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ABSTRACT 

Diagnostic moisture and static energy budgets for the GATE A/B 
scale area are performed at individual time periods using rawinsonde, 
radar and satellite data. The data are sufficiently accurate to permit 
quantitative analysis of that area with 3-6 hour time resolution. 

According to the budget analyses, radar rainfall estimates for the 
GATE master array are generally too low and lag the budget rainfalls 
by 4-6 hours. This most likely results from underestimates of rain- 
fall from small clouds/weak echoes and overestimates of strong echo 
precipitation. There is no apparent lag between the A/B-scale vertical 
motion at 800 mb and the net condensation rate within the time resolu- 
tion of the present data. 

Temperature changes for the GATE A/B-area are dominated by the 
diurnal cycle of radiational heating. Evidence that convection warms 
the upper troposphere and cools the lower levels is presented, but 
cloud warming is smaller than the normal diurnal temperature variations. 
The net moisture content of the atmosphere varied little during GATE. 

Frictionally forced convergence in the planetary boundary layer 
is shown to be a relatively unimportant component of total A/B-area 
convergence and may be considered negligible for many purposes. 
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1. INTRODUCTION 

The @ R P  - Atlantic - Tropical - Experiment (GATE) of the global 

Atmospheric Research Program (GARP) has provided the first data set - - - 

suitable for high time resolution analysis of tropical meso-synoptic 

scale weather phenomena. This study utilizes rawinsonde, - - .  radar and 

satellite data from all three phases of GATE to analyze the heat and 

moisture budgets of the A/B scale ship array at individual time 

periods. The results of the diagnostic budget analyses are used to , ,, . 

investigate temporal variations of the tropical troposphere and certain 

interactions between moist convection, radiation,and the state of the 

atmosphere on the GATE A/B scale, namely: 

1) the atmospheric temperature response to moist convection and 
to radiative heating, 

2) changes in the total atmospheric moisture content during periods 
of enhanced/suppressed convection, . J ~ J  - , - ,: - I  

3 )  phase lag between observed A/B scale mean moisture convergence 
and master array radar precipitation, 

4 )  diurnal variations of precipitation and temperature, 
and 

5) the importance of low level friction as a forcing mechanism 
for boundary layer convergence. 

As will be S ~ O W ~ ,  the results indicate that: 

1) changes in the temperature of the tropical troposphere are 
more strongly dependent upon radiational heating than on 
latent heat release, 

2) atmospheric moisture is quite steady throughout GATE, 

3 )  precipitation responds rapidly to low level convergence, but 
the radar-observed precipitation tends to lag calculated net 
condensation by 3-6 hours. Problems with the radar rainfall 
estimates are suspected, and 

4 )  boundary layer friction does not have a significant 
upon low level convergence. - -. - .  T I :  -9 ! 



2. METHOD 

2.1 Data Se t  

Rawinsonde d a t a  from 8 sh ips  of t he  GATE A/B and B-scale a r r ays  

were used (Fig. 1 ) .  The rawinsondes were scheduled f o r  launch a t  3-hour 

i n t e r v a l s  a l though t h i s  goa l  was c o n s i s t e n t l y  met only i n  Phase 111. 

I n  genera l ,  t h e  d a t a  a l low t i m e  r e s o l u t i o n  of 3-6 hours.  Data were 

taken from t h e  GATE processed and v a l i d a t e d  d a t a  t apes  from t h e  National  

Weather Records Center a t  Ashevi l le ,  NC. Data f lagged as suspic ious  

1 
by CEDDA were de le ted .  0 n l y . t i m e  per iods  containing a t  l e a s t  3 r e p o r t s  

( su r f ace  through 100 mb) from t h e  ou te r  6 Russian Ship p o s i t i o n s  were 

se l ec t ed .  

Divergence va lues  were computed using d a t a  from t h e  6 A/B a r r a y  

Russian s h i p s  and from t h e  Vize and Vanguard. These 8 s h i p s  used com- 

p a t i b l e  systems. The remaining B-scale s h i p s  using t h e  - Very Low xre-  

quency (VLF) wind measurement system d id  no t  provide wind d a t a  of suf- 

f i c i e n t  accuracy t o  compute meaningful divergence values.  Thompson 

e t  al.  (1978) have a l s o  found t h a t  t h e  B-array winds y ie lded  poor -- 

budget r e s u l t s  during Phase 111. The above wind problems neces s i t a t ed  

t h e  computation of budgets f o r  t h e  broader  A/B s c a l e  a r ray .  This  is  

unfor tuna te  s i n c e  r ada r  coverage extended only s l i g h t l y  beyond t h e  B- 

s c a l e  a rea .  

Temperature and moisture d a t a  and t h e  u and v components of t he  

wind from a l l  12 B and A/B a r r a y  s h i p s  (Fig. 1 )  were used f o r  each 

s e l e c t e d  t i m e  per iod.  S a t e l l i t e  cloud cover and he igh t  e s t ima te s  were 

used wi th  a r a d i a t i o n  model t o  o b t a i n  e s t ima te s  of t h e  A/B s c a l e  radia-  

t i o n a l  hea t ing  p r p f i l e s  (Cox and G r i f f i t h ,  1978) 

I 
Center f o r  Experiment Design and Data Analysis.  



Fig.  1. 

cape v.r* 

IF - 0 

0 b 0  Afri 
DIk 

14- - North Atlantic 
Ocean 

Aod. Korolov 
1P - 

lo0 - 
Gillirr 

Orcanogapher & 

r -  
D.ll., 

E. Kmnkrl 

GATE A/B and B s c a l e  a r r a y s  f o r  Phase I. The s i x  A/B s h i p s  p lus  
s h i p s  a t  t h e  cen te r  and a t  t h e  nor thern  most p o s i t i o n  of t h e  
B a r r a y  ( 8  t o t a l )  were used i n  divergence computations. 

2 . 2  Data Analysis  

Winds. Divergence a t  each l e v e l  was obtained by f i t t i n g  wind d a t a  

from the  8 sh ips  (noted above) t o  a p lane  by t h e  l e a s t  squares  method 

(Panofsky and B r i e r ,  1968; Appendix). Equations 1 and 2 were obtained: 

Divergence w a s  then computed by Eq. 3: 

Each divergence p r o f i l e  w a s  ad jus t ed  by a cons tan t  c o r r e c t i o n  f a c t o r  a t  



every level to give ; = 0 at 100 mb when Eq. 4 was integrated upkard 

from the surface. The size of this mass balance correction gave some 

indication of the quality of the divergence values, and time periods 

with corrections greater than + 4 x were omitted. The average 

correction was much smaller. 1 

Temperature and Moisture. Analysis of the rawinsonde temperature 

data indicated large persistent differences even between different 

ships using the same measurement systems (Ooyama and Esbensen, 1977). 

The problem was most pronounced in the Russian ships. Therefore, it 

was extremely difficult to compare directly measurements frq mqre 
I 

than one point in the A/B array. These bias errors overwhelmed the 

typically weak tropical temperature gradients. The best way to over- 

come this difficulty seems to be the use of deviation fields (Frank, 

1978). To obtain vertical profiles of temperature (T) and specific 

humidity (q), mean profiles were constructed for each phase using data 

from the 5 U.S, ships of the B array (assumed to be the most accurate). 

Phase mean profiles were then constructed for each of the 12 individual 

ships in the B and A/B arrays. At each level and time period, the 

phase mean temperature and specific humidity for a ship were subtracted 

from the observed values yielding deviations from the ship phase mean 

as in Eqs. 5 and 6. 

- 
AT = T - T  

- 
Aq = q - q  



where AT, Aq are deviations from phase means; T, q are observed values 
- - 

at a single time period, and T, q are phase mean values for that ship. 

The deviations were averaged for all ships reporting in each array to 

obtain mean deviations for the B-array and for the A/B-array. The B 

and A/B deviations were averaged linearly yielding a mean deviation 

value for the A/B-scale. Throughout the remainder of this paper AT and 

Aq will refer to the mean deviation values at one level and one time 

period averaged over the 2 arrays. By adding the deviation values to 

the U.S. phase mean vertical profile, the A/B-scale temperature and 

moisture values at each level were obtained at individual time periods. 

It was not possible to obtain estimates of mean temperature and 

moisture gradients asross the A/B-scale using deviation values. There- 

fore, the long term mean advections of these quantities do not appear 

explicitly in the budgets. It was possible, however, to compute devia- 

tion advections. This was done by fitting individual ship deviation T 

and q values to a plane to obtain gradients of these quantities (a AT/ 

ax, aAT/ay, etc.) as in the divergence computation. The mean wind com- 
- - 

ponents (u, v)were combined with these gradients to give the advection 

in exce~s/deficit of the mean advection at each time period. .,, ; 

7 , .  ,-- 1 .  0 -  r .  I : . f ;t,l : ,:<. , i  ; , ,,, *:. : I , . ,  0. L?,  , . l j 8  

get Computations 

Diagnostic budget analyses of moisture and dry static energy (s) 
I I 1.1! 

were performed. Budgets on the momentum/vorticity fields are planned 
, ! T < J ~  4 i JA. ' 

for the near future. Dry static energy is defined by Eq. 7: 



where C = specific heat at constant pressure, 
P 
g = gravitational constant, and 

= height. z 

The individual time period budget equations are (8, 9): 

where the overbar represents a spacial average of the observations over 

the A/B-array, L = latent heat of condensation, c = total condensation, 

e = total evaporation and Q = radiative heating rate. R 

Time Rates of Change. The first terms on the left side of Eqs. 8 

and 9 are the time rates of change of q,s. These were determined from 

the mean array vertical profiles at the previous and subsequent time 
- 

periods. Changes in s were assumed to result only from changes in C T 
P 

due to poor resolution of at individual time periods. During con- 

vective conditions, however, there may have been a sampling problem. 

