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ABSTRACT 

The diurnal variation of mass divergence and vertical velocity is 
documented for tropical summertime oceanic weather systems in the Western 
Pacific, Western Atlantic and the GATE region. It is shown that this 
diurnal variation is very large and has the same basic character in all 
regions, 

Gray and Jacobson (1977) proposed that this diurnal variation in 
mass convergence results from differences in the net radiative and 
convective heating profiles of the thick cirrus-shield covered weather 
systems and their surrounding clear areas. Fingerhut (1978) has de- 
veloped a numerical model which appears to substantiate this hypothesis. 
A comparison of his model output with the observations reveals that a 
simple radiation-condensation model does simulate most of the observed 
features. It is hypothesized that radiational forcing is one of the 
major contributions to the maintenance and modulation of tropical weather 
sys tems . . , . , 
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. INTRODUCTION 

I 
This paper discusses the interaction between cumulus convection and 

the large scale measurable wind and mass fields. This interaction works 

in both directions between the two different scales and involves a 
I 

varietl of physical processes. 

In this paper the existence of a single diurnal cycle in the mass 

divergence of summertime oceanic tropical weather systems is documented. 

The observed diurnal variation is compared with the numerical modelling 

result's of Fingerhut (1978), and the conclusion is made that a simple 

radiative-convective forcing mechanism is responsible for the observed 

behavior. 

Ip Paper I1 an investigation is made of some of the other physical 
I 

proceslses controlling tropical convection, and an attempt is made to 

quantitatively measure the relative role each large scale control has 

on convection. 

The existence of a single diurnal cycle in the mass divergence of 

oceanic tropical weather systems was first demonstrated by Ruprecht and 

Gray (~1976a, b). It was further discussed by Gray and Jacobson (1977). 

carrodorating evidence in the diurnal variation of heavy precipitation 

has b en presented by Gray and Jacobson (loc. cit.), Dewart (1978) and 

by Mc 4 arry and Reed (1978). 
The above studies were based on less extensive rawinsonde data 

sources than the current study. These studies concentrated on the 

1 1  
variation in precipitation. In the current study the emphasis is 

placed on the variation of the mass divergence. Use is made of data 

from the 1974 GATE experiment and from the many tropical data sets 

composited over the past decade by the tropical storm research 



I 
pro jec t  of William M. Gray (Williams and Gray, 1973; Ruprecht and Gray, 

1976a, b; Zehr, 1976; W. Frank, 1977a, b ,  c; S. Erickson, 1977; McBride, 

1977; Frank, 1978a, b; Dewart, 1978 and Grube, 1978). 

From these sources, eleven t o t a l l y  independent composite da ta  s e t s  

a r e  put  together from three  d i f f e r e n t  t r o p i c a l  oceanic regions. Each 

data  set represents  one type of t r o p i c a l  summertime convective weather 

system. The d iu rna l  va r ia t ion  of each data set i s  inves t igated  and 

intercomparisons a r e  made between the  d i f f e r e n t  da ta  sets t o  determine 

consistencies i n  t h e i r  d iu rna l  behavior. Preliminary r e s u l t s  from t h i s  

research have been reported on by Gray and McBride (1978). 



2. WESTERN PACIFIC CONVECTIVE SYSTEMS 

F llowing the technique of Williams and Gray (1973), twice daily I 
rawinsbnde observations from the standard observational network in the 

Northwest Pacific Ocean have been composited relative to the central 

positions of tropical convective systems. , 00Z anal22 r-awinsonde 
C . Ma 

1 %  '. 
3 ' 2  

data were used from the summer months of the years 1961-1970. The 

rawinsonde data network is shown in Fig. 1. The cornpositing technique 

has been used in many studies since that of Williams and Gray. A 

thorough discussion of the technique, its advantage&, and limitations 
**. :-*A -.-. --:* -?>(Lb,j., 

has been given by W. Frank (1977a). $' $ \ 

Five different types of Western Pacific convective systems have 

been composited. They are numbered one to five: 
1 .  .:j 

1~. CLOUD CLUSTER. Summertime cloud clusters were composited 

I for the years 1967 and 1968. Only clusters which did not 

later develop into tropical cyclones were used. This data 
i 

clusters which later develop into typhoons. Data for this I .. ^ . > 1 .  

and the following three data sets are from the full ten 
8 JC,G 

2. 

I year period 1961-1970. This data set is "STAGE 2" of Zehr. 

1 set is the "STAGE 00" data set of Zehr (1976). 

PRETYPHOON CLOUD CLUSTER. This data set consists of cloud 

It consists of that portion of each storm's track prior to 
l r  

l one day before the first reconnaissance aircraft observation. 
3 8 , .  

1 ... Positions were obtained from satellite pictures and by , 1 '  . 
' extrapolation from Joint D h o o n  Warning Center, Guam (JTWC) 

I best tracks. , '.'* ?L>. O 

3. TROPICAL STORMS. PC> 1000 mb. This and the following two 
I 

data sets consist of a stratif$cation of the official best 
4 ' ) j . P  C*Z: ; ., i 7 ' j :  5 ,> ~ . . ~ c :  c- .,- 

3 



Fig. 1. Northwest P a c i f i c  rawinsonde da ta  network. , I  

t racks  of the  JTWC according t o  the  c e n t r a l  Pressure (PC) 

of each storm. I 
4. TROPICAL STORMS: 980 mb < P < 1000 mb. 

C - 

5. TROPICAL STORMS: PC 5 980 mb. 

Posit ioning f o r  the  cloud c l u s t e r  da ta  s e t s  (data sets 1, 2 and 

6, 7 of the  following sect ion)  was obtained from v i s u a l  daytime s a t e l l i t e  

imagery. In te rpo la t ion  had t o  be used, therefore ,  t o  obta in  nighttime 

posi t ions  f o r  these  systems. This procedure did not  y i e l d  any s igni -  

f i c a n t  day vs. n ight  v a r i a t i o n  i n  the  composited thermodynamic flields 

associated with the  c l u s t e r s .  Aha, a s  w i l l  be seen i n  Paper 111, there  

is no observed day vs. n ight  v a r i a t i o n  i n  the  v o r t i c i t y  f i e l d s .  The 

observed day vs. n ight  d i f ferences  i n  the  divergence f i e l d s  a r e  thus  

believed t o  be q u i t e  r e l i a b l e .  1 
Table 1 lists c e r t a i n  p roper t i e s  of the  f i v e  da ta  sets. 1n the  

f i r s t  two columns a r e  the  mean l a t i t u d e  and longitude of the  composite 

weather systems. Column (3) shows the  number of rawinsonde obsekvations 



TABLE 1 

C h a r a c t e r i s t i c s  of Western P a c i f i c  Data S e t s  . . CI 
- -- - -  

- . - , - . . . - - -- - 

. - 8 : .  . _ *" 

DATA SET L a t i t u d e  Longitude 
(Deg N) (Deg E) 

No. of 
Sound- 
i n g s  
2- 4O 

Number of 
I n d i v i d u a l  
Dis turb-  
ances 

Estimated Mean Mass Mass 
Maximum Tangent ia l  Balance Balance 
Sustained Wind a t  Correc- Correc- 
Winds 8500mb t i o n  t i o n  

2-4 OOZ 122 
(m/s> (mls) (m/s) (m15-1 

1. CLOUD CLUSTER 

2. PRETYPHOON CLUSTER 

3. STORM PC > 1000 mb 16 

4. STORM 980 < P < 1000 mb 
C - 2 2 

5. STORM P < 980 mb 
C - 

23 



0 composited in the annulus between 2 and 4' latitude distance from the 

center of the system. Column (4) gives the number of individuai dis- 

turbances making up each composite. Column ( 5 )  is a subjective estimate 

of the maximum sustained wind speed of the system. Column (6) is the 

0 composited mean tangential component of the wind at 850 mb in the 2-4 

annulus. This parameter serves as a gauge of the intensity of the 

system. 

To insure that the vertically integrated net radial mass flux 

I 
between the surface and 100 mb is zero, small mass balance corrections 

had to be added to the radial component of the wind at each level. 

These corrections at the two observation times are listed in the last 

two columns of Table 1. Every feature of the divergence profile des- 

cribed in this study is insensitive to the mass balance correction. 

The correction had to be made, however, so that vertical velocities would 

simultaneously be zero at the surface and 100 mb. 

Data were composited at 18 vertical levels extending from sea 

level to 100 mb. The horizontal grid was an annulus, 2' to 4' latitude 

distance from the center of the convective system. The radial component 

0 
of the wind was composited in eight octants of 45 azimuthal extent. 

