B) .  
'1 -T atlz,w,rlb 6 bns 

Moist S ta t ic  Energ 
rr.c;.!3b-ri ?(, noffslh(,lm ~ n l T  

x = c T + g z + L q  = .h P ; z i  bnr (a) noitarkp. 1~.?'ir/flt3flo2 9df 30 

The mois 
r e v  CJ vn. '1 ~ I 

s t a t i c  energy i s  the sum of the la ten t  energy and the dry s t a t i c  

energy. I t  i s  particularly useful because the source terms due to  
" t" -. I 

evaporat 7 and condensation i n  Lq and s cancel. Moist s t a t i c  energy 

has only radiation source term and i s  very nearly a conservative 
l i r W  1 " . v - - w  -.--, 

quantity .r further reference we define Q3 = Q1 + Q2. 
1 dt7329b 9d 

, 3. Fina t uations 4- 
. , : I  ,-w A., ADD! $Q$ L ~ u r c e  CalWcul ation A I 79yhf " r t f  rb? ,X y3iJnbup 

1 I 
~ h e l e  itigns actually used fo r  the calculations are now presented. 

; are input t o  these equations are f i r s t  expressed as linear 

functi or of x ,  y. That i s ,  any variable, say D ; ,  i s  available in the form 



where the  D . can be any o f  t h e  fo l l ow ing  q u a n t i t i e s :  
J 

I T  

ITU 

The c o e f f i c i e n t s  a  b., c .  a re  determined by a  l e a s t  s q ~ - . e s  plane f i t  
j' J J 

program t h a t  i s  app l i ed  t o  values o f  D .  measured by t h e  r a  insondes a t  
J 

every data l e v e l  (except IT which i s  o n l y  measured a t  a = 1.0). 1 The data 

l e v e l s  begin a t  o = 1.0 and proceed t o  a < .18 i n  incremen s  AU = .01. - t 
The d e t a i l e d  procedure used t o  reduce t h e  rawinsonde data o  l i n e a r  f unc t i ons  

and a  d iscuss ion  of t h e  q u a l i t y  o f  t h e  r e s u l t i n g  f i t  i s  p 

Chapter I V .  

The c a l c u l a t i o n  o f  t h e  v e r t i c a l  mass f l u x  i s  based on an i n t e g r a t i o n  

o f  t h e  c o n t i n u i t y  equat ion (6) and i s  g iven  by 

where K denotes t h e  data l e v e l .  The area i n t e g r a t i o n  i n d i  a ted  i n  Eq. 6 f 
i s  c a r r i e d  o u t  by eva lua t i ng  each term a t  t h e  midpo in t  xM, y M  of area A  

(see sec t i on  ZA, Chapter 11). The procedure used t o  o b t a i  xM, yM w i l l  

be descr ibed i n  Chapter I v .  I 
The res idua l  (apparent source) def ined by t h e  LHS o f  q. 5 f o r  t h e  i 

q u a n t i t y  xi f o r  t h e  l a y e r  between o = K and o = K-1 i s  ca l4u la ted  us ing:  

+ -+ 
I n  t h e  term V * [ ~ ( T V ) ]  t h e  x i s  f i t  by one p lane and ITV i s  i t  by another.  t 
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B. V e r t i c a l  l y  In teg ra ted  Apparent Source 

Th c a l c u l a t e d  values o f  t he  apparent source a r e  presented and 

d iscuss 1 d (Chapters V and VI )  as v e r t i c a l  p r o f i l e s  o f  t he  f i n i t e  d i f f e r e n c e  

r e n t  source Res (i + 1)  i s  de f i ned  by Eq. 10 f o r  t h e  l a y e r  u = i+l 

The f i r s t  ( top)  va lue  o f  Res (oT+l t o  uT) i s  de f ined  a t  t h e  end 

F(uK) i s  a f l u x  form o f  t h e  apparent source term. The 

apparent! source can be r e t r e i v e d  by t a k i n g  t h e  v e r t i c a l  d e r i v a t i v e  o f  t h e  
,ah :,h i,l+ , - 1 - = n l o  9 *rqc?e ~nscrrsqqfi 

F p r o f i  e. r "? 1. i '  
a j 

-3 

? , 
I 

Th m o t i v a t i o n  f o r  t h i s  p resenta t ion  o f  F comes from cons ider ing  t h e  4 
t h i r d  t rm on t h e  RHS o f  Eq. 5 as t h e  v e r t i c a l  d e r i v a t i v e  o f  a  convect ive 4 
f l u x :  

However t h e  RHS o f  Eq. 5 con ta ins  two a d d i t i o n a l  terms and these terms 

make t h  i n t e r p r e t a t i o n  o f  F as a v e r t i c a l  f l u x  d i f f i c u l t .  I n  o rde r  t o  i 
approac(, t h i s  problem, these two terms are  t r e a t e d  as fo l l ows .  L e t  t he  

) be expressed as 
a I a F ~  

Q = -(* + -1 x a u 

e p rope r t y  t h a t  can be conver ted i n t o  t h e  p rope r t y  X. For example, 
X 

q, water  vapor mix ing  r a t i o ;  = qe, t h e  mix ing  r a t i o  o f  l i q u i d  
I q 

water. FI i s  t h e  v e r t i c a l  f l u x  o f  I . For example, 
Fqe 

i s  t h e  v e r t i c a l  
X 

f l u x  o f  l i q u i d  water. A h o r i z o n t a l  f l u x  has n o t  been in t roduced f o r  

c l a r i t y .  The r a d i a t i o n  source term i s  associated o n l y  w i t h  aFr/ao. Using 

d these e f i n i t i o n s ,  t he  apparent sources o f  Lq, s and h (RHS o f  Eq. 5 )  become: 



Apparent source o f  Lq = 1 -L[I \ ~ $ ( F ~ + F  ) d o t n  1 
I 9 1  

(12) 

t Ac o 
bna b3Snses+q sbb 9 3 7 ~  

( T - k a  

Apparent source o f  s = - I I I n $ (FS - LF ) do dAc 

t A, o qe f+ t  

- - , . a- - ,.-* 

Apparent source o f  h = - J J J $ (Fh) do dAcdt 

t Ac a 

1 eni~sbfano,  

- I I I n $  (F ) do dA d t  - I i n [ ( h  - hE) do dl r - . - . -. . - .. - - c 
t A a 

-kh Ah r.h f !;XI I - Y  

If t h e  change i n  c loud storage i s  neglected, t h e  apparc ,urce term 

f a l l s  n a t u r a l l y  i n t o  t h e  form o f  t he  divergence o f  a v e r t  11 f l u x .  
I 

The q u a n t i t i e s  q + qe ( t o t a l  water mis ing  r a t i o ) ,  s - ( l i q u i d  
qe 

water  s t a t i c  energy) and h (moist  s t a t i c  energy) have bee8 resen ted  
:9v +wotf 

and u ~ s c u s s e d  by Be t t s  (1975) as conservat ive q ~ a n t i t i e n . ~  

"7 ' I t i s  q u i t e  n a t u r a l  t h a t  these q u a n t i t i e s  and t h e i r  respe ve f l u x e s  

!' appear i n  Eqs. 12a, b, and c. The e l  i m i n a t i o n  o f  Q as sobrce term by 

r e d e f i n i n g  i t  has s imply produced conserva t ive  va r i ab les  (v la r i  ab l  es w i t h  

,,, I no source terms). 

,sfqn xs yo3 The po r t i ons  o f  t h e  apparent source terms due t o  changing c loud I 
storage w i l l  e i t h e r  be neglected o r  i n  . I case o f  developibg convect ion, 

emoved from t h e  hppa ren t  source by mode I i ng (Chapter V I  ) . S i m i l a r l y  

I 
- he-radf-at ion term w i l l  be modeled and removed from the  app r e n t  source C 

b. 

I 
o r  w i l l  be neglected ( sec t i on  5).  The remaining po' on o f  the  

2HH) t i  bns i ; --.--- * - % -  + - * d d s g ~ .  . 



n 
appareni source terms (F(uK)- F, - c loud storage, see Eq. 11) w i l l  be 

d  (Chapters V and V I )  as v e r t i c a l  p r o f i l e s  o f  t h e  f o l l o w i n g  
I 

I 

= Fq + F  (convect ive f l u x  o f  t o t a l  water)  
qe 

= Fs - LF (convect ive f l u x  o f  l i q u i d  water  and s t a t i c  ensrgy) 
qe I 

Fh = LF + F  (convect ive f l u x  o f  mo is t  s t a t i c  energy) 
q~ st 

These f uxes w i l l  be s e t  t o  zero a t  and above l e v e l  uT (see Eq. 11 ) by t 
t he  app o p r i a t e  choice o f  Res (uTtl t o  uT) .  The magnitudes of t h e  i 
c a l c u l a  ed f l u x e s  depend on t h e  choice o f  oT and are,  t he re fo re ,  sub jec t  

t o  e r r 0  i nvo l ved  i n  choosing UT. The choice o f  aT i s  based on an i I 
es t ima t  o f  c loud t o p  h e i g h t  (see Chapter V). B 

TWI impor tan t  p r o p e r t i e s  o f  t h e  above t h r e e  convec t ive  f l u x e s  sh-oul d  
I 

be noted. F i r s t ,  two o f  t h e  th ree  f l u x e s  are independent o f  one another.  

Th is  p r ~ p e r t y  i s  used i n  t h e  development o f  t he  d iagnos t i c  models 

presented i n  Chapter V I .  Second, t h e  f l u x  o f  l i q u i d  water, F , i s  o f t e n  
ax. T'? qe 

a  l a r g e  p a r t  o f  Fq and F  , However, i n  t h e  case o f  p r e c i p i t a t i n g  
T  St 

convect ion, t h e  l i q u i d  water  i s  n o t  c a r r i e d  a long w i t h  t h e  a i r .  Th i s  
*" #-a& ; .& P e 

means qT and st are no l onge r  parce l  q u a n t i t i e s  and i t  i s  d i f f i c u l t  t o  
I 

14 i s  poss ib le  t o  p a r t i a l l y  check t h e  budget c a l c u l a t i o n s  because 

t h e  ve t i c a l  i n t e g r a l  throughout t h e  depth o f  t h e  atmosphere o f  water r 
vapor and mo is t  s t a t i c  energy represent  q u a n t i t i e s  t h a t  can be est imated 

indepe d d e n t l y  of t he  budget data. For x = q, i n t e g r a t i n g  Eq. 5 from 

a  = 1 . . t o  a  = 0. and assuming t h e  t o t a l  mass f l u x  t o  be zero a t  a = 0, 1  

and t h 4  convect ive f l u x  t o  be zero a t  a  = 0, we ob ta in :  



where ?ri+xi~r3 '- 39yr-I>  

and 

The f i r s t  two terms on the RHS of Eq. 7 are sink terms for a ter  vapor. I 
P i s  the total mass of water that fe l l  from clouds in the g~iven volume 

d u r i n g  the interval tp - t l ,  and reached the ground withou evaporating. t 
C2 i s  the increase in the excess total cloud water due t o  

b l u ,  forming than dissipating. Horizontal losses of water due 

amount of clouds drifting o u t  of the volume are neglected. The convective 

flux of water vapor evaluated a t  the ground (a=l) has been replaced by the 

total surface evaporation, E. The replacement i s  reasonable because even 

t h o u g h  the convective mass flux a t  the surface a=l i s  zero, there i s  a 

diffusional flux of water vapor analogous to a convective lux, The total f 
evaporation from the ~ = 1  surface includes evaporation of pdecipi tation a t  

the ground and evapotranspiration. 

The measurements needed t o  calculate the RHS of Eq. ; ,re independent 

of those used in the calculation of the LHS of the equatio , and theoret- 

ically could be used as a check. However, considering the uncertainty 

involved i n  estimating the t o t a l  precipitation, net cloud omation, : 
surface evaporation and evapotranspiration, this integral 

probably can offer no more than a qualitative check on the 

budget. 



from a s i m i l a r  i n t e g r a t i o n  o f  Eq. 5. 

I 

do = where 1 j I rr d t  d~ - - R and I 
9 

c '  A t  Ac c=1 

I 

and 

The i n t e g r a l  c o n s t r a i n t  f o r  t h e  mo is t  s t a t i c  energy, h, i s  de r i ved  

R i s  t h e  n e t  r a d i a t i o n a l  heat ing  t h a t  occurs throughout t he  e n t i r e  

volume d r i n g  the  i n t e r v a l  t2 - tl. C3 i s  t he  change i n  t h e  c loud I 
storage f h. The convect ion term a t  t h e  sur face  has again been replaced 0 

i o n  processes. S i s  t h e  t o t a l  f l u x  o f  sens ib le  heat from t h e  

d LE i s  t he  surface evaporat ion coo l ing .  Conservat ion o f  energy 

ound requ i res  Fr = G + S + LE where Fr i s  t he  f l u x  o f  r a d i a t i o n  

of a l l  w velengths a t  t h e  ground and G i s  a  t y p i c a l l y  small n e t  s torage i 
f l u x  i n t  t he  ground. An est imate o f  Fr prov ides an approximate check on P 

t o  t h e  amount o f  c loud cover and cannot be est imated w i t h  

However, t h e  c l e a r  sky es t imate  of F, = 725 kg prov ided 

Eq. 8 i f  

by the  r d i a t i o n  computations (see sec t i on  5) can be used as an upper 
' b 

R and C3 are  modeled o r  neglected. Un fo r tuna te l y  Fr i s  

bound o f  t he  LHS of Eq. 8. A1 so, t he  consis tency o f  t h e  t r e n d  o f  t he  

LHS o f  Ek. 8 f o r  s i t u a t i o n s  w i t h  d i f f e r e n t  c loud covers can be checked. 

  he apparent sources o f  d r y  and mo is t  s t a t i c  energ ies con ta in  

r a d i a t i o  source terms ( s e c t i o n  2).  Th i s  n e t  r a d i a t i o n  c o n t r i b u t i o n  w i l l  i 



be computed for  two of the four average budget calculation discussed in 

Chapter V. The computation i s  carried out with the use of I two computer 

programs kindly supplied by Dr. S. K. Cox. One program computes a 

vertical profile of the long wave radiation divergence (cooling) for  any 

specified vertical  distribution of temperature, water vapor, carbon 

dioxide, and ozone. This model can also do the calculatior with any 

specified cloud layer present. The second program computes a vertical 

profile of the short wave radiation convergence (heating) for  any 

specified vertical  distribution of temperature, water vapor, carbon 

dioxide, and ozone. T h i s  program, however, cannot calculaqe the effects  

of clouds. Both programs assume a horizontally homogeneous atmosphere. 

The following procedure is used to  apply these programs to  th i s  research. 
. - 

Two net radiation divergence profiles are calculated. One i s  f o r  

the suppressed and one i s  for  the developing convection average data 

intervals (see Chapter V f o r  the definit ion of the convectton present in 

these intervals) .  Rawinsonde data are used to  supply the nsquired 

temperature and water vapor inputs u p  t o  the 100 mb level Temperature 

and water vapor 1 apse rates  from the 100 mb level t o  the I mb 1 eve1 are  

s e t  equal to  standard atmosphere values. Standard atmosph re values are  

also used fo r  the carbon dioxide and ozone inputs from the surface to  

the 1 mb level.  

I( 
The effects  of cloud cover are approximated in the lorg wave 

calculation in the following manner. F i r s t ,  an estimate of the cloud 

cover for  each of the two average intervals i s  made using standard 

hourly surface observations near the data area (see Chapter V ,  section 2 ) .  

Second, these estimates are used t o  define a percent area doverage for  

clear a i r ,  cumulus clouds, and cirrus  clouds fo r  each aver ge data 1 



in terva l , .  The cumulus cloud bases are assumed t o  be a t  the l i f t i n g  

t i o n  l eve l  and the c i r r u s  tops a t  a near tropopause l eve l .  

t a t i v e  values f o r  the cumulus tops and c i r r u s  bases are 

unknownland are simply approximated sub jec t ive ly .  Third, long wave 

coo l ing p ~ 6 f i ~ e s  are ca lcu la ted (1 ) w i t h  no clouds present, (2) w i t h  a 

cumulus layer  present, and (3) w i t h  a c i r r u s  layer  present for  each o f  

the two average data periods. F ina l l y ,  ne t  long wave coo l ing p r o f i l e s  are 

formed y tak ing an area weighted average o f  the three p r o f i l e s  v a l i d  f o r  t 
t types o f  sky cover (c lear,  cumulus, and c i r r u s ) .  

long wave rad ia t i on  program does not  ca lcu la te  the v e r t i c a l  

t i o n  o f  cool ing w i t h i n  the cloud layer .  Only a ne t  long wave 

rad ia t i bn  divergence throughout the depth o f  the cloud i s  given. I n  

cumulus clouds t h i s  net  divergence i s  usua l l y  the sum o f  a cool ing t h a t  

occurs n the upper p a r t  o f  the cloud and a weaker warming i n  the lower I 
por t ion  o f  the clouds. Pa l t r i dge  (1974) suggests t h a t  l aye r  clouds can 

be assuhed t o  a t t  as black bodies once they have achieved a depth o f  .5 

t o  1.0 km. Neglect ing the lower l e v e l  warming, the net  calculated coo l ing 

he cumulus cloud w i l l  be assumed t o  occur w i t h i n  the uppermost 

owever, un l i ke  the model cloud i n  the r ad ia t i on  ca lcu la t ion,  the 

uds over the NHRE area have many d i f f e r e n t  top heights. Taking 

o f  t h i s ,  the calculated in-c loud coo l ing i s  assumed t o  be evenly 

over approximately the upper h a l f  o f  the model cumulus layer.  

i s  se t  t o  zero i n  the lower h a l f .  I n  the case o f  the c i r r u s  

clouds the divergence i s  evenly d i s t r i bu ted  over the e n t i r e  depth because 4 
e l  c i r r u s  cloud i s  r e l a t i v e l y  t h i n  (50 mb deep). 

T e two average ne t  r ad i a t i on  divergence p r o f i l e s  are f i n a l l y  formed 1 
by addjng the respect ive long and shor t  wave cont r ibut ions.  These 



calculated prof i l es  represent a rough estimate of the radialtion source 

term. The treatment of cloud e f f ec t s  i s  the most se r ia  ,,~oroximation. 

The two average data in te rva l s  used i n  t h i s  radiat ion calcul ion have 

nnly weak cumulus convection occurring, and t h i s  probably o c 
making the calculated radiat ion prof i l e  appear reasonable. 2 remaining 

two average budget in te rva l s  have deeper convection occurri~ng and t r i a l  

91 . adiation calculations produced suspiciously large values. Consequently, 

the  radia on was l e f t  as an unknown contribution i n  the ( 2 n t  sour 

hnse l a t t e r  two cases. Fortunately, the , ," ,, 

ion cases were small compared t o  the t o t a l  a 

sources of s and n. I t  will be assumed t h a t  radiat ion con t r 
hg,gfb$rG f w g ,  average budgets a re  a1 so small . 

Ji ilJ 

. I  " 

? huo .,# 



I V .  DATA REDUCTION 

The budget c a l c u l a t i o n s  i n  t h i s  t h e s i s  a re  based on h igh  dens i t y  

rawinsorde measurements taken du r i ng  t h e  summer o f  1973 Nat iona l  H a i l  

Researct- Experiment (NHRE). These budget c a l c u l a t i o n s  are  r e l a t e d  t o  

radar  eaho and p r e c i p i t a t i o n  occurrence data w i t h i n  t h e  NHRE area. 

Standarc hou r l y  sur face  observat ions and h o u r l y  p r e c i p i t a t i o n  r e p o r t s  

from s i t e s  w i t h i n  200 km o f  t h e  NHRE area a r e  used t o  supplement t h e  

de and rada r  data. 

NHRE area i s  de f ined  by t h e  f i v e  NHRE rawinsonde launch s i t e s .  

s  a r e  arranged i n  a  pentagonal shape about 100 km across and 

i n  nor theas tern  Colorado (Fig. 1). The area i s  most ly  f l a t  

g rass la  d  w i t h  few abrup t  e l e v a t i o n  changes. The f o o t h i l l s  o f  t h e  Rocky I 
Mountai s  begin about 80 km from t h e  western most s i t e  (Grover). The i 
Cont ine r ta l  D i v ide  i s  about 150 km west o f  Grover. E leva t i on  values 

w i t h i n  t he  NHRE area a re  used t o  de f i ne  t h e  lower boundary ( o  = 1  ) o f  

t he  budset volume. Care was taken t o  approximate t h i s  lower boundary 

by a  sur face  t h a t  i s  rep resen ta t i ve  o f  t he  e n t i r e  NHRE area ground e leva t ion ,  

because t h e  v e r t i c a l  mass f l u x  i s  s e t  t o  zero on t h i s  boundary. To 

determire t h i s  surface, 144 e l e v a t i o n  values were taken from a  topography 

map o f  dhe NHRE area a t  r e g u l a r l y  spaced i n t e r v a l s .  A plane sur face  was 

then fit/ i n  t h e  l e a s t  squares sense t o  these data. The equat ion o f  t h i s  

a = 1.0 /p lane i s  

I 

To= 1  = (-.40082 x  x  + (.22741 x  lom2)  y + 1653.68 

where z i s  t he  e l e v a t i o n  (meters) above sea l e v e l  and x = 0, y = 0 i s  

l oca ted  a t  t he  Grover s i t e .  The standard d e v i a t i o n  from t h i s  p lane i s  

38.77 meters. Three r a w i n i ~ n d e  s i t e s  l i e  below t h i s  p lane and g e t t i n g  



data v a l i d  .on the  p lane i nvo l ves  an i n t e r p o l a t i o n .  TWO s i t e s  a re  above 

the  cons t ruc ted  p lane and g e t t i n g  data on the  p lane a t  t h  se l o c a t i o n s  

i nvo l ves  an ex t rapo la t i on .  The d e t a i l s  o f  t h e  i n t e r p o l a t  on and 

e x t r a p o l a t i o n  a r e  g iven i n  sec t i on  2, b u t  t he  average d i s  ance i nvo l ved  i n  i 
c a l c u l a t i o n  i s  29 meters ( t he  maximum e x t r a p o l a t i o n  d is tance i s  40 meters). 

Rawinsondes were re leased approx imate ly  simultaneous'y from t h e  above 

f i v e  s i t e s  a t  two t o  t h ree  hour i n t e r v a l s  on severa l  days du r i ng  t h e  

summer o f  1973. A  summary o f  t h e  a v a i l a b l e  sounding data i s  presented 

i n  Table 1  . As the  sondes rose, they were blown downwind causing t h e  

data volume they  de f i ne  t o  be t i l t e d .  A t  500 mb, t h e  volume t i l t s  

approx imate ly  5 km, a t  100 mb, 40 km. The extreme values a t  100 mb a re  

5 km and 65 km. The data a long one sounding pa th  i s  n o t  v a l i d  a t  one 

s i n g l e  t ime. The ba l l oon  reaches 500 mb about t e n  minutes a f t e r  launch 

and 100 mb about f i f t y  minutes a f t e r  launch. The paths t raced  ou t  by 

two successive sondes u s u a l l y  f a l l  w i t h i n  two k i lometers  o f  each o the r  

a t  500 mb and s i x  k i lometers  o f  each o t h e r  a t  100 mb. A s e t  o f  

"s imul taneous" ascents were used as data o n l y  when a t  l e a s t  f o u r  o f  t h e  

f i v e  rawinsondes reached t h e  a = .19 (175 mb) l e v e l .  . Two such successive 

se ts  o f  sonde data a r e  needed t o  make one budget c a l c u l a t i o n .  

The rada r  data a re  obta ined f rom P P I  photographs o f  t. Morgan and 

Limon radars  (Fig. 1  and sec t i on  3 ) .  The FPS-18 radar  a t  F t .  Morgan has a  150 F 
km range and prov ides data t h a t  reach t h e  f o o t h i l l s  t o  t h  west and extends about 

45 km beyond t h e  NHRE p o i n t  f a r t h e s t  f rom F t .  Morgan. F t .  Morgan radar  

e l e v a t i o n  angle i s  u s u a l l y  increased by 1" each scan u n t i  t h e  tops o f  t he  I 
h ighes t  c louds a re  reached, g i v i n g  some v e r t i c a l  s t r u c t u r  t o  t h e  P P I  ie 
photographs ( a t  100 km the  v e r t i c a l  increment and beam width, each lo, 

equal about 1.7 km). Dur ing the  per iods  o f  s t rong  convec i v e  a c t i v i t y  



Tab1 e  1  . DATA SUMMARY 
Legend 

T echo rad ius  < 10 km - 

I I echo rad ius  > 10 km 

High echo top  > 10,000 m 

+ unknown increase i n  number o f  echoes 

- no p r e c i p i t a t i o n  dur ing i n t e r v a l  

Blank missing data 

Rawinsonde Data 

Date Time I n t e r v a l  A t  Number o f  
Sondes 

Y (yes) p r e c i p i t a t i o n  dur ing i n t e r v a l  - 

N (no) no p r e c i p i t a t i o n  dur ing i n t e r v a l  

Amount P r e c i p i t a t i o n  r a t e  (cm/sec average o f  a1 1  operat ing 
NHRE raingauges dur ing p r e c i p i t a t i o n  per iod) 

B  P rec i p i t a t i ng  a t  beginning o f  i n t e r v a l  

M P r e c i p i t a t i o n  dur ing middle o f  i n t e r v a l  

E  P r e c i p i t a t i o n  a t  end o f  i n t e r v a l  

Number o f  Radar Echoes and P r e c i p i t a t i o n  Reports 

Max Values f o r  I n t e r v a l  Devel opmen t 

End - Beginning o r  
Max - Beginning, End - Max 

Prec i p  I I 1  Total  High Prec ip  I I 1  Tota l  High 



Rawinsonde Data 

Date Time Interval ~t Number of 
Sondes 

Table 1. DATA SUMMARY 
W Continued 

- Number of Radar Echoes and Precipitation Reports 

Max Values for Interval Development 
End - Beginning dr  
Max - Beginning., End - Max 

Prec i p I I1 Total High Preci p I I1 Total High 

N 1 0  1 0 - 1 0 1 0 

ME 6 0 6 

BME 4,-1 0 4,-1 
BM? 



Table 1. DATA SUMMARY 
Continued 

Rawinsonde Data Number o f  Radar Echoes and P r e c i p i t a t i o n  Reports \ 

- - 

Date Time I n t e r v a l  A t  Number o f  Max Values f o r  I n t e r v a l  Devel opment 
Sondes End - Beginning o r  

Max - Beginning, End - Max 

Prec ip  I I1  Tota l  High Prec i  p I I 1  Tota l  High 



Rawinsonde Data 
8 

Date Time Interval At Number of 
Sondes 

* Not used - bad rawinsonde data. 

0 0  0 

Table 1. DATA SUMMARY 
Continued 

Number of Radar Echoes and Precipitation Reports 

Max Val ues for Interval Development 

-a v End - Beginning or 
Max - Beginning, End - Max 

om' k& 
Precip I I1 Total High Preci p I I1 Total High 

BME 3 , - 2  u 3 , - L  >0? 