Active c~nvective cloud elements covered only a small fraction of the 

array. Since a maximum of 12 soundings were available at any time 

period, a representative sampling of the clouds was impossible. This 

was further complicated by the instrument problems encountered when 

raw in sonde,^ entered intense clouds. Water and freezing problems often 

resulted in premature termination of such soundings. In most cases the 
/ 

soundings probably undersampled clouds. This causes no great problems 

in the s budget since the small differences between B (mean outside 

clouds) and sc (s in clouds) coupled with the small area coverage of 



a c t i v e  buoyant updra f t s  permit  t h e  accura te  approximation: 

I n  t he  q budget undersampling o r  missampling are more important .  Di f fe r -  

ences between environmental (q) and cloud (q c ) moisture va lues  a r e  high 

even i n  t h e  numerous weak and smal l  clouds and could l ead  t o  inaccurac ies  

i n  observed va lues  of aq/at. The p o s s i b i l i t y  t h a t  t h e  s t o r a g e  of water  

vapor i n  clouds is  no t  measured proper ly  is  discussed l a t e r .  

Hor izonta l  Fluxes.  The second terms on the  l e f t  s i d e  of Eqs. 8 and 

9 a r e  t he  h o r i z o n t a l  f l u x  convergence of q and s. No at tempt  w a s  made 

t o  r e so lve  s p a c i a l  eddy f l u x e s  (devia t ions  from the  a r e a l  mean f l u x e s ) .  

These terms were broken down i n t o  advec t ive  and convergent terms, e.g.: 

Term (1) i s  simply t h e  mean divergence mul t ip l i ed  by t h e  mean va lues  of 

q a t  each l e v e l .  Term (2) i s  obtained from applying t h e  mean ; and ; 

wind components t o  t he  A/B-scale eddy g rad ien t s  of moisture as discussed 

i n  t h e  previous sec t ion .  Since dev ia t ion  q va lues  (Aq) were used, t h e r e  

i s  a missing component - t h e  time and space averaged advect ion f o r  t h e  

where Iq] i s  t h e  phase mean average moisture.  Only term (b) i s  measured 

here.  



Surface Fluxes.  The t h i r d  terms on t h e  l e f t  s i d e  of Eqs. 8 and 9 

a r e  t he  v e r t i c a l  f l u x  terms. Since t h e  budget w i l l  be i n t eg ra t ed  from 

the  su r f ace  t o  100 rnb (where = 0 ) ,  t hese  terms a r e  merely the  s e a  

su r f ace  t o  a i r  f l uxes  of q and s (E and So, r e spec t ive ly ) .  These f luxes  
0 

a r e  taken from the  bulk aerodynamic formulae: 

J 

where q T a r e  va lues  f o r  t he  ocean su r f ace  and q To, V a r e  va lues  s' S 0 ' 0 

-3 a t  10 m e l eva t ion .  The c o e f f i c i e n t s  used a r e  C = 1.6  x 10 and C = 
E s 

1.4 x (Businger and Seguin, 1977). 

Radiat ion.  The r a d i a t i o n  term i n  Eq. 9 (QR) was obtained from 

computations of Cox and G r i f f i t h  (1978) f o r  Phase 111. Mean Phase I11 

Qg values  f o r  each time of day were computed f o r  d i s turbed  and undisturbed 

condi t ions  and appl ied  t o  Phases I and I1 according t o  t he  est imated 

r a i n f a l l  a t  each time per iod .  A s  w i l l  be  shown, t h e  n e t  t ropospher ic  

r a d i a t i o n a l  hea t ing  a t  a given time of day va r i ed  only weakly with t h e  

i n t e n s i t y  of t he  convection. 

Condensation. The remaining terms of Eqs. 8 and 9 a r e  t h e  n e t  con- 

L 
densa t ion  warming [T (c-e) ] t e r m s  which a r e  found as a r e s i d u a l .  

P 
These a r e  compared wi th  r ada r  p r e c i p i t a t i o n  es t imates  f o r  t he  GATE master 

a r r a y  made by Hudlow (1978). The master a r r a y  is  a c i r c l e  of approximately 

204 km r a d i u s  i n  t he  cen te r  of t h e  A/B-array. It is  s l i g h t l y  l a r g e r  

than t h e  B-scale a r e a  and covers about 25% of t he  A/B-scale a rea .  
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3. BUDGET RESULTS 

3 .1  Phase Mean Budgets 

The averaged budgets f o r  each phase a r e  presented f i r s t  t o  i l l u s t r a t e  

t h e  mean condi t ions  during GATE. Tables 1-3 show t h e  mean q and s budgets 

f o r  Phases I - I11 and t h e  extreme v a r i a t i o n s  of each term a t  i nd iv idua l  

time periods.  Uni t s  a r e  OC d-I where 1°c d-' averaged through a 1012 

-2 -1 mb t o  100 mb l a y e r  is  equiva len t  t o  0.374 g cm d of water  vapor. 

Averaged over an  e n t i r e  phase, t h e  water  budget is  p r imar i ly  a balance 

between l a r g e  s c a l e  moisture convergence, su r f ace  evaporat ion,  and con- 

densat ion.  There i s  some dev ia t ion  dry  advect ion i n  every phase (-.22 

- 1 L a; t o  -. 4 4 ' ~  d ) , while  t h e  s to rage  term (- - ) i s  very small .  About c a t  
P 

20-30% of t h e  GATE A/B-scale p r e c i p i t a t i o n  r e s u l t s  from su r face  evapora- 

t i o n  wi th in  t h e  a r r ay .  The phase mean s budgets show a balance between 

mean convergence of s ,  r a d i a t i o n  and condensation, with t h e  s to rage ,  

advect ion and su r f ace  f l u x  terms being 1 o r  2 o rde r s  of magnitude 

smal le r .  

The p i c t u r e  i s  q u i t e  d i f f e r e n t  a t  i nd iv idua l  time periods.  While 

the  convergence and condensation a r e  u sua l ly  t he  l a r g e s t  terms, t he  

s to rage  and advect ive terms vary  r a p i d l y  and a r e  o f t e n  important a t  

i nd iv idua l  t i m e  per iods .  The magnitudes of t h e i r  l a r g e s t  v a r i a t i o n s  can 

be seen i n  Tables 1-3. I n  c o n t r a s t ,  t h e  su r f ace  f l u x  terms (Eo, So) 

change r a t h e r  slowly wi th  modest amplitudes.  The r a d i a t i o n a l  hea t ing  

term e x h i b i t s  a marked d i u r n a l  v a r i a t i o n  which accounts  f o r  v i r t u a l l y  

a l l  of t h e  range shown i n  Tables 1-3. This  w i l l  be  discussed l a t e r .  

Table 4 compares t h e  diagnosed n e t  condensation va lues  from t h e  

q and s budgets (C(q) and C(s) r e spec t ive ly )  t o  radar-determined 



TABLE 1 

Phase I Mean A / ~ - S c a l e  Moisture and Dry S t a t i c  Energy Budgets 
( V e r t i c a l l y  i n t e g r a t e d ,  s u r f a c e  - 100 mb (OC d-I)) 

Each Term i s  Wr i t t en  Such That a P o s i t i v e  Number Corresponds t o  
P o s i t i v e  Condensation From Eqs. 8 and 9 .  

g 

Mean Ind iv idua l  
Per iod  

Range 
I 

Mean I n d i v i d u a l  
Per iod  

Range 

L - (c-e) 
D 

-2 d-l)  
(vapor equ iva l en t )  (1.57 g cm I r 

-2 d-l) 
(vapor equi-  (1.46 g cm 

' v a l e n t )  
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TABLE 4 

N e t  Condensation f o r  the  GATE A/&Scale Determiged From q and S Budgets and From Radar R a i n f a l l  f o r  
Master Array. ( ~ / d )  ( lOc/d  r. .37 g d-I).  

Phase I 

Phase I1 

Phase I11 

q-budget 

L (c-e) - 
C 
P 

s-budget 

L (c-e) - 
C 
I' 

Master 
Array P (R) 
Radar 

L 
Ra in fa l l  ( x C  ) 
Hudlow,1978 P 

Mean 

I-' 
W 

* 
Three days of r a i n f a l l  da ta  from 21 GMT 30 J u l  74 through 18  GMT 2 Aug 7 4  were omittedsince t h e  

radar was inoperat ive during t h a t  period.  



r a i n f a l l  (P(R))  f o r  t h e  GATE master a r r a y  (Hudlow, 1978). I n  each phase 

t h e  q budget r a t e  exceeded t h e  s budget,  and both budgets exceeded the  

r ada r  es t imate .  For phase averaged budgets t h e  s to rage  of water  vapor,  

l i q u i d  water  o r  warm a i r ,  i n  o r  ou t  of c louds,  cannot exp la in  t h e  d i s -  

crepancy between the  budget r a i n f a l l  r a t e s .  I t  is  a l s o  un l ike ly  t h a t  t he  

su r f ace  f l u x  term is  respons ib le .  The su r f ace  f l u x  computations a r e  i n  

good agreement wi th  t h e  r e s u l t s  of smal l  s c a l e  s t u d i e s  of t h e  GATE 

boundary l a y e r  summarized by Businger and Seguin (1977). Surface f luxes  

of vapor would have had t o  be est imated about 40 percent  too  l a r g e  t o  

exp la in  these  s-q d i f f e r ences .  The Q va lues  f o r  Phase I11 obtained by 
R 

Cox and G r i f f i t h  (1978) should l i k e l y  be adequate f o r  t he  o the r  phases.  