These eight values of the radial wind, VR, were considered to be true 

at 3' latitude distance from the system center. The average horizontal 

- 
divergence (DIV) inside the 3' radius area of each weather system was 



= 1 
AREA 

0 
vert ical1 p r o f i l e s  of divergence averaged over t h e  0-3 a r e a  f o r  t h e  

f i v e  ~ d c i f i c  da t a  s e t s  a r e  shown i n  Fig.  2 .  P r o f i l e s  a r e  shown f o r  t he  

two s t a  dard observa t ion  t imes,  00 and 12 GNT (10 AM and 10 PM Local n 
Time). The corresponding k inemat ica l ly  der ived v e r t i c a l  v e l o c i t i e s  

0 a r e  s h w n  i n  Fig. 3. The gene ra l  cha rac t e r  of t hese  p r o f i l e s  i s  con- 

vergende o r  in f low i n  t h e  lower t roposphere compensated f o r  by diverg-  

ence o$ outflow near  t h e  200 mb l e v e l .  The f e a t u r e s  of i n t e r e s t  f o r  

s tudy a r e  a s  fol lows:  

convergence i n  t h e  l aye r  from the  su r f ace  to 

-50 mb is  g r e a t e r  a t  10 AM than a t  10 PM. --- ---- --- 
There i s  convergence a t  10 PM i n  t h e  middle t roposphere near  -- ----- 
.50 mb. -- 

;n t he  morni'ng t h e  upper l e v e l  outf low extends through a 

deeper l a y e r  of t h e  atmosphere than  i t  does i n  t h e  evening. 

- qorresponding p r o p e r t i e s  of t h e  v e r t i c a l  motion p r o f i l e  a r e :  

db The mean t ropospher ic  upward v e r t i c a l  motion g r e a t e r  & 
I 

t h e  morning than i n  t h e  evening. l~ - 
eh The l e v e l  a t  which the  maximum upward v e r t i c a l  v e l o c i t y  

occurs  - i s  h igher  -- i n  t h e  atmosphere -- i n  t h e  evening than i n  

t h e  morning. - 
The low l e v e l  upward v e r t i c a l  v e l o c i t y  ( a t  850 mb) i s g r e a t e r  --- 

5 ,  1 . >  
i n  t h e  morning than i n  t h e  evening. 



WESTERN PACIFIC DIVERGENCE 

I - 
2 - 
3 - 
4 - 

5 - 
6 - 
7 - 
8 - 
9 - 

Sfc - 

PRETYPHOON 
CLUSTER 

STORM 
P > 1000 

PS980 - 0 0  Z (IOhM,LOCAL TIME) 
-- 12 Z (IOpM,LOCAL TIME) 

DIVERGENCE (in -units of -  10'~sec-'  1 

0 Fig. 2.  Mean divergence within the  r = 0-3 l a t i t u d e  area  f o r  the  f i v e  
Western P a c i f i c  composite weather systems. 

Data sets 1 t o  4 exh ib i t  a l l  s i x  of these fea tures .  The typhoon 

data s e t  (data s e t  5, PC 5 980 mb) exh ib i t s  only proper t ies  c) and d) .  

This d iurnal  v a r i a t i o n  can be quant i f ied  i n  various ways a s  shown 

i n  Table 2. The f i r s t  measure shown is the  r a t i o  of the maximum upward 

v e r t i c a l  ve loc i ty  found i n  the  troposphere a t  about 10 AM (00Z) t o  the  

maximum ve loc i ty  a t  about 10 PM (122). The second measure is  the r a t i o  

of the  values of v e r t i c a l  ve loci ty  a t  850 mb. The l a s t  column of the 

t a b l e  shows the  l e v e l s  of maximum upward ve loc i ty  a t  the  two observa- 

t i o n  t i m e s .  

Also shown i n  Table 2 i s  the  mean tangent ia l  wind a t  850 nb a t  

0 
3 radius.  This measure of t h e  i n t e n s i t y  of each system is  indluded 

t o  h ighl ight  a  general  trend which appears i n  the  table :  a s  t d e in- 

t e n s i t y  of the  weather system's cyclonic wind f i e l d , i n c r e a s e s ,  the 

magnitude of the  d iurnal  v a r i a t i o n  of divergence decreases. I 



WESTERN PACIFIC VERTICAL VELOCITY 

2. 
PRETYPHOON / 
CLUSTER 

AM \ 
'\ 
\ 

-200 -100 0 

I - 
2 - 
3 - 
4 - 
5 - 
6 - 
7 - 
8 - 
9 - 

stc - 

- 0 0 Z  (loAM ,LOCAL TIME) 
-- 12 t (lopM ,LOCAL TIME) 

I 
-200 -100 0 -300 -200 -100 0 

VERTICAL VELOCITY (mb/day 

0 

Fig* 3. 

Mean v e r t i c a l  v e l o c i t y  w i th in  t h e  r = 0-3 a r e a  f o r  t h e  f i v e  
Western P a c i f i c  composite weather systems. 

TABLE 2 

a t i v e  measures of t h e  i n t e n s i t y  of t he  d i u r n a l  v a r i a t i o n  f o r  t h e  
P a c i f i c  composite d a t a  s e t s .  

Rat io  of Level of 
850 mb Maximum 
V e r t i c a l  Upward 
Veloc i ty  V e r t i c a l  

Veloc i ty  (mb) 

DATA SF Mean Ra t io  of 
Tangent ia l  Maximum 
Wind a t  Upward 
850 mb V e r t i c a l  
(m/s> Veloc i ty  



3.  IJESTERN ATLANTIC CONVECTIVE SYSTEMS 

Using the  same technique a s  descr ibed above f o r  t h e  ~ a c i f i c ' ,  f i v e  

d i f f e r e n t  types of summertime convect ive systems were composited i n  the  

Western A t l a n t i c  - Caribbean area .  The da t a  network is shown i n  F ig .  4. 

The f i v e  d a t a  sets a r e :  

CLOUD CLUSTER. I n  co l l abo ra t ion  wi th  V. Dvorak of NoAA/NESS 6. - 
Applicat ions Group, p o s i t i o n s  were obtained from s a t e l l i t e  

p i c t u r e s  of t r o p i c a l  weather systems which sub jec t ive ly  looked 

l i k e  they had p o t e n t i a l  f o r  development i n t o  t r o p i c a l  storms. 

I f  a c i r c u l a t i o n  cen te r  f o r  t h e  d is turbance  w a s  v i s i b l e ,  i t  

was defined as t h e  p o s i t i o n  of t he  system; otherwise t h e  center  

of m a s s  of t h e  cloud a r e a  was used. Data were compiled from 

the  yea r s  1968-1974. 

7 .  EASTERLY WAVE. N. Frank, D i rec to r  of t h e  Nat iona l  - Hurricane 

Center ,  Miami (NHC), has  t racked t h e  movement of A t l a n t i c  - 

e a s t e r l y  waves s i n c e  1968. Using N. Frank 's  t r a c k s  i n  t h e  

Caribbean f o r  t h e  yea r s  1968-1974 a composite was made r e l a t i v e  

t o  t h e  c e n t e r s  of t h e s e  wave d is turbances .  Only wave systems 

which had a s i g n i f i c a n t  amount of convection a s soc i a t ed  wi th  

them were composited. The cen te r  of each system was def ined  

such t h a t  t h e  longi tude  was t h a t  of N. Frank 's  t rough a x i s ,  and 

t h e  l a t i t u d e  was t h e  c e n t r a l  l a t i t u d e  of convect ive a c  I i v i t y  

a s  determined from s a t e l l i t e  .images. 

Composite d a t a  s e t s  6 and 7 have very weak upward v e r t i c a l  ~ ve loc i ty .  

I n  f a c t ,  they have subsidence throughout t h e  t roposphere a t  one of the  

two observa t ion  times. Ruprecht and Gray (1976a) a l s o  have composited 

Western A t l a n t i c  cloud c l u s t e r s  and found very  l i t t l e  upward v e x t i c a l  

I 



I 
Fig. 4. Northwest Atlantic rawinsonde data network. Only island 

and coastal stations were used i n  th is  study. 

I 



motion. These systems ac tua l ly  e x i s t  i n  a region of mean 

subsidence and negative low l e v e l  r e l a t i v e  v o r t i c i t y .  

a r e  o f t en  re fe r red  t o  a s  being i n  a 'coast ing'  o r  'weakening' stbge 

a s  they move through t h i s  subsidence region. This matter w i l l '  ble d is -  

cussed f u r t h e r  i n  Paper 11, but t o  a l l a y  f e a r s  tha t  da ta  sets 6 and 7 

a r e  not centered,pn the  convectively a c t i v e  p a r t  of the  weather system, 
.' 1 .Tt 

east-west v e r t i c a l  cross sec t ions  of the meridional wind f o r  these data 

s e t s  were constructed (Fig. 5 ) .  A s  can be seen, the  trough i n  the  

meridional wind pa t t e rn  is  very c lose  t o  the  center  of the distukbance. 
I 

O f f i c i a l  bes t  t rack posi t ions  of the  National Hurricane l;eAter fo r  

the  years 1961-1974 were s t r a t i f i e d  according t-o the  o f f i c g a l g s t i m a t e d  
7' .@*, f > I* 11; LR* 3 

L h  t 
maximum sustained wind (V ) t o  provide ;he following th ree  data s e t s :  ~ 

max p ,  , * '  
I 

8. PRE-TROPICAL STORMS: V < 35 k t s .  . ri 
max - L, ' U  

. -I 

9. TROPICAL STORMS: 35 k t s  < V < 65 k t s .  
rnax.. , . 

8,' 
" I, 

10. TROPICAL STORMS: V > 65 k t s .  
max - 

Various c h a r a c t e r i s t i c s  of the  f i v e  At lan t i c  data  sets a r e  shown i n  

Table 3. The observation times 00Z and 122 f o r  these da ta  s e t s  a r e  

within about one hour of 7 PM and 7 AM Local Time respectively.  Diurnal 

divergence p r o f i l e s  and v e r t i c a l  ve loc i ty  p r o f i l e s  a r e  shown i n  Figs. 
r ,  .- _ -  

$ , , - "'A L 6 and 7. .7 . . c 
' , . .  .>;-@'.. " f ' $  

I !  ! .. 
5 '  . ' , : .  . 