BM ? <O? 0 <O? 



I 

I 
o n l y  sec tpr  scans were made and t h e  e l e v a t i o n  angle i s  stepped by severa l  

l a r g e  amo n t  o f  data h imse l f .  Such a  d e t a i l e d  ana l ys i s  f o r  use i n  u 

degrees. 

d i f f i c u l t i e s  

s i g n i f i c a i t l y .  

Th is  i s  

r e s o l u t i o i  

wide. 

t h e  rad,ar 

about every 

The 

w i t h i n  t h p  

(1 19 s i t e s  

hou r l y  

ava i l ab le ,  

comparison w i t h  t he  v e r t i c a l l y  i n t e g r a t e d  water vapor budget r e s u l t s  i s  

Each sweep of t h e  P P I  scope was photographed, b u t  numerous 

(c lock,  camera, e l e v a t i o n  i n d i c a t o r )  have degraded t h e  data 

Data were a l s o  c o l l e c t e d  from the  Limon WSR-57 radar .  

q u i t e  f a r  f rom t h e  NHRE area and, therefore,  t h e  v e r t i c a l  

near NHRE i s  poor. A t  200 km, t h e  2' beam i s  about 5.2 km 

Also, t he  e l e v a t i o n  angle i s  o f t e n  f i x e d  a t  2'. When ava i l ab le ,  

does have good t ime r e s o l u t i o n  - P P I  photographs are  ava i  1  ab le  

5-10 minutes. 

w e c i p i t a t i o n  data used i n  t he  d e s c r i p t i o n  o f  t he  convect ion 

NHRE area i s  obta ined from a  h igh  d e n s i t y  r a i n  gauge network 

spaced approx imate ly  5-10 km apar t ) .  However, analyzed 

values o f  t h e  t o t a l  p r e c i p i t a t i o n  i n  t h e  NHRE area are  n o t  

and t h e  author  has n o t  attempted t h e  ana l ys i s  o f  t h e  very 

n o t  warranted f o r  two reasons. F i r s t ,  t h e  RHS o f  t h e  v e r t i c a l l y  

water vapor budget (Eq. 7) i s  t h e  sum o f  t h e  p r e c i p i t a t i o n ,  

n, and n e t  c loud format ion.  An es t imate  o f  t he  l a s t  two 

fac to rs  wbul d  be extremely crude. Second, a1 though a  d e t a i  1  ed q u a n t i t a t i v e  

est imate b f  t he  p r e c i p i t a t i o n  i s  n o t  ava i l ab le ,  t h e  data o f f e r  an e x c e l l e n t  

record  o f  t he  occurrence o r  nonoccurrence o f  p r e c i p i t a t i o n .  Th is  coarse 

d e s c r i p t i o n  o f  t h e  convect ion, t h a t  i s ,  p r e c i p i t a t i n g  o r  nonp rec ip i t a t i ng ,  

i s  compatible w i t h  t h e  r a t h e r  coarse radar  echo d e s c r i p t i o n  o f  t h e  

convect ion. I n  l i g h t  o f  these fac to rs ,  t h e  p r e c i p i t a t i o n  data has been 

used t o  s  b e c i f y  whether t h e  convect ion i n  t he  NHRE area i s  p r e c i p i t a t i n g  

o r  nonpreci  p i  t a t i n g  . 



I 
Hour ly  surface observat ions of temperature, dew poin pressure, wind 

and sky cover were p l o t t e d  a t  e i g h t  l o c a t i o n s  w i t h i n  a  200 

c i r c l e  centered over t h e  NHRE area. Also, h o u r l y  p r e c i p i t  

f rom 33 s i t e s  w i t h i n  t h e  same area have been p l o t t e d .  The 

p l o t t e d  p r i m a r i l y  t o  p rov ide  an a d d i t i o n a l  check f o r  t h e  p  esence of ! 
f r o n t s  i n  t he  NHRE area (o ther  checks f o r  such non l i n e a r  changes i n  t he  

rawinsonde da ta  w i l l  be descr ibed i n  sec t i on  2 ) .  Only a  f w  representa t i ve  t 
analyses w i l l  be. presented i n  t h i s  t h e s i s  (Chapter V, 2 )  because 

there  a re  an ext remely l a r g e  number o f  them. The 

t h e  s t a t i o n s  w i t h i n  a  100 km rad ius  o f  t h e  NHRE area have been used, i n  

a d d i t i o n  t o  t h e  radar  data, t o  s u b j e c t i v e l y  ass ign c ldud c  vers t o  a  few 

t y p i c a l  r a d i a t i o n  c a l c u l a t i o n s  (Chapter V, sec t i on  3).  

2. Rawinsonde Data Reduct ion 

The personnel a t  NHRE k i n d l y  supp l ied  t h e  appropr ia te,  processed 

rawinsonde data on magnetic computer tapes. These c o n s i s t  I d o f  computer 

and hand checked values o f  q, T, p, h, x, y, t a t  con tac t  o i n t  pressures 

and u, v  wind components a t  h a l f  minute i n t e r v a l s .  A 

system w i t h  r a t i o  t h e o d o l i t e  t r a c k i n g  was used. No 

app l i ed  t o  t he  data. Recent est imates suggest t h a t  a t  5 m b - '  t h e  t h e r -  

m i s t o r  l a g  i s  about 5 seconds and t h e  h y g r i s t o r  thermal l a  i s  about 16 I 
seconds (A. K. Be t t s  , personal comnunication) . ~ 

The data i n  each s e t  o f  four  o r  f i v e  "simultaneous" s  

(depending on whether f o u r  o r  f i v e  sondes reached a t  l e a s t  

i n t e r p o l a t e d  v e r t i c a l l y  t o  r e g u l a r l y  spaced o l e v e l s  and tihen i n t e r p o l a t e d  

t o  a  common time. F i n a l l y ,  a t  each o l e v e l ,  l i n e a r  surfaces are  f i t  i n  a  



l e a s t  squares sense t o  t h e  f o u r  o r  f i v e  (depending on t h e  number of sondes 

s e t )  values o f  each type  o f  data (q, T, p, e tc . ) .  

s tep i n  t h e  above procedure i s  t o  make t h e  da ta  a v a i l a b l e  

l y  spaced a l e v e l s .  The f i r s t  a l e v e l  (a = 1.00) i s  de f ined  as 

t h a t  was f i t  t o  t h e  NHRE area e l e v a t i o n  data ( sec t i on  1).  For 

the  th ree  s i t e s  below t h e  plane, t h i s  was accomplished by a 1 i n e a r  

i n t e r p o l a t p i o n  between t h e  f i r s t  and second p o i n t s  f o r  q, p, and T. The 

u and v were s imp ly  s e t  t o  t h e  f i r s t  data p o i n t  va lue ( the  observed 

surface w-nd) . The q, p, and T values f o r  t h e  two s i t e s  above t h e  plane 

were 1 ine t . r l y  ex t rapo la ted  t o  ob ta in  t h e  r e q u i r e d  values a t  a = 1.00. 

v  were again j u s t  s e t  t o  t h e  f i r s t  data p o i n t  value. The 

was c a r e f u l l y  monitored by hand checking any l a r g e  i n t e r p o l a t i o n  

o r  ex t rap  l a t i o n .  Most o f  t he  i n t e r p o l a t i o n s  and ex t rapo la t i ons  produced i 
o n l y  1-4 mb and about 1°K. 

a t a  (which were i n  pressure coord inates)  had t o  be changed 

t o  coord ihates above the  f i r s t  l e v e l  o f  t h e  o r i g i n a l  sounding. Th i s  

i nvo l ves  i v i s i o n  by t h e  sur face  pressure d i r e c t l y  below the  sonde. I t  I 
i s  impor t  n t  n o t  t o  d i v i d e  t h e  pressure by t h e  sur face  pressure recorded 

a t  t h e  so de s i t e ,  because a t y p i c a l  upper l e v e l  ba l l oon  d r i f t  o f  50 km f 
would p l a  e t he  ba l l oon  over a sur face pressure e a s i l y  20 mb d i f f e r e n t  k 
than t h e  i s i t e  sur face '  pressure because o f  t h e  ground slope. The x, y  

p o s i t i o n  ;o f  t h e  ba l l oon  was p a r t  o f  t h e  da ta  and t h e  pressure on t h e  

lower boundary was approximated by a p lane T = ax + by + c.  Th i s  

enabled the  d i v i s i o n  by t h e  proper  sur face  pressure. The r e s u l t i n g  s e t  

of q, T, p ,  h, u, v, x, y, t values were v a l i d  a t  i r r e g u l a r l y  spaced 

l e v e l s .  l ~ h e s e  data were l i n e a r l y  i n t e r p o l a t e d  t o  a l e v e l s  w i t h  a 

r e g u l a r  '-acing o f  AU = 0.01. A 1  i nea r  i n t e r p o l a t i o n  was used because 



t h e  pressure d i f f e r e n c e  invo lved i n  t h e  i n t e r p o l a t i o n  was u s u a l l y  l e s s  

than 5 mb. The 0.01 value f o r  AD was chosen because the  r e s u l t i n g  

number o f  u l e v e l s  was about t h e  same as t h e  o r i g i n a l  nu 

po in ts .  Th i s  v e r t i c a l  r e s o l u t i o n  i s  more d e t a i l e d  than 

wind data warrants,  b u t  i t  does n e a r l y  r e f l e c t  t he  r e s o l  

o r i g i n a l  q, T, and p  data. 

These data were measured a t  t imes va ry ing  over a  pe r i 3d  o f  about 80 

minutes (50 minutes ascent t ime p lus  30 minutes d i f f e r e n c e  i n  launch t ime) .  

To ob ta in  data v a l i d  a t  a  s i n g l e  t ime f o r  each s e t  o f  ascents, t h e  data 

f o r  each ascent a t  each l e v e l  was l i n e a r l y  i n t e r p o l a t e d  w i t h  data from 

the  corresponding l e v e l  o f  t h e  prev ious ascent. I t  was u s u a l l y  poss ib le  

t o  choose a  t ime t h a t  r e s u l t e d  i n  t he  smal les t  i n t e r p o l a t ~ i o n  being done 

a t  t h e  low l e v e l s .  The des i red  t ime was chosen so t h a t  no ex t rapo la t i ons  

were performed (on l y  i n t e r p o l a t i o n s ) .  This  t ime i n t e r p o l a t i o n  i s  one o f  

t h e  p r a c t i c a l  reasons t h a t  t h e  two se ts  o f  ascents making up one f i n a l  

da ta  group always use t h e  same f o u r  o r  f i v e  s t a t i o n s  f o r  t h e i r  data. That 

i s ,  i f  f i v e  sondes reached a t  l e a s t  t h e  u = .19 l e v e l  f o r  t ime tl b u t  

o n l y  f o u r  sondes reached t h i s  l e v e l  f o r  t ime t2, t h e  budg t c a l c u l a t i o n  I 
f o r  t h e  pe r i od  tp-tl, would be based on data from o n l y  fo r sondes. A 

second reason i s  t h a t  i t  i s  d i f f i c u l t  t o  assess t h e  e f f e c  

averaged data caused by having a  d i f f e r e n t  number o f  da ta  p o i n t s  a t  t ime 

tl than a t  t ime t2. The r e s u l t s  o f  t h e  t ime i n t e r p o l a t i o  are, t he re fo re ,  

se t s  o f  f o u r  o r  f i v e  soundings v a l i d  a t  a  s i n g l e  t ime t h r  

ascents. The ascents, however, s t i l l  t i lt downwind. 1 
The data f o r  every group o f  ascents i s  nex t  app rox im~ ted ,  a t  every 

l e v e l  , by 1  i nea r  equat ions I 4, T ,  h  

X i  
= aix + b.y + ci where 

J 



I 

I 
I 

The coe f  1 i c i e n t s  ai, bi, ci a re  determined by a  standard computer r o u t i n e  

l e a s t  squares f i t  t o  t h e  f o u r  o r  f i v e  da ta  p o i n t s  a v a i l a b l e  a t  

l e v e l .  The fit (standard dev ia t i on )  o f  these planes i s  a  

f the  l i n e a r i t y  of t h e  environmental var iab les .  A poor f i t  cou ld  

t h e  presence o f  a  f r o n t .  Examination o f  t h e  s tandard dev ia t i ons  

d  f i t s  i n  a l l  cases. I n  o rder  t o  check bo th  t h e  p lane 

a t i o n  and the  t ime i n t e r p o l a t i o n ,  t h e  f i n a l  da ta  were ex t rap-  

o la ted  back t o  t h e i r  o r i g i n a l  p o s i t i o n  and t ime and compared w i t h  t h e  

o r i g i n a l  data. Table 2 summarizes t h e  average absolute d i f f e r e n c e s  

between t h e  o r i g i n a l  data and the  plane value evaluated a t  t h e  t ime and 

p o s i t i - "  o f  t h e  o r i g i n a l  data. 

Table 2 .  Average Absolute D i f fe rences  Between 
O r i g i n a l  Data and Plane Values 

A lgebra ic  averages a l l  c 0.00 ( i n  above u n i t s )  
I 

I 

It i s  necessary t o  s p e c i f y  t h e  midpo in t  o f  t h e  area o f  i n t e g r a t i o n ,  

A, because the  value o f  t h e  data a t  t h i s  p o i n t  w i l l  be taken t o  be t h e  

area i n t e g r a t e d  value per  u n i t  area (see Chapter 111, sec t i on  3A). This  

midpo in t  cou ld  reasonably be taken as t h e  m idpo in t  o f  t h e  rawinsond.2 

however, t h e  f o l l o w i n g  procedure was used t o  account f o r  t he  

d r i f t .  For each data per iod,  t h e  f i g u r e  de f ined  by the  f o u r  o r  

ndes a t  t h e i r  h ighes t  data l e v e l  was t raced  over t h e  f i g u r e  



I defined by the surface position of these sondes. The upp r level figures e 
drawn fo r  a l l  the ascents on any given day were always ve y similar. 

Also, the upper level figures always overlapped the surfa e figure. The 

midpoint position to  be used for  an en t i re  day's data was then visually : 
estimated as the centroid of the area comnon to  the upper and lower figures. 

This procedure assumes that  the l inear variation used to  i~pproximate the 

measured data i s  val id over an area extending s l ight ly  beyond the area 

defined by the balloon positions. An example of t h i s  procedure i s  shown 

i n  F i g .  4 .  The procedure has the merit that  the resulting vertical  

structure i s  always obtained by interpolation, never extrepolation out- 

side the figure formed by the sondes. I 

Before the final data s e t  was determined, the ver t ic  

profiles were calculated using Eg. 9. The ver t ica l ly  i n t  

showed unreal is t ic  values of no on the order of 7 x lo-' (nb/sec a t  the 

highest data levels (about 120 mb) . A t  these near-tropopause levels,  i t  

i s  reasonable to  expect the area average value of n; t o  b. near zero. If 

deep convection i s  penetrating the tropopause, t h i s  assum~tion would call  

fo r  exactly compensating subsidence t o  occur a t  these levels within area 

A .  A divergence adjustment technique developed by OIBrie? (1970) and 

used by Fankhauser (1969, 1974) was used t o  force the no f o  zero a t  the 

highest data levels (0 = .12 to  .17). In t h i s  technique, the divergences 

are adjusted by an amount l inearly proportional t o  the height. The low 

level ,  and presumably more accurate, values are changed very 1 i t t l  e and 

less  accurate upper level divergences are adjusted more. This adjustment 

method only describes how to  change the total  horizontal divergences. 

The actual velocity components are adjusted by evenly dividing the 

divergence correction between the x slope of the TU component 

slope of the ITV component. )C1 

and the y 

) 

I 

I 



- Surface position of NHRE sondes 

Highest data level position of NHRE sondes . 
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I 

Figure 4. Typical Budget Calculation Area 



3. Radar Data Reduction 

The radar  data are obta ined from PPI photographs o f  F o r t  Morgan 

radar  ( k i n d l y  supp l ied  by  t h e  NHRE personnel)  and o f  t h e  imon radar.  

The o b j e c t  o f  t h e  ana l ys i s  o f  these da ta  i s  t o  present  a  hys i ca l  

d e s c r i p t i o n  o f  t h e  convect ion u i t h i n  t h e  budget volume du i n g  t h e  e n t i r e  I 
t ime i n t e r v a l  of t he  data used i n  t h e  budget c a l c u l a t i o n  That i s ,  f o r  

each budget c a l c u l a t i o n ,  a  d e s c r i p t i o n  o f  t h e  radar  echoe i s  des i red  f o r  

t he  t ime i n t e r v a l  beginning a t  t h e  launch of t h e  f i r s t  r a  

ending when t h e  1  a s t  rawinsonde reached i t s  maximum a1 

t h e  d e t a i l  o f  t h e  ana l ys i s  i s  severa ly  1  i m i t e d  due t o  mis i n g  data due t o  s 
a l a r g e  v a r i e t y  o f  causes. The t ime r e s o l u t i o n  achieved iis between a  h a l f  

hour t o  an hour. That  i s ,  useable PPI photographs were of ten a v a i l a b l e  

o n l y  once every h a l f  hour o r  hour. For tunate ly ,  t h e  numb r and s i z e  o f  e 
radar  echoes d i d  n o t  u s u a l l y  change r a p i d l y  w i t h  t ime.  he he igh t  

r e s o l u t i o n  o f  t h e  echo data i s  a1 so ve ry  poor, because the) useable data 

do n o t  have enough e l e v a t i o n  angle changes t o  l o c a t e  t he  dcho tops. The 

v e r t i c a l  r e s o l u t i o n  achieved i s  o n l y  a  statement o f  t he  odcurrence o r  

nonoccurrence o f  echoes above 10,000 m. 

The h o r i z o n t a l  area o f  t he  budget volume has n o t  bee 

(see Chapter 11, sec t i on  2A) .  It has merely  been represe t e d  as A i n  t he  
* I 

budget ca l cu la t i ons ,  because a l l  t h e  c a l c u l a t i o n s  have be n  made "per u n i t  e 
area" (see Eqs. 9 and 10). The count ing  o f  radar  echoes, however, r e q u i r e s  

descr ibe  a  50 km rad ius  c i r c l e  t h a t  moves downwind as t h e  sondes r i s e .  

t he  s p e c i f i c a t i o n  o f  a  p a r t i c u l a r  area. The f o u r  o r  f i v e  

The budget area, there fo re ,  w i l l  be assumed t o  be a  50 km r a d i u s  c i r c l e  

sondes rough ly  

I - 

centered a t  xM, yM (see s e c t i o n  2 and F ig .  4 f o r  t h e  choice of xM, yM). - 



I 
Fortunatelly, the choice o f  A i s  not  c r i t i c a l  because almost a l l  of 

I 

s  are c l e a r l y  i ns ide  or  outside t h i s  area. 

The actua l  analysis o f  the radar data consisted o f  f i r s t  obtain ing 

a repres n t a t i v e  P P I  p i c t u re  o f  the radar echoes w i t h i n  the budget area t 
fo r  a g i  en one hour i n t e r v a l .  "Representative" means t h a t  the number o f  

small, 1 rge, and h igh echoes d i d  no t  change. Small echoes have an i 
approxim t e  outer  contour (17 dbz) rad ius  of l ess  than 10 km; la rge echoes t 
are grea e r  than 10 krn. High echoes extend above 10,000 m. These data f 
were the/ used t o  determine the maximum number o f  echoes i n  each category 

budget ca lcu l  a t i on  i n t e r v a l  . The development o f  each category 

arge, h igh) during the defined budget i n t e r v a l  was a lso determined. 

The "dev lopment" o f  a p a r t i c u l a r  category i s  def ined as the number of I 
echoes a the end of the budget i n t e r v a l  minus the number a t  the beginning. k 
I f  the m~ximum number occurs i n  the middle o f  an i n t e r va l ,  the development 

i s  charakterized by two d i f fe rences - the maximum number minus the beginning 
I 

number, bnd the f i n a l  number minus the maximum. 

Budget ca lcu la t ions are presented i n  Chapter V as average budgets f o r  

periods t ha t  have s im i l a r  gross radar features. These averages do no t  use 

the char c t e r i s t i c s  o f  radar echo size, height, o r  development. (However, I 
the weak, developing average category i s  concerned w i t h  change o f  non-echo 

produci g clouds i n t o  echo producing clouds. ) Nevertheless, these features n are incljuded i n  the 1 i s t  o f  data i n  order t o  provide a more complete 

p i c t u re  o f  the ind iv idua l  data t h a t  make up each average data period. A 

complete l i s t i n g  o f  the data i n t e r va l s  inc lud ing a descr ip t ion o f  the 

rawinsonde charac te r i s t i cs  (number o f  sondes, t ime i n t e r va l  , etc.  ) and 

r a c t e r i s t i c s  i s  presented i n  Table 1. 



V.  BUDGET CALCULATION RESULTS 

1. I n t r o d u c t i o n  
I 

A. Organizat ion and Presenta t ion  o f  Budget Ca lcu la t i ons  

Th i s  chapter  deals  w i t h  t he  second and t h i r d  problems mentioned i n  

Chapter I, sec t i on  1: What a re  t he  c loud t r a n s f e r  p r o p e r t i e s  ( term 5 o f  

I 
Eq. 5 )  o f  convect ion f o r  a  v a r i e t y  o f  mesoscale cond i t ions? ,  How do they  

compare t o  a  radar  d e s c r i p t i o n  o f  t he  convect ion? The c loud t r a n s f e r  

p rope r t i es  w i l l  be presented i n  t h e  contex t  o f  t h e  e n t i r e  udget, t h a t  i s ,  P 
a l  1  t h e  terms i n  t h e  budget w i l l  be discussed. Th i s  discuission w i l l  be i n  

terms o f  t h e  phys ica l  processes t h a t  c o n t r i b u t e  t o  each term i n  the  

budget. 

La ten t  heat, d r y  s t a t i c  energy, and mo is t  s t a t i c  energy budgets have 

been ca l cu la ted  f o r  39 separate data i n t e r v a l s .  The da ta  i n  these 

i n t e r v a l s  represent  a  v a r i e t y  o f  mesoscale cond i t ions .  I n  sec t i on  2 

these data a re  in t roduced by d i s p l a y i n g  severa l  r ep resen ta t i ve  examples 

s e t  i n  l a r g e r  (almost synopt ic )  sca le  f i e l d s .  The main puppose o f  t he  

70'1 presenta t ion  i n  sec t i on  2 i s  t o  p rov ide  a  background f o r  t h e  d iscuss ion  

o f  t h e  mesoscale f i e l d s  i n  sec t i on  4. I n  a d d i t i o n  t o  t h i s ,  however, the  

l a r g e r  sca le  background data i n  which the  mesoscale data ane s e t  provides 

an es t imate  o f  sky cover t o  be used i n  t h e  r a d i a t i o n  c a l c u l a t i o n s  presented 

i n  sec t i on  3. I n  s e c t i o n  4 t h e  r e s u l t s  o f  a l l  t h e  budget 4;alculations are  

presented i n  t he  form o f  f o u r  average budgets. ~ 1 .  
B. Average Budgets 

I n  o rder  t o  compare t h e  budget d e s c r i p t i o n  o f  convect 

radar  desc r i p t i on ,  t h e  budget c a l c u l a t i o n s  a re  presented i n  sec t i on  4 as 

average budgets f o r  per iods t h a t  have s i m i l a r  gross radar  eatures. f 
Average budgets a re  app rop r i a te  f o r  two reasons. F i r s t ,  t e  r e s o l u t i o n  ! 



of the r dar data i s  very coarse (see section 3 ,  Chapter IV) and does 1 ii 
not warr n t  budget-radar comparisons for  each individual budget calculation. i 
The use f simple gross radar features to  describe the convection instead i 
of the u$e of detailed descriptions of individual echoes i s  reasonable 

ng tha t  t h i s  i s  a study of mesoscale character is t ics  of cumulus 

n .  Second, the budget resul ts  contain considerable var iab i l i ty  

thermodybamic structure (vertical  profi le  of 8, h ,  and q) of the indivi- 
I 

and nois?. 

frequently 

feature 

occurred 

dual mesbscales input data used in each average budget i s  also carefully 

Averaging reduces the noise and brings out features that  

occur. In f ac t ,  the discussion of a particular average budget 

generally includes a statement of how frequently the feature 

in the individual cases making u p  the average. In addition, the 

noted. 

,-? 
Four types of convective f ie lds  are defined: (1) weak suppressed 

convectilon , ( 2 )  weak developing convection, ( 3 )  moderate convection, and 

( 4 )  pre ipi ta t ing convection. The data intervals tha t  are used in the 1 calculaqion of average budgets for  each of these convective situations 

are sumdarized in Table 3. The specific character is t ics  of each type of 
I 

mesoscale convection are defined as fol lows. (1 ) weak, suppressed 
I 

convection i s  defined as small, non-precipitating clouds tha t  do not 

produce radar echoes and do not develop into larger echo producing 

clouds 1 a te r  in the day. Four days (containing f i f teen  data intervals)  

have th is  weak convection tha t  did not develop further during the day. 

That i s ,  i t  i s  cer tain that  on these days no radar echoes (or,  of course, 

precipitation reports) were present in the data volume u n t i  1 approximately 

1730 LST when the radar was turned of f .  ( 2 )  a particular data interval 
I 

i s  said t o  contain weak developing convection when do radar echoes or 



Table 3 .  Data Intervals in Each Convective category 

Legend (see Table 1 ) 

Time Number of Radar Echoes and Prec,pia :ion Reports 

Maximum Val ue for Interval nevel opmen t 

Precip I I1 Total High Precip 

t r Weak, Suppressed Convection . . . -  

I1 Total High 

I 
F. , rdfi Tq (* Weak, Devel n n i n g  Convection 



V' Table 3. Continued 

Date Time Number o f  Radar Echoes and P r e c i p i t a t i o n  Reports 
(1973) (LST) 

I Maximum Value f o r  I n t e r v a l  Development 

I P rec ip  I I I Tota l  High P rec ip  I 1  To ta l  High 

~ o d e r a t d  Convection 

* 1806 N 1 1 

* 0731 1448 N 0 1 

a t i n g  Convection 

1 0 

6 0 

7 1 

* Not used - bad rawinsonde data. 

E 

M 

E 

ME 

ME 

BME 

BM ? 

ME 

M 

?M 

BME 

BM? 



p r e c i p i t a t i o n  r e p o r t s  a re  present  du r i ng  t h e  g iven  i n t e r v  1, b u t  echoes 

and/or p r e c i p i t a t i o n  occur l a t e r  du r i ng  t h e  day. Seven d t a  i n t e r v a l s  a re  

charac ter ized  by  t h i s  type  o f  convect ion. I n  each case, 

p r e c i p i t a t i o n  develop i n  t h e  da ta  volume w i t h i n  two hours 

t he  i n t e r v a l  charac ter ized  as weak and developing. (3) e r a t e  convect ion 

i s  de f i ned  as s i t u a t i o n s  i n  which radar  echoes a re  prese w i t h i n  t h e  data 

volume, b u t  no p r e c i p i t a t i o n  i s  recorded by t h e  ground c 

ments. We cannot be sure t h a t  t h e  clouds i n  t h i s  catego 

p r e c i p i t a t e  a t  a1 1 , because complete evaporat ion of prec 

i t  reaches t h e  ground i s  a common occurrence i n  northeas 

(4) p r e c i p i t a t i n g  convect ion was present  and recorded b 

c o l l e c t i n g  inst ruments i n  t h e  data volume dur ing  twelve 

spread over s i x  days. 