Since t h e  Cox and G r i f f i t h  model-determined n e t  t ropospher ic  r a d i a t i o n a l  

hea t ing  f o r  t h e  whole A/B-area va r i ed  l i t t l e  wi th  changes i n  convection 

o r  synopt ic  condi t ion  during Phase 111, i t  i s  assumed t h a t  t h e  QR values  

f o r  Phases I and I1 a l s o  d id  n o t  show l a r g e  v a r i a t i o n  wi th  convective 

state and can a l s o  be used during these  phases.  

The exac t  source of t h e  q-s budget condensation d i f f e r e n c e s  cannot 

be  determined wi th  c e r t a i n i t y .  These d i f f e r e n c e s  would be  reso lved  i f  

t h e  inward vapor f l u x e s  could be reduced by 15 percent  o r  i f  cool ing 

were -1.56Oc/d r a t h e r  than t h e  va lue  of -1.16Oc/d (from Cox and G r i f f i t h )  

which w a s  used. But t h i s  discrepancy i n  ca l cu la t ed  vs .  es t imated (Cox 

and G r i f f i t h )  r a d i a t i o n  appears  t oo  l a rge .  Can t h i s  r a d i a t i o n a l  cool ing 

e s t ima te  be  30% too  low? These s-q budget d i f f e r e n c e s  may r e s u l t  from 

a 15  percent  overest imate of t h e  inward vapor t r a n s p o r t  of t h e  q-budget. 

Although t h e  same divergence p r o f i l e s  were used i n  both s and q budgets,  

sys temat ic  inaccurac ies  may e x i s t  i n  e i t h e r  t h e  upper o r  lower tropo- 

sphe r i c  divergence p r o f i l e s  and one o r  bo th  divergence c a l c u l a t i o n s  



could be  s l i g h t l y  i n  e r r o r .  However, t h e r e  is no reason t o  expect 

sys temat ic  divergence e r r o r s .  Small s c a l e  s p a t i a l  eddy f l u x e s  were 

neglec ted ,  bu t  h o r i z o n t a l  eddy t r a n s p o r t s  of water  vapor and s t a t i c  

energy a r e  u sua l ly  smal l  i n  t h e  t r o p i c s ,  even i n  i n t e n s e  t r o p i c a l  

cyclones a t  r a d i i  s i m i l a r  t o  t h e  A/B-scale (Frank, 1977b). The most 

l i k e l y  source of s-q budget e r r o r  (assuming t h e  Cox and G r i f f i t h  rad ia-  

t i o n  va lues  a r e  c o r r e c t )  i s  i n  t he  advect ion terms which omit ted t h e  

time averaged mean advection. Hor izonta l  temperature g r a d i e n t s  a r e  

gene ra l ly  weak i n  t h e  t r o p i c s ,  b u t  mois ture  g r a d i e n t s  i n  t he  v i c i n i t y  

of t he  - I n t e r  - Tropica l  - Convergence Zone (ITCZ) may be s i g n i f i c a n t .  The 

dev ia t ion  advect ion va lues  of Tables 1-3 show a degree of d ry  advect ion 

i n t o  the  A/B-area while  temperature advect ion was comparatively weak. 

This  sugges ts  t h a t  t h e r e  may have been a smal l  amount of long term ad- 

vec t ion  of dry a i r  i n t o  the  GATE region  a s  wel l .  

Most of t h e  dev ia t ion  dry  a i r  advect ion occurs  between 600-800 mb 

and is  a s soc i a t ed  wi th  t h e  middle l e v e l  j e t  coming of f  of Af r i ca  (Fig. 

2 ) .  It should no t  be  s u r p r i s i n g  i f  t h e  p reva i l i ng  e a s t e r l y  flow i n  t h a t  

l aye r  averaged f o r  a phase a l s o  ac ted  t o  dry the  GATE A/B-area. Such a 

smal l  mean advect ion drying r e q u i r e s  t h a t  t he  USSR e a s t e r n  and western 

s h i p  d a t a  have some sys temat ic  e r r o r  because t h i s  a f f e c t  cannot be 

d i r e c t l y  ca l cu la t ed .  

The p r e c i p i t a t i o n  va lues  derived from t h e  s and q budgets agree 

r a t h e r  wel l .  Each approach has  i ts  advantages. The s budget has  only 

a s l i g h t  s t o r a g e  sampling problem, and v a r i a t i o n s  i n  t h e  s e a  su r f ace  t o  

a i r  f l u x  a r e  i n s i g n i f i c a n t .  The q budget is  less s e n s i t i v e  t o  upper 

l e v e l  wind measurements and r e q u i r e s  no Q es t imate .  R 

The Hudlow (1978) A/B-array combined r a d a r - s a t e l l i t e  r a i n  e s t ima te s  



of 1.02 cm/d (1.08, .86 and 1.12 by phase) r e q u i r e  (using t h e  s budget) 

0 
a t ropospher ic  r a d i a t i o n a l  cool ing of only about 0 .5 C/d which is  more 

than 50% lower than Cox and G r i f f i t h  r a d i a t i o n  e s t ima te s  and only one- 

t h i r d  a s  much as t h e  combined s and q budget es t imates .  These combined 

r a d a r - s a t e l l i t e  e s t ima te s  a r e  considered t o  be  much too  low. 

Fig.  2. Advection of moisture f o r  t he  A/B-area computed using dev ia t ion  
moisture va lues  (Aq) . 

3 .2  Indiv idua l  Wme Period Budgets 

s Budget and q Budget Condensation. Comparisons of i nd iv idua l  

t i m e  per iod condensation r a t e s  der ived from t h e  s and q budgets a r e  

shown i n  Figs.  3-5. Except f o r  t h e  s m a l l  d i f f e r ences  i n  t h e  o v e r a l l  

phase mean va lues ,  t h e  two curves agree  very wel l .  The condensation 

e s t ima te s  f o r  i nd iv idua l  convect ive d is turbances  a r e  very  near ly  i n  

phase i n d i c a t i n g  t h a t  undersampling of t h e  cloud water vapor s to rage  i s  

not  a s i g n i f i c a n t  problem i n  ana lyses  on t h e  A/B-scale. I f  - a t  
were 

l a r g e ,  t he  s budget condensation would be expected t o  l a g  t h e  q budget 

curve no t i ceab ly ,  b u t  t h e  observed l a g  is very  smal l  and can be  de tec ted  

only i n  averaged da ta .  
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Fig. 3. Net condensation computed from s and q budgets (C(s) agd C( ) -9 respectively) at individual time periods. Phase I. ( C d 1. 
(lOc .37  g cm-2 d-1). 
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Fig. 4. Same as Fig. 3 except for Phase 11. 
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F i g .  5 .  Same as F i g .  3 except for Phase 111. 
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s Budget vs.  Radar Ra in fa l l .  Table 4 showed t h a t  t h e  s budget n e t  

condensation r a t e  exceeded the  r ada r  r a i n f a l l  r a t e  i n  a l l  t h r e e  phases 

2 by an  average of .47OC d-' ( . I 8  glcm d )  o r  about 15%. Comparison of t h e  

two f i g u r e s  i s  hampered by t h e  f a c t  t h a t  t h e  r ada r  sampled only about 

t h e  center  25% of t he  BIB-array. Nevertheless ,  combined s a t e l l i t e  and 

r ada r  r a i n f a l l  es t imates  i n d i c a t e  t h a t  mean p r e c i p i t a t i o n  r a t e s  i n  t he  

B-scale and master a r r ay  a r e a s  were h igher  than r a t e s  f o r  t h e  e n t i r e  

A/B-area (Hudlow, 1978). There i s  c l e a r l y  a discrepancy.  F igures  6-8 

compare s budget condensation wi th  master a r r a y  r a i n f a l l  estimates. Two 

f e a t u r e s  a r e  obvious: 

1 )  During very  d is turbed  o r  h igh  r a i n f a l l  per iods  t h e  t o t a l  
episode r a i n f a l l s  es t imated by t h e  s budget and by t h e  r ada r  
a r e  comparable,but a s i g n i f i c a n t  l a g  is  observed. 

2) During pe r iods  of l i g h t  t o  moderate r a i n f a l l  t he  s budget con- 
s i s t e n t l y  p r e d i c t s  more r a i n f a l l  than does t h e  r ada r .  

Based on the  r e s u l t s  of Tables  1-4 and Figs.  3-8, i t  is  concluded 

t h a t  t h e  r ada r  r a i n f a l l  e s t ima te s  a r e  too low during per iods  of l i g h t  

t o  moderate r a i n f a l l  (0-5'~ d-I) .  This  may r e s u l t  from i n c o r r e c t  Z-R 

r a t i o s  app l i ed  t o  low rada r  r e f l e c t i v i t y  values.  There a r e  no t i ceab le  

d i f f e r ences  between Z-R r a t i o s  f o r  GATE derived by d i f f e r e n t  groups 

(Cunning and Sax, 1977). This  does no t  mean t o  imply t h a t  t h e  s budget 

ana lyses  a r e  f r e e  from e r r o r .  There could be  unknown problems with t h e  

s divergence term ( t h e  remaining terms are too  smal l  o r  w e l l  known when 

averaged over a phase t o  conta in  e r r o r s  l a r g e  enough t o  exp la in  t h e  mean 

s budget and r ada r  d i f f e r ences ) .  However, i n  t h e  absence of any known 

b i a s e s  i n  t he  A/B-array wind measurements, t he  budget r a i n f a l l  va lues  

appear t o  o f f e r  t he  b e s t  es t imate  of t h e  t r u e  GATE A/B-scale r a i n f a l l .  