There i s  a marked s i m i l a r i t y  between these f igures  and the  

responding f igures  (2  and 3) from the  previous sect ion.  Data s e t s  

6 through 9 can be seen t o  have every one of the  proper t ies  a) t p  f )  

l i s t e d  f o r  the  P a c i f i c  systems. The hurricane data  s e t  (data set  10) 

has proper t ies  a ) ,  d) and f ) .  

The quan t i t a t ive  measures of the  d iu rna l  v a r i a t i o n  a r e  shown i n  

Table 4. A s  i n  the  Western Pacif i c y  the  magflitude of the va r ia t~ ion  

decreases a s  the  i n t e n s i t y  of the system increases.  
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8" 6" 4" 2" t 2" 4" 6" 8 O  

WEST- CLUSTER -+ EAST 
CENTER 

DATA SET 6 
CLOUD CLUSTER 
MERlDlONAL WlND (m /set) 

WEST '------- WAVE - EAST CENTER 
DATA SET 7 
EASTERLY WAVE 
MERlDlONAL WlND (m /set) 

Fig. 5. West-east c r o s s  s e c t i o n s  of mer id iona l  wind f o r  Western A t l a n t i c  cloud c l u s t e r s  and e a s t e r l y  waves. 
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WESTERN ATLANTIC DIVERGENCE 

4 -CLUSTER (\ AM 
- 

6 - 
7 - 
8 - 
9 - 

Sfc - 
-20 -10 0 10 

EASTERLY 

7wA"; I., , 

-20 -10 0 10 20 

8. 
STORM 

-20 -10 0 10 20 -20 -10 0 10 20 

DIVERGENCE ( in units of 10-~sec- '  1 

( 7AM ,LOCAL TIME ) 
,LOCAL TIME) 

0 Fig. 6.  Mean divergence wi th in  t h e  r = 0-3 a r e a  f o r  t h e  Western 
A t l a n t i c  composite b~ea the r  systems. 

WESTERN ATLANTIC VERTICAL VELOCITY 

7 
EASTERLY 

WAVE 
STORM L5, ('J 

AM 

-200 -100 0 

- I 2 Z  (~AM,LOCAL TIME) 
-- 002 (7,M ,LOCAL TIME ) 

-200 -K)O 0 -300 -200 -100 0 

VERTICAL VELOCITY ( mb/day 1 

0 Fig.  7. Mean v e r t i c a l  v e l o c i t y  w i th in  t h e  r = 0-3 a r e a  f o r  t he  
Western A t l a n t i c  composite weather systems. 



TABLE 4 

Quant i ta t ive  measures of the  i n t e n s i t y  of the  d i u r n a l  v a r i a t i o n  f o r  the  Western A t l a n t i c  composite da ta  sets. 
rn i n  the  t h i r d  column implies t h a t  the  PM v e r t i c a l  v e l o c i t y  i s  downward. 

/ 

DATA SET 

6 .  CLOUD CLUSTER 

7. EASTERLY WAVE 

Mean 
Tangential 
Wind a t  
850 mb 
(m/s> 

8. STORM: V < 35 k t s  
max - 6 

9. STORM: 35 k t s  < V < 65 k t s  10 
max 

10. STORM: V > 65 k t s  
max - 

Ratio of 
Maximum 
Upward 
V e r t i c a l  
Velocity 

Ratio of 
850 mb Upward 
V e r t i c a l  
Velocity 

Level of Elaximum Upward 
V e r t i c a l  Velocity (mb) 



I1 
The strong s i m i l a r i t y  between the d iu rna l  divergence and v e r t i c a l  

ve loc i ty  p r o f i l e s  of the  two western ocean regions provides convincing 

evidenle t h a t  t h i s  va r ia t ion  ac tua l ly  does e x i s t .  This is not  a  t r i v i a l  

point ,  1 a s  divergence i s  a  notoriously d i f f i c u l t  atn~ospheric parameter 

The appearance of the  s i x  common fea tu res  a) t o  f )  i n  these 

da ta  s e t s  shows t h a t  they a r e  consis tent  and r e a l i s t i c  fea- 

a l s o  lends confidence t o  the compositing technique and hence 

a i d s  i h  the  i n t e r p r e t a t i o n  of compositing r e s u l t s .  



4. GATE CONVECTIVE SYSTEMS 

The - GARP - Atlantic - Tropical gxperiment (GATE) was performed in the 

tropical eastern Atlantic Ocean in June through September 1974. Dewart 

(1978) has composited data for ten of the most convectively enhanced 

days of the experiment. The days composited and rainfall amounts as 

recorded by shipboard rain gauges are listed in Table 5. Rawinsonde 

data taken by ships stationed in the outer hexagon of the GATE net- 

work (the A/B-array) were used in the current study. The A/B-array 

for Phase I of the experiment is shown in Fig. 8. The rawinsonde data 

have been processed and validated by the NOAA Center for Experimental 

Development and Data Analysis (CEDDA). 

0 
The GATE array is approximately 3% latitude radius. The composited 

divergence and vertical motion can thus be directly compared with the 

results of the previous section of this study where data are averaged 

0 
between 2-4 radius. In GATE, however, observations on the most con- 

vectively active days were taken at 3-hourly intervals; so that much 

greater time resolution is available than in the western oceans. 

Vertical profiles of divergence at the eight observation times of 

these convectively active days are shown in Fig. 9. The corresponding 

vertical motions are shown in Fig. 10. The character of the divergence 

profile is different to that in the western oceans. In GATE most of 

the convergence is below the 800 mb level, whereas the data sets of the 

western oceans (Figs. 2 and 6), although having a similar total amount 
I 

of vertical mass exchange, have their inflow spread through a Auch mare 

deep layer. 

Despite this difference the diurnal variation in GATE follows 

a similar pattern to that in the other systems. This can be sken by 



a consideration of the  proper t ies  a)  t o  f ) :  

Westerp Oceans 

(Figs. 2 ,  3, 6 ,  7) 

a)  The low l eve l  convergence i n  

GATE Cluster 

(Figs. 9 ,  10) 

a)  The GATE low leve l  convergence 

the laher  from the surface t o  850 mb has a maximum a t  7: 30 AM (Local 

i s  greater  a t  AM than a t  PM. Time) and a minimum a t  7 : 30 PM - 

b) Thkre is convergence a t  7 PM 

near 4b0 mb. 

and 10 

c) 1 n  the morning the  upper l eve l  

PM i n  the middle troposphere 

out£ lob  extends through a deeper 

layer bf the atmosphere than i t  

does i$ the evening. 

s imi lar  to western ocean p ro f i l e s .  

b) Convergence i n  the 400-500 mb 

layer  i s  most apparent a t  7:30 PM 

and 10:30 PM - s imilar  to western 

ocean p rof i l e s .  

c) A very deep outflow layer 

can be seen i n  Fig. 9 a t  7:30 AM 

and 10:30 AM - s imilar  - t o  western 

ocean p rof i l e s .  
. - t ,  

d)  he mean tropospheric upward d) Again there  i s  general agree- 

ve r t i dp l  motion is  greater  i n  the  ment. Ver t ica l  ve loc i t i e s  are  

morn ih  than i n  the  evening. weakest between 7:30 PM and 1:30 

AM. The maximum v e r t i c a l  veloci- 

t i e s ,  however, a r e  a t  1:30 PM. 

For reasons discussed i n  sect ion 

6,  t h i s  appears t o  be a few hours 

l a t e r  than i n  the western oceans. 



Western Oceans (cont'd) 

e)  The leve l  a t  which the maximum 

upward v e r t i c a l  veloci ty  occurs is  

higher i n  the atmosphere i n  the 

evening than i n  the morning. 

I 
GATE Cluster (cont'd) 

I 
e) There is some agreement here 

by v i r t u r e  of the f a c t  tha t  

7:30 PM is  the only time a t  which 

the GATE v e r t i c a l  motion~maximum 

is i n  the upper troposphere. 

f )  The low leve l  upward v e r t i c a l  

veloci ty  ( a t  850 mb) i s  greater  

i n  the morning than i n  the 

evening. 

f )  GATE follows the same behavior 

a s  the western oceans. The max- 

imum value of 850 mb v e r t i c a l  

veloci ty  is  a t  7:30 AM, he minimum / 
value i s  a t  7:30 PM. The r a t i o  

of the morning to  evening is  3 : l .  