Each i n d i v i d u a l  budget c a l c u l a t i o n  p e r i o d  w i t h  us 

assigned as having one o f  t he  above types o f  convec t io  

t i o n  i s  made f o r  each o f  these 39 i n d i v i d u a l  data i n t e  

average budget f o r  a g iven type  o f  convect ion, each t e  

budget i s  averaged w i t h  corresponding budget terms f o r  

convect ion. Average budgets o f  l a t e n t  heat, d r y  and m 

f o r  t h e  above f o u r  types o f  convect ive f i e l d s  a re  pres 

i n  sec t i on  4. The average l i f t i n g  condensation l e v e l  

d iscussions.  The LCL (based on q and T a t  a = .99) i s  

g r a p h i c a l l y  f o r  each i n d i v i d u a l  budget i n t e r v a l  and t h  

c a l c u l a t e d  f o r  each o f  t h e  f o u r  convect ion types. Hen 

c lose  correspondence between LCL and c loud base i n  t h e  



.. .. A.A r L  .->A- r..- r --  
C. Three1 Dimensional F lux  Divergence 

The i n a l  budget equat ion 5 i n  Chapter I1  conta ins  f o u r  terms: t ime f 
change o f  I X E ,  "average" ho r i zon ta l  and v e r t i c a l  divergences o f  t h e  f l u x  

of xE, an an apparent source o f  x.  The average h o r i z o n t a l  and v e r t i c a l  I 
divergenc s o f  t he  f l u x  o f  xE ( f o r  x = s, h) a r e  t h e  two terms w i t h  t he  1 
l a r g e s t  m gni tudes (about 10 t imes t h e  o the r  two terms). These l a r g e  1 
magnitudei, however, should n o t  be taken t o  mean t h a t  these terms represent  

t he  "causk' o r  ' f o r c ing "  o f  t h e  observed budget. Rather, t h e i r  magnitudes 

s imply f e  TecT-the f a c t  each o f  t he  two terms con ta in  p a r t  o f  t h e  t o t a l  I" 
mass c i r c b l a t i o n .  Omi t t i ng  t h e  i n t e g r a t i o n s ,  t h e  second terms o f  Eq. 5 i s  

t h e  sum Pi; + ;*VxE; t h e  t h i r d  term o f  Eq. 5 i s  t h e  sum as 

l a t i o n .  The sum xE(v*  ? + as (3 as 5)) i s  approximately zero 

(9 X~ as as 

by t h e  c o b t i n u i t y  equat ion. The mass c i r c u l a t i o n  p o r t i o n  o f  terms 2 and 3 

;) + ; (xE). The f i r s t  term i n  each sum i s  r e l a t e d  t o  t h e  
as as 

of Eq. 5 r e  about t e n  t imes l a r g e r  than t h e  remaining advect ion po r t i ons  t 
and i (xE) ) Consequently, v e r t i c a l  p r o f i l e s  o f  terms as 

ok almost l i k e  m i r r o r  images. The sum o f  terms 2 and 3 i s  

t h a t  i s  n t due t o  t h e  mass c i r c u l a t i o n .  Th i s  sum i s  t h e  three-dimensional P 
presented 

o f  t h e  f l u x  o f  xE. A1 though t h i s  f l u x  conta ins  t h e  environmental 
+ 

t h e  product  rV3xE i s  n o t  an environmental f l u x  o f  x because 5 

i s  a ve r tpca l  v e l o c i t y  averaged over bo th  c loud and environmental areas. 

i n  sec t i on  4 i n  o rder  t o  i l l u s t r a t e  t h e  p o r t i o n  o f  these terms 

D. ~ e r t l b a l l  y In teg ra ted  Apparent Source 

I n  s c t i o n  4, t h e  apparent source term i n  t h e  budget equat ion w i l l  be i? 
presented i n  a v e r t i c a l l y  i n t e g r a t e d  form. The m o t i v a t i o n  f o r  t h i s  method 

of presen/tat ion was descr ibed i n  Chapter 111, sec t i on  38. The ac tua l  



c a l c u l a t i o n  o f  t he  v e r t i c a l  p r o f i l e  o f  an i n t e g r a t e d  apparient source 

r e q u i r e s  a choice o f  UT. The convect ive f l u x e s  o f  

s e t  equal t o  zero a t  and above UT and t h e  numerical 

proceeds downward from cT. 

The value of o i s  s e t  t o  .30 (250 mb) i n  t h e  T 

convect ion cases. Th is  corresponds t o  an approximate t r o p  pause l e v e l .  0 
The o n l y  convec t ive  processes t h a t  cou ld  produce an appare 

s o r  h above t h e  tropopause are  ve ry  l a r g e  cumuli t h a t  ove 

tropopause. However, t h e  magnitude o f  t h e  apparent source 

tropopause i s  o f t e n  l a r g e r  than below even though very  few c louds cou ld  be 

assumed t o  penet ra te  t he  tropopause l e v e l .  It i s  d i f f i c u l t  t o  r e l a t e  a 

r e a l ,  phys ica l  process t o  these h igh  l e v e l ,  e r r a t i c ,  nonzero apparent 

sources. However, inaccurac ies o f  upper l e v e l  rawinsonde ~ i n d s  make i t  

very reasonable t o  asc r i be  an apparent source above t h e  tr3popause t o  

wind e r ro rs .  

I 
I n  t h e  case o f  weak, developing convect ion, oT i s  s e t  t o  .40 (340 mb) and 

f o r  weak, suppressed convect ion, UT i s  s e t  t o  .50 (430 mb). The choice oT=.40 

o f  weak, suppressed convect ion. It a1 so agrees w i t h  t h e  g ne ra l  idea o f  

t he  c loud tops being much lower i n  a suppressed s i t u a t i o n  

o the r  s i t u a t i o n s .  

i s  s imp ly  a s u b j e c t i v e  eva lua t i on  of t h e  general c loud t o p  l e v e l  f o r  

developing convect ion. It i s  s l i g h t l y  below t h e  UT f o r  moderate and 

Although the  convect ive f l u x e s  have been s e t  t o  zero above uTy the 

p r e c i p i t a t i n g  convect ion. The choice o f  oT = .50 e l im ina tes  

convec t ive  f l u x  o f  mo is t  s t a t i c  energy t h a t  i s  u n r e a l i s t i c  

o the r  terms i n  t he  budget equat ion ( f rom which the  apparen source i s  

ca l cu la ted )  have n o t  been se t  t o  zero above U T  Therefore, t he  assumed t 

a negat ive  

i n  t h e  case 

e r r o r  above 0,. can be est imated by v i s u a l l y  combining t h e  ime change t 
and three-dimensional divergence terms above oT. 



-61 - 
The choice o f  oT has a  l a r g e  i n f l u e n c e  on t h e  magnitude o f  t h e  convect ive 

f l uxes .  The sur face o r d i n a t e  o f  these f l u x e s  are  rough l y  checked, however, 

by use o r  t h e  i n t e g r a l  c o n s t r a i n t s  mentioned i n  Chapter 111, sec t i on  4. 

a re  i n t r  duced by d i s p l a y i n g  severa l  r ep resen ta t i ve  examples s e t  i n  t 

2. Syno2t ic 

I n  

l a r g e r  sbale f lows.  Th is  p resenta t ion  i s  n o t  meant t o  g i v e  a  d e t a i l e d  

Scale S e t t i n g  f o r  Budget Data 

t h i s  sect ion,  t h e  mesoscale data used i n  t h e  budget c a l c u l a t i o n s  

enabled $he budget data t o  be g iven a t  1200 and 1800 L. Two maps (sur face  

and 500 mb) were prepared f o r  each o f  t h e  fou r teen  days f o r  which budget 

ava i l ab le .  The r e s u l t i n g  maps f a l l  i n t o  t h ree  c l e a r  c u t  

s  , and because t h e  o b j e c t  o f  t h i s  sec t i on  i s  q u i t e  general, o n l y  

t he  most  c l e a r l y  rep resen ta t i ve  se ts  o f  maps are  presented. 

r e l a t i o n  

prov ides 

how smoo,:hly 

synopt ic  

Figs. 5  

between mesoscale and synopt ic  sca le  c i r c u l a t i o n s .  Rather, i t  

a  general  s e t t i n g  f o r  t h e  budget data and a  rough i n d i c a t i o n  o f  

t h e  budget data mesh w i t h  nearby sur face  data and 500 mb 

c i r c u l a t i o n s .  The f o l l  owing procedure was used t o  o b t a i n  

through 10. Standard NMC 500 mb h e i g h t  analyses a t  1800 L (00Z) 

were che ked (and occasional l y  ad jus ted  s u b j e c t i v e l y )  and i n t e r p o l a t e d  t o  1 
d i s p l a y  

t o  a  400 

were 

wind dat i ,  

The data 

se ts  o f  

l i n e a r l y  

app rop r i c te  

F igs.  5  

soheights every 20 meters. These analyses were then copied on 

km square map centered over t h e  NHRE a re  (F ig.  1 ) .  Surface data 

plo4;ted on a  second s e t  o f  these maps a t  1200 and 1800 L (sur face  

a t  1500 L were a l s o  p l o t t e d  t o  a i d  c o n t i n u i t y  o f  t h e  wind data) .  

used i n  t h e  budget c a l c u l a t i o n s  were then added t o  these two 

naps. These mesoscale values were ob ta ined by eva lua t i ng  t h e  

f i t  rawinsonde data a t  t h e  f i v e  corners o f  t h e  NHRE area a t  t h e  

t imes. That i s ,  t h e  values p l o t t e d  a t  t h e  f i v e  squares i n  

through 10 were cons t ruc ted  from t h e  c o e f f i c i e n t s  descr ibed i n  

Chapter JV, sec t i on  2. Use o f  t he  t ime d e r i v a t i v e s  o f  these c o e f f i c i e n t s  



Legend Figures 5 - 10 
.& flOrJ- 

Figures 5, 7, and 9 - Surface Maps. 

F igures 6, 8, and 1 0 -  500 mb Maps. 

I 
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1 June 73  SURFACE MAP. 
Station Iden t i f i e r s  and 

S ta te  Boundaries given on 

500 mb maps. 

Figure 5. 1 June 1973 Surface Map 
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27 Ju ly  73. SURFACE MAP. 
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12 July  73. SURFACE MAP. 
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The l f i r s t  set ,  Figs. 5 and 6, a re  rep resen ta t i ve  of days 1, 29 June 
1 

"" and 9 and 3 Ju ly .  Almost a l l  t h e  sur face  wind da ta  show a  f l o w  i n  a  

ned d i r e c t i o n  (SE on 1, 29 June and NE on 9 and 13 J u l y )  and 

c t i o n  i s  c l o s e l y  a l i gned  w i t h  t he  general  f l o w  i nd i ca ted  i n  t h e  

"'" NHRE a) 
L ,  r d d a  . 1 he surface temperat$res*-and d&' pgint~"~lr~~~6fTsiderably 

f r o r .  ,,, inn t o  s t a t i o n  and no p a t t e r n  stands our  f o r  comparison w i t h  t he  

"- NHRE sur  ace temperatures and dew po in ts .  F igure  6 shows t h a t  the  500 mb I 
- 17QjY synopt ic  ana l ys i s  and t h e  mesoscale data mesh q u i t e  w e l l .  The mesoscale 

wind d i r h c t i o n s  f o l l o w  t h e  he igh t  contours c l o s e l y  and t h e  speeds a r e  

s imi  1  a r  10 those measured a t  Denver (DEN) and Nor th  P l  a t t  (LBF) . The 
l 

mesoscal he igh ts  d i f f e r  f rom t h e  i n t e r p o l a t e d  synopt ic  i sohe igh ts  by b 
'"' approximbtely 20 m. The temperatures a re  gene ra l l y  w i t h i n  one degree o f  

"''I ' the  DEN bnd LBF 500 rnb temperatures. The dew p o i n t  depressions are  much 

F ig .  6 showing one o f  t he  l a r g e s t  d i f f e r e n c e s  i n  dew p o i n t  

~ i a h e s  7 and 8 are  rep resen ta t i ve  o f  t h e  second category o f  maps 
. . A^.. 

and 4, 16, 17, 23, 27, 28, 31 Ju l y ) .  The main c h a r a c t e r i s t i c  

atego*.\! i s  a  much l e s s  organized sur face  and low l e v e l  (below 

- $ ' .a  <*:I. I 700 mb) If The sur face  wind speed (5-10 k t s )  i s  g e n e r a l l y  weaker than 
* -19'" f 7 4  

t '  wind speeds o f  t h e  f i r s t  category (10-15 k t s ) .  The d i r e c t i o n  o f  t h e  

o t  w e l l  de f ined  and t h e  d i r e c t i o n  changes f rom 1200 t o  1500 t o  

l a r g e r  than those i n  t h e  f i r s t  ci%egory. The budget data 

general 1y  r e f 1  e c t  these l a r g e r  d i r e c t i o n  d i f f e r e n c e s  and d i r e c t i o n  changes 

. t ~ . '  8 w i t h  time. This l a c k  o f  a  w e l l  de f ined  f l o w  d i r e c t i o n  over t he  e n t i r e  

400 km quare area extends up t o  about 700 mb. A t  500 mb the  f l o w  i s  f 
q u i t e  s  00th and t h e  mesoscale wind, temperature, and dew p o i n t  depression I 
data me h  as w e l l  w i t h  t he  synopt ic  sca le  ana l ys i s  as i n  t h e  case of t he  

- 1 .- - - - - - . 



f i r s t  category. The sur face temperatures and dew p o i n ~ .  abairl .IIUW large 

s t a t i o n  t o  s t a t i o n  d i f fe rences  w i t h  no c l e a r  pa t te rns  p r t  n t .  The low 

bn@l eve1 wind d i r e c t i o n  changes i n  t he  NHRE area a re  somewhad smoother because 

?d$ r t l the data a re  f i l t e r e d  by app ly ing  a l i n e a r  rep resnn ta t i o r  qnr and v. 

y(&his smooth v a r i a t i o n  migh t  no t ,  however, accu ra te l y  reprek : a l l  t he  

sdf d j i l o w  l e v e l  d i r e c t i o n  changes suggested by the  surrounding - I - r face  

dm, 002'lobservations. As po in ted  o u t  i n  Chapter 11, sec t i on  3A, i s  assumed 

s f a :  l i n e a r  f i t  cou ld  be a source o f  e r r o r .  For tunate ly ,  these p o s s i b l y  non- 

l i n e a r  flows a r e  n o t  t oo  deep and above them Fig.  8 shows t h e  l i n e a r  

approximation t o  be q u i t e  appropr ia te.  

~ J " Q  The t h i r d  category occurs on o n l y  t h ree  days, 12, 16 

jnfoq  the f l ow  de f ined by  t h e  h o u r l y  observat ions and by t h e  NHR data. I f  

t h i s  convergence zone i s  on the  order  o f  50 t o  100 km wide, t h e  l i n e a r  E 
v a r i a t i o n  assumed i n  t h e  NHRE data cou ld  be a good rep re rnb ta t i on .  I f  

t h e  zone i s  very  sharp, say 5-10 km, t h e  assumed srnoot ii . . 

would be a source o f  e r r o r .  For tunate ly ,  t he  h o u r l y  obser a t - ~ o n s  do n o t  i, 
show any marked d i f f e r e n c e  i n  temperature o r  dew p o i n t  ac -ss t h e  conver- 

gence zone t h a t  would compound t h i s  poss ib le  non 1 i n e a r i  ty. Th i s  conver- 

gence l i n e  i s  a l s o  q u i t e  shal low. On 16 and 24 J u l y  t h e  530 mb f l o w  again 

has a s ing le ,  we l l -de f ined  d i r e c t i o n  and t h e  mesoscale pat , tern meshes as 

w e l l  as t h e  prev ious two ca tegor ies  w i t h  t h e  synopt ic  pa t te rn .  The 

12 J u l y  case, F ig .  10, d i sp lays  the, w e ~ k s s t  onf,g,ll th?  500 mb f lows,  b u t  

t he  mesoscale da ta  a r e  s t i l l  cons i s ten t  w i t h  t h e  f l a t  c o n t w r  data 



The abgye descriptions show t h a t  the mesoscale budget data f i t  very 

OW: well w i t h  the larger  scale  data i n  the sense t h a t  c i rcu la t ions  t h a t  a r e  

well def i  ed over the 400 km square area a r e  a1 so we1 1 defined by the P 
budget I .a. The hourly observations t ha t  show a weak and i l l  defined 

sonL,l flow arl lchoed by a s imilar  weak flow i n  the  budget area. The hourly 

surface servations provide another piece of data i n  addition t o  the 

and dew point f i e l d s .  These observations supply the 

.?-! only visubl estimate of the cloud cover over the  400 km square area.  The 
I - 

ZL: next sel on will discuss these observations and use them a s  the  basis  

5 ... fo r  sew noael radiat ion calculations.  

Calculations 

A siingl e net  radiat ion divergence prof i l e  i s  calculated fo r  the 
I 

weak, sudpressed and weak, developing average convective s i tua t ions  
ra  23387 

men ti One? 
section 1B. The temperature and water vapor p rof i l es  t h a t  

a re  used J i . .  the calcula t ion (see Chapter 111, section 5)  a r e  described 

in de ta i l  i n  section 4.  The subjective assessment of the cloud cover t o  

be used n the long wave radiation calcula t ion i s  presented in Table 4. 1 
&ui, c(6. +r!cr:J 3 df IIN+Ĵ  Table 4. Cloud Cover Used i n  f m  dl 

Long wave Radiation 
. i , , c  iiiw2 , .:14v a )  ~ { Y C  3 + , e f ~ m  C I  Calculations. r r vrvt 2113 03 

Data IJ~Q:, Cloud Estimate Values i n  long wave program 

7 '- i n  Synoptic Code Fractional A r f ?  , o r r f ~ ~ d  Base-Top 
Covered (mb) 

1 .  Weak, 600, 2500 .75 c lea r  
Suppressed 125i ;"fl 19-1" 675-500 

I 

700, 2500 .75 c l ea r  

.I25 625-350 

.I25 300-250 



The est imates o f  c loud cover i n  Table 4 g iven i n  syn p t i c  code are P 
based p r i m a r i l y  on the  h o u r l y  sky cover observat ions reco ded a t  t h e  two I 
s t a t i o n s  d i r e c t l y  n o r t h  o f  t h e  NHRE area (BFF and AIA, se Fig. 6 ) and t 
t h e  one s t a t i o n  south o f  t he  NHRE area (AKO). The two s t e t i o n s  t o  t he  

west o f  t he  NHRE area (CYS and DEN) were a f f o rded  somewhah l e s s  importance 

because they  are  c lose  t o  t he  f o o t h i l l s .  The c loud mode l  t o  be used i n  

t he  r a d i a t i o n  program i s  based on t h i s  est imate and on t h e  f o l l o w i n g  

f a c t o r s .  The cumulus c loud base l e v e l s  were approximate1 ad jus ted  t o  Y 
t h e  appropr ia te  l i f t i n g  condensation l e v e l .  The choices b f  t h e  cumulus 

tops a re  approximately a t  t h e  UT l e v e l  (see sec t i on  I D  f o  d iscuss ion  o f  t 
U )  The c i r r u s  clouds were pu t  a t  a near tropopause l e v  1 and assumed t 
t o  be 50 mb t h i c k .  The s p e c i f i c  area c loud coverages a r e  w i t h i n  t he  

bounds o f  synopt ic  code est imates, b u t  a r e  otherwise a r b i t r a r y .  
-- 

The long, shor t ,  and n e t  r a d i a t i o n  heat ing  r a t e s  a r e  presented i n  

Figs. 11-12. Al though t h e  r a d i a t i o n  c a l c u l a t i o n  was c a r r ~ i e d  o u t  t o  t h e  

1 mb l e v e l ,  o n l y  t h e  p r o f i l e s  f rom t h e  850 mb t o  150 mb 1 ve l  a r e  presented. e 
The apparent source o f  mo is t  s t a t i c  energy i s  approximate 

l a r g e r  than t h e  r a d i a t i o n  source. 

The n e t  r a d i a t i o n  source i s  much smal le r  than t h e  co / l t r i bu t i ons  due 

t o  t h e  i n d i v i d u a l  long  and s h o r t  wave components, and i s  e r y  much smal le r  

than t h e  apparent source o f  h. The r a d i a t i o n  c o n t r i b u t i o  

moderate and p r e c i p i t a t i n g  average budgets a re  neglected n t h e  bas is  o f  

t he  very  smal l  values ca l cu la ted  f o r  weak convect ion case 

p r o f i l e s  a re  n o t  presented f o r  moderate and p r e c i p i t a t i n g  cases because 

t h e  increased c loud cover makes t h e  impor tan t  s h o r t  wave b o n t r i b u t i o n  

suspect (see Chapter 111, sec t i on  5). 



OK/day 
R a d i a t i o n  5ource - Weak Suppressed Convection. 



*K/day 
Figure 12. R a d i a t i o n  Source - Weak Deve lop ing  Convect ion.  



I 
The neg lec t  o f  t h e  divergence of t h e  r a d i a t i o n  f l u x  i n  t h e  atmosphere 

does no4 mean t h a t  r a d i a t i o n  i s  unimportant.  F i r s t ,  i t  i s  t he  divergence 

o f  Fr 

The surfrace 

water 

i n  a 

l i t t l e  : 

r a d i a t i o n  
I 

4. Budgets 

A. Weac 

t J a t  i s  be ing neglected and n o t  t h e  f l u x  t h a t  reaches t h e  ground. 

r a d i a t i o n  f l u x  f o rces  d r y  low l e v e l  thermals and evaporates 

from the  ground. Second, a r e l a t i v e l y  smal l  magnitude o f  a term 

die.gnostic budget c a l c u l a t i o n  i s  n o t  a statement t h a t  t h e  term has 

f f e c t  on t h e  l a r g e r  budget terms. The proper  i n t e r p r e t a t i o n  of 

e f f e c t s  on mesoscale c i r c u l a t i o n s  remains f o r  o the rs  t o  model. 

f o r  Various Convective S i t u a t i o n s  

Suppressed Convection 

'k 

Shpl low, non-preci  p i  t a t i n g  c louds t h a t  do n o t  produce radar  echoes 

were present  du r i ng  a l l  39 o f  t h e  da ta  i n t e r v a l s .  There were f o u r  days 

i n  which t h i s  weak convect ion d i d  n o t  develop any radar  echoes du r i ng  t h e  
I 

day. Tpe budget c a l c u l a t i o n s  f o r  t h e  f i f t e e n  data i n t e r v a l s  i n  these f o u r  

days ha le  been averaged and w i l l  be taken t o  represent  weak, suppressed 

convect ion. 

BOMEX 

Be t t s  

( r i d g e  

a c t i v i t y  

Th i s  c l a s s i f i c a t i o n  i s  a f i n e r  d i v i s i o n  o f  t h e  "undis turbed" 

pe r i od  discussed by H o l l  and and Rasmusson (1 973), N i  t t a  (1 975) , 

(1975); o r  t h e  "no echo" c l a s s  o f  Ninomiya (1974); o r  " reg ion  8" 

reg ion)  of Reed and Recker (1971); o r  t h e  "weaklabsent" convect ive 

pe r i od  of Augstein, e t  a1 (1973). ~ 
The general v e r t i c a l  s t r u c t u r e  o f  t h e  thermodynamic var iab les ,  as 

represented by 0 ,  q, and h, i s  presented i n  F igs.  13a-c. A l l  f i v e  data 

i n t e r v a l s  i n  13 J u l y  conta ined a d i s t i n c t l y  cool  lower l a y e r ,  and i n c l u s i o n  

of day 13 J u l y  i n  a s i n g l e  average produced an unrepresenta t i ve  low l e v e l  

thermodynamic s t ruc tu re .  Consequently, two se ts  o f  average 

namic p r o f i l e s  a re  presented. One i s  f o r  13 J u l y  and t h e  o the r  

remaining da ta  i n t e r v a l s  (see Table 3 f o r  s p e c i f i c  dates and 



Tqvsl rwprrl ~ i j a 3  Figure 13. Weak Suppressed Convection Thermodynamic 
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1 Figure 14. Weak Suppressed Convection Lq Budget 



Figure 15. Weak Suppressed Convection s ~ u d ~ d t  
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t imes).  Above t h e  l e v e l  a = .70 t h e  average lapses o f  e ,  q, and h a re  

s i m i l a r .  Indeed, t he  s t a b l e  lapses o f  e and h and t h e  dekreasing values 

o f  q a re  q u i t e  rep resen ta t i ve  o f  a1 1 15 data i n t e r v a l s .  Below 0 = .70 

on 13 J u l y  q ma in ta ins  a f a i r l y  constant  va lue f o r  a l l  f i p e  data per iods 

and e s t a b i l i z e s  s l i g h t l y  as t h e  day progresses. The av 

a = .8 o r  .7) p r o f i l e s  f o r  per iods o the r  than 13 J u l y  a r  

t a t i v e  o f  t he  i n d i v i d u a l  p r o f i l e s  except f o r  one f e a t u r e  

does n o t  show t h e  d i u r n a l  change i n  t h e  e, q and h p r o f i  

of e and h from o = 1.0 t o  a = .8 d e s t a b i l i z e s  w i t h  t ime 

l e v e l  q decreases l e s s  w i t h  he igh t  as t he  day progresses. 

The average l i f t i n g  condensation l e v e l  f o r  13 J u l y  

f o r  t he  r e s t  o f  t he  weak suppressed convect ion per iods  i 

though the  low l e v e l  thermodynamic p r o f i l e s  a re  q u i t e  d i  

a re  about t h e  same. I n  a s i m i l a r  fashion,  t h e  budgets f 

do n o t  show any organized d i f f e r e n c e s  as s t r i k i n g  as t h e  

p r o f i l e s .  Consequently, t he  f o l l o w i n g  d iscussions a r e  b 

taken over a1 1 15 data i n t e r v a l s  t h a t  have weak suppress 

The average o f  t h e  15 diagnosed v e r t i c a l  v e l o c i t i e s  

i n  Fig. 13d. The average p r o f i l e ,  however, i s  n o t  repres  

i n d i v i d u a l  p r o f i l e s  t h a t  went i n t o  i t s  making. The aver  

approx imate ly  zero v e r t i c a l  mot ion i n  t he  subcloud l a y e r  

s i n k i n g  mot ion above the  l a y e r  o f  upward v e r t i c a l  v e l o c i  

t h a t  t he  l a y e r  o f  ascending mot ion moves up and down and 

v e l o c i t i e s  a re  l a r g e r  than the  downward v e l o c i t i e s  obscurh the  presence 

of t h e  s i n k i n g  motions. I n  t e n  o u t  o f  t h e  f i f t e e n  cases,' t h e r e  was subcloud 

s ink ing  mot ion o f  about 2-3*10-%b/sec. The upper l e v e l  s i n k i n g  mot ion 

i n  another ( d i f f e r e n t )  t en  cases was much more pronounced (2-3*10'~ mb/sec) 



than the  average p r o f i l e  suggests. These i n d i v i d u a l  l a y e r s  o f  s i nk ing  

average mot ion a r e  compatible w i t h  t he  occurrence o f  weak, suppressed 

convect ion. Only two i n t e r v a l s  do n o t  show a subcloud and/or an upper 

l a y e r  o f  

convect idn. 