3 . 3  Lag Between Budget Condensation and Radar R a i n f a l l  

F igures  6-8 show t h a t  during most d i s turbed  per iods  with deep con- 

vec t ion  the  r ada r  p r e c i p i t a t i o n  lagged the s budget condensation. Table 

5 shows the  l a g  between the  peak budget condensation and the  peak radar  

r a i n f a l l  f o r  t he  10 d i s t i n c t  r a i n f a l l  episodes wi th  maximum r a i n f a l l /  

condensation r a t e s  - > 7 ' ~  d-' (2.6 g ~ r n - ~  d-'1. The peak i s  defined a s  

t h e  t ime a t  which the  r a i n f a l l  reached e i t h e r  i t s  maximum value  o r  t he  

beginning of a  "steady" p la teau .  Also shown is  the  l a g  between the  

times when t h e  inc reas ing  r a in fa l l / condensa t ion  r a t e  f i r s t  exceeded 

-2 -1 5 ' ~  d-' (1.9 g cm d ) This  va lue  was s e l e c t e d  t o  provide comparable 

p o i n t s  during the  system i n t e n s i f i c a t i o n s .  It must be noted t h a t  s 

budget computations were made a t  3 o r  6-hour i n t e r v a l s  r e s t r i c t i n g  t h e  

t ime r e s o l u t i o n  i n  i nd iv idua l  cases .  Radar r a i n f a l l  d a t a  a r e  hourly averages.  

The da t a  show cons iderable  s c a t t e r  bu t  i n d i c a t e  a  l a g  on the  order  

of 4-6 hours.  The only case  without  a  peak l a g  of a t  l e a s t  3 hours is  

day 224 (12 Aug 7 4 ) ,  and t h i s  may be due t o  an  i n a b i l i t y  t o  r e so lve  the  

time of maximum condensation accu ra t e ly  (Fig. 7 ) .  

There a r e  s e v e r a l  poss ib l e  hypotheses t o  exp la in  t h e  budget / radar  

t ime lag :  

1) The s budget computations a r e  i n  e r r o r  and diagnose t h e  r a i n f a l l  
peak too  e a r l y .  

2) The r ada r  r a i n f a l l  underestimated r a i n  i n  t he  growing s t a g e s  and 
overestimated r a i n  i n  t he  l a t t e r  s t a g e s  of convect ive system 
development. 

3) There 'was s i g n i f i c a n t  s to rage  of l i q u i d  water  (q ) s o  t h a t  t he  
condensation r a t e  of t he  s budget does not  coinchde wi th  the  
t r u e  p r e c i p i t a t i o n  r a t e .  

4) There was an  a r e a  sampling problem, i . e .  - r a i n f a l l  w i th in  the  
r ada r  coverage of t h e  master a r r a y  occurred l a t e r  than the  mean 
r a i n  f o r  t h e  e n t i r e  A/B-array. 1; 
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TABLE 5 

Lag Time Between s-Budget A/B-Scale Condensation and Master Array 
Radar-Observed P r e c i p i t a t i o n  

5 ' ~  d - l ~ h r e s h o l d  Lag 
(Hours) 

Day Time of Radar R a i n f a l l  Maximum Peak Lag 
(Hour Ending) (Hours) 

183 15  GMT 

Mean 5.7 4.2 

(1) Time a t  which s-budget condensation reached peak o r  p l a t e a u  minus 
time of r ada r  r a i n f a l l  peaklplateau.  

(2) T e e  af which the  inc reas ing  s-budget condensation rate exceeded 
5 C d- minus s i m i l a r  t i m e  f o r  r ada r  r a i n f a l l .  (Comparison of 
s i m i l a r  p o i n t s  during t h e  ind ica t ed  growth phase of t h e  system). 

*s-budget peak i s  broad and poorly defined.  



3 2 

I 
Explanation #1  must be r e j e c t e d  out  of hand s i n c e  t h e r e  is no reason 

t o  expect sys temat ic  l a g  e r r o r s  i n  t he  rawinsonde o r  r a d i a t i o n  da t a .  

Cloud s to rage  of s ,  even i f  unsampled, i s  a t  l e a s t  1-2 o rde r s  of magni- 

tude too small  t o  cause a s i g n i f i c a n t  l a g  i n  t h e  f i r s t  term of Eq. 9. 

The o ther  terms a r e  a l l  based upon measurements a t  a s i n g l e  time period 

and hence do not  have time r e s o l u t i o n  problems. 

I t  has  a l ready  been shown t h a t  r ada r  r a i n f a l l  es t imates  a r e  proba- 

b ly  too  low during r e l a t i v e l y  l i g h t  r a i n f a l l .  Thus, i t  would be rea-  

sonable t o  assume t h a t  r ada r  underest imates  r a i n  during t h e  bui ldup of 

a s t rong  convect ive cloud c l u s t e r  o r  s q u a l l  l i n e .  The GATE A/B-area 

was l e s s  uns tab le  than most t r o p i c a l  oceanic  regimes, and t h e r e  was a 

cons iderable  t ime between the  f i r s t  formation of p r e c i p i t a t i n g  convective 

l i n e s  and the  time of maximum cumulonimbus he ight  and a c t i v i t y .  This  

might exp la in  the r i g h t  hand column of Table 5 showing the  d i f f e r ence  

between t h e  budget i radar  es t imates  of t h e  t ime when condensation/rain- 

f a l l  exceeded 5 ' ~  d-I during the  ind ica t ed  convect ive system growth 

phase. It i s  ha rde r ,  however, t o  expla in  the  l a g  between t h e  t i m e s  of 

peak convection. This  would r e q u i r e  a s i g n i f i c a n t  overest imate of pre- 

c i p i t a t i o n  by r ada r  during t h e  l a t t e r  s t a g e s  of GATE convect ive system 

l i f e  cycles .  I f  t r u e ,  a s  t he  convect ive l i n e s  became concentrated i n t o  

fewer but  more i n t e n s e  Cb systems, t h e  o v e r a l l  A/B-scale r a i n f a l l m u s t  

have decreased while  t h e  s t rong  echo r a i n f a l l  continued t o  increase .  Thus, 

f o r  hypothesis  /I2 t o  be v a l i d ,  the  Z-R r e l a t i o n s h i p s  used by Hudlow would 

have t o  be  a l t e r e d  t o  i nc rease  p r e c i p i t a t i o n  f o r  low r e f l e c t i v i t i e s  and 

decrease r a i n f a l l  f o r  h igher  r e f l e c t i v i t i e s ,  Cunning and Sax (1977) 

suggested t h a t  t he  Z-R r e l a t i o n s h i p s  f o r  GATE used by Aust in e t  a l .  (1976) 



and Hudlow (1978) should b e  a l t e r e d  i n  the  above sense ,  though t h e i r  

modi f ica t ions  do not  seem l a r g e  enough t o  b r ing  the  r ada r  r a i n f a l l  i n t o  

l i n e  wi th  the  s-budget condensation. 

The mean s to rage  of l i q u i d  water i n  t h e  GATE A/B-area (hypothesis  

113) cannot be  measured d i r e c t l y  wi th  conventional da t a .  During t h e  

t r a n s i t i o n  from undisturbed condi t ions  t o  a deep convective s i t u a t i o n  

t h e r e  i s  a considerable  i nc rease  i n  t h e  amount of cloud water i n  t he  

atmosphere, and t h e r e  i s  a corresponding decrease during t h e  decay of 

the  system. The s to rage  of l i q u i d  water  is  the  d i f f e r e n c e  between s 

budget condensation and s budget p r e c i p i t a t i o n .  The condensation from 

Eq. 9 may be wr i t t en :  

ai: .is. i (c-e) = P(S) + - a t  

where P(s )  is the  p r e c i p i t a t i o n  est imated from t h e  s budget. During 

the growth s t a g e  of a convective system - a t  is  p o s i t i v e  and P ( s )  < 

(c-e) while  t he  r eve r se  is t r u e  dur ing  the  l a t t e r  po r t ions  of t h e  l i f e  

cycle .  Hence, i nc lus ion  of - 
a t  

i n  Eq. 9 should in t roduce  a l a g  between 

the  condensation and p r e c i p i t a t i o n  curves wi th  t h e  former preceeding 

the  l a t t e r ,  Tota l  r a i n f a l l  would no t  be a f f e c t e d  s i n c e  - a t  i s  nea r ly  

zero when averaged over a complete system l i f e  cycle .  

There i s  no ques t ion  t h a t  s to rage  of q a c t s  i n  t h e  r i g h t  sense  t o  R 

expla in  the  s-budget l radar  r a i n f a l l  l ag .  However, t h e r e  i s  cons iderable  

doubt as t o  whether t h e  s to rage  could be  l a r g e  enough t o  expla in  phase 

d i f f e r ences  of t he  observed magnitudes. Grody (1976) using microwave 

-2 
s a t e l l i t e  da t a  found maximum l i q u i d  water conten ts  of only 0.1-0.2 g cm 

* 
averaged over the  c e n t r a l  reg ions  of a mature t r o p i c a l  cyclone - a much 



s t ronger  convective system than GATE cloud c l u s t e r s .  Tropica l  cyclones 

i n  the  Western North P a c i f i c  and t h e  West Ind ie s  average about 9 cm d-l 

of r a i n f a l l  over t h e i r  inner  220 km r a d i u s  (Frank, 1977a; M i l l e r ,  1958). 