The GATE convective systems e x i s t  i n  very d i f fe ren t  environmental 

conditions t o  those i n  the western oceans. The GATE area has much 

stronger low leve l  v e r t i c a l  wind shear than the West Pac i f ic  and West 

I 
Atlant ic  and greater  s t a t i c  s t a b i l i t y  i n  the lower half  of the tropo- 

sphere (U.S. GATE Central Program Workshop, 1977). There is  a lso  the 

pos s ib i l i t y  i n  GATE of modulation of the divergence var ia t ion  due t o  

downwind e f f ec t s  from Africa and t o  radia t ive  e f f ec t s  of the Saharan 

dust  . 
Despite these differences,  the above consideration of propert ies 

a)  t o  f )  shows that  GATE convection follows a very s imilar  diurnal  

var ia t ion i n  divergence t o  the other regions. The s imi la r i ty  between 

the three  regions of the world is so s t r ik ing  tha t  i t  implies there 

is  the same basic  forcing mechanism present i n  every region. 
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TABLE 5 

Date 

R a i n f a l l  amounts on t e n  of t he  most convect ively a c t i v e  days of GATE. 

11 
Ju l i a*  Day A/B + B + C 

Ship Rain 
(mm) 

A/B,  B,  C ,  
Ships With > 50 mm 
~ a i n / ~ a y  (mm) 

J u l y  7 

Ju ly  8 

J u l y  14 

Aug 10 

Sept 2 

Sept 5 

Sep t 12 . 

Sept 1 3  

Sept 14 

Sept 16 

Meteor (73) 
Oceanographer (147) 

Oceanographer (61) 
Vanguard (58) 
Researcher (122) 

Poryv (78) 
G i l l i s  (52) 

Priboy (58) 

P lanet  (52) 
Krenkel (64) 

Dal las  (98) 
Fay (83) 

Quadra (107) 
Okean (52) 
Vanguard (66) 
Dal las  (71) 
Fay (85) 

Meteor (68) 

Researcher (65) 
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Fig.  8. A/B and B-scale s h i p  a r r a y s  f o r  Phase I of GATE. 

GATE CLUSTER DIVERGENCE 

DIVERGENCE (in 
-15 -10 -5 0 5 10 IS 

units of sec" 1 

Fig. 9.  Mean divergence wi th in  t h e  GATE A/B-array f o r  t h e  GATE 
composite c l u s t e r .  I 

I 



GATE CLUSTER VERTICAL VELOCITY 

VERTICAL VELOCITY (mb/day 

Fig.  1[0. Mean v e r t i c a l  motion w i t h i n  t h e  GATE A/B-array f o r  t h e  GATE 
composite c l u s t e r .  

l o r  a more d i r e c t  comparison of the  da t a  s o  f a r  presented  i n  

s e c t i q n s  2 ,  3 and 4 of t h i s  s tudy ,  Fig.  1 1 w a s  constructed.  This  

f i gu rd  shows t h e  GATE v e r t i c a l  motion p r o f i l e s  a t  t h e  observa t ion  t i m e s  

c lo sed t  t o  those  i n  t h e  o the r  l oca t ions .  The l e f t  hand s i d e  of t he  f i g u r e  

can bc/ compared d i r e c t l y  wi th  F ig .  3 ,  t h e  r i g h t  hand s i d e  wi th  Fig.  7 .  



, . is  . 

GATE CLUSTER VERTICAL VELOCITY 

Fig. 11. Mean vertical motion for the GATE cluster at the observation 
times closest to those in the western oceans. The left side 
compares directly with Fig. 3, the right side with Fig. 7. 

I 
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5. PHYSICAL HYPOTHESIS 

~ r a ~  and Jacobson (1977) proposed t h a t  t h e  deep convergence p r o f i l e  

The h e a t  balance i s  thus  q u i t e  d i f f e r e n t  i n  the  two reg ions .  I n  

I~l 
t he  cloud f r e e  a r e a  surrounding t h e  c l u s t e r ,  t h e  thermodynamic equat ion 

observed i n  t r o p i c a l  weather systems i s  maintained and d i u r n a l l y  modified 
I 

may bl w r i t t e n  a s :  

by 

t h i c k  

a r e a s .  

a r e  

from 

l a y e r s  

d i f f e r e n c e s  i n  t h e  radiat ive-condensat ion hea t ing  p r o f i l e s  of t he  

c i r ru s - sh i e ld  covered weather systems and t h e i r  surrounding c l e a r  
i 

S p e c i f i c a l l y ,  t h e  upper layered  clouds of organized weather systems 

l a r g e l y  opaque t o  I R  energy. They prevent  upward IR energy l o s s e s  

lower l a y e r s  and prevent  a n e t  f l u x  divergence of I R  energy i n  t he  

underneath the  cloud tops.  I n  add i t i on ,  condensation and evapora- 

t i o n  i e s u l t i n g  from upward v e r t i c a l  motion s l i g h t l y  warm t h e  upper t ro-  

posphere 

system. 

reg ions  

Cloud--free 

n i f i ca3n t ly  

and cool  t h e  lower t roposphere of t h e  t y p i c a l  t r o p i c a l  weather 

By c o n t r a s t ,  t he  upper l e v e l s  of t h e  surrounding cloud-free 

a r e  n o t  a b l e  t o  i n h i b i t  IR energy l o s s e s  from lower l aye r s .  

a r e a s  r a d i a t i v e l y  cool  through IR energy l o s s  a t  r a t e s  s ig-  

g r e a t e r  than  t h a t  a t  t h e  same l e v e l  of t he  d is turbance  

under e a t h  t h e  cloud s h i e l d .  The s o l a r  absorp t ion  of energy i s  a l s o  P 
g r e a t l y  a l t e r e d  by t h e  presence o r  absence of cloud s h i e l d s .  Solar  

energy 

ou t  

clouds 

cloud 

reg ions  

and 

I 

a c t s  t o  i nc rease  t h e  temperature of t he  cloud-free a r e a s  through- 

t h e  t roposphere,  bu t  i n  d is turbance  reg ions  wi th  t h i c k  layered  

i t  a c t s  p r imar i ly  t o  r a i s e  t h e  temperature w i th in  the  upper 

decks. A t  t he  same t ime, the  surrounding c l e a r  o r  p a r t l y  cloudy 

do no t  undergo s i g n i f i c a n t  temperature change from condensation 

evaporat ion.  



Local Change Horizontal 
of Tempera- Advection 
ture 

Subsidence 
Warming 

Radiative 
Cooling 

where w is the vertical p-velocity and Td, Ta are the dry and actual 
\ 

lapse rates. 

In the cloud cluster the heat balance is defined as: 

where 

I Figure 12 portrays our estimate of typical day and night rates 

of combined radiation and convection temperature change within the 

tropical weather system. Also shown is the surrounding cloud-free 

area day and night radiational cooling. This figure was derived from 

empirical studies of observed temperature change and from discussions 

with S. COX and from his group's radiation studies (Cox, 1969a! by 1971a, 

b; Fleming and Cox, 1974; Albrecht and Cox, 1975; Cox and Griffith, 

1978). The tropical disturbance's surrounding clear or partly'cloudy 

regions radiatively lose about twice as much energy at night as during 

the day. This radiation (Q ) is the only diabatic energy sourae of the R 
I 

surrounding region and is balanced by subsidence warming. In khe wea- 

ther system the situation is more complicated. Besides radiation, dia- 

batic energy sources of condensation (c) and evaporation (e) are also 



DlST URBANCE 

QR \ 
I 
I 

800- / 
I 

900- / / 1 
/ 

temperature from the measurement scale average. In an active tropical 

weather system the terms on the right of Eq. 5 have no physical meaning 
I 

since ' the upward motion is moist adiabatic, taking place in active 

Fig. 

acting. 

; is ahe vertical p-velocity averaged over the scale at which measure- 

cumul~s clouds. Gray (1973) demonstrated that the actual vertical 

IOOO-, , , - 
-2 - 1  0 1 2 -4 -3 -2 - 1  0 

OC/day OC / day 
D AY NIGHT 

12. Estimated typical day and night rates of radiation and con- 
I 

densation temperature change within a tropical disturbance 
(r = 0-3' radius) and its surroundings. Qdis represent the 
net radiative-convective heating rate in the cloud cluster 
(Eq. 3). QR is the radiative heating rate in the surrounding 
clear or mostly clear region. 

In conventional notation the convective heating rate, 

ments 

motiod within an active convective disturbance consists of a very large 

are taken; and wl,T' are deviations of vertical velocity and 



magnitude subsynoptic or local up- and down-circulation, which is not 

resolved by mean or synoptic scale flow patterns. Thus, there is no 
- 

synoptic scale adiabatic cooling w ( T  -r ) actually taking place. For 
d a 

this reason the local heat balance of the cluster has been written as 

in Eq. 3. 

Observed temperature changes in tropical weather systems indicate 

that 24-h vertically integrated averages of Q are about zero. 
dis 

Q~onvection closely balances QR. 
In the surrounding clear regions, 

however, the radiational cooling (QR) is always negative. This causes 

heating rate differences between the disturbance and its surroundings 

which are about twice as large at night as during the day. These day 

vs. night diabatic forcing differences are believed responsible for the 

observed divergence differences. 
I 1  

< 
It is proposed that the diurnally varying radiative-convection 

heating differences between disturbances and their surroundings cause 

changes in the inward-outward disturbance pressure gradients. Due to 

the low value of the Coriolis parameter at tropical latitudes, the 

divergent and rotational components of the wind field do not change 

concomitantly. The lack of close wind-pressure balance produces signi- 

ficant ageostrophic flow, which diurnally modulates the observed con- 

vergence fields. 