The 

i n  Chapt2r 

o i .  F ig.  

t he  subcloud 

average 

f i f t e e n  

negat ive 

t h e  p o s i t i v e  

I 

subsid ing mot ion t h a t  would be compat ib le  w i t h  t h e  suppressed 

average w p r o f i l e  i s  a l s o  presented i n  F ig .  13d. As was discussed 

111, sec t i on  1, w i s  equal t o  T; p l us  t h e  c o n t r i b u t i o n  due t o  

13d shows t h a t  t h e  average a; c o n t r i b u t e s  an upward component i n  

l a y e r  and a downward component above c loud base. Th i s  o; 

i s  q u i t e  rep resen ta t i ve  o f  t he  i n d i v i d u a l  cases. Th i r t een  o u t  o f  

cases show a p o s i t i v e  a; above t h e  LCL and n i n e  cases show a 
-+ 

a; below t h e  LCL. The dominant term i n  a; i s  Vovr. Th is  means 

values a re  due t o  a "downh i l l "  (towards h ighe r  sur face  

pressure') 

The 

Fig. 13d 

i s  

o ther  w 

t o  a 

bu t  no 

(Chapter 

mot ion and t h e  negat ive  va lues a r e  due t o  an " u p h i l l "  motion. 

i n t e r p r e t a t i o n  o f  a d i r e c t  comparison between the  u p r o f i l e  o f  

and UI p r o f i l e s  ca l cu la ted  f o r  t h e  p r e v i o u s l y  mentioned da ta  se ts  

compl icated by t h e  s lop ing  lower boundary i n  t h i s  research. The 

p r o f i l e s  a re  f o r  oceanic reg ions  and have no component o f  u due 

s lop ing  lower boundary. Th i s  problem i s  discussed i n  Chapter V I  

f i r m  conclus ions are  reached. However, t h e  argument i s  advanced 

V I ,  sec t i on  1) t h a t  a t  l e a s t  i n  t h e  lower p o r t i o n  o f  t he  

atmosphdre & i s  a v e l o c i t y  r e l a t i v e  t o  c loud base l e v e l  j u s t  as i n  

oceanic regions w i s  a v e l o c i t y  r e l a t i v e  t o  c loud base l e v e l .  Therefore, 
l 

i t  i s  reasonable t o  compare the  r; o f  t h i s  research w i t h  t h e  w o f  o the r  

s tud ies .  

omparison o f  t h i s  a; w i t h  o c a l c u l a t e d  from t h e  f o u r  data se ts  

d a t  t he  beginning of t h i s  sec t i on  shows two general d i f f e rences  



p"jfbetween t h e  p r o f i l e s .  F i r s t ,  t h e  maximum v e r t i c a l  velocid,ies i n  t h i s  

case are  much l a r g e r  than i n  t h e  o the r  f o u r  cases. The " 

. r9qquBOMEX c a l c u l a t i o n  (which reached o n l y  t o  500 mb) shows a 

h32ssmotion o f  about .5*10-' mb/sec; "weak/absentM convect ion TEX c a l c u l a t i o n s  4 
(which reached o n l y  t o  700 mb) .8*10'~ mb/sec; " reg ion  8" o f  Reed and 

~ Z ~ u ~ t ~ ~ ~ e c k e r  data (reached 100 mb) .3*10-' mb/sec; "no echoU c l  ss o f  Ninomiya a 
of 9th (reached 300 mb) 1 . l*l~-~ mb/sec. These magnitudes are  1 ! t h i r d  t o  one 

1 
fli jnqf l tenth themagn i tude of t h e  subsid ing v e l o c i t i e s  c a l c u l a t  f o r  t he  weak, 

;fb  isu up pressed convect ion average i n  t h i s  research. 

The second outstanding d i f f e r e n c e  between t h i s  c a l c  l t ed  v e r t i c a l  
I 

v e l o c i t y  p r o f i l e  (F ig.  13d) and t h e  o thers  i s  t h e  pronouncfd l a y e r  o f  

average r i s i n g  motion. The average maximum ascent r a t e  i about 3 * 1 0 - ~  

mb/sec and th ree  cases have maximum values o f  about 9*10- rnb/sec. The 

000 f o u r  p r e v i o u s l y  mentioned average c a l c u l a t i o n s  a l l  show noth ing  b u t  

t o  3 l i s u b s i d i n g  average motion. However, t he  Reed and Recker data have a l a y e r  

Z ~ J Z  $3 o f  convergence from 800 mb t o  600 mb which d imin ished t h e  s i n k i n g  mot ion 

9nfrom .3*10-~  mb/sec t o  about .O mblsec. Also, Ninomiya :1uded a l l  t h e  

9 ~ 3  l d .  i n d i v i d u a l  v e r t i c a l  v e l o c i t y  p r o f i l e s  t h a t  he used t o  co ~ t e  an average 

I V  7 "no echo" p r o f i l e .  These i n d i v i d u a l  p r o f i l e s  (which hav considerable 

a931 s c a t t e r )  show values o f  r i s i n g  mot ion o f  3 x lo-' mb/sec i; ; L ! $ g  

The average l a t e n t  heat  (water vapor) balance achiev d du r i ng  per iods 

o f  weak, suppressed convect ion i s  shown i n  Figs. 14a-d. e f i r s t  d iscuss 

sgot!+19the budget below t h e  l i f t i n g  condensation l e v e l .  The con ensat ion  source 

'9d3o term i s  zero w i t h i n  t h i s  subcloud l aye r ;  any evaporat ion s assumed t o  

occur d i r e c t l y  on the  lower boundary (a = 1 .) . F igure  shows a s l i g h t  

;?jsz n e t  ho r i zon ta l  divergence of environmental water  vapor t h  oughout t h i s  

29 
r 

laye r .  As the  average v e r t i c a l  mass f l u x  (F ig.  13d) i s  apbroximately zero 

I1 



t o  s l i g h t l y  negat ive, t he  p o s i t i v e  values o f  water vapor divergence 

i n d i c a t e  4 l o s s  of water by  advect ion.  That i s ,  t h e  h o r i z o n t a l  q g rad ien t  

i s  o r i en ted  

ho r i zon ta l  

present  i 

I n  

water vapsr 

water vapw,  

The p o s i t i v e  

a t  t h e  r a t e  

.O1 t o  .C5 

cons ider ing  

l a r g e r  than the  th ree  dimensional average divergence o f  q, and consequently, 

t he  l o c a l  t ime r a t e  o f  change o f  q (Fig. 14$ i s  p o s i t i v e  (approximately 

.3 (g/kg() I hr .  The subcloud l a y e r  moistens. 

r e l a t i v e  t o  t he  wind d i r e c t i o n  i n  a way t h a t  produces a 

l o s s  o f  water vapor. Th is  subcloud divergence o f  q i s  a l s o  

I t h e  th ree  dimensional divergence o f  q (Fig. 14b). 

t 7 i s  subcloud l aye r ,  t h e  v e r t i c a l l y  i n t e g r a t e d  apparent source of 

can be i n t e r p r e t e d  i n  a s t r a i g h t f o r w a r d  manner as a f l u x  o f  

F (F ig.  144,  due t o  d r y  convect ion and mechanical mix ing.  
9 

va lue o f  F a t  t he  sur face  i n d i c a t e s  an evaporat ion o f  water 
9 

o f  .07 cm/hr. Th i s  evaporat ion r a t e  i s  l a r g e  compared t o  t he  

cm/hr r a t e s  c a l c u l a t e d  over  t h e  f o u r  oceanic areas. However, 

t h a t  t h e  a i r  near t h e  ground i n  t h e  NHRE area was very  h o t  and 

Davidson, 

0 '  Nei 11 , 

F 
q 

the  subcloud 

1957). These data were taken i n  open p r a i r i e  count ry  near 

Nebraska du r i ng  August and September. 

lecreases w i t h  he igh t  (decreasing values o f  a) throughout most o f  

l a y e r .  Th i s  p o s i t i v e  s lope o f  F i n d i c a t e s  a convergence o r  
q 

and 8 g/kg compared t o  28OC and 18 g/kg i n  t h e  BOMEX case) i t  i s  

sonable t o  expect more v igorous evaporat ion processes i n  t h i s  

. S i m i l a r l y  l a r g e  evaporat ion r a t e s  (.04 cm/hr dayt ime mean and 

source of water vapor ( o r i g i n a l l y  supp l ied  by t h e  sur face  evaporat ion)  due 

t o  d r y  subcloud convect ion processes. Th i s  eddy convergence o f  q i s  

.05-. 06 

P la ins  TL 

cm/ h r  mid-afternoon va l  ues) have been ca1 cu la ted  f rom t h e  Great 

rbulence F i e l d  Program data  (Tables 7.3.1 and 7.3a, L e t t a u  and 



Above c loud base, Fig. 14a i n d i c a t e s  a l a y e r  o f  h n t a l  convergence 

+-.+c of q topped by a l a y e r  i n  which the  h o r i z o n t a l  f l u x  of n h iverge<.  Th is  

average p r o f  i 1 e i s  q u i t e  rep resen ta t i ve  of t h e  i n d i v i d u i  p r o f  i 1 es t h a t  

make up t h e  average. The corresponding two l a y e r  p r o f i l  auove c loud base e 
d isp layed by t h e  th ree  dimensional average divergence, I 

= MI 
lever, i s  n o t  
J J l Y r  

so rep resen ta t i ve  o f  t h e  i n d i v i d u a l  cases. I 

The F p r o f i l e  above c loud case inc ludes  the  e f f e c  
q~ 

and evaporat ion. Except f o r  a t h i n  l a y e r  near c l oud  

993 SW 1 i t s  decrease w i t h  he igh t .  The shal low l a y e r  o f  i s  cons i s ten t  

~ 1 ~ 3  09 w i t h  condensation of water a t  c loud base and a t r a n s p o r t  
T i  ' 

tTsvsh before i t  can reevaporate. Above t h i s  l aye r ,  t h e  p o s i t i v  
T 

hB ,&dicates a n e t  evaporat ion and convergence o f  water  vapo due t o  t he  I. 
2 f  - ~ f  j9 weak, suppressed cumulus clouds. Th is  convergence o f  F combines w i t h  

q l l  
the th ree  dimensional divergence o f  q t o  produce a pos i t i / ve  t ime change o f  q. 

hn w i  I n  general ,  t h e  F p r o f i l e s  c a l c u l a t e d  from t h e  NH data and from 
q~ 

fs! t h e  o the r  f o u r  se ts  o f  data a re  q u i t e  s i m i l a r  i n  t n a t  t he  

LX-C ,, f a i r l y  constant  decrease w i t h  he igh t .  Th is  decrease mean 

cumulus c louds add mois tu re  t o  t he  c loud l a y e r .  The ma' d i f f e r e n c e  i s  

t h e  magnitude o f  t h i s  p o s i t i v e  s lope which determines t t  

3 ,  f,,, sur face evaporat ion. 

va lue o f  the  

70 Jsnwlavl?, Theaverage d r y  s t a t i c  energy balance achieved d u r i n g  per iods  o f  weak, 

4Ul, (no~,~uppressed convect ion i s  shown i n  F igs.  15a-d. The f i r s 1  h ing  t h a t  i s  

apparent i n  t h e  s budget i s  t h e  s t r i k i n g l y  c l ose  balancc f t h e  apparent 

,yt~mwgz source o f  s and t h e  t h r e e  dimensional divergence o f  t he  erage f l u x  o f  s -. 
yr.t$u That i s ,  t h e  t ime change o f  s shown i n  Fig. 15c i s  very  5 11 (note t h e  

sca le  i n  Fig. 1 5 ~ ) .  I n  bo th  t he  average and a l l  t h e  i nd i v j dua '  cases, t he  



so similar to  the q budget, there i s  a convergence of F in the 
St 

1 ayer. The dry, subcl oud upward convergent eddy transport of 

local t i  e ra te  of change of s i s  ten to  one hundred times smaller than 

the tota  1" divergence and apparent source terms. The atmosphere acts  to  

both dry s t a t i c  energy and water vapor can reasonably be pictured as 

maintain 

The 

divergen:e 

converge 

e r ra t i c  

average 

divergen~e 

in Fig. 

average 

represen(ting the addition of energy by mechanical mixing and unsaturated 

a character is t ic  thermal structure.  

profiles tha t  are averaged t o  produce Fig. 154 the horizontal 

of the flux of s ,  a l l  display many layers of a1 ternating 

ice and divergence of the flux of s. However, when these rather 

~ a t t e r n s  are added t o  the vertical  divergence of s ,  both the 

and most of the individual profiles of the three dimensional 

of the average flux of s assume the two layer profi le  shown 

15b. In the subcloud layer there i s  a net divergence of the 

flux of s jus t  as there was a net divergence of the average flux 

above cloud base suggests a net evaporation of cloud water 

data intervals containing weak suppressed convection. 

thermals. 

Th re  are  several s imi lar i t ies  and differences between the apparent f' 

Above cloud base there i s  a net divergence of F . Recalling 
St 

source f s ( less  the radiation contribution: Ql- r )  calculated for  weak, ci 

the appalrent source of water vapor indicated in Fig. l4d, the negative 

suppresded convection over the continental mesoscal e area studied in t h i s  

researc and Ql-r  calculated for  the three larger ,  oceanic areas (Ninomiya, 1 
1974, did not calculate an s budget). The BOMEX and ATEX calculations 

both show low level convergence of F and an upper level divergence of 
St 

data extend only to  500 mb and 700 mb, respectively) which i s  

to the pattern of Fi9. 15d However, in the case of the NHRE data,  



nsds . the converg"e"nte o f  s  occur$ below c loud baseswhi le  t h e  BO EX and ATEX I' 
03 r j : c a l c u l a t i o n s  show t h i s  convergence w e l l  i n t o  t h e  c loud l ade r .  The t h i r d  

c a l c u l a t i o n  o f  Q1 by  Cho and Ogura (1974) us ing  the  Reed nd Recker (1971) a 
I sJmda ta  would produce an Fs p r o f i l e  t h a t  would have subclou 

L 
prand divergence o f  s  above, except f o r  t h e  l a y e r  from 700 

where s l i g h t  convergence i s  ind ica ted .  The magnitude o f  -r from the  
q1 

NHRE da ta  i s  l a r g e r .  than t h e  magnitude c a l c ~ l l a t e d  i n  the 

f a t  cases. 

wodz s l f l T h e  average mo is t  s t a t i c  energy budget achieved du r i dg  per iods o f  

grweak, suppressed convect ion i s  shown i n  F igs.  16a-d. The 

the  sunisAof t h e  respec t i ve  s  and Lq graphs. The h o r i z o n t  

o f  t h e  f l u x  of h  (F ig.  l6a) i s  ma in l y  determined by the  s  l u x  divergence 

90 P c o n t r i b u t i o n .  Below c loud base t h e  th ree  dimensional ave 

r s  divergence o f  bo th  Lq and s produce a very  c lea r  n e t  d i v e  gence o f  t h e  t 
hs f6~u lave rage  f l u x  o f  h  (Fig. l6c ) .  Above c loud base t h e  Lq an ; f l u x  

pnf r 1s:divergences general l y  cancel . The t ime change o f  h  (F ig.  ~ D I  I ' ; due 

svkiatmost e n t i r e l y  t o  t h e  t ime change o f  water vapor. 
I 

~ s f s *  huol: The convec t ive  f l u x  o f  h, Fh (F ig. l6d) ,  can be i n t e  p re ted  i n  a I 
 straightforward manner because t h e  apparent source o f  h  s nn rondensat i  on/ 

tns-vsqtevaporation source term. Below c loud base, Fh has a d e f  i t e  p o s i t i v e  
I 

I - -  s l  ope i n d i c a t i n g  a convergence o f  t h e  d r y  cc--.--"-.- - - A  fechanical  l y  

induced f l u x  o f  m i s t  s t a t i c  energy. Th i s  I vergence codt inues t o  t h e  

i f  l e v e l  a = .49, and above c loud base i s  associated w i t h  t weak cumulus 

a ~ n o H c o n v e c t i o n .  The c loud l a y e r  p r o f i l e  o f  bnth Fh and F i n t e r p r e t e d  

I f u r t h e r  i n  sec t i on  2 o f  Chapter V I  w i t h  t h e  use o f  a  sim ? d i agnos t i c  

cumulus convect ion model . 



'I 
The (nagnitude of Fh calculated fo r  the NHRE data i s  larger than 

that  calqulated in the previously mentioned studies. The surface value of 

Fh shown in Fig. 16d i s  631 kg sa3 compared to  a value of approximately 

180 kg s noted by Betts (1975). The value 631 kg s - ~  does not exceed 

the 725 g s-3 figure noted as an upper l imi t  i n  Chapter 111, section 4 ,  I 
similar feature in the sharply increasing slope from o = .7 t o  CJ = .6.  

b u t  i s  

clear sky. 

Fig. 16d 

layer. 

cloud 1 

The budget description of weak, suppressed convection presented in 

prhobably somewhat too large, because the upper 1 imit refers to  a 

In addition t o  the large magnitude, the profile of Fh in 

has i t s  maximum positive slope (convergence) in the subcloud 

'-he other studies have layers of maximum slope of Fh within the 

ayers. The Fh prof i le  of Fig. 16d does, however, show a somewhat 

t h i s  sec ion i s  summarized i n  Chapter VII. i; 

~hab low, non-precipi ta t ing clouds tha t  did not produce radar echoes 

B. Weak, 
~'. - -.. 

l. 
1 1 

Developing Convection I 

during 

i tation 

averaged and the average i s  taken to  represent weak, developing convection. 

given data periods, b u t  l a t e r  developed into echo and/or precip- 

producing clouds occurred during seven data intervals.  That i s  , 

there 

budgets 

Th main feature of th i s  c lassif icat ion i s  the idea that  the i 
convection i s  developing. The radar data show tha t  the clouds are 

were no echoes present during these seven data intervals.  The 

for  the seven intervals (occurring over four days) have been 

developing in the sense that  some become large enough to  produce radar 

echoes. In addition, the convection i s  probably developing i n  the sense 

that  t h  number and/or s i t e  of the non echo producing clouds are also @ 
increasjng. This general increase of cloudiness makes the change of 

cloud s orage term (see Eq. 5) important i n  the budget calculations. t 
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The storage term i s  modeled i n  Chapter V I  and i n  t h i s  sc 

i s  app l i ed  t o  t he  budget ca l cu la t i ons .  

The general v e r t i c a l  s t r u c t u r e  o f  t h e  thermodynamic' 

represented by 9 ,  q and h i s  presented i n  F igs.  17a-c . 1 

p r o f i l e s  o f  e ,  q, and h are  q u i t e  rep resen ta t i ve  o f  t h e  i 

t h a t  were used t o  form the  averages. The p r o f i l e s  a re  gc 

t o  t h e  weak, suppressed convect ion 0,  q , and h p r o f  i 1 es i 

data per iods  n o t  i n c l u d i n g  13 J u l y  (see F ig .  13) .  The a\i 

developing convect ion, however, has a s l i g h t l y  l e s s  stab1 

8 and h (Figs. 17a-C) than t h e  suppressed average case. 

i s  n o t  due t o  t h e  d i u r n a l  d e s t a b i l i z a t i o n  mentioned i n  se 

the  m idpo in t  t ime o f  t h e  average da ta  i n t e r v a l  i n  t h e  de i  

(1313 LST) i s  approx imate ly  one hour e a r l  i e r  than the  avc 

midpo in t  t ime i n  t h e  suppressed case (1425 LST). So i t  2 

t he rma l l y  t h e  atmosphere i s  l e s s  s tab le .  The second d i f f  

t he  low l e v e l  mo is tu re  i s  s l i g h t l y  l a r g e r  i n  t h e  suppress 

average than i n  t h e  developing convect ion average. The c 

temperature and lower mix ing  r a t i o  r e s u l t  i n  a h igh  aver2 

condensation l e v e l  (a = .74). 

The average v e r t i c a l  v e l o c i t y  p r o f i l e ,  F ig.  l7d, shoh 

upward mot ion a t  a l l  l e v e l s .  The c o n t r i b u t i o n  o f  o i  i s  n 

t o  produce any d i f f e r e n c e  i n  s i g n  o r  general  shape betwee 

p r o f i l e s .  The v e r t i c a l  v e l o c i t y  p r o f i l e  f o r  weak, develc 

i s  c l e a r l y  d i f f e r e n t  than t h a t  f o r  weak, -suppressed conve 

The average a6 p r o f i l e  i s  rep resen ta t i ve  o f  f o u r  o f  

i n d i v i d u a l  cases. One o f  t h e  i n t e r v a l s  (24 J u l y )  has wea 

mot ion i n  t he  subcloud l a y e r  w i t h  ascending motion above 

t i o n  t h e  model 

---- 
ar iab les ,  as 

e average 

d i v i d u a l  p r o f i l e s  

e r a l l y  s i m i l a r  

eraged over 

rage weak, 

lapse r a t e  o f  

h i s  d i f f e r e n c e  

t i o n  4A, because 

l o p i n g  case 

age data i n t e r v a l  

pears t h a t  

rence i s  t h a t  

d convect ion 

ea ter  sur face 

e l i f t i n g  

a w e l l  de f ined  

t l a rge  enough 

the  T; and u 

i ng convect ion 

t i o n .  

he seven 

descending 

loud base. Two 



,.?;.j -t cases (2  Ju l y )  have a  mid l e v e l  l a y e r  o f  descending motion, b u t  t h i s  1 
reg ion  o# descending mot ion becomes shal lower and weaker as day 27 J u l y  

fri pC9{ progress s. It i s  absent i n  t he  l a t e r  i n t e r v a l s  con ta in ing  echoes. The li 
average i r o f i l e  i n d i c a t e s  the  l a r g e s t  upward mass f l u x  change (i .e. , 

onvergence) occurs i n  t h e  subcloud l aye r .  Th is  f ea tu re  i s  

resent  i n  f i v e  o u t  o f  t he  seven i n d i v i d u a l  a6 p r o f i l e s .  

The magnitude o f  t h e  ca l cu la ted  n; i s  much l a r g e r  than t h e  magnitude I o f  the  m ss f l u x  per  u n i t  area c a l c u l a t e d  i n  t h e  "d is tu rbed"  BOMEX per iod  

(. 1  x l o t 3  mb/sec) o r  any o f  t he  e a s t e r l y  wave regions s tud ied  by Cho and 

Ogura (1 74) (1 x  1  o - ~  mb/sec) , o r  t h e  "weak echo" average (.3 x 1  o - ~  mb/ I 
''I -c ; 

sec) c a l  u l a t e d  by Ninomiya (1974). The magnitude o f  n6 f o r  weak, f 
+ ;  , developihg convect ion i s ,  however, about t he  same as t h a t  ca l cu la ted  by 

i n  Chapter V I  i n  terms o f  a  cloud-environment mass f l u x  

9,3j Ninomiya 

  he/ average water vapor balance achieved i n  the  case o f  weak developing 

(1974) f o r  an average echo c l u s t e r .  These l a r g e  magnitudes a re  

convect n i s  presented i n  F igs.  18a-d. As cont ras ted  t o  t he  suppressed 

nayeyage, bo th  ,$he hgr jzon ta l ,  an_d th ree  dimensional average 

.!t a water vapor have convergent v e r t i c a l  p r o f i l e s  (Figs. 18a, b )  

t s o s t  o f  t h e  atmosphere. ; [ L , n -  : ,fu f ; : 5 ~ b ~ 5 9 ~ f f 0 3  

p r o f i l e  of t h e  v e r t i c a l l y  i n t e g r a t e d  apparent source o f  water 

vapor i s  presented as t h e  do t ted  l i n e  i n  F ig.  18d. The apparent source 

i n c l  !s t he  p rev ious l y  neglected ,c_!oud s to rsge .rep. This d o t t e d  p r o f i l e  

J f  , i nd i ca tes  a  c loud l a y e r  s i n k  o f  qT and a  negat ive  sur face value o f  F 9 ' 

,:,, An i n t c .  , r e ta t i on  o f  t h i s  p r o f i l e  i n  terms o f  n e t  condensation and prec ip -  

i t a t i o n  i s  c l e a r l y  i n c o n s i s t e n t  w i t h  t h e  absence o f  observed radar  echoes 

,, , o r  p r e c i p i t a t i o n .  The do t ted  p r o f i l e  and t h e  d e s c r i p t i o n  of the  convect ion 



-94- 

~ fd^ ,s '  "developing' doesi$jg'est , however, an i n t e r p r e t i t I d n  I terms o f  t h e  

yr1 'I prev ious l y  neglected change of c loud storage. ~ ' .  lw938eb P<, : - 

sriT The amount o f  water  used t o  increase t h e  c loud s t o r a  e i s  modeled i n  k 
. Chapter V I .  Th is  modeled l o s s  o f  water  has be"ek5dbtractdd from the  

r d o t t e d  p r o f i l e  t o  form t h e  convect ive f l u x  Fq ( s o l i d  l i n  
T 

The p r o f i l e  o f  Fq i n  the  c loud l a y e r  ( s o l i d  l i n e ,  Fig.18 
T 

g b t ~ j i f l p r e l a t e d  t o  t h e  c loud l a y e r  F f o r  weak, suppressed conve 
q~ 

bop199 Chapter V I ,  sec t i on  3).  I n  add i t i on ,  t h e  d e t a i l s  o f  t h e  developing 

b ~ ~ ~ c o n v e c t l o n  Fq p r o f i l e  ( f o r  example, t h e  smal l  neganve  ues near mid- 
t - T 

Ocloud l e v e l )  a r e  s t r o n g l y  in f luenced by the  choice o f  c lodg storage 

m"oe1. Consequently, i t  wi  11 s imply be noted' t h a t  
q~ 

p r o f i l e  general  l y  i n d i c a t e s  a moistening o f  t he  environment by convect ion. 

The s lope o f  t h e  Fq p r o f i l e  below t h e  LCL i s  n o t  a f f  
T 

c loud storage model. The sur face  value o f  Fq , however i s  s t r o n g l y  
T 

dependent upon t h e  c loud storage model . Fig.  18d shows d r y  convect ion 

and mechanical m ix ing  a1 so a c t  t 6 - k i s t e n  t h e  environment. 