The l i q u i d  water content  of t he  GATE A/B-scale a r e a  (about 400 km r ad ius )  

-2 
probably d i d  no t  exceed 0 .1  g cm . Only about 5% of a t r o p i c a l  cloud 

c l u s t e r  i s  covered by a c t i v e  deep convection (Ruprecht and Gray, 1976; 

Lopez, 1973). I f  an  equal  a r e a  were covered by non-precipi ta t ing clouds, 

t he  average cloud he ight  was 500 mb, and mean cloud l i q u i d  water content  

was 2 g m-3, then the  mean l i q u i d  water content  of t h e  atmosphere would 

- 2 be 0 .1  g cm . This  i s  a r a t h e r  generous es t imate  of atmospheric water 

content .  

It is  d i f f i c u l t  t o  es t imate  t h e  l i q u i d  water s to rage  over t h e  GATE 

A/B-area due t o  t he  l imi t ed  a r e a  coverage of t h e  r ada r .  R a i n f a l l  is 

h ighly  concentrated i n  t r o p i c a l  weather systems, and t h e  master a r r ay  

could b e  r ece iv ing  s u b s t a n t i a l l y  more o r  less mean r a i n f a l l  than the  

l a r g e r  A/B-array a t  any given time per iod .  Nevertheless ,  f o r  9 of t h e  

10 r a i n f a l l  systems l i s t e d  i n  Table 5 the  s-budget condensation and 

r a d a r  r a i n f a l l  r a t e s  had comparable peak va lues  suggest ing t h a t  t he  

mean master a r r a y  p r e c i p i t a t i o n  f o r  t h e  9 cases  should b e  r e p r e s e n t a t i v e  

of t h e  A/B-array mean r a i n f a l l .  These cases  are l i s t e d  i n  Table 6 with 

the  t o t a l  amounts of l i q u i d  water s to rage  requi red  ( t o  exp la in  t h e  l ag )  

-2 -1 
from t h e  time t h e  s-budget condensat isn exceeded 5 ' ~  d-'(1.9 g an d ) 

u n t i l  t h a t  curve i n t e r s e c t e d  t h e  r ada r  es t imate .  S ta rage  p r i o r  t o  t h e  

5 ' ~  del l e v e l  was  omit ted t o  e l imina te  t h e  presumed underest imate by t h e  

r a d a r  a t  lower p r e c i p i t a t i o n  l e v e l s ,  and i t  has  been assumed he re  t h a t  t h e  

r a d a r  r a i n f a 1 l d . s  accu ra t e  above t h a t  l e v e l  and r e p r e s e n t a t i v e  of t he  A/B-area. 



TABLE 6 

Storage of l i q u i d  water during convective build-up required t o  bring 
s budget condensation and radar r a i n f a l l  i n t o  phase. 

Days 

Mean 

Required Storage Of 
I n t e r v a l  Liquid Water 

( L2 ) 
cm 

0 or  s l i g h t l y  
negative 

0.7 

*s budget peak hard t o  speci fy  

(Day 222 from Table 5 is  omitted s ince  the  peak . ra in fa l1  values were 
much d i f f e r e n t  f o r  the  two est imates) .  

The mean l i q u i d  water s torage  f o r  t h e  9 cases was 0 . 3 4  g cm-*, and 

the  mean f o r  the  7 cases with d i s t i n c t  phase lags  (days 224 and 259 

- 2 omitted) was 0 . 4 4  g cm . These values a r e  too l a rge  t o  be r e a l i s t i c .  

It is  concluded t h a t  while l iqu id  water s torage  contributed t o  the  l ag  

between C (s ) and P (R) , it .could not have been the  primary cause. In- 

t roduction of accurate -values i n  Eq. 9 would reduce the  observed a t  
phase l ag  by no more than 20-30%. 

The dif ference  between the  sampling areas  of the  radar and the  

budget analyses introduces the  p o s s i b i l i t y  t h a t  perhaps there  was a 

r e a l  time l ag  between convection over the  e n t i r e  A/B-array and convec- 

t i o n  i n  the  master a r ray  (hypothesis 114). S a t e l l i t e  data analyzed by 



McGarry and Reed (1978) appeared t o  show a tendency f o r  t h e  t i m e  of 

maximum convection t o  become l a t e r  a s  one procedded west from the  coas t  

of Afr ica .  Such a tendency, if coupled wi th  a s t rong  east-west g rad ien t  

i n  amount of p r e c i p i t a t i o n  (maximum t o  the  e a s t )  could r e s u l t  i n  t he  ob- 

served e f f e c t .  During Phase I and I1 of GATE t h e  r ada r  d id  i n d i c a t e  

s t ronge r  convection on the  e a s t  s i d e  of t h e  master a r r a y  than on t h e  

west s i d e  (Hudlow and Marks, 1977). Phase 111 p r e c i p i t a t i o n  had a s l i g h t  

west s i d e  predominance. The s t r o n g e s t  e a s t  s i d e  maximum occurred during 

Phase I. However, l ong i tud ina l  a n a l y s i s  of master a r r a y  r ada r  r a i n f a l l  

f o r  Phase I does no t  show a phase s h i f t  a c r o s s  t h e  % 400 km a r e a  (Figs. 

9-10). This  i n d i c a t e s  t h a t  a t r u e  l a g  i n  r a i n f a l l  between t h e  A/B-area 

and the  master a r r a y  loca ted  a t  i ts  cen te r  i s  unl ike ly .  

3 . 4  Summa~:y 

There was a d e f i n i t e  l a g  of s e v e r a l  hours  betweer; s (and q) budget 

condensation and radar-observed r a i n f a l l -  P a r t  of t h i s  r e s u l t e d  

from t h e  s to rage  of l i q u i d  water  i n  clouds,  bu t  another  g r e a t e r  process  

must a l s o  be  opera t ing  t o  exp la in  t h e  l ag .  A t r u e  r a i n f a l l  l a g  between 

the  master and A/B-arrays i s  n o t  i nd ica t ed  by the  da t a ,  bu t  t h i s  cannot 

be  r u l e d  ou t  completely s i n c e  we do no t  know t h e  r ada r  r a i n f a l l  ou t s ide  

the  master a r r ay .  

By process  of e l imina t ion ,  susp ic ion  i s  c a s t  upon t h e  r ada r  r a in -  

f a l l  estimates. It is l i k e l y  t h a t  underest imates  of t r u e  p r e c i p i t a t i o n  

by the  r ada r  during small cloud p r e c i p i t a t i o n  occurrances r e s u l t e d  i n  

a t  l e a s t  p a r t  of t h e  C(s) /P (R) l a g  during e a r l y  system growth. To 

expla in  t h e  peak l a g  phenomenon, however, t h e  r ada r  would a l s o  have had 

t o  overest imate r a i n  from l a r g e r  clouds. A s h i f t  i n  t h e  Z-R r e l a t i o n s h i p  



Fig. 9. Master array radar rainfall in each of 4 longitudinal bands. 
Each band is 100 Ism in width. Band 1'11 is the western most 
and !/4 is on the east site. (Bands #2 and 113 contain more 
area than 111 and 1/41. Phase I. 
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Pig. 10. Same as Fig. 9 except for Phase 11. 
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would b e  requi red  wi th  inc reases  i n  r a i n f a l l  f o r  low r e f l e c t i v i t i e s  and 

corresponding reduct ions  i n  r a i n f a l l  f o r  high r e f l e c t i v i t i e s .  It is 

suggested t h a t  research  i n t o  GATE Z-R r e l a t i o n s h i p s  be continued u t i l -  

i z i n g  d i agnos t i c  budget ana lyses  f o r  b e t t e r  ground t r u t h  es t imates .  

3 . 5  Budget Condensation and Large Sca le  V e r t i c a l  Motion 

Analysis  of A/B-scale GATE convect ive systems has shown t h a t  low 

l e v e l  convergence increased  p r i o r  t o  no t i ceab le  i nc reases  i n  t h e  B-scale 

r ada r  echo populat ion.  This  l a g  between l a r g e  s c a l e  fo rc ing  and pre- 

c i p i t a t i n g  cloud response was t y p i c a l l y  on the  order  of 3-6 hours  (Frank, 

1978; Ogura -- e t  a l . ,  1977) and has  a l s o  been observed i n  middle l a t i t u d e  

convect ive systems (Ogura, 1975). 

It is  un l ike ly  t h a t  gradual  moistening of t he  e n t i r e  A/B-scale 

was respons ib le  f o r  the  above l a g  (Frank, 1978). The GATE A/B-area remained 

very  moist even during s t rong ly  suppressed condit ions.  The maximum 

v a r i a t i o n s  i n  A/B-area p r e c i p i t a b l e  water during each phase a r e  shown 

i n  Table 7. 