It is observed that disturbance temperature varies very little 

as a function of the amount of cumulus convection. Convection 'causes 

small rises in the upper tropospheric temperature and small decreases 

in the lower tropospheric temperature. Day-night variations of dis- 

turbance radiation cause larger temperature variation than do diurnal 

variations in condensation. This is particularly true in the upper 



There i s  evidence a l s o  f o r  s i g n i f i c a n t  day ve r sus  n i g h t  g rad ien t s  

P 
i n  t h e  r a d i a t i o n a l  forc ing .  Figure 13 from Cox and Gr i f f  i t h  (1978) 

t roposphere where s o l a r  absorp t ion  causes upper t ropospher ic  warming 

and enhanced n ight t ime cool ing i n  comparison wi th  t h e  d is turbance  

surrounding region.  This causes day vs .  n igh t  d i f f e r e n c e s  i n  upper 

shows t h e  r e s u l t s  of t h e i r  r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s .  A north- 

south  Lross-sect ion is  shown f o r  an a c t i v e  convect ive day i n  GATE. The 

d i f fe r iences  i n  r a d i a t i v e  f l u x  divergence between the  d is turbance  and 

t ropospher ic  

a  func t ion  

t h e  

(Qdis-Q.) 

vs .  day 

p r o j e c t  

(1978a1, 

cool ing 

w e l l  

and Cox, 

1978). 

r a d i a t i v e  

suppre 

Q a s  i nd ica t ed  i n  Fig. 12 which a r e  only very  weakly 
d i s  

of day-night d i f f e r e n c e s  i n  t he  d is turbance  convection. Thus, 

d i s turbance  minus surrounding reg ion  d i a b a t i c  energy d i f f e r e n c e s  

are l a r g e l y  dr iven  by r a d i a t i o n  and have a  two t o  one n i g h t  

v a r i a t i o n .  This  assessment has  been w e l l  documented by our 

i n  r e p o r t s  by Jacobson and Gray (1976), F o l t z  (1976) , Frank 

Dewart (1978) and Grube (1978). - 

Evidence f o r  t he  l a r g e  d i f f e r e n c e s  i n  n e t  t ropospher ic  r a d i a t i v e  

between a  t r o p i c a l  d i s turbance  and i t s  environment have been 

documented by d i r e c t  rad iometr ic  measurements from a i r c r a f t  ( G r i f f i t h  

1977) and by r a d i a t i v e  t r a n s f e r  c a l c u l a t i o n s  (Cox and G r i f f i t h ,  

Loranger, Smith and Vonder Haar (1978) have obtained n e t  

budgets f o r  t h e  GATE B-array under convect ively enhanced and 

sed condi t ions  by combining r a d i a t i v e  f luxes  a t  t h e  top  of t he  

atmosp 1 e r e  (measured from SMS-1 and NOAA-2 s a t e l l i t e s )  with simultaneous 

su r f ace  

sphe r i c  

greate:: 

i t s e l f .  

r a d i a t i v e  f l u x  measurements. They found t h a t  t he  n e t  tropo- 

0 
cool ing r a t e  averaged f o r  a  24-h per iod  can be more than 1 C/d 

i n  t h e  c l u s t e r ' s  environment than i t  is  wi th in  t h e  d is turbance  
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HORIZONTAL DIVERGENCE GRADIENT SCALE --! 
W m-2[100 mb]-'[I I 0  km]-' I 

I 
Fig. 13. A p re s su re  v s .  l a t i t u d e  ( a t  23   OW longi tude)  c ross -sec t iona l  

view of t h e  GATE A/B-scale a r r a y  f o r  t h e  0600-1800 LST 
per iod  of J u l i a n  day 248. The top p o r t i o n  of t he  f i g u r e  
dep ic t s  t h e  1000-1400 LST t o t a l  (SW p lus  LW) r a d i a t i v e  diver-  
gence (W m-*-lo0 mb-1) and t h e  bottom p o r t i o n  depic tq  the  LW 
component only (n ight t ime t o t a l ) .  Also shown a r e  thd magnitude 
and d i r e c t i o n  of t h e  h o r i z o n t a l  r a d i a t i v e  divergence Igradient 
a t  two p o i n t s  (arrows p o i n t  towards reg ions  of g r e a t e r  diver-  
gence) ,  from Cox and G r i f f i t h  (1978). 



I 
i t s  surroundings a r e  much g r e a t e r  a t  n igh t  (lower po r t ion  of f i g u r e )  

than they a r e  during t h e  day l igh t  hours (upper p o r t i o n  of f i g u r e ) .  

~ c k e m  n (1978) a l s o  has s tudied  day vs .  n i g h t  a c t i v e  GATE cloud c l u s t e r  1" 
vs .  su&rounding reg ion  t ropospher ic  r a d i a t i o n a l  cool ing d i f f e r ences  . 
He f i n  s t h a t  a t  n i g h t  mean r a d i a t i o n  cool ing d i f f e r e n c e s  between the  

cloud d c l u s t e r  and i t s  surroundings(averaged from t h e  su r f ace  t o  100 mb) 

a r e  0.$3-c g r e a t e r  than during t h e  12 daytime hours .  Such day vs.  n igh t  

cloud c l u s t e r  and surrounding reg ion  r a d i a t i o n a l  d i f f e r ences  a r e  

hypoth~esized t o  be a primary component of t he  observed d i u r n a l  divergence 

e atmosphere surrounding t h e  organized t r o p i c a l  d i s turbance  a d j u s t s  

r a d i a t i o n a l  cool ing a t  n i g h t  through e x t r a  subsidence. 

subsidence inc reases  low-level convergence i n t o  

During t h e  day s o l a r  hea t ing  reduces tropo- 

r eg ion  subsidence warming and cloud 

s u b s t a n t i a l l y  reduced. 

A t  

more a t  

f r e e  

lower 

s lopes  

upper l e v e l s  t h e  cloud r eg ion  c i r r u s  s h i e l d s  r a d i a t i o n a l l y  cool  

n i g h t  and less during t h e  day than t h e i r  surrounding cloud- 

reg ions .  This  a c t s  i n  a complementary fash ion  wi th  condi t ions  a t  

l e v e l s  t o  a l t e r  t h e  cloud reg ion  and surrounding a r e a  p re s su re  

and convergence p r o f i l e s .  This  condi t ion  r e s u l t s  i n  more con- 

vergence occurr ing  i n  t h e  morning and l e s s  i n  t he  afternoon-evening. 

The convergence cyc le  t y p i c a l l y  fol lows t h e  r a d i a t i o n a l  fo rc ing  wi th  a 

time l a g  of 3-6h. 

Figure  14 shows t h e  hypothesized s lope  of p re s su re  su r f aces  from 

t h e  disturbance t o  i t s  surroundings r e s u l t i n g  from these  r a d i a t i o n a l  

d i f f e r ences .  Note t h a t  t h e  daytime s o l a r  warming of t h e  upper d i s -  



- MORNING 
---- AFTERNOON 

Fig. 14. Idealized slope of the disturbance to surrounding clear region 
pressure surfaces during the day (dashed curve) and at night 
(solid curve). Also shown are the corresponding down-the- 
pressure-gradient radial wind patterns which are established. 

turbance cloud layers produces an extra downward bulging of the middle 

I 
tropospheric disturbance pressure surfaces in comparison with nighttime 

values. This causes an enhancement of the daytime middle-level conver- 

gence and a reduction at night. At lower levels the situation is 

reversed. Daytime solar warming of the region around the disturbance 

causes a reduction of the low-level surrounding-disturbance pressure 

gradients and a consequent reduction of the daytime disturbanch inflow 

as compared to the inflow at night. 
. I 

The disturbance divergence profiles of Figs. 2, 6, and 9 jndicate 

a considerable lag in atmospheric response to the hypothesized day-night 
I 

radiational forcing. We believe this to be a natural consequence of the 

hourly accumulation of the disturbance minus surrounding region diabatic 

energy differences. Thus, maximum accumulated nighttime radiational 
I 
I 

cooling effects should occur 1-2 h after sunrise and a maximum in solar 



warming e f f e c t s  near  sunse t .  I f  t he  wind adjustment were t o  l a g  t h e  
I 

dis turbance ' s  changes of inward and outward h e i g h t  g r a d i e n t s  by a few 

hours  t ime, t he  l a g  of t h e  divergence p r o f i l e  would be g r e a t e r .  Maximum 

and minimum divergence would thus  occur i n  t h e  l a t e  morning and e a r l y  

eveniqg. This  i s  observed. 

qingerhut  (1978) t e s t e d  t h i s  hypothes is  by i n s e r t i n g  t h e  above 

radiat ion-convect ive model i n  a s  simple a way a s  p o s s i b l e  i n t o  a l a r g e  

s c a l e  axisymmetric p r imi t ive  equat ion model of t h e  t r o p i c a l  cloud c l u s t e r  

and environment. F ingerhut ' s  model w a s  d i agnos t i c ,  both the  convect ive 

and r q d i a t i v e  hea t ing  being s p e c i f i e d  a s  i n  Fig.  12. I n  t he  c i r r u s  

l a y e r  of t h e  c l u s t e r  energy was absorbed fol lowing a s i n e  wave time 

d -2 
depen ence during the  day l igh t  hours(l2-h mean absorp t ion  = 29 W m ) .  