The d r y  s t a t i c  energy budget f o r  weak, developing rqn e c t i n n  i s  v 
presented i n  F igs .  19a-d As i n  t h e  budget f o r  suppress6 convect ion, a  

very  near balance between t h e  three-dimensional averaye s / f lux  and t h e  

convect ive s  f l u x  i s  i n d i c a t e d  by the  near zero va lue o f  e  t ime change 

tni u l r ~  v "-,., '9'6bf s (Fig. 19c). Th i s  b a l a R e  occurs i n  bo th  thenabePage a ' ' nd i v i dua l  1. 
p r o f  i 1 es . r r E i -  . 

~ h e i e - i  s  a s t rong h o r i i o n t a l  ' conv;rgence o f  s  (Fig. 1  a ) be1 ow 

c loud base u n l i k e  t h e  suppressed average. However, t h i s  co vergence i s  n o t  

l a r g e  enough t o  produce a convergence of t h e  three-dimensi I n a l  average 

f l u x  o f  s  below c loud base (Fig. 19b ). TR2P8"ls a n e t  avebage f l u x  o f  s  

divergence below c loud base as the re  was i n  t h e  suppressed case. Th i s  'I 



average d flux divergence continues into the cloud layer i n  contrast to  the 
3 

converge t DIV3(sV3) profile fo r  weak, suppressed convection. i 
The (integrated apparent source of s (dotted 1 ine, Fig. 19d) contains 

the cloud storage term. This dotted profi le  shows convective warming 

through0 t almost a l l  of the cloud layer. The importance of the cloud i 
storage ierm explains how th i s  heating can occur in the absence of precip- 

i ta t ion .  The solid l ine  i n  Fig. 19d i s  the profi le  of F and i s  formed 1 st 
by subtr cting the modeled cloud storage term from the dotted profile.  

cloud layer profi le  of F i s  closely related t o  the cloud 

layer ~~k fo r  weak, suppressed convection (see Chapter VI, section 3 ) .  

Conseque t l y ,  i t  will simply be noted tha t  above the LCL the F h 
generallk indicates a cooling of the environment by convection. The slope 

prof i 1 e be1 ow the LCL i s  independent of the cloud storage model . 
by dry convection and mechanical mixing i s  indicated 

below clloud base. 

2 ' t ~ l . .  
Th moist s t a t i c  energy budget for  weak, developing convection i s  e 

presentdd in Figs. 20a-d. The subcloud convergence of the horizontal 

flux of h (Fig. 20a) i s  nearly compensated by the diverging vertical  

average f l u x  of h .  The resu l t  i s  a near zero three dimensional convergence 

of the verage flux of h (Fig. 20b) in the subcloud layer.  The three- i 
dimensi nal flux and the apparent source of h combine to produce a positive i 
time chgnge of s in the subcloud layer (similar to  the suppressed convection 

case).  , In s ix  out of seven cases, however, shortly above the LCL the time 

change of h (Fig. 20c) f a l l s  to near zero ( in  contrast  to  the positive 

time change throughout the suppressed case cloud 1 ayer ) . 
Be h ow the LCL the convective flux of h (sol id 1 ine, Fig. 20d) shows 

a net abdition of moist s t a t i c  energy to  the environment by dry convection 



343 o f  f z  and mechanical mix ing.  The sur face value o f  Fh i s  s t r o r - ' y  a f f e c t e d  by 

t h e  c loud storage model. The p r o f i l e  o f  Fh above t h e  LC i s  a l s o  

c l o s e l y  r e l a t e d  t o  t h e  c loud storage model. The p r o f i l e  +as a p o s i t i v e  

~ n ' i  (convergent) s lope i n  t h e  lower h a l f  o f  t h e  c loud l a y e r  a ~ d  t h i s  represents 

an a d d i t i o n  o f  h t o  t h e  environment by convect ion. The d i ve rgen t  Fh 

p r o f i l e  o f  t h e  upper ha1 f o f  t he  c loud 1 ayer i s  present  f 3 r  most reason- 

ab le  model c loud storage values (see Chapter V I ,  ,s~cQ,gn 3 ) .  This  

negat ive  s lope o f  Fh i nd i ca tes  an i n t r o d u c t i o n  i n t o  t he  ewi ronment  o f  

r e l a t i v e l y  smal l  values o f  h by convect ion, and i s  probably  

erroneous. 5:ri- 1 ~ t  7 i r 

. ~ r i t o ~ q  3 The budget d e s c r i p t i o n  o f  weak, developing c o n v e c t i l  presented 
q 2 

gqofr 441 i n  t h i s  sec t i on  i s  summarized i n  Chapter V I I .  ;.!:in .- ; 

C. Moderate Convection 

Cumulus convect ion t h a t  produced radar  echoes b u t  no measured 
Z t  ie;'-... 

p r e c i p i t a t i o n  occurred i n  t h e  data volume du r i ng  seven da,:a i n t e r v a l s  
t 631' 

(see Table 1).  Two o f  these data i n t e r v a l s  (24 J u l y  1806, 31 J u l y  1448) 
fs; 

w i l l  be excluded from t h i s  data se t ,  because o f  ext remely u n r e a l i s t i c  Fh 
smspvsvnc 

p r o f i l e s .  The very l a r g e  d ivergent  slopes and negat ive  s ~ r f a c e  values o f  
-947ti 

these two Fh p r o f i l e s  a re  n o t  r e a l i s t i c .  The i r  l a r g e  m a g ~ i t u d e  and t h e  
~ V I  ~1 

f a c t  t h a t  they  represent  two-sevenths o f  t he  average budaet produces 
.ro 'r3 muno2 

unreal  i s t i c  average Fh p r o f i l e s .  The f i v e  remaining dat i n t e r v a l s  occur 
smiS  arlf 

on f o u r  d i f f e r e n t  days. Th is  convect ion i s  probably  i n  t 
9 Y i  - 

d i s s i p a t i n g  stages. Three o f  t h e  data i n t e r v a l s  show a d 

o f  radar  echoes i n  t he  i n t e r v a l  o r  a decrease i n  a subseqhent i n t e r v a l .  

The remaining two data i n t e r v a l s  have o n l y  one o r  two ech b es present  i n  

t he  data "olurne and t h e  i n t e r v a l s  end 1 a t e  i n  ( a f t e r  1800 LST). 
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The poss ib le  occurrence o f  p r e c i p i t a t i o n  (even though none was recorded) 

$ ' ,  I, 
' I .  .Z i, -' 

4". , 
.. . *,:'-, 

$$ ,, - 
k,,, ' , ; 

i s  anothier c h a r a c t e r i s t i c  o f  these data i n t e r v a l  s. The complete evapo- 

r a t i o n  c(f p r e c i p i t a t i o n  i n  t h e  subcloud l a y e r  i s  a common occurrence i n  

nor theadtern Colorado. However, t h e  absence o f  recorded p r e c i p i t a t i o n  

ges t  t h a t  no heavy p r e c i p i t a t i o n  occurred. The average o f  these 

gets w i l l  be descr ibed s imp ly  as moderate (because radar  echoes 

were 

mature 

present .  

than t h e  

whether 

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

compared 

Th 

represented 

of 0 i n  

represeintat ive o f  most o f  t h e  i n d i v i d u a l  h p r o f i l e s .  The one except ional  

case ( 4 J u l y )  has a shal low abrup t  s t a b l e  h lapse from a = .84 t o  a = .78. 

The av rage l i f t i n g  condensation l e v e l  de f i ned  by these var ious  thermo- 

dynami f p r o f i l e s  i s  a t  a = .74. The range of t h e  i n d i v i d u a l  LCL's (a = .68 

prc'duced) cumulus convect ion. The convect i o n  i s  probably  i n  i t s  

t.o d i s s i p a t i n g  stages and some evaporat ing p r e c i p i t a t i o n  cou ld  be 

Th i s  c l a s s i f i c a t i o n  o f  t h e  convect ion i s  much more d e t a i l e d  

p rev ious l y  c i t e d  budget s tud ies  have used, and i t  i s  n o t  c l e a r  

t h e  convection- i s  more l i k e  t h e  d i s tu rbed  o r  undis turbed 

The average budget discussed i n  t h i s  sec t i on  w i l l  be 

most ly  w i t h  o the r  average budgets c a l c u l a t e d  i n  t h i s  research. 

2 general v e r t i c a l  s t r u c t u r e  o f  t h e  thermodynamic var iab les ,  as 

by 0, q, and h, i s  presented i n  F igs .  21a-c. The p r o f i l e  

F ig .  21a i s  q u i t e  rep resen ta t i ve  o f  t h e  i n d i v i d u a l  0 p r o f i l e s .  

The o n l y  

t h i s  

c h a r a c t w i z e d  

( i n c l u d i n g  

l a t e  

pronounced d i f f e r e n c e  occurs on 24 J u l y .  The e p r o f i l e  i n  

i w t e r v a l  has a s t a b l e  subcloud lapse o f  e .  The o ther  i n t e r v a l s  a re  

by ad iaba t i c  subcloud 1 ayers. A1 1 o f  t he  da ta  i n t e r v a l s  

t he  one w i t h  t he  s t a b l e  subcloud lapse o f  e) occur i n  t h e  
1 

a f ternoon.  The cons tan t l y  decreasing q p r o f i l e  (F ig.  21 b) i s  gene ra l l y  

rep reseh ta t i ve  o f  t h e  i n d i v i d u a l  p r o f i l e s .  Only two i n t e r v a l s  have shal low 

l a y e r s  i n  which q changes ab rup t l y .  The average h p r o f i l e  (F ig .  21c) i s  
I 



t o  a = .79) i s  s i m i l a r  t o  t h e  range o f  LCL's t h a t  occur i t h e  o the r  n 

s i n k i n g  occurs f rom about cloudbase t o  a = .52. There i s  s t rong n e t  

t h ree  average cases. 

The average o f  t he  f i v e  diagnosed mass f luxes, IT;, i s  

F ig .  21d. Four o f  t h e  f i v e  i n d i v i d u a l  IT: p r o f i l e s  show a 

motion w i t h  magrii tudes s i m i l  a r  t o  t h e  average magnitude 

Only one case (24 J u l y )  e x h i b i t s  any n e t  downward motion, 

ascent above t h i s  l aye r .  The average n e t  ascent (F ig.  21 

r e a l i s t i c  cons ider ing  t h a t  t h e  cumulus c louds i n  these da 

presented i n  

n e t  upward 

(5*1 o - ~  mb/sec) . 
and t h i s  n e t  

were ab le  t o  produce radar  echoes. The magnitude o f  t h e  6 p r o f i l e s  i s  

s i m i l a r  t o  t he  developing convect ion average magnitude an 

values f o r  "echo c l u s t e r s "  (Ninomiya, 1974). The c o n t r i b u t i o n  o f  o i  

i s  n o t  l a r g e  enough t o  produce any d i f f e r e n c e  i n  s i gn  o r  enera l  shape I 
between t h e  c a l c u l a t e d  T; and w p r o f i l e s .  ~ 

The average water  vapor balance achieved i n  t h e  case 

convect ion i s  presented i n  Figs. 21a-d . The h o r i z o n t a l  f 

vapor converges i n  t h e  lower p a r t  o f  t h e  subcloud l aye r ,  

becomes d i ve rgen t  j u s t  below and j u s t  above c loud base 

average p r o f i l e  i s  rep resen ta t i ve  o f  f o u r  o f  t h e  f i v e  

The p r o f i l e  o f  t h e  th ree  dimensional average f l u x  o f  q 

convergent throughout most o f  t he  atmosphere. Three o f  

p r o f i l e s  e x h i b i t  t h i s  marked convergence, w h i l e  o n l y  one 

divergence ( t he  f i f t h  p r o f i l e  has near zero three-dimensi 

q f 1 ux convergence). 

The average p r o f i l e  o f  t h e  subcloud, h o r i z o n t a l  watec 

(F ig.  22a). Th is  

i n d i v i d u a l  cases. 

(F ig .  22b) i s  a l s o  

t i e  i n d i v i d u a l  

shows any c l e a r  

ma1  average 

vapor f l u x  

convergence f o r  moderate convect ion forms a p a t t e r n  

sequence w i t h  t he  corresponding average p r o f i l e s  f o r  



and weak' suppressed convect ion. The h o r i z o n t a l  subcloud f l u x  o f  q f o r  I 
weak, subpressed convect ion i s  s l  i g h t l y  convergent (Fig. 14a). The weak, 

t u r e  o r  decaying. 

convect ive f l u x  o f  t o t a l  water,  F (F ig.  22d), shows a weak, 
q~ 

a l l y  d i ve rgen t  slope. The smal l  negat ive  sur face value ( - - 0 2  

devel op i  

The moderate 

and 

t h a t  t he  

cmlhr) i nd i ca tes  a n e t  removal o f  water from the  atmosphere by p r e c i p i -  

i g  convect ion average p r o f i l e  (Fig. 18a) i s  s t r o n g l y  convergent. 

convect ion average i s  c l e a r l y  d i ve rgen t  around c loud base 

convergent below. Th i s  type  of p r o f i l e  i s  cons i s ten t  w i t h  t he  idea 

moderate convect ion i s  n o t  gene ra l l y  developing, b u t  r a t h e r  i s  

r o f  t he  f i v e  i n d i v i d u a l  Fq p r o f i l e s  show an apparent s i n k  o f  
T 

t a t i o n .  

statement 

water ir/ t h e  upper p o r t i o n  o f  t he  c loud l a y e r  (above 0 = .58 i n  F ig.  22d. 
I 

Th i s  i n d i c a t i o n  o f  p r e c i p i t a t i o n  stands opposed t o  t h e  e a r l i e r  

t h a t  no sur face p r e c i p i t a t i o n  was measured, a l though radar  

This ,  cjmbined w i t h  t h e  occurrence o f  rada r  echoes, i s  a good i n d i c a t i o n  

echoes !re observed. 

o f  a 104s o f  water f rom the  l a y e r  above = .58 by p r e c i p i t a t i o n .  From 

moisten d by t h e  convect ion. Th is  i s  cons i s ten t  w i t h  t h e  idea of i 
a = .58 

evaporaf ing c loud water suggested by t h e  mature t o  d i s s i p a t i n g  radar  
I 

echoes.( Below c loud base the  negat ive  s lope o f  F i n d i c a t e s  the  i n t r o -  
q~ 

duc t i on  ' o f  r e l a t i v e l y  d r y  a i r  by downdrafts (see sec t i on  4D) f o r  a 

d iscuss on o f  subcloud downdrafts).  The i n t e r p r e t a t i o n  o f  F i n  t h e  1 q~ 

t o  t he  LCL the  s lope o f  F shows t h a t  t h e  environment was 
q~ 

above terms o f  evaporat ing c loud water and d r y  downwrafts i s  reasonable 

b u t  mus be considered somewhat t e n t a t i v e .  Only t h r e e  i n d i v i d u a l  cases r 
c l e a r l y  d i s p l a y  t h e  above mentioned fea tures ,  and t h e  e n t i r e  average 

c o n s i s t  o f  o n l y  f i v e  cases. is 



The average d r y  s t a t i c  energy balance achieved i n  t h  

moderate convect ion i s  presented i n  Figs. 22a-d. The ave 

and divergence of t h e  ho r i zon ta l  s f l u x  (Fig. 23a) i s  n o t  
3 

rep resen ta t i ve  of t h e  i n d i v i d u a l  DIV(sV) p r o f i l e s  , becaus 

p r o f  i 1 es have many a1 t e r n a t  i ng 1 ayers o f  s t rong convergen 

o f  t he  h o r i z o n t a l  s f l ux .  The pronounced low t o  mid l eve  

the  th ree  dimensional average f l u x  o f  s (Fig. 23b) i s  rep 

o f  t h ree  o f  t h e  f i v e  i n d i v i d u a l  p r o f i l e s .  

As i n  t he  case o f  t h e  prev ious average b u d ~ 2 t s  t h e  t 

(F ig.  23c) i s  very smal l  compared t o  t h e  o the r  budget t e r  

t h a t  t h e  apparent source o f  s c l o s e l y  balances t h e  t h r e e  

average f l u x  divergence o f  s. There i s  a marked converge 

c loud base and a n e t  upward convect ive t r a n s p o r t  o f  st by 

c l  ouds . Both processes are  compa ti b l  e w i t h  t h e  observed 

The subcloud convergence o f  F i s  l e s s  than t h e  c loud l a  

The condensation source o f  s i s  n o t  present  i n  t h e  subclo 

t h i s  moderate convect ion average, possi  b l  e evaporat ion o f  

can work t o  f u r t h e r  decrease t h e  convergent s lope o f  F . 
S~ 

The average mo is t  s t a t i c  energy budget f o r  moderate 

presented i n  Figs. 24a-d. The divergence o f  t h e  ho r i zon t  

(Fig. 24a) i s  q u i t e  s i m i l a r  t o  t h a t  o f  s (F ig.  23a), beca 

h o r i z o n t a l  s divergence i s  much l a r g e r  than t h e  hor izon ta  

(h  = s + Lq). Both p r o f i  1 es have sharp ly  changing f e a t u r  

c o n t r i b u t i o n  t o  t h e  th ree  dimensional average f l u x  o f  h, 
3 

c l e a r l y  ev ident .  The D I v ~ ( s V ~ )  p r o f i l e  i s d i v e r g e n t  bela 

DIV3(hV3) a1 te rna ted  about zero ( ~ i g .  24b). Below o = .4 

p r o f i l e  i s  a l s o  more rep resen ta t i ve  o f  t h e  i n d i v i d u a l  prc 

I case o f  

'age convergence 

p a r t i c u l a r l y  

! t he  i n d i v i d u a l  

:e and divergence 

divergence o f  

lesentat ive o n l y  

me change o f  s 

1s. Th i s  means 

limensi onal 

Ice o f  F above 

t h e  cumulus 

lodera t e  convect ion. 

ler convergence. 

~d l a y e r .  I n  

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

:onvect i o n  i s 

11 f l u x  o f  h 

Ise t h e  

Lq divergence 

!s. The Lq 

lowever, i s  

I a = .40, b u t  

I, the  DIV3(hv3) 

' i l e s  than 



b" '  

D I V ~ ( S V ~ ) .  For l e v e l s  where o < .40 bo th  t h e  h o r i z o n t a l  and t h r e e  dimen- 

s i ona l  av4rage f l u x  divergence o f  h (and s) have l a r g e  e r r a t i c  values and 

l y  are somewhat suspect. 

i s t i n c t  increase of h w i t h  t ime above c loud base t h a t  appears 

i n  F ig.  2 c i s  rep resen ta t i ve  o f  a l l  t h e  i n d i v i d u a l  cases i n  t h i s  average. 

It r e f l e c  s t h e  c o n t r i b u t i o n  due t o  water vapor, because t h e  t ime change 

o f  s i s  v f ry  smal l .  The smal l  negat ive  convec t ive  f l u x  o f  h (F ig.  24d) 

shoot ing brocess. Th i s  i s  n o t  r e a l i s t i c  because t h e  cumul i  i n  t h i s  average 

above o = 
+ 

DIV3(hV3) 

negat ive  t 

Fh indicaJ:es 

l y  f o r  t h e  most p a r t  mature o r  decaying. 

p r o f i l e  f o r  moderate convect ion i s  s i m i l a r  t o  those f o r  weak, 

.40 i s  suspect because of t h e  p rev ious l y  mentioned e r r a t i c  

p r o f i l e  above o = .40. Indeed, t h e  s lope o f  Fh i s  s l i g h t l y  

bove a = .40. An upper l e v e l  divergence (negat ive s lope)  of 

a convect ive s i n k  o f  h, t h a t  i s ,  some s o r t  o f  cumulus over- 

suppresseb and developing convect ion i n  t h a t  they  gene ra l l y  show an 

a d d i t i o n  f mo is t  s t a t i c  energy t o  t h e  environment by convect ion. I n  t he  P 

D. P r e c i p i t a t i n g  Convection 

case o f  

h i s  l a r g e r  

steeper a t  

convect ioq 

The 

P r e q i p i t a t i o n  was recorded w i t h i n  t h e  NHRE area du r i ng  12 data 

. These 12 i n t e r v a l s  occur over  s i x  d i f f e r e n t  days (see Table 3 ) .  

ge budgets f o r  these i n t e r v a l s  a r e  taken t o  represent  p r e c i p i t a t i n g  

moderate convect ion, however, t h e  c loud l a y e r  apparent source of 

than t h e  subcloud apparent source ( t h e  s lope of Fh becomes 

t h e  LCL). The s i t u a t i o n  i s  reversed i n  t he  suppressed 

case. 

budget d e s c r i p t i o n  o f  moderate convect ion presented i n  t h i s  - 
# 

sec t i on  i k  summarized i n  Chapter V I I .  
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cumulus convect ion. Unl i ke the  average per iods i n  which 10 p r e c i p i t a t i o n  

was measured (which were d i v i d e d  i n t o  suppressed, developing, and moderate 

ca tegor ies)  t h e r e  w i  11 be o n l y  one average budget f o r  t h e  p r e c i p i t a t i o n  

cases. Comparisons w i l l  be made t o  r e s u l t s  from t h e  BOMEX "d is tu rbed"  

per iod,  Reed and Recker (1971) " t rough" category (ca tegor ies  4 and 5) 

and Ninomiya's (1974) "echo c l u s t e r "  per iod.  I n  add i t i on ,  some comparisons 

w i l l  be made t o  two mesoscale, con t i nen ta l  budget analyses of thunderstorms 

(Fankhauser, 1969; and Lewis, 1975) and t o  a  composite mesoscale cumulo- 

nimbus budget (Bet ts ,  1973). 
1 
I 
/ , 

The thermodynamic s t ruc tu re ,  as represented by e , q  and h  p r o f i l e s ,  

i s  presented i n  F igs .  25a-c. The e p r o f i l e  (Fig. 25a) i s  q u i t e  s i m i l a r  

t o  t h e  non -p rec ip i t a t i ng  average 8 p r o f i l e s  (exc lud ing  13 J u l y  o f  sec t i on  

4a). I t  i s  a l s o  q u i t e  rep resen ta t i ve  o f  t h e  i n d i v i d u a l  9 lapse  ra tes .  

On t h e  o the r  hand, t h e  average q  and h  p r o f i l e s  (Figs. 25b,c) smooth o u t  

many smal l  f ea tu res  i n  t h e  i n d i v i d u a l  graphs. More than l a l f  o f  t h e  

i n d i v i d u a l  q  and h p r o f i l e s  have one o r  more shal low laye7*s o f  a b r u p t l y  

changing q o r  h  values. The average p r o f i l e s ,  however, v  ry  q u i t e  

smoothly. The average p r o f i l e s  o f  e, q, and h  f o r  t h e  p r  c i p i t a t i n g  

more than t h e  v a r i a t i o n s  found w i t h i n  each average. 

I case do n o t  d i f f e r  from the  average non -p rec ip i t a t i ng  p ro  i l e s  by any 

The average n e t  v e r t i c a l  mass f l u x  p r o f i l e  i s  presented i n  F ig .  25d 

It i s  q u i t e  rep resen ta t i ve  o f  t h e  i n d i v i d u a l  r; p r o f i l e s .  

twelve i n d i v i d u a l  p r o f i l e s  have n e t  ascending mot ion a t  a' 

t h e  average p r o f i l e  does. The n e t  descending mot ion i n  

confined t o  shal low layers .  The a; c o n t r i b u t i o n  t o  n; i s  

and consequent ly t h e  u p r o f i l e  i s  s i m i l a r  t o  t h e  T; p r o f i ' e .  

Ten o f  t he  

1  l e v e l s  as 

the  two cases i s  

r e l a t i v e l y  small 

I n  a d d i t i o n  

t o  t h e  i n d i c a t i o n  o f  gene ra l l y  ascending n e t  motion, t h e  d verage T; 



prof i l e  slhows a strong subcloud horizontal mass convergence and then a 

c l ea r  divergence j u s t  above cloud base. (uLCL = .74). This local 

maximum df n o  near cloud base i s  c l ea r ly  present i n  e ight  of the twelve 

Also, t h b  local maximum of ver t i ca l  mass f lux i s  not evident in those data. 

individudl 

T h i s  

BOMEX 

f lux i n  

descending 

the t rade 

Reed and 

1974) y i  

The averbge o prof i l e  calculated by Ninomiya (1974) f o r  echo c lu s t e r  periods 

mass budgets. 

mass budget i s  not s imilar  a t  a l l  t o  t h a t  calculated f o r  the 

disturbed period (Nitta and Esbensen, 1974). The ver t i ca l  mass 

t ha t  period was upward only i n  the  subcloud layer .  The net 

motion above could r e f l e c t  the f a c t  t h a t  the data area i s  in 

wind regime o r  i t  could simply indicate  a data problem. The 

Recker data fo r  the trough regions (presented by Cho and Ogura, 

21 ds an upward ver t ica l  mass f lux a t  a1 1 1 eve1 , b u t  the magnitude 

exhibi ts  a stronger s imi la r i ty  t o  F i g .  25d. The magnitude of the echo 

i s  much fmaller (l*loJ mb/sec) than the  n o  of Fig. 25d (5*10m3 mb/sec). 

c lus te r  i s  about 5*10'~ mb/sec. A1 though there  i s  considerable s c a t t e r ,  I 
almost a l l  of his  individual echo c lu s t e r  p rof i l es  a r e  upward ( j u s t  as  

ten out bf twelve IT; prof i l es  here were upward a t  a l l  l eve l s )  . The 

average P profi l e ,  however, does not have a local maximum around the cloud 

base l e j e l  . Ninomiya's presentation of the individual value5 of o a t  

given 1 vels does not reveal whether or not any individual p rof i l es  had fi 
t h i s  fedture.  

I 

Three d i f f e r en t  continental ,  mesoscale ver t ica l  mass f lux calculations 

show a warked s imi l a r i t y  t o  the average IT; prof i l e  calculated f o r  the 

precipi ta t ing convection periods. Two of the calcula t ions  a r e  based on 

Severe Storm Laboratories (NSSL) data (a mesoscale network about 

200 krn + y a r e  with rawinsonoes spaced about 85 km apar t ) .  Fankhauser (19G9) 



c a l c u l a t e d  an average o p r o f i  1  e  f o r  f o u r  p o i n t s  around a  jhunderstorm. 
' .{N. 

The p o i n t s  were spaced 20 km apar t ,  b u t  t he  data t t  r b used t o  c a l c u l a t e  
l i v  1 .% 

o a t  these p o i n t s  were spaced about 85 km anar t  I 

an average u p r o f i l e  f o r  t h e  e n t i r e  NSSL area, Par 

squa l l  l i n e  was i n  t h e  da ta  area du r i ng  t h e  c a l c u l a ~ l o n  

1 ( 975) c a l c u l a t e d  

p r e f r o n t a l  

cerval .  The 

t h i r d  c a l c u l a t i o n  (Bet ts ,  1973) i s  based on a  composite , soscale mass 

budget f o r  a  smal l  (25 km diameter) mesoscale area "sur r  i d i ng "  a  cumulo- 
n i  z i  I nimbus. The squa l l  l i n e  ana l ys i s  (Lewis, 1975\ and compn i t e  ~~ lmu lon imbus 

94 r 
ana lys i s  have average o magnitudes o f  about 30-5 ;ec. Th i s  i s  

cons iderab ly  l a r g e r  than t h e  5*10-%b/sec c a l  r u  l d  ~ e u  I II 1 5  budget, b u t  r 
t he  d i f f e r e n c e  i s  reasonable cons ider ing  one case deals  th  a  squa l l  l i n e  

and the  o t h e r  deals  w i t h  a  smal l  area around a  cumulonimb ! The ana l ys i s  

by Fankhauser (1969) shows an average magnitude o f  ahout 0-1 5 * 1 0 - ~  mb/sec. 