TABLE 7 

Maximum, Minimum and Mean Observed A/B-area P r e c i p i t a b l e  Water During 

Each Phase (p 

Maximum 

Phase I 

5.55 

Phase I1 

5.82 

Phase ,111 

5.64 

Minimum 4.48 4.34 4 . 6 3  - - - 
Mean 5.16 5.16 5.13 



Despite variations in the mean state from heavily precipitating 

to suppressed with mean subsidence, the A/B-area moisture varied only 

about - + 11%. It follows that GATE weather systems were quite efficient 

at converting converged moisture into precipitation. The near constancy 

of the A/B-scale moisture argues strongly against any theory calling 

for convective development as a consequence of increased moistening of 

the middle levels on that scale. 

Figures 11-13 show the large scale vertical motion at 800 mb (ap- 

proximate top of the A/B-area inflow layer), the s budget condensation 

and the radar rainfall. Condensation does not lag the low level upward 

motion within the time resolution of the data. When an increase in low 

level mass and moisture convergence occurs, clouds form rapidly. Some 

of the clouds are undoubtedly precipitating but are undetected or under- 

estimated by the radar. Many observers have remarked that frequent 

rainfall occurred from clouds with tops of only 4-5,000 ft during GATE. 

The lag between the convergence and echo growth must result from the time 

required to organize the small clouds into larger precipitating ones 

with distinct echoes. 

It is not accidental that the lag between low level convergence and 

deep echo growth is about the same as the lag between s budget condensa- 

tion and radar rainfall. What is being observed is a characteristic 

growth time of deep mesoscale convective systems. Small clouds moisten 

the middle levels and enhance instability in local Cb scale areas there- 

by encouraging the growth of deeper clouds. The lag between the large 

scale forcing (and condensation) and the formation of concentrated strong 

echo regions is the time between the onset of unstable synoptic scale 

uplifting and the establishment of a "steady" ensemble of mesoscale 

systems. This is an area deserving future research effort. 
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Figures 11-13 a l s o  show w a t  400 mb. Both composite (Frank, 1978) 

and case s tud ies  (Ogura e t  a l . ,  1977) have shown t h a t  GATE convective 

systems tend t o  be preceded by upper tropospheric subsidence. It is  

in te res t ing  t o  note t h a t  a t  l e a s t  some subsidence occurs a t  400 mb on 

the  day p r io r  t o  each of the  convective episodes of Table 5. It is not 

y e t  c l ea r  whether t h i s  subsidence plays any r o l e  i n  the  formation of 

the  system which follows. 

The v e r t i c a l  motion curves a t  400 mb tend t o  confirm the  previous 

repor ts  of the upper l e v e l  peaks i n  upward w lagging the  lower l e v e l  peaks 

(Reed e t  a l . ,  1977; Frank, 1978) although t h i s  is not  t r u e  i n  a l l  cases. -- 
A t  some time periods there  a r e  s u b s t a n t i a l  upward motions a t  400 mb with 

mean subsidence a t  800 mb, invar iably  occurring during the  decaying 

s tages  of convective systems when downdrafts a r e  strong. 
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4. TROPOSPHERIC WARMING BY CLOUDS AND RADIATION 

It has long been known t h a t  t h e  r e l e a s e  of l a t e n t  h e a t  i n  convective 

clouds i n  a major component of t he  g loba l  t ropospher ic  energy balance. 

It would be  extremely convenient i f  one could merely observe o r  p r e d i c t  

a cloud populat ion,  determine t h e  v e r t i c a l  d i s t r i b u t i o n  of l a t e n t  h e a t  

r e l e a s e  from a simple cloud model, and apply t h a t  hea t ing  d i r e c t l y  t o  

t h e  atmosphere a t  t h e  proper l e v e l s .  This  works on a g loba l  s c a l e .  

More r e c e n t l y ,  however, i t  has become c l e a r  t h a t  most of t h e  n e t  l a t e n t  

h e a t  r e l e a s e  i n  a convective cloud is  transformed i n t o  p o t e n t i a l  energy 

wi th in  t h e  cloud. The temperature i n c r e a s e  of t h e  bulk  of t h e  a i r  be- 

tween the  clouds depends upon complex and s c a l e  dependent i n t e r a c t i o n s  

between the  clouds and t h e i r  environments (Gray, 1973; Lopez, 1973; 

Yanai e t  a l . ,  1973; Grube, 1978). 

A major o b j e c t i v e  of GATE was t o  determine the  modes and s c a l e s  

of cloud and l a r g e r  s c a l e  i n t e r a c t i o n s .  This  s e c t i o n  examines c e r t a i n  

mean responses of t he  GATE A/B-scale a r e a  t o  l a t e n t  h e a t  r e l e a s e  i n  

cumulus clouds and t o  r a d i a t i o n a l  hea t ing .  

Figures  14-16 compare the  fol lowing parameters f o r  Phases 1-111: 

- - 
v e r t i c a l l y  i n t eg ra t ed  temperature and moisture dev ia t ions  (AT, Aq) 

dev ia t ion  temperatures a t  t h e  700 mb and 300 mb l e v e l s ,  s-budget con- 

densa t ion  and master a r r a y  r ada r  p r e c i p i t a t i o n .  Looking a t  t he  v e r t i -  

c a l l y  i n t e g r a t e d  temperature dev ia t ions ,  i t  is  immediately apparent  t h a t  

t h e  temperature of t h e  t roposphere ( su r f ace  t o  100 mb) has a s t rong  

d i u r n a l l y  varying component. No obvious r e l a t i o n s h i p  e x i s t s  between 

the  rate of l a t e n t  h e a t  r e l e a s e  and atmospheric temperature. Table 8 

shows c o r r e l a t i o n  c o e f f i c i e n t s  r e l a t i n g  a=/ a t  wi th Q,, P (R) and 

C(s) .  Changes i n  t h e  mean t ropospher ic  temperature were s i g n i f i c a n t l y  
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Fig. 14. Vertically integrated deviation temperature (AT) and moisture 
(Aq) ' for the A/B-scale (upper curves) ; deviation temperature 
at 700 and 300 mb (middle curves); C(s) and P (lower curves 
as in Fig. 6) . Phase I. 
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Fig. 15. Continued. 
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Fig.  16. Same as Fig. 14  except for Phase 111. 
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TABLE 8 

Correlat ion coef f i c ien t s  ( r )  r e l a t i n g  ne t  tropospheric temperature change 
( a E / a t )  with rad ia t iona l  heating (QR), S-budget condensation (C(s)) ,  and 
radar p rec ip i t a t ion  (P(R)). 

Standard Deviation f o r  an Uncorrelated Sample (o )=.07 r 

r [ a E / a t ,  gR] = . 37  

r [ a E / a t , c ( s ) ]  = .17 

r [ a E / a t , ~ ( ~ ) ]  = -.12 

corre la ted  with rad ia t iona l  heating but  were only weakly r e l a t e d  t o  

s-budget condensation. Radar p r e c i p i t a t i o n  was negatively correlated 

with a E / a t .  

Tropospheric temperature changes were dominated by va r ia t ions  i n  

rad ia t iona l  heating. The va r ia t ions  i n  ne t  tropospheric A/B-scale Q 
R 

were dominated by the  d iurnal  s o l a r  cycle ra the r  than by va r ia t ions  i n  

atmospheric s t r u c t u r e  or  cloud population. This i s  shown i n  Fig. 17 

which shows daytime (06-12 and 12-18 l o c a l  time - LT averages) and night- 

t i m e  (00-06 and 18-00 LT averages) r a d i a t i o n a l  heating f o r  6-hour in te r -  

v a l s  vs. radar r a i n f a l l  f o r  the  B-array. During the  day the re  was no 

discernable va r ia t ion  i n  n e t  Q with r a i n f a l l  while a t  n ight  the  ne t  
R 

cooling decreased only s l i g h t l y  with r a i n f a l l  r a t e .  Accepting the  Cox and 

G r i f f i t h  (1978) rad ia t ion  da ta  a s  cor rec t ,  there  a r e  two reasons f o r  t h i s :  

1)  The moisture content of the  GATE A/B-area atmosphere was very 
steady despi te  l a r g e  va r ia t ions  i n  convective a c t i v i t y  (see  
Table 7) .  

Upper l e v e l  layer clouds, which a r e  the  primary modulators 
of r ad ia t iona l  heating ( the  sun excepted) tend t o  r e d i s t r i b u t e  
QR i n  the v e r t i c a l  without g r e a t l y  a f fec t ing  the  v e r t i c a l l y  
in tegra ted  value. This is  seen i n  Figs. 18 and 19 which show 
day and night  A/B a rea  QR p r o f i l e s  f o r  the  most convectively 
enhanced and suppressed i n t e r v a l s  i n  Phase 111. It is important 
t o  r e a l i z e  t h a t  the  d iurnal  temperature cycle, while ul t imately 
forced by rad ia t ion ,  is very complex and involves processes 
occurring on much l a rge r  sca les  than those studied here  (Foltz,  
1976; Gray and Jacobson, 1977). 
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Fig.  17. A/B-scale mean r a d i a t i o n  a t  i nd iv idua l  t i m e  per iods  vs .  B-scale 
r ada r  r a i n f a l l .  Le f t  graph i s  f o r  .daytime (06-12, 12-18 Local 
Time - LT). Right graph i s  f o r  n i g h t  (18-00, 00-06 LT). Data 
a r e  averaged f o r  6-h t i n e  per iods  (from Cox and G r i f f i t h ,  1978). 