An equal  amount of energy w a s  emit ted a t  a cons tan t  r a t e  during the  

n i g h t .  I n  t h i s  way both  t h e  l a r g e  s o l a r  absorp t ion  and the  l a r g e  long 

wave dn i t t ance  of t h e  cloud s h i e l d  were modelled. A t  t ropospher ic  

l e v e l s  below t h e  high cloud decks n e t  r a d i a t i v e  and condensation cool ing 

was cqose t o  zero.  I n  t h e  c l u s t e r  environment d i u r n a l l y  varying clima- 

to logdca l  n e t  r a d i a t i v e  cool ing p r o f i l e s  were spec i f i ed .  

e model divergence and v e r t i c a l  motion p r o f i l e s  a r e  presented 

15 and 16. Once aga in ,  f e a t u r e s  a )  t o  f )  a r e  considered.  

FEATURE 

a )  Tha low l e v e l  convergence i n  

MODEL RESULTS 

a )  AGREEMENT: The s t r o n g e s t  

t he  l aye r  from t h e  su r f ace  t o  850 low l e v e l  convergence obtained i n  

mb is maximum near  7:30 AM. t h e  model occurs  a t  8 AM l o c a l  

time. 

b) There i s  convergence between b) GENERAL AGREEMENT: The model 

7 PM a d 10  PM i n  the  middle P has  s t rong  middle convergence a t  

t roposphere near  450 mb. 4 PM and a t  8 PM. 



NUMERICAL MODEL DIVERGENCE 

Fig. 15. 

DIVERGENCE ( in units of 10 '~sec-~ 1 I 
0 

Mean divergence f o r  a 3 l a t i t u d e  r ad ius  cloud c l u s t e r  
numerically modelled by Fingerhut  (1978). I 

NUMERICAL MODEL VERTICAL 
MIDNIGHT 

lZPM -200 4 -100 0 

VELOCITY 

VERTICAL VELOCITY ( mb /day) I 
Fig. 16. Mean v e r t i c a l  motion f o r  t he  3' r a d i u s  model cloud c l u s t e r  of 

Fingerhut (1978). 

~ 
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FEATURE (cont'd) MODEL RESULTS (cont 'd) 

c) I n  the  morning the upper l e v e l  c) AGREEMENT: A t  8 AM, the  l e v e l  

outflow extends through a deeper of non-divergence i n  the  model 

layer  of the atmosphere than i t  i s  a s  low a s  580 mb. 

does i n  the evening. 

d) ~ h b  mean tropospheric upward d) DISAGREEMENT: There i s  l i t t l e  

v e r t i c a l  motion is  grea te r  i n  

the  morning than i n  the  evening. 

change i n  the t o t a l  model v e r t i c a l  

mass displacement during the d iurnal  

cycle. 

f )  ~ q e  low l e v e l  upward v e r t i c a l  f )  AGREEMENT: I n  the  model, both 

e )  T e l e v e l  a t  which the  maximum e)  AGREEMENT: The pr imi t ive  "i 
upwa v e r t i c a l  ve loci ty  occurs equation model has only s i x  v e r t i c a l  

is  h ler i n  the  atmosphere i n  l eve l s  i n  the  troposphere. A t  4 AM 

velocdty ( a t  850 rnb) has a 

the 

maximdm near 7 :  30 AM and a 

evening than i n  the morning. and 8 AM the  model has maximum 

v e r t i c a l  ve loci ty  a t  540 mb. A t  

I a l l  o ther  times the  maximum is  a t  

the  next  high l e v e l ,  372 mb. 

minimdm 12 hours l a t e r .  

the  708 mb l e v e l  and the  876 mb 

l e v e l  have t h e i r  maximum v e r t i c a l  

v e l o c i t i e s  a t  8 AM. 

The agreement shown between the  simple r a d i a t i v e  model and the  

observational  r e s u l t s  is  s t r i k i n g .  This i s  even more s i g n i f i c a n t  i n  

l i g h t  of the  f a c t  t h a t  when Fingerhut performed the  model experiment, 

he had ava i l ab le  only data s e t  number one of t h i s  study with only twice- 

a-day t i m e  resolut ion t o  v e r i f y  agains t .  



I 
Figure 17 shows diurnal  p ro f i l e s  of v e r t i c a l  veloci ty  f o r  ,each of 

, l J  the  three  oceanic regions and fo r  the  radia t ion model. The s i i l a r i t y  

between the four curves is la rge  and obvious. It leads t o  the  conclusion 

t ha t  hor izonta l  differences i n  rad ia t ive  and convective heating consti- 

t u t e  the  major forcing mechanism fo r  the observed diurnal  va r ia t ion  i n  

the mass divergence of t rop ica l  weather systems. This in te rac t ion  be- 

I 
tween rad ia t ive ,  dynamic and convective processes i s  of profound impor- 

tance fo r  t rop ica l  cumulus parameterization s tudies  and could a l so  

prove t o  be s ign i f i can t  i n  research on the  ea r ly  development of t rop ica l  

cyclones. 

The only observational f ea tu re  not successfully simulated by the 

model was fea tu re  d) , a diurnal  va r ia t ion  i n  the t o t a l  v e r t i c a l  mass 

exchange. This f a i l u r e  is  probably a r e s u l t  of the speci f ied  con- 

s t a n t  convective heating. I n  the ac tua l  atmosphere there i s  a strong 

cumulus feedback, new c e l l s  being forced by the  low l eve l  convergence 

associated with the  downdrafts of pre-existing c e l l s  (Lopez, 1973; 

Purdom, 1976). Such a feedback was not speci f ied  i n  the numerical 

model. 
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6. DISCUSSION 

It has been shown above tha t  the  d iu rna l  behavior of the  divergence 

p r o f i l e s  of convective systems is  very s imi lar  i n  the  GATE region, the 

Western P a c i f i c  and i n  the  Western At lant ic .  The bas ic  p r o f i l e s  on 

which t h i s  d iurnal  v a r i a t i o n  i s  superimposed a r e  q u i t e  d i f f e r e n t ,  how- 

I 
ever, i n  the  th ree  regions. The observed convergence p r o f i l e s  a r e  the 

r e s u l t  of in te rac t ions  between many d i f f e r e n t  physical  processes ac t ing 

on various sca les .  Paper I1 w i l l  t abu la te  these processes and w i l l  

present  quan t i t a t ive  discussions of t h e i r  r e l a t i v e  r o l e s  i n  the  main- 

tenance of convection i n  each of the  th ree  regions. 

I n  the  current  study the  d iurnal  v a r i a t i o n  of divergence and 

v e r t i c a l  motion i n  each region has been documented. Strong s i m i l a r i t i e s  

I 
have been demonstrated i n  the  d iurnal  behavior of a l l  composite data 

sets. This study has been concerned only with the  d iurnal  v a r i a t i o n  of 

the  wind f i e l d s .  The v a r i a t i o n  of r a i n f a l l  can be qu i t e  d i f f e r e n t  t o  

t h a t  of vapor convergence i f  moisture s torage  and s i g n i f i c a n t  convective 

feedback occur. 

It has been shown above t h a t  i n  the  th ree  regions under cmsidera-  

t i o n  the  mass convergence below the  850 mb l e v e l  is of maximum magnitude 

near 7 AM l o c a l  time. I n  the  western oceans t h i s  converging moisture 

i s  apparently quickly converted t o  ra in .  The diurnal  v a r i a t i o n  of heavy 

p r e c i p i t a t i o n  i n  Western P a c i f i c  weather systems has been wel l  documented 

by Gray and Jacobson (1977). They showed t h a t  r a i n f a l l  has a  Jaximum 

near 7 AM and a  minimum near 9-11 PM. This i s  i n  agreement wiqh the  low 

I 
l e v e l  convergence being driven by the  d iurnal  va r ia t ion  of d iaba t i c  heat  

sources a s  here  discussed. A preliminary analys is  of Western At lan t i c  



oceanic r a i n f a l l  by the current  authors leads them t o  the  same conclusion 

fo r  tha t  region. However, r a i n f a l l  measurements a r e  generally contam- 

inated by the  presence of many la rge  is lands  with t h e i r  afternoon heat- 

ing influences and by vapor storage.  

In  GATE there  i s  a l so  a maximum of moisture convergence near 7 AM 

This can be seen i n  the graph of 850 mb l eve l  v e r t i c a l  

veloci/ty shown i n  Fig. 18. This v e r t i c a l  veloci ty  i s  equal t o  the mass 

and molisture convergence below t h a t  level .  

 be GATE r a i n f a l l  maximum, however, i s  i n  the ea r ly  afternoon. 

i n  Table 6 which shows the  ac tua l  r a i n f a l l  f o r  the ten 

up the  GATE composite. This time lag  i n  GATE between low 

and maximum convectiogJpas &$?? o lpe~ved  before, part icu- 

.$ - - 
(1978b) and by Ogura e t  a l .  (1977). It can be seen -- 

responbing t o  the  deep convection, has i ts  maximum value a t  1: 30 PM. 

i n  Fig. 