A l l  t h ree  anaiyses d e p i c t  n e t  upward mot ion a t  a l l  l e v e l  

does. 
- I 8 

A1 1  th ree  o f  t he  above p r o f i l e s  a1 so have t h e  l o c a l  

j u s t  as F ig .  25d 

maxi mum 

near c loud base t h a t  i s  present  i n  bo th  t h e  average no p r  f i l e  and 0 
e i g h t  o f  twe lve  i n d i v i d u a l  no p r o f i l e s .  The occurrence of t h i s  l o c a l  

bu5 t 3 sri: 
maximum i n  f o u r  independent da ta  se ts  suggests t h a t  t h i s  f eature  i s  a  

SB 
general c h a r a c t e r i s t i c  o f  p r e c i p i t a t i n g  mesoscal e  convect 

bsd 25,r,..* 
The average l a t e n t  heat  (water vapor) budget achiev per iods 

o f  p r e c i p i t a t i n g  convect ion i s  presented i n  Figs. 26a-d.  here i s  s t rong 
zno i jg lu3 i  

average ho r i zon ta l  convergence o f  q  f l u x  below c loud base (F ig .  26a). 
snt ,to,? t 

About h a l f  o f  t h e  i n d i v i d u a l  p r o f i l e s  are s i m i l a r  t o  t h e  o r i z o n t a l  q  f l u x  
EM 

convergence f o r  t he  developing convect ion average ( s e c t i o  4B). That i s ,  
3u9ds A. 

; t h e  convergence c l e a r l y  extends throughout t he  depth o f  t e  subcloud layer .  
((rjFf) 7 

The o the r  h a l f  o f  t h e  i n d i v i d u a l  p r e c i p i t a t i n g  p r o f i l e s  a re  
1- 

/ 

s i m i l a r  t o  t h e  

I 

I 



moderat& (mature t o  d i  s s i  pa t i ng )  convect ion average ( sec t i on  4c) .  

These p o f i l e s  show a d e f i n i t e  ho r i zon ta l  divergence o f  q f l u x  j u s t  i 
below c loud base (F ig.  26a). The th ree  dimensional average q f l u x  (F ig.  

26b) i s  convergent up t o  a = .40. While t h e  i n d i v i d u a l  p r o f i l e s  o f t e n  I i- 

have l a  e rs  o f  p o s i t i v e  (d iverg ing)  D1V3(LqV3), t h e  average p r o f i l e  i s  

q u i t e  r p resen ta t i ve  i n  t h e  sense t h a t  o n l y  one case (24 J u l y )  e x h i b i t s  i 
s t rong dhree dimensional divergence from t h e  sur face  t o  a = .40. 

o f  wate vapor i n d i c a t e s  a n e t  l o s s  o f  water  vapor by condensation and 

the  l o s s  ( p r e c i p i t a t i o n )  o f  t h i s  l i q u i d  water be fore  i t  evaporates. Ten I o u t  o f  t,he twelve i n d i v i d u a l  F p r o f i l e s  i n d i c a t e  e i t h e r  a convect ive 
q~ 

s i n k  ( d i  ergent  s lope o f  F ) throughout t h e  c loud l a y e r  o r  a d i ve rgen t  r q~ 

Thd 

than the 

consequently 

Except 

has a 

t h r e e  dimensional convergence o f  t h e  average f l u x  o f  q i s  l a r g e r  

most ly  d i ve rg ing  convec t ive  f l u x  o f  q ( F  , Fig .  26d), and 
q~ 

t h e  t ime change o f  t he  water vapor (F ig .  26c) i s  p o s i t i v e .  

f o r  a t h i n  l a y e r  immediately above c loud base, t h e  F p r o f i l e  
q~ 

n ~ g a t i v e  (d ivergent )  s lope. I n  t h e  c loud  l a y e r ,  t h i s  apparent s i n k  

c loud  base, which means t h e  apparent 1 oss o f  water vapor i s  due t o  t h e  

a d d i t i o n  o f  r e l a t i v e l y  d r y  a i r  i n t o  t he  subcloud l a y e r  by convect ion 

F l a y e r  
qT 

tha t .  , 

Be1 

vapor. 

processes. As w i l l  be discussed, downdrafts a re  q u i t e  cons i s ten t  w i t h  

t h i s  subcloud eddy s i n k  of water vapor even though t h e  downdrafts are d r i v e n  

i n  p a r t  y evaporat ion o f  p r e c i p i t a t i o n .  Seven o u t  o f  twelve i n d i v i d u a l  

F prof l e s  have a negat ive  (d i ve rgen t )  s lope i n  t he  subcloud l aye r .  
q~ i 

above c loud base and a convergent (negat ive s lope)  l a y e r  above 

~w c loud base the  average F i n d i c a t e s  an apparent s i n k  o f  water 
q~ 

The sur face value o f  F i n d i c a t e s  a n e t  avera3e p r e c i p i t a t i o n  o f  
q~ 

.05 cm/hh. Only evaporat ion (a source) and n o t  condensation occurs below 



Three o u t  o f  t h e  .remaining f i v e  i n d i v i d u a l  cases t h a t  hav 1 p o s i t i v e  

subcloud slopes occur j u s t  be fore  data i n t e r v a l s  t h a t  havb negat ive 

subcloud slopes. That i s ,  1  a t e r  development o f  a  dominateng downdraft  

f e a t u r e  i s  ind ica ted .  The shal low convergent l a y e r  j u s t  bove c loud base i 
i n d i v i d u a l  F p r o f i l e s .  It appears i n  t h e  average F 

q~ 
i n d i v i d u a l  F p r o f i l e s  t h a t  a re  convergent below 

q~ 

t h a t  i s  surrounded by  d ivergent  F p r o f i l e s  i s  n o t  found 
q~ 

c loud base. 

i n  any o f  t h e  

The BOMEX da ta  f o r  d i s tu rbed  per iods ( N i t t e  and Esbepsen, 1974) show 

an apparent source o f  mo is tu re  throughout most o f  t h e  5 0 0  mb ex ten t  o f  

t h e  data. There i s  o n l y  a shal low (100 mb t h i c k )  l a y e r  con ta in ing  an 

apparent mo is tu re  s ink.  N i t t a  and Esbensen, 1974, remark  on t h e  problem 

o f  unrepresenta t i ve  and/or erroneous data present  du r i ng  he d i  sturbed t 
per iods.  Ninomiya's (1974) echo c l u s t e r  c a l c u l a t i o n s  

s i n k  o f  q  from t h e  300 mb l e v e l  t o  t h e  900 mb 1 eve1 . 
source o f  q  i s  present  below 900 mb, t h a t  i s ,  below c loud base. The Reed 

and Recker (1971) t rough reg ion  da ta  discussed by Cho and 

show a c l e a r  apparent mo is tu re  s i n k  throughout a l l  data 1 

m i d l a t i t u d e  c a l c u l a t i o n  o f  Lewis (1975) has a n e t  apparen q s i n k  above t 
c loud base ( t h e  n e t  being composed o f  a l t e r n a t i n g  weak so r c e  and s i n k  u 
l a y e r s )  and a maximum apparent q s i n k  below c loud base. 1 though Lewis 

(1975) notes t h a t  t h e  squa l l  l i n e  i s  i n  t h e  mature stage, A no mention o f  

downdrafts i s  made i n  r e l a t i o n  t o  t h e  l a r g e  subcloud va lu  

B e t t s  (1975) presents a F p r o f i l e  der ived  from con 
q~ 

(Venezuelan) composite mesoscal e  data. The p r o f i l e  has a d e f i n i t e  

negat ive (d ivergent)  s lope from 300 mb t o  t he  surface. B t t s  (1976) f 
presents t he  f o l  lowing model and exp lanat ion  o f  t he  subcl4ud d i ve rgen t  



F p r o f i l e .  Downdrafts o r i g i n a t i n g  above c loud base a re  d r i v e n  by 
q~ 

evaporat ing p r e c i p i t a t i o n .  However, t h e  a i r  t h a t  descends i n t o  t h e  

subcloud l a y e r  i s  o r i g i n a l l y  much d r i e r  than t h e  subcloud a i r .  Conse- 

quent ly ,  even though t h e  a i r  i s  moistened by evaporat ion, i t  i s  r e l a t i v e l y  

d r y  (compared t o  t he  subcloud a i r )  and appears i n  a budget c a l c u l a t i o n  as 

an apparent s i n k  o f  q. The g e n e r a l l y  d i ve rgen t  s lope o f  F i n  t h i s  
q~ 

p r e c i p i t a t i n g  average (F ig.  26d) i s  s i m i l a r  t o  t h e  c a l c u l a t i o n s  by Cho 

and Ogura (1974), Ninomiya (1974), B e t t s  (1975), and Lewis (1975) and i s  

q u i t e  cons i s ten t  w i t h  t h e  downdraft  d iscuss ion  presented by B e t t s  (1 976). 

The average d r y  s t a t i c  energy balance achieved i n  t he  case o f  

p r e c i p i t a t i n g  convect ion i s  presented i n  F igs.  27a-d. The average conver- 

gence and divergence o f  t h e  h o r i z o n t a l  s f l u x  (F ig .  27a) i s  n o t  p a r t i c u l a r l y  
-t 

rep resen ta t i ve  o f  t h e  i n d i v i d u a l  DIV(sV) p r o f  i 1 es , because t h e  i n d i v i d u a l  

p r o f  i 1 es have many a1 t e r n a t i n g  1 ayers o f  s t rong convergence and divergence 

o f  t h e  ho r i zon ta l  f l u x  o f  s. The th ree  dimensional average s f l u x  

divergence (F ig .  27b) i s  rep resen ta t i ve  o f  t h e  i n d i v i d u a l  p r o f i  1 es . Even 

though most i n d i v i d u a l  p r o f i l e s  have one o r  more convergence layers ,  t he  

convergent 1 ayers a re  s h a l l  ow compared t o  t h e  d i ve rgen t  1 ayers. 

As i n  t h e  o the r  average convect ion cases, bo th  t he  i n d i v i d u a l  and 

average t ime changes o f  s (F ig .  27c) a r e  very smal l  compared t o  t he  o the r  

terms i n  t he  budget equat ion. That i s ,  t h e  t h r e e  dimensional average 

divergence o f  s c l o s e l y  balances t h e  apparent source o f  s a t  a l l  data 

l e v e l s .  The average convect ive f l u x  o f  st, FS (F ig.  27d), i s  q u i t e  
L 

rep resen ta t i ve  o f  t h e  i n d i v i d u a l  F p r o f i l e s  below a = .50. Nine o f  t h e  
l 

twelve F p r o f i l e s  have e i t h e r  a p o s i t i v e  (convergent) s lope up t o  

a = .30 o r  a p o s i t i v e  s lope t o  a t  l e a s t  a = .50 and a shal low d ivergent  

s lope above. These p o s i t i v e  o r  convergent slopes show t h a t  convect ion 4s  

a c t i n g  t o  add d r y  s t a t i c  energy t o  t h e  atmosphere. 



The average F p r o f i l e  f o r  p r e c i p i t a t i n g  convect ion i s  g e n e r a l l y  
st 

s i m i l a r  t o  those f o r  moderate convect ion (Fig. 22;;. However, t h e  

p r e c i p i t a t i n g  and moderate averages g e n e r a l l y  show c loud l e v e l  warming 

i n  c o n t r a s t  t o  t h e  c loud l e v e l  c o o l i n g  shown i n  t h e  weak convect ion 

averages. Some upper l e v e l  coo l i ng  does appear i n  t h e  moderate case, 

b u t  none i s  shown i n  t h e  p r e c i p i t a t i n g  case. 

The subcloud slope o f  F i n  t h e  p r e c i p i t a t i n g  and moderate 
St 

convect ion cases i s  as g rea t  as i n  t h e  developing and suppressed 

average cases. Th i s  suggests t h a t  n o t  o n l y  a re  t h e  p rev ious l y  

mentioned downdrafts d r i e r  than t h e i r  surroundings, b u t  they  are  

a l s o  about as warm as t h e i r  surroundings. Such downdrafts cou ld  be 

d r i ven  by very  weak evaporat ive c o o l i n g  o r  by an overshoot process. 

I n  t h e  overshoot process, t he  downdrafts descend below the  e q u i l i b r i u m  

l e v e l  s e t  by evaporat ive cool i n g  . Downdrafts i n  some mid l  a t i  tude 

convect ion have been known t o  warm the  environment. 

Cho and Ogura's (1974) Q1 (apparent source o f  s )  c a l c u l a t i o n  

us ing  data from Reed and Recker 's (1971) t rough reg ions  shows a 

continuous source o f  s as does F ig .  27d. However, t h e  p r e c i p i t a t i n g  

convect ion average (Fig. 27d) has a r a t h e r  un i fo rm s lope and does n o t  

i n d i c a t e  a maximum warming near 400 mb as t h e  Cho and Ogura (1974) 

c a l c u l a t i o n s  i nd i ca te .  The c a l c u l a t i o n  by Lewis (1975) a l s o  shows 

an upper l e v e l  (250 mb) maximum o f  Q1 . Above c loud base, B e t t s '  (1975) 

F p r o f i l e  i s  n e a r l y  un f i rom as i s  t h e  F o f  F ig .  27d. Below c loud  
St 

base bo th  B e t t s '  (1975) and Lewis'  (1975) F p r o f i l e s  show some 
S D  
6 

divergence, t h a t  i s ,  eddy coo l i ng  by t h e  convect ion. I n  con t ras t ,  

Fig.  27d shows a cont inued convergence o r  warning due t o  convect ion 



below c loud base. Th i s  convect ive c o n t r i b u t i o n  does n o t  produce any 

subs tan t i a l  n e t  temperature change (see F ig .  27c), because t h e  th ree  
-t 

dimensional average s f l u x  i s  d ivergent  (see F ig ,  27b f o r  DIV3(sV) and 
+ 

Fig.  27a f o r  t he  components o f  DIV3(sV)). 

The mois t  s t a t i c  energy budget f o r  p r e c i p i t a t i n g  convect ion i s  

presented i n  F igs.  28a-d. The average h o r i z o n t a l  h f l u x  divergence (F ig.  

28a) i s  made up o f  i n d i v i d u a l  p r o f i l e s  t h a t  vary  considerably ,  and 

the re fo re  does n o t  p o r t r a y  any common major fea tures .  I n  t he  same sense 

the  th ree  dimensional average h f l u x  (F ig.  28b) i s  o n l y  s l i g h t l y  more 

c h a r a c t e r i s t i c  o f  t he  i n d i v i d u a l  p r o f i l e s .  More than h a l f  of t he  
-t 

i n d i v i d u a l  DIV3(hV3) p r o f i l e s  a re  general  l y  convergent i n  t he  low 1 eve1 s. 

and somewhat more than h a l f  a re  g e n e r a l l y  d i ve rgen t  i n  t h e  upper l e v e l s .  
-? 

Only f o u r  o u t  o f  twelve, however, have bo th  t h e  negat ive  DIV3(h\13) values 
-h 

i n  low l e v e l s  and p o s i t i v e  DIV3(hV3) values i n  t h e  upper l e v e l s  as t h e  

average p r o f  i 1 e does. 

The o n l y  common f e a t u r e  o f  t he  i n d i v i d u a l  t ime changes o f  h i s  t he  

tendency t o  be g e n e r a l l y  p o s i t i v e .  Nine o f  t he  twelve cases t h a t  a re  used 

t o  form the  average t ime change o f  h (F ig.  28c) a re  p o s i t i v e  throughout 

ah a re  n o t  almost a l l  o f  t he  data l e v e l s .  The negat ive  values o f  

r e l a t e d  t o  a d i u r n a l  change; t hey  occur du r i ng  t h e  i n t e r v a l s  centered on 

t imes 1148, 1401 and 1808 LST. Although t h e  i n d i v i d u a l  and DIV3(hV3) 

p r o f i l e s  do n o t  have comnon features which appear i n  t h e i r  r espec t i ve  

average p r o f i l e s ,  t he  average Fh p r o f i l e  (Fig. 28d) does l ook  1 i ke many 

o f  t he  i n d i v i d u a l  Fh p r o f i l e s .  The convect ive f l u x  o f  h, F ig .  28d, has a 

p o s i t i v e  (convergent) s lope throughout most of t h e  c l  oud 1 ayer. Be1 ow 



y n s c l o u d  base t h e  s lope i s  negat ive.  Fh i s  convergent i n  most o f  t he  c loud 

s91rlayer i - r - n i n e  o f  t h e  twelve i n d i v i d u a l  c a l c u l a t i o n s .  I n  e i g h t  o f  these 

n ine  cases the  s lope o f  Fh changes near c loud base from convergent t o  

zero ( th ree  cases) o r  d ivergent  ( f i v e  cases). The shal low l a y e r  from 

o = .75 t o  o = .63 i s  n o t  a d i s t i n c t  feature present  i n  t h e  i n d i v i d u a l  

,pij) 9xFh p r o f i l e s .  It i s  due t o  t h e  changing he igh ts  and slopes o f  t he  

c h a r a c t e r i s t i c  upper and -. . - l ~ e r  l aye rs .  

The condensation source term i s  n o t  present  i n  t h e  convect ive f l u x  

o f  h. Therefore, t he  Fh p r o f i l e  i s  d i r e c t l y  r e l a t e d  t o  convect ive 

t ranspo r t s  o f  mo is t  s t a t i c  energy. Both t h e  average and i n d i v i d u a l  Fh 

p r o f i l e s  i n d i c a t e  t h a t  p r e c i p i t a t i n g  convect ion produces a n e t  source o f  

mo is t  s t a t i c  energy i n  t h e  mid  t o  upper c loud l e v e l s .  Below c loud base, 

t9vI  F ig .  28d shows a d e f i n i t e  convect ive s i n k  o f  m o i s t  s t a t i c  energy. Th is  

5,,, p a t t e r n  shows p r e c i p i t a t i n g  convect ion a c t i n g  t o  increase t h e  environmental 

values o f  h  i n  t h e  c loud l a y e r  and decrease t h e  subcloud environmental 

I values of h. rkj i sub?~tbr ! t  2r!f 'ro 97u,t! 

s ~ o  ?htlf iThe sur face  value o f  Fh may be somewhat l a r g e  (319 kg s - ~ )  cons ider ing  

the  general  r educ t i on  i n  incoming r a d i a t i o n  due t o  t h e  sca t te red  cumulus 

,,,and broken c i r r u s  c loud coverage (80a), 250 @ average sky .E;.Qyer est imated 

no bsr9:in t he  same manner as values i n  Table 4 were est imated) .  However, t h i s  

[ t V r l ) E ~ I ~ ~  value o f  Fh i s  l e s s  than t h a t  ca l cu la ted  f o r  t h e  moderate convect ion case 

sv t j :  (381 kg s - ~ )  and f o r  t h e  weak, suppressed case (631 kg s - ~ ) .  Also, t he  

ynlim s;value i s  much l e s s  than t h e  maximllm poss ib le  725 kg (see Chapter 111, 

6 :,si-j b;l sec t i on  4). - 2 : ;  f r ) l  

wofsd . rstThe two major f ea tu res  o f  Fig.  28d (c loud l a y e r  convergence, subcloud 

divergence) are c l e a r l y  present  i n  t h ree  o f  t h e  p rev ious l y  c i t e d  budget 

s tud ies .  I n  the  c a l c u l a t i o n s  by Cho and Ogura (1974) t he re  i s  an apparent 



h source above t h e  650 mb l e v e l  and a s i n k  below i n  t rough category 4, 

and a source above the  850 mb l e v e l  and a s i n k  below i n  t he  t rough 

category 5. The Fh c a l c u l a t i o n  by Lewis (1975) f o r  a p r e f r o n t a l  squa l l  

l i n e  s i t u a t i o n  shows a divergence o f  Fh below c loud base and a convergence 

beginning about 100 mb above c loud base. The Fh p r o f i l e  ca l cu la ted  by 

Lewis (1975) has a maximum value of about 1050 kg a t  t he  600 mb l e v e l  

(c loud base i s  a t  t he  700 mb l e v e l ) .  As i s  cons i s ten t  w i t h  t h e  o the r  

budget q u a n t i t i e s  c a l c u l a t e d  by Lewis (1975), t h i s  maximum value i s  

cons iderab ly  l a r g e r  than the  maximum value o f  41 1 kg s ' ~  i n d i c a t e d  i n  

F ig .  28d. The shape o f  t h e  Fh p r o f i l e  ca l cu la ted  by B e t t s  (1975) f o r  

Venezuelan cumulonimbus cornposi t e  data i s  a l s o  s i m i l a r  t o  t h a t  ca l cu la ted  

fo r  t h i s  p r e c i p i t a t i n g  average case. .His Fh p r o f i l e  has a p o s i t i v e  

(convergent) s lope beginning about 100 mb above c loud base and a sharp ly  

d ivergent  slope below c loud base. B e t t s  (1976) discusses the  f a c t  t h a t  

such a subcloud s i n k  o f  h can o n l y  be due t o  t he  a c t i o n  o f  downdrafts 

t r a n s p o r t i n g  a i r  w i t h  r e l a t i v e l y  low h values i n t o  t h e  subcloud l aye r .  

A comparison o f  t he  f o u r  average Fh p r o f i l e s  ca l cu la ted  i n  t h i s  t h e s i s  

suggests t h i s  exp lanat ion  by B e t t s  (1976) i s  q u i t e  reasonable. O f  t he  

four  types o f  convect ion considered, o n l y  t h e  p r e c i p i t a t i n g  case has a 

nega t i ve l y  (d ivergent )  sloped Fh i n  t h e  subcloud l a y e r .  B e t t s  (1976) 

modeled t h e  downdrafts as being d r i v e n  by  evaporat ive c o o l i n g  by 

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

The budget d e s c r i p t i o n  o f  p r e c i p i t a t i n g  convect ion presented i n  

t h i s  sec t i on  i s  summarized i n  Chapter V I I .  



V I  . DISCUSSION AND MODELING 

1. V e r t i c a l  V e l o c i t i e s  

A. Comparison o f  IT; t o  w 

The o v e r t i c a l  coord ina te  system i s  use fu l  i n  t h i s  research because 

i t  s i m p l i f i e s  c a l c u l a t i o n s  a t  t h e  s lop ing  lower boundary (Chapter 111, 

sec t i on  1) .  I n  add i t i on ,  t h e  r e l a t e d  v e r t i c a l  mass f l u x  IT; i s  use fu l  

because i t  simp1 i f i e s  t h e  comparison o f  a v e r t i c a l  v e l o c i t y  over  s l op ing  

t e r r a i n  t o  a v e r t i c a l  v e l o c i t y  over l e v e l  t e r r a i n .  Th i s  l a t t e r  p o i n t  i s  

discussed be1 ow. 

A p a r t  o f  t h e  presenta t ion  o f  r e s u l t s  i n  Chapter V, sec t i on  4 i nvo l ved  

a comparison o f  average v e r t i c a l  mass f l u x e s  c a l c u l a t e d  i n  t h i s  research 

w i t h  those ca l cu la ted  i n  o the r  budget s tudies.  The p o i n t  o f  t h e  comparison 

was t o  note t he  s i m i l a r i t i e s  and d i f f e r e n c e s  f o r  per iods  t h a t  e x h i b i t e d  

general l y  s i m i l a r  types o f  convect ion. However, pressure surfaces i n  t he  

low t o  mid atmosphere have a considerable s lope w i t h  respec t  t o  t he  NHRE 

t e r r a i n  (40 mb/100 km i n  t he  east-west d i r e c t i o n ) ,  b u t  a re  almost 

p a r a l l e l  t o  t he  lower boundaries (oceans) o f  t h e  o the r  s tudies.  I f  

v e r t i  c a l  ve l  o c i  t i  es w i  t h  respec t  t o  pressure surfaces (u) are  compared, 

t h e  comparison w i l l  always have some b u i l t  i n  d i f f e r e n c e  r e l a t e d  t o  t he  

s lop ing  t e r r a i n  i n  t h e  NHRE area. The f o l l o w i n g  argument suggests t h a t  

t h i s  d i f f e r e n c e  can be p a r t l y  accounted f o r  by comparing no o f  t h i s  

research t o  w values o f  t h e  p rev ious l y  mentioned s tud ies .  

I n  s tudy ing  convect ion i t  i s  reasonable t o  consider  v e r t i c a l  

v e l o c i t i e s  r e l a t i v e  t o  surfaces t h a t  a re  n e a r l y  p a r a l l e l  t o  t h e  c loud 

base 1 eve1 . Pressure sur faces are n e a r l y  para1 l e l  t o  c loud bases over 

mesoscale areas w i t h  l e v e l  lower boundaries. The lower boundary o f  t he  

NHRE area, however, s lopes considerably .  The schematic east-west cross 



w .  - .. * . a  . 
sec t i on  o f  F ig.  29 uses p, T, and q values averaged over a l l  39 data 

i n t e r v a l s  t o  show t h e  r e l a t i o n  between t h e  p, a, and LCL surfaces over 

the  NHRE area. The LCL i s  taken t o  represent  c l oud  base l e v e l  (see 

Chapter V, sec t i on  1B). 
I 
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Figure  29. Schematic East-West Cross Sec t ion  of NHRE Area 

(S l  ope Exaggerated) 

F igure  29 shows t h a t  t h e  c loud base l e v e l  i s  n e a r l y  p a r a l l e l  t o  t he  
I1 329- 

a sur faces and n o t  p surfaces. Th i s  means t h a t  over t h e  NHRE area, i s  

a v e r t i c a l  v e l o c i t y  r e l a t i v e  t o  sur faces n e a r l y  p a r a l l e l  t o  t he  c loud base 
ot: 

l e v e l .  Consequently, i t  i s  reasonable t o  compare n; p r o f i l e s  i n  t h i s  
G f l  fifsb 79d?0 9d3 flf 

study t o  w p r o f i l e s  o f  o the r  s tudies.  
m n  t n&? 

The above argument begins t o  break down a t  h i g h  l e v e l s ,  because p 

surfaces begin t o  s lope l e s s  w i t h  respec t  t o  a surfaces. Also, the  

s i g n i f i c a n c e  o f  t he  c loud L ~ s e  as a re fe rence l e v e l  becomes quest ionable 
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a t  h igh leve ls .  Fortunately, f o r  the discussion i n  Chapter V, sect ion 4, 

the di f ference between 6 and w i s  r e l a t i v e l y  l a rge  on ly  i n  the case o f  

weak, suppressed convection. 