The d i u r n a l  cyc le  of Q is f u r t h e r  i l l u s t r a t e d  by t h e  r e g u l a r i t y  
R 

with which the  d a i l y  minima i n  occurred near  0600 GMT (about 0430 

l o c a l  time - LT\) a s  shown i n  Table 9. For t h e  53 days with temperatures 

recorded a t  a l l  four  even t i m e  per iods ,  43 days (or  81%) experienced 

the  lowest temperatures a t  06 GMT and another  6 days (11%) showed night-  

time minima a t  00 GMT (2230 LT). 

I f  p r e c i p i t a t i o n  was randomly d i s t r i b u t e d  throughout t h e  day, t h e  weak 

c o r r e l a t i o n  between a E / a t  and c ( s )  (Table 8)  would suggest  t h a t  convec- 

t i v e  l a t e n t  h e a t  r e l e a s e  s l i g h t l y  warms t h e  t roposphere on t h e  A/B-scale. 

However, bo th  budget and r ada r  condensa t ion / r a in fa l l  e s t ima te s  show d i u r n a l  

v a r i a t i o n s  wi th  daytime maxima (Fig. 20). C(s) was maximum from 9-122 

(% 9 LT) when t h e  atmospheric temperature was r a p i d l y  inc reas ing  during both 
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- '  q TABLE 9 

Distribution of times of daily minimum mean tropospheric temperatures 
(day is 00-23 GMT) using data at 6-hour intervals. 

Time : 00 GMT 06 GMT 12 GMT 18 GMT TOTAL 

No. Days: 6 43 3 2 5 3 

0 1 I I I I I I I I 

00 03 06 09 12 15 18 21 00 
GMT 

Fig. 20. Diurnal variations in C(s) (s-budget condensation) and P 
(master array radar rainfall) averaged for a11 phases. 

convectively enhanced and suppressed periods. PCR) peaked during the 

afternoon hours near the time of daily maximum temperature. Both quanti- 

ties are positively correlated with QR. The small correlations between 

aE/ at and C (s) , P (R) are not meaningful by themselves since latent heat- 

ing effects were obscured by the larger diurnal temperature variation 

induced by radiational heating. 

I ' I  



I : 
While n e t  condensation warming of the  t r o p i c a l  troposphere on the  

A/B-scale was apparently smaller than the warming which occurred due t o  

the  mean diurnal  va r ia t ions ,  l a t e n t  heating may have enhanced the diver- 

gence/ver t ica l  motion pa t t e rns  on t h a t  sca le  by heating a t  upper l eve l s  

and cooling the  lower troposphere. Riehl (1948, 1954, 1969), Williams 

and Gray (1973) and Ruprecht and Gray (1976) have noted t h a t  t r o p i c a l  

cloud c l u s t e r s  a r e  warm core a t  upper l eve l s  and very weakly cold core 

i n  the lower troposphere. Reed and Recker (1971) and Reed -- e t  a l .  (1977) 

have noted a s imi lar  thermal s t r u c t u r e  i n  e a s t e r l y  wave troughs, and 

Frank (1978) showed upper l e v e l  warming and lower l e v e l  cooling during 

the  development of GATE convective systems. Observational s tud ies  of 

cloud c l u s t e r  t o  t r o p i c a l  cyclone transformation show t h a t  the  tempera- 

t u r e  increase is  s t rongest  from about 200-400 mb (Yanai, 1961; Zehr, 1976). 

However, the  p r o f i l e s  of Figs. 18-19 ind ica te  t h a t  the  upper l eve l s  of 

convective regions rad ia t ive ly  cool r e l a t i v e  t o  surrounding suppressed 

areas  while the  lower l ayers  of a c l u s t e r  r e l a t i v e l y  warm. Hence, radia-  

t i o n  alone would tend t o  induce a system with a cold core a l o f t  and a 

warm core i n  the  lower t o  middle troposphere. 

Numerous cumulus parameterization schemes which have been devised 

lead t o  tropospheric warming i n  t h e  presence of ne t  condensation with 

a maximum e f f e c t  i n  the upper troposphere. I n  general ,  these schemes 

have neglected o r  oversimplified r a d i a t i o n a l  heating as a second 

order t e r m  due t o  the  l a r g e r  magnitude of t o t a l  l a t e n t  heat  release. 

Al ternat ively ,  one may assume t h a t  l a t e n t  heating is confined t o  

r e l a t i v e l y  small and insula ted  "hot towers" ( a f t e r  Riehl and Malkus, 

1958) which re lega tes  t h i s  energy source t o  providing l i f t  t o  low level 

a i r .  The heating of the 95% of the  a i r  outs ide  the updrafts  could be 



for cloud cluster maintename., They hypothesize that the horizontal 
, + ' a - . [ i  h i  r . i ( & . i i t .  di j . .~ A t  I*. - . I ,  ,\ , 9 4 '  ! . I .  

pressure gradients whlch drive the circulation are dominated by differ- 

. !  

ential radiational heating effects between cirrus covered and relatively 

I .,x a i h  , ,  d , I +  I 

clear areas. Recent modelling results by Fingerhut (1978) and observa- 

dominated by radiational effects. Gray and Jacobson (1977) have 
1 1 4  

suggesced that cloud/cloud free radiational differences are important 

tional studies by Dewart (1978) and McBride and Gray (1978) support this 

argument. - .. 
~ u L t l t i i i 7 t  . -11 i + l l . . + n *  . 
Tempora variations of h and 700 mb are shown in Figs. 14- 

16. Both levels showed strong diurnal variations with minimum tempera- 

ture occurring near 06 GMT and maxima geneially in the afternoon. There 

also is strong tendency for the temperatures at the two levels to be out 

of phase with each other over periods of a few days, but this time scale 

is much too long to be associated with individual convective systems. 

It is not visually obvious whether or not temperatures at these levels 
9 ,  6 1 1  : I I L 1  

were related to the latent heat release. 

Correlation coefficients relating temperature changes at 300 and 

700 mb to s-budget condensation, radar rainfall and net tropospheric 

radiational heating were determined for phase I11 and are shown in Table 

10. At both levels the temperature changes were significantly correla- 

ted with q. There was also a significant correlation between s-budget 
condensation and aAT/at(300)mb although it was not as strong as the 

aAT/at (300 mb) vs. $ correlation. On the other hand, P(R) showed no 

significant correlation with aAT/at at either level, and aAT/at (700 mb) 

was only weakly related to C(s). 

Table 10 seems to indicate that the tropospheric temperature ismuch 

more directly related to radiation than to condensation. If it is hypothesized 
. . , a ,  

that convective heat.release tends ta warm the upper -levels and cool the 



5. CONVERGENCE VS. VORTICITY I N  THE BOUNDARY LAYER 

After  the  famous CISK (Conditional - & s t a b i l i t y  of the  Second s i n d ) ,  

papers of Charney and Eliassen (1964), Ooyama (1964) and Ogura (1964), 

i t  became fashionable t o  asc r ibe  mass inflow i n t o  t r o p i c a l  convective 

systems t o  the  influences of low l e v e l  f r i c t i o n .  Documentation of sub- 

s t a n t i a l  middle tropospheric inflow i n t o  cloud c l u s t e r s  (Williams, 1970; 

W i l l i a m s  and Gray, 1973), e a s t e r l y  wave troughs (Reed and Recker, 1971), 

and even t r o p i c a l  cyclones (Frank, 1977a) indicated t h a t  the  r a d i a l  mass 

f luxes  found i n  these  systems g r e a t l y  exceed those which could be driven 

by surface  f r i c t i o n  alone. While upward extension of f r i c t i o n  through 

cumulus momentum t ranspor t s  undoubtedly contr ibutes  t o  middle l e v e l  

inflow i n  some systems (Frank, 1977b; Stevens e t  a l . ,  1977), i t  is  

becoming increasingly apparent t h a t  the  r o l e  of f r i c t i o n a l l y  induced 

convergence i n t o  t r o p i c a l  weather systems has been g rea t ly  exaggerated. 

Gray (1978 )estimated t h a t  surface  f r i c t i o n  accounted f o r  only a small 

p a r t  of the  surface  t o  900 mb convergence i n  West P a c i f i c  cloud c lus te r s .  

It can be shown t h a t  the  area  averaged f r i c t i o n a l l y  induced con- 

vergence i n  t h e  planetary boundary layer  is  r e l a t e d  t o  the  mean v o r t i c i t y  

a t  the top of the boundary layer  averaged over the  area  (Gray, 1972; 

Zehr , 1976) . That is: 

I 

where the  brackets  denote averages from the  surface  t o  the  top of the 

f r i c t i o n a l  boundary l ayer  (usually about 900 mb) and % (vor t i c i ty )  and 



V, ( tangent ia l  wind) a r e  a t  t h e  top of the  boundary layer.  K is  a 

constant . 
Based on a s t a t i s t i c a l  treatment of winds over the  t r o p i c a l  oceans, 

Gray (1972) has shown tha t  K % 0.1 f o r  winds i n  the  0-10 m / s  regime. 

Therefore, f r i c t i o n a l  convergence occurs only when VT > 0, and one 

would expect the  f r i c t i o n a l  convergence i n  a r e l a t i v e l y  weak t r o p i c a l  

system t o  be subs tan t i a l ly  smaller than the  v o r t i c i t y .  