I comparison with the  western oceans, the GATE region is  qu i te  t 

10 of the  current  study where the  low l eve l  v e r t i c a l  veloci ty  

0 s table1 i n  pa r t i cu la r  i n  the low leve l s  i t  is  colder (by 2. 2 C) and 

has a maximum a t  7:30 AM, but  the upper l eve l  v e r t i c a l  veloci ty ,  cor- 

dryer kby % 1 gm/kg) than the western oceans. GATE i s  a l so  a region of 

large  ow l eve l  v e r t i c a l  wind shear,  whereas the other regions,  being P 
prefer  ed regions f o r  t rop ica l  cyclone genesis, a r e  characterized by t 
qu i te  eak low l eve l  v e r t i c a l  shear. w 

I? consequence of t h i s  greater  s t a b i l i t y  and g rea te r  wind shear,  

convection takes some time t o  develop i n  GATE. In  agreement with the  

diurnal  forcing mechanism, the  GATE convection i s  i n i t i a t e d  i n  the 

mornin hours (Weickmann e t  a l . ,  1977) but appears t o  take 4-8 hours k -- 
t o  org+nize i n t o  the observed cloud l i n e s  and squa l l  l i ne s .  The l i n e  

I 
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Fig. 18. Diurnal va r ia t ion  of the v e r t i c a l  ve loc i ty  a t  the 850 mb 
l e v e l  f o r  the  GATE composite cloud c l u s t e r  of s e c t i o  4 .  

T 

u - * = O o l  

I and squa l l  convection can overwhelm the  large-scale forcing and cause 

r a i n  a f t e r  the forcing mechanism has subsided. The heaviest  convection 
I 

thus comes l a t e r  than i n  the  western ocean regions where buoya*t in- 

s t a b i l i t y  and low v e r t i c a l  shear permit a  f a s t e r  response t o  the  low 

l e v e l  mass convergence. I 
Summary. It is important t h a t  t h i s  l a rge  s ing le  cycle d iu rna l  

va r ia t ion  of mass convergence i n t o  t r o p i c a l  weather systems be rea l i zed  

and b e t t e r  understood. The implicat ions f o r  the  understanding' of 

t r o p i c a l  convection need t o  be more f u l l y  appreciated. More research 

i n t o  the response of the  troposphere t o  day vs .  night  and clou~d-cloud 

f r e e  rad ia t iona l  and convective heating di f ferences  is  much rebuired. 



TABLE 6 

Average r a i n f a l l  ( i n  mm) i n  the  GATE B-array f o r  t he  t e n  convect ively 
a c t i v e  days of GATE inves t iga t ed  i n  t h i s  s tudy.  Values a r e  radar  ra in-  

1 
f a l l  (obtained from Hudlow, 1977 ) averaged over the  a r r a y  and c a l i b r a t e d  
t o  agree with sh ip  measurements on the  perimeter .  

DAY P r e c i p i t a t i o n  
Occurring 
10: 30 PM - 
4:30 AM 

- Local Time 

P r e c i p i t a t i o n  
Occurring 
4:30 AM - 
10:30 AM 
Local Time 

P r e c i p i t a t i o n  
Occurring 
10:30 AM - 
4:30 PM 
Local Time 

P r e c i p i t a t i o n  
Occurring 
4:30 PI1 - 
10:30 PM 
Local Time 

Average 
(mm) 

4.5 

% of 

To ta l  

'personal communication. 
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ABSTRACT 

Composited summertime deep cumulus convective weather systems are 
investigated over three tropical oceans. The occurrence and intensity 
of the convection are governed by various large scale forcing mechanisms, 
such as ITCZ convergence, easterly waves, and differences in diabatic 
heating between the disturbance and its clear or mostly cloud-free sur- 
roundipg region. Vertical profiles of divergence and vertical velocity 
for the weather systems are analyzed from the point of view of trying 
to establish the relative importance of each large scale control on 
convection. 

Pacific and the GATE region is 
roles being played by dif- 

heating, easterly waves and convective 
trade wind region there is no contri- 

vertical motion of a typical weather 
than in the other regions. 

- all three regions the contribution to vertical velocity from 
frictihnal convergence is shown to be quite small. 

large diurnal modulation of convection is observed. In the GATE 
a diurnal variation is documented for the low-level convergence 
e ITCZ. A physical mechanism is proposed to explain this 

is shown that the actual observed vertical motion of the summer- 
systems comes from a combination of forcing 
from any individual large scale control 

itself. It is important that any idealized picture of tropical 
be broad and flexible enough to account for the large 

forcing mechanism differences which exist. 
or 'ITCZ' model of organized tropical convec- 
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1. INTRODUCTION 

The t rop ica l  atmosphere is  characterized by the prevalence of deep 

cumulus convection. Over the t r op i ca l  oceans t h i s  deep cumulus con- 

vectio4 i s  observed t o  frequently occur i n  organized ' cloud c lus te r s  ' 

with t$pical  hor izonta l  dimension of about 400-800 km. 

~ i r i o u s  authors have demonstrated t ha t  these organized areas  of 

convection do not occur a t  random, but ra the r  a r e  well  r e l a t ed  t o  various 

l a rge  kcale forcing functions such as  the ITCZ,  eas te r ly  waves, upper 

tropospheric troughs, e tc .  Each of these l a rge  sca le  forcing functions 

has a r o l e  t o  play i n  determining the  locat ion and i n t ens i t y  of cumulo- 

nimbus convection. L i t t l e  research has been done, however, i n t o  

e s t ab l  shing the  r e l a t i v e  importance of each control  o r  of the in te r -  f 
action1 between these controls .  It is only through such an approach t ha t  

the c h u l u s  parameterization problem can be b e t t e r  understood. 

  his paper attempts t o  est imate the  r e l a t i v e  importance of these 

varioug large-scale controls  o r  forcing mechanisms. The eleven com- 

p o s i t e  data  s e t s  of Paper I a r e  analyzed t o  determine the contribution 

t o  the  observed convergence f i e l d s  from each l a rger  sca le  control .  

composite runs a r e  made on c lea r  o r  cloud-free areas  i n  the 

a s  the c lu s t e r s ,  and on the  mean regional  convergence 

pat terns .  A f i r s t  order estimate i s  obtained fo r  the magnitude of the 

contribution from each large-scale control .  



2. ITCZ FORCING MECHANISM 

The mean low level wind circulation in the tropics during the 

Northern Hemisphere summer is shown in Fig. 1. The mean position of 

each of the eleven composite systems of Paper I are marked with crosses 

and numbers. The weaker Western Pacific systems (1, 2 and 3) and the 

GATE composite system (11) are in the region of the Inter - Tropical 

Convergence Zone (ITCZ). The Western Atlantic systems (6-10) and the - - 

more intense Pacific systems (4, 5) are further poleward in the trade 

winds. The environmental low-level convergence in which they exist is 

much less. 

The ITCZ is a feature of the global wind circulation and is thus 

a result of the planetary scale differences in the radiative heat 

balance of the earth-troposphere system. It was hypothesized by Riehl 

and Malkus (1958) that the ascending branch of the tropical Hadley Cell 

takes place in cumulus updrafts, so that the net upward motion is 

actually the additive result of upward motion in clouds and thesmaller 

magnitude subsident motion around the clouds. This appears to be a 

valid assessment. The ascending branch of the Hadley Cell takes place 

largely in the cloud clusters and weather systems composited in Paper 

I. The observed low level convergence of the cloud clusters, therefore, 

is to at least some extent forced by planetary scale general-circulation- 

induced convergence. In this section the magnitude of the vertical 

motion resulting from the existence of the ITCZ in each of the three 

tropical oceanic regions of Paper I are investigated. 

(a) GATE Cloud Clusters 

It can be seen in Fig. 1 that the GATE A/B-array was located in 



RESULTANT GRADIENT LEVEL WIND - AUGUST 

Fig. 1. Resultant  gradient  l e v e l  wind f o r  August (from Atkinson and Sadler ,  1970). The centroid  pos i t ion  
of each of the  eleven composite weather systems of Paper I i s  marked with a cross  and a c i r c l e d  
number. The data po in t s  used f o r  the  background o r  ' long term mean' composites a r e  marked wi th  
squares. The hatched l i n e  represen t s  the  mean August p o s i t i o n  of t h e  I n t e r  Trop ica l  Convergence 
Zone (ITCZ). - 



the mean position of the Eastern Atlantic low-level monsoon equatorial 

trough. In fact, the surface con£ luence line formed by the co3verging 

trade winds from the two hemispheres was located over or very near the 

A/B-array for most of the experiment. The ITCZ in this region is char- 

acterized by a rather narrow east-west belt of intermittant convection 

and high cloudiness and by very strong low-level convergence. Mean 

divergence profiles for the GATE convective system of Paper I and for 

one composite weather system from each of the western oceans is shown 

in Fig. 2. The low level convergence in the GATE system is two to three 

times as strong as that for the typical western ocean systems. Inspection 

of the individual terms of convergence reveals that the GATE convergence 

av 
consists almost entirely of - convergence. This results from the con- 

ay 

fluence between the northerlies and southerlies from the two hemispheres. 