B. Magnitude o f  T; 

The average magnitude o f  T;  f o r  cases o f  weak, suppressed convection 

was found t o  be about three t o  ten times l a rge r  than the v e r t i c a l  

ve l oc i t i e s  ca l  cul  ated i n  other studies o f  undisturbed o r  suppressed 

convection (Chapter V, sect ion 4A). No d e f i n i t e  reason f o r  t h i s  

d i f fe rence w i l l  be given i n  t h i s  thesis.  However, a shor t  discussion 

w i l l  be presented because the d i f fe rence c l e a r l y  stands out  y e t  i t  has 

no t  been previously noted o r  discussed i n  the l i t e r a t u r e .  ( I t  has been 

noted i n  the case o f  very strong convection, Fankhauser, 1969 .) 

To discuss the la rge  d i f fe rence i n  magnitude between the v e r t i c a l  

v e l o c i t y  p ro f i l e s ,  l e t  us consider the components t h a t  make up the 

average v e r t i c a l  ve loc i t y ,  o r  more precisely,  the v e r t i c a l  mass f l ux  

per u n i t  area. Using an environment, cloud type decomposition as i n  

Chapter 11, sect ion 2B, we see t h a t  the calculated IT; o r  u ( r eca l l  t h a t  

w = IT; + 0;) i s  the sum o f  the cloud mass f l ux  p lus the environment mass 

f l u x  f o r  a given data area and time i n t e r va l .  Assuming these f luxes 

general ly  are no t  i n  the same d i r ec t i on  (Yanai, 1971), the la rge 

magnitude d i f fe rence i s  a statement t h a t  c l  oud-environment mass f l  uxes 

i n  the mesoscale data o f  t h i s  thes is  do no t  balance as we1 1 as they do 

i n  the other data networks, This l a rge r  imbalance could be due t o  two 

fac tors ,  

F i r s t ,  the weak suppressed convection dea l t  w i t h  i n  t h i s  research 

could contain many more clouds than the various types o f  weak convection 



present i n  the other studies. If  a certain amount of cloud-environment 

imbalance i s  associated w i t h  each cloud a larger number of clouds would 

produce a larger average T;. 
1 

Second, the imbalance could be due to  stronger mesoscale circulations 

not direct ly  related to  convection. Even though the NHRE area slopes 

quite smoothly (see Chapter IV, section 1 )  i t  contains several small scale 

topographical features tha t  could produce pronounced local circulations.  

Mesoscale circulations could also be related t o  localized surface heating 

and stronger diurnal temperature changes character is t ic  of continental 

areas. 

No data are available to  indicate which one or more o f  the two 

possibil i t i e s  i s  related t o  the large magnitude of the r; profiles.  

Nevertheless, the above discussion was presented to  emphasize t h i s  

dis t inct ive feature of weak, continental, mesoscale convection. 

2 .  Model Interpretation of Weak, Suppressed Convective Fl uxes 
i ' 
n .: 

The net contributions of weak, suppressed cumulus convection to  the 

mesoscale budgets of q ,  s ,  and h are given by the F Fs and Fh profiles 
9 ' 

presented i n  Figs. 14d, 15d, and 16d. In t h i s  section these profiles are 

expressed i n  terms of a model convective transport process developed and 

used by Ooyama (19711, Betts (1973, 1975), and Yanai , e t  a1 (1973). The 

discussion of the diagnostically derived convective transports in terms 

of a model i s  useful because the derived profiles represent only the 

f inal  or net resu l t  of many compl i cated processes occurring in and around 

cumulus clouds (see Chapter 11, section 2 f o r  a general description of 

processes included i n  the eddy flux term). The model i s  used to  break 

down the individual profiles into simplified component parts.  



The form o f  t h e  convect ion model and p a r t i c u l a r l y  t h e  i n t e r p r e t a t i o n  

o f  t h e  i n d i v i d u a l  terms comprising the  model w i l l  c l o s e l y  f o l l o w  Be t t s  

(1975). The two convect ive f l u x e s  Fh and F (FqT i s  s imply t h e  d i f f e r e n c e  
SL 

Fh - F ) a re  modeled (Eqs. I l a ,  b) as t h e  products o f  s i n g l e  convect ive 

mass f l u x e s  t imes a cloud-environment d i f f e r e n c e  o f  sL and h. 

Fh = "i *(h - hE) h c 

From Chapter 111, sec t i on  5B, r e c a l l  t h a t  

The environmental q u a n t i t i e s  i n  Eqs. I l a ,  b a re  t o  be taken as area and 

t ime averaged values as descr ibed, f o r  example, by I I hE dA d t  / I I dA d t ,  

t A t A 

and are  a v a i l a b l e  f rom t h e  data. Various types o f  overbars cou ld  have 

been used i n  Eq. 11 t o  descr ibe  these i n t e g r a t i o n s  b u t  f o r  c l a r i t y  have 

been omi t ted.  Representat ive values o f  c loud q u a n t i t i e s  a re  denoted by 

hc and sL and a re  n o t  a v a i l a b l e  f rom t h e  data. They are  modeled by t h e  
C 

f o l  lowing simp1 e e n t r a i n i n g  parce l  concept (Eq. 13a, b) 

The entrainment r a t e  A ( > O )  w i l l  be assumed. For  t h i s  simple model i t s  

va lue was n o t  found t o  be c r i t i c a l  f ~ r  e i t h e r  these c a l c u l a t i o n s  o r  f o r  

those o f  Be t t s  (1975). 



The model i s  app l i ed  by f i r s t  i n t e g r a t i n g  Eqs. 13a and b  t o  ob ta in  

t he  rep resen ta t i ve  c loud values hc and st , and then Eqs. l l a ,  b  a re  used 
C 

t o  determine nuh* and nu *. The i n t e g r a t i o n  o f  13a, b requ i res  g iven 
St 

v e r t i c a l  p r o f i l e s  o f  hE and sE and lower boundary values o f  hc and s  

The c a l c u l a t i o n  o f  n 6  i s  s e n s i t i v e  t o  t he  i n p u t  p r o f i l e s  o f  hEy  sEY 

and Fh, Fse, and t o  t h e  lower boundary values o f  hc, 
S%- Once these 

q u a n t i t i e s  a re  determined, t h e  choice o f  x i s  n o t  c r i t i c a l .  

The average hE and sE p r o f i l e s  f o r  weak, suppressed convect ion, 

exc luding day 13 Ju ly ,  a re  used i n  t h e  i n t e g r a t i o n s  o f  Eqs. 13a, b  (see 

F ig .  30). As descr ibed i n  Chapter V, sec t i on  4A, day 13 J u l y  had a  

pronounced mois t  l a y e r  near c loud base. I n c l u s i o n  o f  t h i s  mo is t  l a y e r  

i n  t h e  average p r o f i l e  o f  hE produces very  l a r g e  and sometimes negat ive  

values o f  nib*. 
The f l u x  p r o f i l e s  averaged over a l l  days i n c l u d i n g  13 J u l y  a re  used 

i n  t he  c a l c u l a t i o n s  o f  IT;* i n  Eqs. I l a ,  b. The exc lus ion  o f  13 J u l y  

changes F enough t o  produce negat ive values o f  d,*. Th is  a r b i t r a r y  
S~ 

i n c l u d i n g  and exc lud ing  of one day w i l l  be discussed l a t e r ,  bu t  f o r  now 

we proceed w i t h  t he  c a l c u l a t i o n s  o f  IT;* r e a l i z i n g  t h e  s e n s i t i v i t y  o f  t h e  

model . 
I n  o rder  t o  ob ta in  p r o f i l e s  o f  hc and st by  i n t e g r a t i n g  Eqs. 13a, b  .. 

the  c loud base values o f  hc and st a re  s e t  equal t o  hE and sE a t  u = .99. 
C 

Th i s  i s  cons i s ten t  w i t h  t he  procedure used t o  c a l c u l a t e  t h e  l i f t i n g  

condensation l e v e l  (Chapter V, sec t i on  1B). B e t t s  (1975) f o rced  the  c loud 

base value o f  st t o  a  va lue t h a t  matched t h e  convect ive mass f luxes a t  
C 

c loud base. I n  t h i s  case t h e  procedure was q u i t e  reasonable because the  

necessary adjustment was w e l l  below t h e  accuracy o f  t he  instruments. A 

s i m i l a r  approach was t r i e d  i n  t h i s  research, b u t  s  a t  c loud base had t o  







3 be increased approx imate ly  1 x 10 j / k g  (equ iva len t  t o  1°K) above t h e  

sur face  value o f  sE. The poorer  agreement o f  nGh* and GS* i n  t h e  lower 

p a r t  o f  t h e  c loud l a y e r  i s  a r e s u l t  o f  n o t  us ing  t h i s  adjustment. 

A thorough d iscuss ion  o f  t he  i m p l i c a t i o n s  o f  t h e  use o f  t h e  above 

(F igs.  15d and 16d) have t h e  shape they  have. Rather, t h e  model i s  an 

(Eqs. I l a ,  b )  convect ion model i s  presented by B e t t s  (1975). The 

4 
5, I a l t e r n a t i v e  way o f  represent ing  the  convect ive f l u x  p r o f i l e s .  

1 
I 

3 
cu 

8 
* 

I . - The model c a l c u l a t i o n s  show a general s i m i l a r i t y  o f  t h e  TG* p r o f i l e s  

a 0 
2 

\ 
o f  t h i s  research t o  t h e  U* p r o f i l e s  c a l c u l a t e d  by B e t t s  (1975). A 

3 

x , comparison o f  t he  convect ive f l u x  p r o f i l e s  i n  F ig.  31 f o r  two extreme 

f o l l p q i n g  remarks about t h e  model p r o f i l e s  ca l cu la ted  i n  t h i s  research 

\ \  are  based on t h a t  d i s c u s s ~ o n .  As was p r e v i o u s l y  mentioned, t he  convect ion 

" w I values o f  entrainment ( A  = 0. mb-' and A = .005 ma-') shows t h a t  t h e  

model (Figs. 30 and 31) does n o t  e x p l a i n  why t h e  convect ive f l u x  p r o f i l e s  

I model i s  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  r a t h e r  a r b i t r a r y  choice o f  
E 

I entrainment. The nG* p r o f i l e s  gene ra l l y  show a marked decrease w i t h  

he igh t .  Th i s  i n d i c a t e s  t h a t  when a l l  t h e  c louds i n  t h e  data volume are  

represented by a s i n g l e  t y p i c a l  model c loud, t h e  amount (mass f l u x )  of 

c loud passing a g iven  l e v e l  decreases w i t h  he igh t .  

- B e t t s  (1 975) p a r t i c u l a r l y  emphasized t h e  s imi  l a r i  t y  o f  t h e  convect ive 
c'r 

U) 
A mass f l u x  p r o f i l e s  ca l cu la ted  f o r  h and st. F igure  31 shows t h e  nth* and 
C 

, d 
1( nckfl p r o f i l e s  o f  t h i s  c a l c u l a t i n n  a l s o  t o  be gene ra l l y  s i m i l a r .  Th i s  

s i m i l a r i t y  i n d i c a t e s  the  coup1 i n g  o f  t h e  water and energy t ranspo r t s  i n  

t h i s  convect ion model. Only one mass f l u x  i s  necessary t o  approximately 

descr ibe the  movement ( f l u x )  o f  bo th  water and energy through t h e  model 

c l  oud&-.-.., --- - *~ . 



The s lope o f  t h e  convect ive mass f l u x  i s  r e l a t e d  t o  t he  detrainment 

b l  , ?$v  Y $  ( ! , = A + -  - , B e t t s  (1975)). As i n  t h e  c a l c u l a t i o n s  made by Be t t s  
U* ap 

' '' (1975), these .IT;* p r o f i l e s  i n d i c a t e  t h a t  detrainment i s  l a r g e  compared t o  

entrainment, and i s  impor tan t  even i n  t h e  case o f  zero entrainment.  Be t t s  

proceeds from t h e  idea o f  detrainment and t h e  c a l c u l a t i o n  o f  i t s  r e l a t i v e l y  

l a r g e  magnitude t o  t he  concept t h a t  t he  t r a n s i e n t  charac ter  o f  a  c loud 

( t he  c loud ' s  l i f e  cyc le )  i s  an impor tan t  p a r t  o f  a  c loud model. This  same 

i n t e r p r e t a t i o n  f o l l o w s  n i c e l y  i n  t h i s  t h e s i s  from t h e  d e f i n i t i o n  o f  Fh 

and F (Eq. 12a, b). The t ime i n t e g r a t i o n s  i n  Eqs. 12a, b  i n d i c a t e  t h a t  
Se 

the  ca l cu la ted  convect ive f l u x e s  o f  h  and s  i nc lude  t h e  e f f e c t s  o f  c loud e 
l i f e  cyc les.  

F i n a l l y ,  t h e  a p p l i c a t i o n  o f  t h i s  model t o  a  new s e t  o f  data adds 

credence t o  t h e  usefu lness o f  t h e  model and a l s o  p o i n t s  o u t  problem 

areas i n  i t s  use. The c a l c u l a t i o n s  o f  t h i s  research show t h r e e  general 

features t h a t  were found by  B e t t s  (1975). F i r s t ,  t h e  c loud mass f l u x  of 

t he  s i n g l e  model c loud decreases w i t h  he igh t .  Second, t h e  convect ive 

-' 3,. t r anspo r t s  o f  water  and energy are  approx imate ly  coupled. Th i rd ,  t he  

detrainment i s  o f  t h e  same magnitude as t h e  entrainment.  -;a; 45.17 

The main problem area i n d i c a t e d  by t h e  c a l c u l a t i o n s  i s  t h e  s e n s i t i v i t y  

o f  t h e  mode1 t o  t h e  i n p u t  data. Be t t s  (1975) used t r o p i c a l ,  oceanic data 

averaged over  f i v e  days. I n  t h i s  research, changes i n  t h e  v e r t i c a l  

p r o f i l e s  due t o  t h e  presence o r  absence o f  one day o f  data can make t h e  

model y i e l d  unreasonable T;* p r o f i l e s .  The no i se  i n  t h e  convec t ive  f l u x  

p r o f i l e s  p lus  the-"Smoothing o f  t h e  environin@ntal p r o f i l e s  o f  h  and s  

i n d i c a t e  t he  NHRE data a re  o n l y  marg ina l l y  use fu l  f o r  use w i t h  t h i s  type  

o f  model. 



s n m f  3.  Model Interpretation of Weak, Developing Convective Fluxes 

198 Id 91 Estimates of the net convective transports of qT, sL, and h for  weak, 

oJ ~ 7 6 d e v e l o p i n g  convection were presented in Figs. 18d, lSdy and 20d. These 

2jf98 . estimates are based on a model computation described in th i s  section. 

$ , ;  t 
b , s The model i s  used to account fo r  the change in cloud storage of water 

. and energy due to  the development of the clouds in the budget volume. 

.. 7 ,.I 
I(. : The original calculations of the flux forms of the apparent sources 

11  

tl for  qT, Ply and h are PPesented as dotted l ines  in Figs. 18d, 19d, and 20d. 

I " . A1 though the dotted profi les  gnd the profiles presented in Figs. 14d, 15d 

L ) ' , ? :  and 16d both represent weak convection (developing and suppressed, 

respectively) they are  s t r ikingly different.  One of the clearest  

differences i s  the net apparent sink of q tha t  i s  indicated by the 

rm original (dotted) developing convection profile of F . This sink of 
q~ 

isvsn!_water vapor i s  not due to  precipitation because the clouds do not even 

To xuT1 produce radar echoes during the budget calculation periods. However, i t  

i s  quite reasonable to  ascribe t h i s  loss of water vapor to  the net 

9149 increase in the number and/or size of clouds in the budget volume (see 

Chapter V ,  section 1B f o r  a description of the developing nature of the 

convection). The positive (convergent) slope of the original profile of 

6?6L1 F in Fig. 19d a1 so suggests a net condensation heating due to  an increase 

of cl oud water. 

A simple model of the change of cloud storage of water and energy 

f o r  weak, developing clouds will be developed in th i s  section. This model 

i s  based on the storage terms that  were mentioned and then neglected 

in the use of the general budget equation 5. These terms will now 

be reintroduced into the form of the budget equation developed . , :  in 

Chapter 111, section 5B. 



The LHS, aFx = F (o )-F ( o  ) , i s  t h e  res idua l  i n  f l u x  form f o r  t h e  l a y e r  
x 2  x 1  

u1 t o  u2. The f i r s t  term on t h e  RHS, which i s  an average over  area A and 

t ime i n t e r v a l  T, i s  t h e  convect ive term t h a t  has been assumed t o  be the  

dominant term. The second term on t h e  RHS i s  t h e  p rev ious l y  neglected 

change i n  storage. Recal l  t h a t  I was de f i ned  as t h e  p rope r t y  o r  
X 

m a t e r i a l  than can be converted i n t o  x. For t h e  case o f  water  vapor, q, 

I = l, where 1 i s  t h e  m ix ing  r a t i o  o f  l i q u i d  water. The sum ( I x  + xc - xE) 
9 

represents t he  excess o f  x  i n  t h e  c louds over  t h e  environmental  va lue o f  x. 

Taking account o f  t he  negat ive  s ign  o f  (02-ul ) , we see t h a t  an increase 

w i t h  t ime o f  t h e  t o t a l  c l oud  excess o f  x  tends t o  produce an apparent 

s i n k  o f  x. 

The c a l c u l a t e d  r e s i d u a l  F, o n l y  ( j ives a measure o f  t he  sum o f  t h e  
X 

storage term p lus  t h e  convect ive t r a n s p o r t  term. I n  o rder  t o  proceed w i t h  

modeling t h e  s torage term, we now make t h e  f o l l  owing impor tan t  assumption. 

The convect ive t r a n s p o r t  o f  X above c loud base i n  t h e  case o f  weak, 

devleoping convect ion i s  assumed equal t o  t h e  convec t ive  t r a n s p o r t  of x 

above c loud base c a l c u l a t e d  f o r  weak suppressed convect ion.  (See Figs.  

14d, 15d, 16d, and Chapter V ,  sec t i on  4A.) The v a l i d i t y  o f  t h i s  assumption 

w i l l  be discussed l a t e r .  The d i r e c t  r e s u l t  o f  t h e  assumption i s  t h a t  

sub t rac t i on  o f  t h e  weak, suppressed convect ive f l u x  p r o f i l e s  (F  xf supp) 1 
from the  weak, developing convect ive f l u x  p r o f i l e s  (Fx(dev) ) w i l l  y i e l d  

a measure o f  t h e  c loud storage term alone: 
tb alsc;fav 



where A F '  = A F  x (dev 
- AF 

~ ( S U P P )  
and AF = Fx(u,) - Fx(ul) 

X X 

I t  has been assumed tha t  

j -FI + (YC - xE) (ni)  dAc d t  (suppressed case) m 
3 

- I I 1 -FI + (xC - x E )  (IT;) lU2 dAc d t  (developing care) - AT 
A, t O1 

Because the suppressed and developing cloud bases are  a t  s l ight ly 

different  1 eve1 s , the suppressed (lower) convective profiles were simply 

raised .06 u levels to  make the cloud bases coincide. We next se t  x 

equal to  qT, se, and h and omit the integral notation by le t t ing  I x ' 
xc and xE be representative values over area Ac,  time T, and layer (a2-u1 ) 

(the usual bar (-1 notation i s  also omitted for  c l a r i t y ) :  

The quantit ies (L + qc - qE) and ( s  - LL - sE)  are representative values 

o f  excess total  water ( L  + qc) and 1 iquid water s t a t i c  energy (s, - Ll) 
1 Ac Ac above the environmental values. The term T [(-I - (-1 ] i s  the 

A t2 A t l  
change in fractional cloud area over the interval T .  

As i n  the modeling of weak, suppressed convection (Eq. 13, section 2) 

a simple entraining parcel model will be used to  generate representative 

values of the conservative cloud properties (1 + qc = qT) and (sc - LL = s ) : 
c 



In t he  unsaturated environment qT = qE and st = sE. Cloud base values 
E E 

o f  qT and s, a r e  chosen t o  be cons i s ten t  w i t h  t h e  procedure used t o  
C C 

c a l c u l a t e  t h e  c loud base l e v e l  (see Chapter V, sec t i on  1B). The c loud 

base values a re  s e t  t o  t h e  near sur face values: s,(cB) = s(a = .99) and 

L ( 1  + q)cB = ~ ( c B )  - s,(cB) = h(a = ,991 - s(a = .99). Graphs o f  t h e  

excess t o t a l  water (qT - qE) and excess 1 i q u i d  water  s t a t i c  energy 
C 

(s, - sE) a re  presented i n  F ig .  32 f o r  two values o f  entrainment ( A  = O., 
L 

and A = .005 mb" ) . 
Equations 17a, b and c model t h e  change o f  c loud storage o f  water  

and energy f o r  weak, developing convect ion. The excess q u a n t i t i e s  

( q ~  - qE) and (se - sE) t h a t  appear i n  Eqs. 17a, b are obta ined from 

Eqs. 18a, b. The change i n  f r a c t i o n a l  c loud area i s  then c a l c u l a t e d  

from the  F' p r o f i l e s .  The v e r t i c a l  p r o f i l e  o f  t h e  change o f  f r a c t i o n a l  

c loud area t h a t  i s  cons i s ten t  w i t h  (1) t h e  model c l oud  and (2) t h e  

assumption t h a t  t h e  convect ive t r a n s p o r t  terms f o r  developing and 

suppressed weak convect ion are equal w i l l  be c a l c u l a t e d  us ing  bo th  

equat ions 17a and b. Equations 17a and b p rov ide  two independent 

est imates o f  t h e  change o f  f r a c t i o n a l  c loud area. 

The agreement o f  these est imates (as g iven  by  t h e  area between t h e  

0-0-0 and x-x-x p r o f i l e s )  does n o t  depend s t r o n g l y  on t h e  choice o f  A .  

The use o f  x = 0 (F ig .  34) produces s l i g h t l y  b e t t e r  agreement than the  

use o f  A = .005 mb-' (F ig.  33). The approximate shape o f  t h e  t ime change 

of c loud area p r o f i l e  (g iven  by  --- and - l i n e s  i n  Figs. 33 and 34) i s  

somewhat more dependent on t h e  choice o f  A.  
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Figure 34. Tine Change of Fractional Cloud Area, 1=0 mb- ' 



Both Fig. 33 and 34 show a time change o f  f r ac t i ona l  cloud area on 

the order of .1 h r  This i s  a substant ia l  increase, but  i t  i s  qu i t e  

consistent  w i t h  the general developing character o f  the convection and 

the f a c t  t h a t  i t  represents development over about a three hour per iod 

i n  the afternoon. 

The model o f  the change o f  cloud storage o f  water and energy i s  

completed by approximating the two derived p r o f i l e s  i n  Fig. 34 by the 

sing1 e, 1 i nea r l y  decreasing p r o f i l e  (sol  i d  1 ine)  . This idea l  ized p r o f i l e  

o f  the time change o f  f r ac t i ona l  cloud area and the p r o f i l e  o f  the excess 

cloud values of qT and st f o r  A = 0 together make up the model o f  changing 

cloud storage. This model has been appl ied t o  the o r i g i n a l  (dotted) 

, F and Fh p r o f i l e s  f o r  weak, developing convection (Figs. 18d, 19d, 
FqT 't 
and 20d) t o  produce the f i n a l  ( s o l i d  l i n e )  p r o f i l e s  t h a t  represent j u s t  

the convective t ransports o f  qT, st, and h. App l ica t ion o f  the model 

removes the cloud storage cont r ibut ion.  

Obtaining the convective f luxes ( s o l i d  l i nes ,  Figs. 18d, 19d, and 20d) 

by subtract ion o f  the modeled cloud storage term from the o r i g i na l  

apparent source term (dotted 1 ines) , however, severely 1 i m i  t s  the 

i n t e rp re ta t i on  of the convective f luxes.  The two i n i t i a l  estimates o f  the 

cloud storage term (0-0-0 and x-x-x 1 ines o f  Fig. 34 ) assume the 

developing convective f l uxes  are  equal t o  the suppressed case convective 

f luxes.  These two estimates are then idea l ized t o  the s o l i d  l i n e  of 

Fig. 34 . This means the developing case f l uxes  F , F , and Fh o f  
q~ 

Figs. 18d, 19d, and 20d are almost forced t o  equal the respective 

suppressed case f l uxes  of Figs. 146, 15d, and 16d.   ow ever, t h i s  

equa l i t y  o f  the suppressed case and developing case convective f luxes 



appears be a reasonable assumption, because the two independent 
t iJ$ 

estimates of tne cloud storage term based main on th i s  np~ion turn 
ii! rsrlr, gftiqor 

out to be nearly equal. 
raun t 

"'The role of the change ud storage has not been emphasized in 

previous large and mesoscal e budget studies. These calculations clearly 

show tha t  i t  produces a substantial contribution to  the apparent sources 
9it3 of water and energy in a developing convection situation. The recognition 

- . -  

and modelinq of t h i s  cloud storage term are two of the main contributions 

of th i s  7% 
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VI I. SUMMARY AND CONCLUSIONS 

This thes is  presents and i n t e rp re t s  water and energy budget 

descr ipt ions f o r  f ou r  broad c l ass i f i ca t i ons  of  summertime cumulus 

convecti  on occurr ing over the National Hai 1 Research Experiment (NHRE) 

mesoscale data area. The budgets are calculated from NHRE rawinsonde data. 

The convection c l  ass i f i ca t i ons  are based on radar and p rec i p i t a t i on  data. 

The budget equation, ca lcu la t ion  procedure, data, r esu l t s ,  and conclusions 

are sumnarized here. Suggestions f o r  f u t u re  research are presented. 

A budget equation f o r  an a r i b t r a r y  sca lar  quant i ty ,  x, i s  derived. 

The most basic assumption i n  t h i s  equation i s  t h a t  c lea r  a i r  (environmental) 

quant i t ies ,  X E ,  vary smoothly and the major perturbat ions t o  these back- 

ground f i e l d s  are caused by small, l o ca l i zed  disturbances re l a ted  t o  

convection w i t h  proper t ies  xc. The environmental terms are separated t o  

the LHS and the convection terms t o  the RHS o f  the budget equation. The 

general goal o f  the thes is  then becomes the cal 'culat ion. o f  the environmental 

terms from the data, and the i n t e rp re ta t i on  o f  both the RHS convection 

residual  and the ind iv idua l  LHS terms. 