Figures 21-23 compare the  A/B-scale v e r t i c a l  motion (w) with the  

tangent ia l  winds a t  900 mb. The v e r t i c a l  motion r e f l e c t s  the  v e r t i c a l l y  

in tegra ted  divergence from the  surface  t o  900 mb and is  p lo t t ed  so t h a t  

upward v e r t i c a l  motion and p o s i t i v e  cyclonic v o r t i c i t y  have the  same 

-1 -1 sign. An upward motion of 45 mb d corresponds t o  about 1 m s of 

mean r a d i a l  inf  low (T) . 
The most s t r i k i n g  fea tu re  of Figs. 21-23 i s  the  independence of the  

two parameters. Upward v e r t i c a l  motion a t  900 mb occurred most of 

the  t i m e  during GATE, y e t  the  low l e v e l  v o r t i c i t y  was of ten  weak o r  

negative. There was no cor re la t ion  between the  magnitudes of VT(900) 

and ~ ( 9 0 0 ) .  During periods of s trong upward motion, the  a i r  went up 

without any obvious support from the  v o r t i c i t y  f i e l d ,  and occasionally 

weak subsidence coincided with p o s i t i v e  v o r t i c i t y .  

The r e l a t i v e  unimportance of f r i c t i o n a l  convergence during GATE is 

fu r the r  i l l u s t r a t e d  by Figs. 24-26. Comparison of the  r a d i a l  and 

tangent ia l  wind components a t  950 mb shows t h a t  the  mean A/B-scale 

divergence and v o r t i c i t y  f i e l d s  were of s imi lar  magnitudes and were 

poorly r e l a t e d  a t  individual  time periods ( there  was typ ica l ly  very 

l i t t l e  change i n  V between 900 and 950 mb). It is obvious t h a t  f r i c -  
T 

t i o n a l  processes must have played an i n s i g n i f i c a n t  r o l e  even wi th in  the  
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Fig. 21. Mean A/B-scale vertical motion (3 at 900 mb and A/B-array 
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F i g .  22. Same as FFg. 21 except for Phase 11. 



E h 
Y 

--- 100 n 
E 
0 
0 o-----. ,--- - -----_ 
a --------_--- 
Y 

13 in 
100 - - - 5  - 

I I I I I I I I I I I I I I L I 

OOZ 06 12 18 OOZ 06 12 18 OOZ 06 12 18 OOZ 06 12 18 OOZ 
14 

1 217 I 218 I 219 I 220 1 

I I I I I I I I I I I I I I I I 

OOZO6 12 1 8 0 0 Z 0 6  12 1800Z 06 12 1 8 0 0 Z 0 6  12 18 OOZ 
I I>' 

I 22 1 I 222 I 223 I 224 1 

1 - 1 :  ' " , 8 ,  

, # , q . . # ? . > P  - -  

Fig. 22. Continued. 

- 
u 
\ -200- 
n 
E 
Y - 

- 5 2  

/ A v 
---*I--- -*-- 

V - 
0.2 
0 
0 

100- in - -5 - 
- 1  I I I I I 1 I I I I I I I 

OOZ 06 12 18 OOZ 06 12 18 OOZ 06 12 18 OOZ 06 12 18 OOZ 
I 14 

I 225 I 226 I 227 I I 



Fig. 23. Same as Fig. 21 except for Phase 111. 
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boundary layer. The A/B-area divergence profile must +spend to other 
(non-frictional) imbalances in the radial pressurelwind fields. 

The 5 - 
2 

most probable source would seem to be the slow geostrophic adjustments 2 

times of the deep tropics. When a. the radial height gradients change due 
L. - .- . .- , 

to diabatic heating or advective processes, convergence/divergence 

rapidly occurs. Due to low values of f, the tangential winds may qexer 
.*.:I 

spin upldown enough to achieve balance. McBride and Gray (1978) present 

additional discussion of frictional convergence in tropical weather sys- 

tems and the role of radiational forcing in system maintenance. This is 

I 
a topic deserving substantial future research. 



6. CONCLUSIONS 

GATE rawinsonde da ta  were analyzed t o  perform diagnostic  budget 

analyses of moisture and dry s t a t i c  energy f o r  the  A/B-scale area.  

The r e s u l t s  were compared with radar r a i n f a l l  da ta  f o r  the  master ar ray  

t o  examine severa l  aspects  of temporal va r i a t ions  of the  t r o p i c a l  

atmosphere and of convective/larger s c a l e  in te rac t ions .  Major f indings 

were a s  follows. 

GATE A/B-array rawinsonde da ta  a r e  s u f f i c i e n t l y  accura te  t o  compute 

meaningful budgets a t  individual  t i m e  periods. The resu l t ing  time reso- 

l u t i o n  data  w i l l  be valuable i n  many f u t u r e  s tudies .  However, B-array 

winds a r e  not  accurate enough f o r  quan t i t a t ive  analys is  of divergence on 

the  B-scale, and biases  i n  the  temperature data (pa r t i cu la r ly  on the  

Russian Ships) l i m i t  one t o  the  use of deviat ion analys is  of t h e  tempera- 

t u r e  f i e l d s .  

Mean radar r a i n f a l l  i n  a l l  phases is  less than ne t  condensation 

est imates from the q and s budgets. I t  is concluded t h a t  radar est imates 

a r e  too low during periods of l i g h t  t o  moderate r a i n f a l l .  

Radar p rec ip i t a t ion  l ags  condensation (and low l e v e l  v e r t i c a l  

motion) by about 4-6 hours. An incorrect  Z-R r e la t ionsh ip  is  the most 

l i k e l y  cause. The current  study suggests t h a t  r a i n f a l l  should be in- 

creased f o r  low r e f l e c t i v i t i e s  and decreased f o r  higher values. 

Mean q budget condensation s l i g h t l y  exceeds s-budget condensation. 

Since deviat ion dry advection is  s i g n i f i c a n t  i n  a l l  3 phases, i t  is  

hypothesized t h a t  the re  is  mean long-term advection of dry a i r  i n t o  the  

A/B-area,maximum near the l e v e l  of the 650 mb jet. 

Precipi table  water vapor is  remarkably constant throughout a l l  3 



I 
phases.  The A/B-scale atmosphere does n o t  s t o r e  s i g n i f i c a n t  q u a n t i t i e s  

of water vapor during t h e  e a r l y  s t a g e s  of convective system development. 

Low l e v e l  v e r t i c a l  motion i s  i n  phase with t h e  S and q budget con- 

densa t ion  r a t e s  w i th in  t h e  r e s o l u t i o n  of t he  da ta .  This t h a t  low 

l e v e l  mass convergence r a p i d l y  r e s u l t s  i n  clouds and condensation. Since 

, . - 3  - . 2 . .  -. , --- --. I (  
l i q u i d  water s to rage  i s  r e l a t i v e l y  smal l ,  p r e c i p i t a t i o n  only s l i g h t l y  

l a g s  low l e v e l  convergence and condensation. The 3-6 hour l a g  between 

convergence and echo development observed by Frank (1978) and Ogura e t  a l .  

(1977) seems t o  be  ' 4 & & ~ i a t e d  wi th  t h e  t ime requi red  t o  concent ra te  con- 

vec t ion  i n t o  l a r g e  echo-producing ensembles. ' .'- - %  - 1 .  . d t  . . 

... .c., .,% 
The temperature of t he  t r o p i c a l  tro$os$ere responds more s t r o n g l y  

t o  d i u r n a l  r a d i a t i o n a l  fo rc ing  than t o  l a t e n t  h e a t  r e l e a s e .  This  is 

t r u e  a t  bo th  300 and 700 mb as w e l l  a s  f o r  t h e  su r f ace  t o  100 mb l aye r .  

There i s  evidence t h a t  clouds a c t  t o  warm t h e  upper t roposphere and coo l  

lower l e v e l s ,  b u t  t h e  e f f e c t s  of convection a r e  n o t  l a r g e  enough t o  

J E J  ,.+r-sb 
overcome r a d i a t i o n a l l y  induced d i u r n a l  temperature changes. Level by 

l e v e l  r a d i a t i o n a l  d i f f e r e n c e s  between d i f f e r e n t  regimes on t h e  A/B-scale 

I . <,-, . .  - . .  . , . *  

a r e  of t h e  same order  a s  warming due t o  l a t e n t  hea t  r e l e a s e  d e s p i t e  t h e  

g r e a t e r  t o t a l  energy involved i n  convect ive processes .  Both e f f e c t s  

must  be included i n  modelling and a n a l y s i s  of t r o p i c a l  weather systems. 

F r i c t i o n a l l y  forced convergence i n  t h e  boundary l a y e r  i s  in s ign i -  

f i c a n t  during GATE and can b e  neglec ted  t o  a reasonable approximation. 

I 't-ri. b- f ! , . r .n :  

Research should focus-o; r e l a t i o n s h i p s  between temporal he igh t  g rad ien t  

changes and t h e i r  r e s u l t i n g  e f f e c t s  upon divergence. ( 1 :  *\:-, 

1 1  , . , , -'"'" -;! 
> ' , : 1 -  . I  ' ' +%I*'  

. I_ .  43 3 I c -,, , 
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APPENDIX 

Three-Dimensional Regression. The horizontal gradients of u, v, 

AT and Aq used in the divergence and advection calculations were 

determined by fitting the data to a plane of regression (Panofsky and 

Brier, 1968). This plane has a minimum of least squares scatter. For 

the divergence computation, wind data from the six A/B-array ships plus 

the Vize and the Vanguard (center of array and northernmost B-array 

position) were used. These ships all used compatible wind measurement 

systems. For the advections of AT and Aq, data from all 12 A/B and B- 

array ships were employed. 

Example : 

An equation for a plane regression is: 

where : 

and : 

s s s = standard deviations x' yy u 

r r  LX' uy' xy correlation coefficients 

- - x y - x y  
(rxy s S > 

x Y 
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