The budget equation derived i n  t h i s  thes is  has several features t h a t  

a i d  i n  the above ca lcu la t ions and in te rp re ta t ions .  A normalized pressure 

(a) v e r t i c a l  coordinate i s  used t o  f a c i l i t a t e  ca lcu la t ions  over the 

s loping NHRE t e r r a i n .  The environmental var iables appear as funct ions of 

hor izonta l  pos i t i on .  This enables the simple i n t e rp re ta t i on  of xC - xE 
as a cloud excess even when xE has a hor izonta l  gradient. The time and 

space in tegra t ions are e x p l i c i t  i n  order t o  emphasize the time and space 

averaging scales. The change o f  cloud storage term i s  re ta ined f o r  use 

during interval 's when i t  i s  not  neg l ig ib le .  F i na l l y ,  the source term on 



t he  RHS o f  t he  budget equat ion i s  w r i t t e n  i n  a f l u x  form. Th i s  

in t roduces t h e  f l u x e s  o f  t o t a l  water and 1 i q u i d  water s t a t i c  energy 

which have been used by Be t t s  (1975). 
. , . b ~ t j  

The approximations o f  t h e  data as l i n e a r  f unc t i ons  o f  ho r i zon ta l  

p o s i t i o n  and t ime a re  two o f  t h e  most impor tan t  steps i n  t he  c a l c u l a t i o n  

procedure. These approximations a c t  as t h e  main f i l t e r s  o f  t h e  i n p u t  

data. For tunate ly ,  a  comparison o f  t h e  o r i g i n a l  data and t h e  l i n e a r  s p a t i a l  

approximations show smal l  average abso lu te  d i f f e rences  ( .5 g/kg , . 6 O K ,  

1  m s - I  f o r  q, T, u respec t i ve l y ) .  Another impor tan t  s tep  i n  t he  

c a l c u l a t i o n  procedure i s  t h e  use o f  t h e  c o n t i n u i t y  equat ion t o  determine 

-426 
t he  average v e r t i c a l  mass f l u x  (no). A c o r r e c t i o n  technique developed by 

O'Br ien (1970) i s  app l i ed  t o  t he  6 p r o f i l e  i n  o rder  t o  produce a zero 

03 b v e r t i c a l  v e l o c i t y  a t  t h e  t o p  (100 mb) data l e v e l .  F i n a l l y ,  t h e  r a d i a t i o n  

. term on t h e  RHS o f  t he  budget equat ion i s  modeled us ing  a program supp l ied  

' I6jilWliTc) 
by S. K. Cox. The r a d i a t i o n  c o n t r i b u t i o n  i s  smal l  compared t o  t h e  o the r  

budget terms and i s  o n l y  app l i ed  t o  t h e  budgets ca l cu la ted  f o r  per iods w i t h  
116 

l i t t l e  convect ion present.  

tritlJ ~ 9 7 ~ 3  
The budget c a l c u l a t i o n s  a re  based on data obta ined from t h e  NHRE 

rawi  nsonde network. F i ve  sondes were 1 aunched approximately simul taneously 

a t  two t o  t h ree  hour i n t e r v a l s  i n  t h e  a f te rnoon on severa l  days du r i ng  

3t.l ZF 
t h e  summer o f  1973. The f i n a l  da ta  s e t  cons i s t s  o f  data f o r  39 i n t e r v a l s  

occu r r i ng  over 14 days. The rawinsonde data processing takes i n t o  account 

t h e  downwind d r i f t  o f  t h e  sondes and t ime d i f f e r e n c e s  i n  t h e  data due t o  

t h e  sonde r i s e  t ime (about 50 minutes) and launch t ime d i f f e r e n c e s  (about 

30 minutes).  

I nr tint?$ J 
Each o f  t h e  39 i n d i v i d u a l  budget c a l c u l a t i o n  per iods i s  c l a s s i f i e d  

as having one o f  f o u r  types o f  convect ion: (1) weak, suppressed, (2) weak, 
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- weak, suppressed 
- weak, developing -- moderate ---- precipitating 

Figure 35. Convective Flux of Total Water (F ) .  
q~ 



- weak, suppressed 

weak, developing -- moderate - p r e c i p i t a t i n g  

Figure 36. Convective F lux  o f  Liquid  Water and S t a t i c  Energy (F  ) 
I' S& 



- weak, suppressed 

- weak, devel o p i  ng -- moderate 

- -  p r e c i p i t a t i n g  

F igure  37. Convect ive F lux  o f  Mo is t  S t a t i c  Energy (F,,). 



- weak, suppressed 
weak, developing - moderate - -  p r e c i p i t a t i n g  

F igu re  38. Average V e r t i c a l  Mass Flux  

" ' F  ' ~ i ~ p t b  , (dlI) yyeni ,l j r j 2  ???nM ?c xui 1 ~ ~ 1 1  *. , 



-.  . values o f  Fh decrease from the weak t o  the moderate t o  the p r e c i p i t a t i n g  

,m.,:) '~':convection case. This progression i s  q u i t e  r e a l i s t i c ,  because the surface 

value o f  Fh i s  approximately equal t o  the ne t  surface rad ia t ion  which 

decreases as the cloudiness increases. 

P , The subcloud slope o f  Fh f o r  weak convection ind icates  a strong 

conve-ctive source o f  moist  s t a t i c  energy. I n  cont ras t  t o  comparable 

oceanic studies, the subcloud convective source o f  h i s  l a rge r  than the 

, T f v  cloud layer  convective source. The subcloud slopes o f  the Fh p r o f i l e s  

~ r j ?  I ~ V C  also show a progression from the weak t o  the p r e c i p i t a t i n g  cases. Dry 

.;.-&lr convection and mechanical mixing add moist  s t a t i c  energy t o  the subcloud 

layer  dur ing periods of ,weak convection. This source i s  considerably 

weaker i n  the case o f  moderate convection. P rec i p i t a t i ng  convection 

i?botn produces a subcloud s ink  o f  h. This convective s ink i s  due t o  the 

in t roduct ion of higher l eve l  a i r  by downdrafts. Three other budget 

studies have shown t h i s  subcloud convective s ink  o f  moist s t a t i c  energy. 

The average v e r t i c a l  mass f l u x  assrepresented by e i t h e r  ni o r  w 

(Fig. 38) c l e a r l y  shows two types o f  p r o f i l e s .  The n6 p r o f i l e  f o r  the 

,,+! weak, suppressed convection ind icates  weak ne t  ascent i n  the cloud layer  

w i t h  descent above and/or below the cloud layer.  Other budget studies 

of "undisturbed" convection do no t  show t h i s  l aye r  o f  ne t  ascent. A1 so 

the magnitude o f  w i n  these s i m i l a r  studies i s  much smaller than the r; 

magnitude f o r  weak, suppressed convection. . 5at.a; WJ ' 

9 v i ~ s s v ~ o :  Developing, moderate, and p r e c i p i t a t i n g  convection averages show 

the second general type o f  T; p r o f i l e .  The ne t  v e r t i c a l  motion i s  

?o . t 7 ~  ascending and the ascent p r o f i l e s  have a double maximum. The lower 

t.~rlT-, maximum near cloud base occurs not  on ly  i n  the average p r o f i l e s  bu t  i s  

z r M  also present i n  many o f  the ind iv idua l  p r o f i l e s .  Several other mesoscale 



p n t j ~ ?  s tud ies  have shown t h i s  double maximum. It i s  n o t  present  i n  previous 

9 3 6 h ~ 2  < l a r g e  sca le  s tud ies .  Th i s  double maximum i n  t h e  w p r o f i l e  may, there fo re ,  

d ~ h b e  a  c h a r a c t e r i s t i c  f ea tu re  o f  deep mesoscale convect ion. 

The IT: p r o f i l e s  c a l c u l a t e d  over t h e  s lop ing  NHRE t e r r a i n  a re  

emin terpre ted  as being t h e  proper  rep resen ta t i on  o f  t he  v e r t i c a l  mass f l u x  

s f l t o  compare t o  low and mid  l e v e l  w p r o f i l e s  ca l cu la ted  over l e v e l  lower 

sd:~ nb-o.,undaries. Th i s  i n t e r p r e t a t i o n  i s  based on the  idea  t h a t  low and mid 

i ' l e v e l  a sur faces a re  n e a r l y  para1 l e l  t o  t h e  c loud base l e v e l .  Consequently, 

IT; i s  a  measure o f  v e r t i c a l  v e l o c i t y  r e l a t i v e  t o  c loud base l e v e l  over t h e  

buol 3dlNHRE area j u s t  as w approximates v e r t i c a l  mot ion r e l a t i v e  t o  c loud base 

y fd , level  when t h e  lower boundary does n o t  s lope. 

n o t $ ~ ~ v T h e  ,c.onyective f l u x  prof  i 1 es f o r  weak, suppressed convect ion are 

s tud ied  by expressing Fh and F i n  terms o f  a  convec t ive  t r a n s p o r t  model 

$#developed and used by Ooyama (1971 ) , B e t t s  (1973, 19751, and Yanai , e t  a1 

. y p 7 ~ n ~ ( 1  973). The model i s  s imply t he  product  o f  a  mass f l u x  t imes a  cloud- 

environment d i f f e r e n c e  o f  sL o r  h. The cloud-environment d i f f e r e n c e  

9dj  $of st o r  h  i s  ca l cu la ted  by us ing  a  simple nonent ra in ing  parce l  model 

3 q s r  Bnd t h e  convect ive mass f l u x  i s  determined by d i v i d i n g  t h i s  d i f f e r e n c e  

?s lb l i n to  F o r  Fh, respec t i ve l y .  The two r e s u l t i n g  convec t ive  mass f l u x  

ozrA p r o f i l e s  a re  independent o f  each other .  The f o l l o w i n g  conclusions 

iR ad:(prompted by t h e  d iscuss ion  presented by Be t t s  (1975)) are drawn from 

the  use o f  t h e  model. 

The general s i m i l a r i t y  o f  t h e  two independent ly c a l c u l a t e d  convect ive 

mass f l u x  p r o f i l e s  i n d i c a t e s  an approximate coup1 i n g  o f  water and energy 

t ranspor ts .  One convect ive mass f l u x  i s  associated w i t h  t h e  t r a n s p o r t  o f  

bo th  h  and st. The mass f l u x ,  r e l a t e d  t o  t he  s i n g l e  rep resen ta t i ve  c loud 

t h a t  has been used as a  model, decreases w i t h  height .  The change o f  t h i s  



convect ive mass f l u x  w i t h  he igh t  i n d i c a t e s  t h a t  detrainment i s  an 

important  f ea tu re  o f  t h e  c loud model. 

The data o f  t h i s  research a re  o n l y  m a r g i n a l l y  accurate f o r  use w i t h  

t he  above convect ion model. The c a l c u l a t i o n  o f  t he  convect ive mass f l u x  

invo lves  the  s e n s i t i v e  d i v i s i o n  o f  F , Fh by t h e  c loud excess o f  sly h. 

The F , Fh f l u x e s  are  noisy,  and some fea tures  of  t h e v e r t i c a l  p r o f i l e s  
S~ 

o f  s, h, may be smoothed by t h e  averaging. 

Cloud storage i s  modeled f o r  use i n  t h e  weak, developing convect ion 

budget. The model i s  t h e  product  o f  a  t ime change o f  f r a c t i o n a l  c loud 

area t imes a t y p i c a l  c loud excess o f  qT o r  st. The c loud excess i s  

ca l cu la ted  by  us ing  a s imple nonent ra in ing  parce l  model. 

Two independent est imates o f  t h e  change o f  f r a c t i o n a l  c loud area 

are  made by assuming t h e  convect ive f l u x e s  f o r  weak, developing convect ion 

equal t he  convec t ive  f l u x e s  f o r  weak, suppressed convect ion. These 

est imates o f  t h e  change o f  c loud area show good general agreement, and 

are i d e a l i z e d  by a s i n g l e  p r o f i l e  t h a t  decreases l i n e a r l y  w i t h  he igh t  

throughout t h e  c loud layer .  The c loud base value o f  t h i s  p r o f i l e  i s  

.13/hour. 

The i d e a l i z e d  p r o f i l e  o f  t h e  change o f  c loud area p lus  the  non- 

e n t r a i n i n g  parce l  model a re  used t o  sub t rac t  c loud storage from the  weak, 

developing budget. The c loud storage c o n t r i b u t i o n  t o  t h e  budget f o r  

developing convect ion i s  as l a r g e  as t h e  convect ive f l u x  c o n t r i b u t i o n .  

Th i s  research b r i n g s  severa l  p o i n t s  forward t h a t  deserve cons idera t ion  

f o r  f u t u r e  mesoscale convect ion experjments. F i r s t ,  t he  arrangement of t h e  

NHRE rawinsonde network i n  a " r i n g "  w i t h  no c e n t r a l  s i t e  bes t  lends i t s e l f  

t o  l i n e  i n t e g r a t i o n  c a l c u l a t i o n s .  On t h e  mesoscale, however, sonde d r i f t  

and r i s e  t ime cons idera t ions  suggest t h e  data a re  more representa t i ve  o f  



an area than o f  a 1 ine. The use o f  a r a w i n s o n d e ' i i t e  c o n f i g u r a t i o n  t h a t  

y i e l d s  a f i e l d  o f  data ins tead o f  a r i n g  o f  data i s  s ~ g g e s t e d ! : ' ~  l i  

' j i w  "'  he good fit o f  t he  data by simple plane funct ions i nd i ca tes  t h e  

'"'' '50-100 km spacing o f  t h e  NHRE sondes i s  a use fu l  h o r i z o n t a l ~ l ' ~ s 6 l u t i o n  

. ri  for mesoscale convect ion s tudies.  The t ime r e s o l u t i o n  o f  about t h ree  

29irt0hours seems t o  be marginal f o r  use w i t h  t h e  f o u r  convect ion classes 

used i n  t h i s  research. Rawinsondes every 90 minutes would be pre fe rab le .  

"oi'39~he accuracy o f  t h e  wind system produced reasonable r e s u l t s  below 300 mb, 

% k  t ? n *  
huofbu t  l a r g e  divergence e r r o r s  a re  probably  w e s e n t  i n  th@bpbe'F l e v e l  

L c a l c u l a t i o n s .  Much b e t t e r  upper l e v e l  wind data a re  needed. ' > * f  

Increased mesoscal e radar  converage i s  suggested. The NHRE was 

bg7designed p r i m a r i l y  f o r  i n t e n s i v e  h a i l  storm study. Consequently, t h e  

radar  data over t h e  e n t i r e  mesoscale area are marginal .  The use of 360" 

scans, stepped a t  f i n e  increments ( f o r  good v e r t i c a l  r e s o l u t i o n  a t  l a r g e  

d is tances)  a re  suggested. 

Radar and p o s s i b l y  h igh  r e s o l u t i o n  sate1 l i t e  data a re  very important  

because they  a re  t h e  pr imary "phys i ca l "  measure o f  mesoscale convect ion 

t h a t  can be compared t o  convect ive budgets based on rawinsonde data. 

They a l s o  a f f o r d  an es t imate  o f  t he  change o f  c loud storage and t h e  n e t  

movement o f  c louds i n t o  o r  ou t  o f  t h e  mesoscale area. 

F i n a l l y ,  t h e  study o f  a1 1 stages o f  cumulus convect ion i s  suggested. 

The i n t e r p r e t a t i o n  o f  the  budget c a l c u l a t i o n s  o f  t h i s  research was g r e a t l y  

noi3s''9biiaided by being ab le  t o  compare water and energy budgets f o r  several  

9fl' to  ~ n r c l a s s i f i c a t i o n s  o f  cumulus convect ion. -1: ,rdnz~ r e '  , 1 , r?~_ .m 9 h ~  :ulf , ' 

f fgzSt zbn9I l74d 9f r ,  ls.($.-f93 or! t.7iul  PI^! 7 ' '  r i  . Y ~ V  : 5 ) ~  : ' I ~ C I F  F W C ,  H 4  
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APPENDIX A 

ofo70939ra '--'-'A' ' 2  2 DATA AND DERIVED QUANTITIES C191 . .p' , ! ~ r r b i  
1 w41 .i ~ ~ B J ~ F W I  

' u 2 ~ ~ ~  ;",'data and de r i ved  q u a n t i t i e s  averaged over  t h e  us convect ive 

41, per iods discussed i n  t h e  t e x t  are presented i n  Tables A. 1 through A.5. 
'6 Jb9 

The convect ive f l u x e s  FF , FF , and FFh presented i n  these tab les  
q~ S~ 

have been s e t  t o  zero a t  t h e  h ighes t  a v a i l a b l e  data l e v e l s .  Th i s  

corresponds t o  s e t t i n g  UT = -13 i n  Tables A . l ,  A.2, A.3 and A.5 and 

aT = .14 i n  Table A.4. The convect ive f l u x e s  can be s e t  t o  zero a t  any 

a r b i t r a r y  l e v e l  by sub t rac t i ng  t h e  f l u x  va lue a t  t h e  des i red  zero l e v e l  

f rom a l l  o the r  f l u x  values. Fgr example, t o  o b t a i n  t h e  F values f o r  
q~ 

weak, suppressed convect ion (13 J u l y  inc luded)  used i n  t h e  t e x t ,  sub t rac t  

5 t he  va lue o f  FFq a t  a = .50 (.476*10 g r  s - ~ )  from a l l  t h e  FFq values i n  
T T 

Table A. 1. 

The q u a n t i t y  T i s  a v i r t u a l  teinperature and t h e  de r i ved  q u a n t i t i e s  

FF , FFsL9 
FFh, Q1, Q2, Q3, S, and h have been c a l c u l a t e d  us ing  t h i s  

q~ I 

v i  r t u a l  temperature. 



Table A.l Sr~ppressed Convection. Data and Derived Quantities. 
(13 July included) . 

u 
Level 

a = 1.0 - 0.01 * Level. 
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Tahle A.l continued. 

u v 
Level / m s-l I m sql 



Table A.l continued 

Lq s h n; oil 
Level I m2 .-2 / m2 s-2 - I o2 s-2 / m s 1  / mb S - l  

0 = 1.0 - 0.01 Level. 
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Table A.l continued. 

a = 1 .O1 - 0.01 Level. 
Q are layer values (Q (level 2 )  refers to  layer 1-2).  

I 

Level 

1 
FFh 91 Q2 

FFqT gr sT3 I FFsl gr s-3 gr s-3 / m 2 s . - 3  1 2*-3 



Table A . l  continued * 
L~ I FFqT I s I F F ~  ( '1 1 '2 

t - S Level 

.O 

- 0.01 * Level .  
(k;ej 2) re fe rs  to layer 1 

A n r : , h ~ . * , u  ,Q.:*:! *: 8 ,  .., ,. 
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Table A.2  Weak, Developing Convection. Data and Derived Quantities. 

a P  1.0 - 0.01 Level. 



Table A.2 continued 
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Table A.2 continued 

Level 

0 

2 :  
3 

1fl?38E:82 
17770E+1)5 
1753?E+OS 

7 ?S€.*O!J 
6 113E*0S t i ;  
16594E+05 
lhl5CE+Ci 

5h 0 ' *as 
l s i S H ! i + o 5  

o = 1.0 - 0.01 * Level .  
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Table A.2 continued 

Level 

I , .  , 9 - Q , 



Table A.2 continued. 

o = 1 .O1 - 0.01 * Level. 
Q are layer values (Q (level 2 )  refers to layer 1-2).  

Level 

F F  
q~ 

gr sm3 

FFS1 

gr s - ~  

FFh 

gr s " ~  

Q3 

m 2 s -3 

Ql 

m 2 s -3 

02 

m 2 s -3 



Table h.2 continued. 

Fh Ql 92 O3 
Level 

g r  s - ~  m2 s - ~  m2 s - ~  m2 s-3 

o = 1.01 - 0.01 * Level. 
Q are layer values (Q ( level  2 )  refers to  layer 1-21. 



Table A.3 continued. 
r D 

Level 

ti! 
$2 
25 
26 
27 
2 8 
2 9 
3 0 

o = 1.01 - 0.01 Level. 
Q are layer values (Q (level 2) refers to layer 1-2). 



Table A. 3 continued. 

Level 

g = 1 .O1 - 0.01 * Level. 
Q are layer values ( Q  (level 2) refers to layer 1-21. 
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Table A.3 continued 



Thdle A.3 Precipitating Convection. Data and Derived Ouantities 

1 I 

I Level 

a = 1.0 - 0.01 * Level. 



Table A.3 continued. 

Level 

0.01 * Level. 
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Table A.4 continued. 

Lq s h 6 ali 
Level 
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Table A.4 Continued 

Lq s h II; 
Level 2 -2 2 -2  

m s m2 s - ~  ~"b s-' 

a =  1.0 - 0.01 * Level.  



Table A.4 continued. 

0 = 1.01 - 0.01 * Level. 
Q are layer values (Q (level 2) refers to layer 1-2). 
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Table A.5 Suppressed Convection. 
(13 July excluded.) 

Data and Derived Quantities. 

a = 1.0 - 0.01 * Level. 

Level 
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m s-I 
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mb 
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OK 
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g r / v  
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Table A.5  continued. 1 
U v 

Level 
m s- I  

a = 1.0 - 0.01 * Level. 



Table A.5 continued. 
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Table A.5 continued 
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Table A.5 continued. 

a = 1.01 - 0.01 * Level. 
p are layer values (Q (level 2) refers to layer 1-2). 
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Table A.5  continued. 

a = 1.01 - 0.01 * Level. 
Q are layer values (Q (level 2) refers to layer 1-2). 



APPENDIX B 

DATA NETWORKS ' USED IN PREVIOUS BUDGET STUDIES 

1 A sunmary o f  the data networks used i n  previous budget studies i s  
4 

piesented i n  Table B.1. The s u n a r y  i s  designed t o  g i ve  an overview o f  

the hor izonta l  space reso lu t ion,  t ime reso lu t ion,  and amount o f  

averaging used i n  e a r l i e r  budgets. These quan t i t i es  are o r  ' as ic  

/ ,.- importance f o r  the i n t e rp re ta t i on  o f  budget ca lcu la t ions  01. 
I ^- 

f lows. 

- 
8 j ,., c v .  ! 

/ ' I  : - I 
m, ',"-..e- N i# I . . . .  I 

!. - 1 -  w x! I a ! 
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-Table  6.1. Summary o f  Data Networks f o r  Previous Budget Studies. 2 u 

NUMBER OF RAWINSONDE 
RESEARCHERS GENERAL AREA TIME PERIOD CALCULATIONS SPACING 

RAWINSONDE g 
AVERAGED (Hor izontal  ) 

I FREQUENCY w 

Reed and Recker Western P a c i f i c  July-Sept. several hundred composi t analysis 12 hour 
(1971) 10°N, 165OE 1967 3 s ta t ions  

Cho and Oqura 
(18 disturbances) 5-1 00 spacing 

Yanai, e t  a1 Marshall Is lands 15 A p r i l  - 390 samples 6 2 ~ 1 0 4 k m ~ ~  - 6 hour 
(1 973) 22 Ju l y  1956 pentagon, .., 

Ogura and Cho t . " ,  5 sondes q 
(1 973) 

Gray (1972) Western P a c i f i c  - - 
and West Ind ies  

Wi l l iams (1970) Belt 50-250N 

3 summers 
1967-1 969 

several hundred composi t .analysis 12 hour 
around c loud c l us te r s  

w i t h  5-10' o f  l a t i t u d e  

Pearce (1 968) 1O0-25'N Aug.-Oct. 5 synopt ic  5-1 O0 o f  1 a t i  tude 12 hour 
9O0-60°W 1963 per iods -- -- &a 

Augstein, e t  a1 ATEX Feb. 1969 8 750km . h 3 hour 
(1 973) 1OUN, 37'W undisturbed per iod Q - 

Hol land & Rasmusson BOMEX 22-30 June 1969 30-75 500 km 1.5 hour ,E, 

(1 973) 15"N, 56'W (3 periods) 
N i t t a  and Esbensen 

(1 974) 
1 
m - 

-4 

N i t t a  (1975) 3 

B e t t s  (1975) 
- 

Ninomiya (1974) East China Sea Feb. 1968 6-1 9 200km : -. c d  - 12 hour 
(Kuroshio Region) (3 sondes) 



Table B.1. Continued 

NUMBER OF RAWINSONDE 
TIME PERIOD CALCULATIONS SPACING RAWINSONDE 

RESEARCHERS GENERAL AREA FREQUENCY 

Bet ts  (1973) VIMHEX I June-Sept. 50 composi t 1-2 hour 
Northeast 1969 analysis w i t h  
Venezuel a 1 sonde (400 km2) 

Fankhauser ( 1969) NSSL 28 May 1967 2 case studies 85 km 1.5 hour 
2 2 

km area 8 June 1966 Texas. 0 k l  a homa 
Lewis (1975) 

- 
McNab (1976) NHRE June-Jul y 4 sets o f  ~ 6 5  km 2-3 hours 

1002 km2 area 1973 ~1 0 
Northeastern Col orado I 

A 

03 
u 
I 
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16- A b s t r ~ c t s  Water and energy budget descr ip t ions o f  four  broad c l ass i f i ca t i ons  o f  summertime 
cumulus convection occurr ing over the National Ha i l  Research Experiment (NHRE) area are ' 
a lcu la ted from NHRE rawinsonde data. A budget equation designed f o r  use w i t h  mesoscale 
a ta  from the NHRE area i s  derived. The equation uses a normalized pressure coordinate t o  

faci  1 i t a t e  ca l  cul  a t ions a t  the s loping 1 ower boundary. The environmental var iables appear 
as functions of hor izonta l  pos i t ion .  The change o f  cloud storage term (usua l l y  neglected) 
i s  reta ined f o r  use during i n t e r va l s  o f  r ap i d  convection development. The budget calcula-  
t i o n s  are based on data f o r  39 i n t e r v a l s  (about three hours long) occurr ing.over 14 days. 
The data processing takes i n t o  account downwind sonde d r i f t  and time d i f fe rences i n  the data 
due t o  sonde r i s e  time and launch t ime di f ferences.  The presence o r  absence o f  radar echoes 
and/or p r e c i p i t a t i o n  i s  used t o  c l a s s i f y  the convection as (1) weak, suppressed; (2) weak, 

, developing; (3 )  moderate; (4) p rec i p i t a t i ng .  The weak, suppressed average budgets are 
general ly  s im i l a r  t o  budgets calculated f o r  "undisturbed" synoptic s i tua t ions .  The NHRE 
v e r t i c a l  ve loc i t i es ,  however, are several times l a rge r  than the ear l  i e r  undisturbed values. 
The weak, developing average budget shows the importance o f  r e t a i n i ng  the change of cloud -, 
storage term i n  the budget equation. The moderate and precap i ta t ing average budgets .show 
an . int roduct ion o f  r e l a t i v e l y  dry  a i r  i n t o  the subcloud layer .  The f l uxes  show a systema- 

1 t i c  va r i a t i on  w i t h  the t rend o f  the convective c l ass i f i ca t i on .  
A cloud model i s  used t o  show t h a t  weak, suppressed convective f luxes can be expressed 

as the product o f  a s ing le  convective mass f l u x  times a cloud-environment difference. 
Another cloud model i s  used t o  approximate the change of cloud storage, which i s  as la rge  
as the convective f l u x  terms during periods o f  rap id  cumulus convection development. ' 

General conclus.ions are'drqwn on the quan t i t y  and q u a l i t y  o f  the data nee.ded t o  generate . 
a useful  mesoscale convective budget. ' 
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7b, I d e n t i  f i ers/Open-Ended Terms ' 

NHRE 