This type of low level ITCZ convergence was present through all of 

the GATE period and occurred even during days of suppressed convection. 

It is forced by planetary scale pressure gradients responding to diabatic 

energy differences between low and sub-tropical latitudes. Dewart (1978) 

has composited nine of the most convectively suppressed days in GATE 

(Julian days: 186, 190, 197, 216, 226, 227, 243, 244, and 250). The 

mean divergence profile for this composite is shown in Fig. 3. The 

profile shows that low-level ITCZ convergence is occurring even on days 

with suppressed convection. 

It was shown in Paper I that for GATE clusters the low-level ITCZ 

forcing has a maximum near 7:30 AM and a minimum twelve hours later. 

The phase and magnitude of this diurnal modulation is such as to indicate 

a forcing by differences in radiative and convective heating between the 

cluster and its surroundings. In the cluster's surroundings the local 

! 
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1 
heat balance is dominated by radiative cooling which must be compensated 

for by broadscale downward motion. Within the cluster the heat balance 

is a residual of three very large terms: radiative cooling, local sub- 

sidence warming and cooling due to re-evaporation of cloud droplets. 

The balance of these terms is such that the net radiative-convective 

heating within the cluster is near zero. 

The A/B-scale diurnal divergence profiles for the composite of the 

nine suppressed GATE days are shown in Fig. 4. Despite the general 

absence of deep convection the low level convergence is still positive 

with maximum value at 7:30 AM. The explanation for this is that the 

whole GATE region, whether enhanced or suppressed is, in a relative 

sense, an area of convection and local mass recycling compared to the 

clear and stratocumulus covered trade wind regimes to the north and 

south. The differential radiative-convective heating mechanism thus 

operates over a larger scale in GATE than in the western oceans. 

In GATE the ITCZ is more distinct and concentrated. It has to the 

north and south both cold water and subsidence associated with the 

I 
eastern sides of subtropical high pressure cells. These effects restrict 

the Eastern Atlantic (or GATE) ITCZ to a quasi-permanent position. By 

comparison, in the Western Pacific neither of the above effects is 

operating and the daily latitudinal variation of the ITCZ is quite large. 

The GATE ITCZ therefore consists of a narrow east-west ext~ending 

I 
line of intermittant deep convection and high cloudiness with dtry and 

subsiding air to the north and south. In the subsidence area immediately 

to the north is a very large region of persistent low level oceanic 

stratocumulus. Figure 5 shows a typical SMS visual satellite picture 

taken during GATE. The prominent features in the figure are the narrow 

I 





Fig. 5. Typical (09002, 12 August 1974) SMS visible image taken during 
GATE. The image shows the east-west extending line 04 deep 
convection constituting the ITCZ, the s tratocumulus a-hea to 
the north, and the northern extent of the stratocumulds area 
off the coast of southwestern Africa. From Sehubert b l .  
(1977). ~ 





east-west extending l i n e  of convection cons t i tu t ing  the  I T C Z  and the 

l a rge  stratocumulus area  t o  the  north.  Also v i s i b l e  a t  the  bottop of the 

p ic tu re  i s  the  northern extent  of a l a r g e  stratocumulus area  off the  

coast of southwestern Africa,  i . e .  t h e  source region f o r  the  a i r  'con- 

verging i n t o  the  GATE I T C Z  from t h e  south. The day t o  day pers is tence  

of these  fea tu res  makes them v i s i b l e  on composite average s a t e l l i t e  

p ic tu res  f o r  the  northern hemisphere summer (Fig. 6) .  

The low l e v e l  stratocumulus g rea t ly  enhances n e t  tropospheric radia- 

t i v e  cooling. Ackerman (1978) performed r a d i a t i v e  t r ans fe r  ca lcula t ions  

f o r  a composite e a s t e r l y  wave i n  t h e  GATE area. H e  used the  r a d i a t i v e  

rout ines  of Cox et a l .  (1976); and he determined cloud top d i s t r i b u t i o n s  

from geostat ionary s a t e l l i t e  11 um data  a s  described by Cox and G r i f f i t h  

(1978). Figure 7 shows plan views of Ackeman's r e s u l t a n t  ne t  r a d i a t i v e  

f l u x  divergence. Divergences shown a r e  f o r  the  tropospheric l ayer  be- 

tween the  surface  and 100 mb, and a r e  averaged over 12-h day andlnight-  

time periods. The zero o r  reference l a t i t u d e  i s  the  l a t i t u d e  of t h e  

700 mb l e v e l  v o r t i c i t y  maximum. It is j u s t  north of the  ITCZ. The 

wave category numbering system follows the  convention of Reed e t , a l .  

(1977), 4 = trough, 8 = ridge. The f igure  shows t h a t  the  stratocumulus 

region immediately t o  t h e  nor th  of the  ITCZ is  a region of very Farge 

r a d i a t i v e  cooling. This cooling must be balanced by c o m p r e s s i o ~ l  

warming brought about by l a r g e  s c a l e  ad iaba t i c  subsidence. It is  t h i s  ! 
strong rad ia t ion  induced subsidence which dr ives  t h e  low-level conver- 

gence from the north i n t o  the  GATE ITCZ. There i s  a l s o  ne t  trodospheric 

r ad ia t ive  cooling a t  the l a t i t u d e  of the  ITCZ.  This i s  not balanced 

1 by l a rge  s c a l e  subsidence, but  r a t h e r  by the l o c a l  up and down a s s  

recycling t y p i c a l  of t r o p i c a l  oceanic deep convection (Gray, 1973; 

Yanai -- et  a l . ,  1973). 
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~ i b u r e  7 shows t h a t  t h e  r a d i a t i v e  cool ing o f f  t h e  s t ratocumulus i s  

Fig.  7 .  

much & a t e r  a t  n igh t  than during t h e  day. The atmosphere responds t o  

-1 
To ta l  t ropospher ic  r a d i a t i v e  divergence i n  watts/m2-(912 mb) 
f o r  a GATE Phase I11 composite e a s t e r l y  wave. The l e f t  s i d e  
r e p r e s e n t s  a 12-h average between 6 PM and 6 AM l o c a l  time, 
t h e  r i g h t  f o r  t h e  per iod  6 AM t o  6PM (from Ackerman, 1978). 

t h i s  co)oling wi th  l a r g e  s c a l e  subsidence. The subsidence and the re fo re  

t h e  104 l e v e l  mass convergence i n t o  t h e  ITCZ consequently must have a 

diurnad v a r i a t i o n .  This  l a r g e  s c a l e  ITCZ-subtropical (or  Hadley C e l l )  

radiatdve-convect ive hea t ing  d i f f e r e n c e  i s  analogous t o  t h e  smaller  

s c a l e  dloud c l u s t e r  ve r sus  c- -!ar a r e a  rad ia t ive-convect ive  hea t ing  d i f -  

f e r e n c j s  discussed i n  Paper I and modelled by Fingerhut  (1978). The 

d i scuss ion  of Paper I and the  modelling r e s u l t s  i n d i c a t e  t h a t  t h e  wind 

response l a g s  t he  hea t ing  d i f f e r c n c e s  by s e v e r a l  hours;  so  t h a t  the  

maximum low l e v e l  convergence i n t o  the  a r e a  of rad ia t ive-convect ive  

hea t in4  maximuin ( t h e  ITCZ) occurs  between 7 and 10 i n  t he  morning l o c a l  



5 8 I 
t ime, minimum between 19 and 22 l o c a l  time. This is  cons i s t en t  with 

t h e  observat ions.  I 
Figure 8 is  an  idea l i zed  dep ic t ion  of t h i s  d i u r n a l  modulation of 

I 
convergence i n t o  the  GATE ITCZ. A s  shown i n  the  schematic t he  d i u r n a l  

modulation occurs  predominantly i n  t h e  t r a d e  winds from the  nor th ,  a s  

t h e  s t ratocumulus a r e a  wi th  enhanced r a d i a t i o n a l l y  induced subsidence 

of the  Southern Hemisphere (Figs.  5 and 6 )  i s  too  f a r  t o  t h e  south t o  

o f f e r  a  s i m i l a r  in f luence .  

The r a d i a t i o n  balance of t h e  t r a d e  wind region nor th  of the  GATE 

ITCZ is a l s o  s t rong ly  inf luenced  by the  presence of Saharan dus t .  

During the  GATE experiment, t h e r e  were s e v e r a l  l a r g e  s c a l e  outbreaks 

of a i r b o r n  dus t  over t he  Eas te rn  A t l a n t i c .  The dus t  l aye r  extends 

from 900 mb t o  550 mb i n  t h e  v e r t i c a l  and i n  t he  ho r i zon ta l  o f t e n  

extends from 1 0 ' ~  t o  25 '~,  with t h e  l a r g e s t  concent ra t ion  i n  t i e  more 

nor thern  p a r t  of the region.  

\ 

-AM WINDS 
---- '-"* PM WINDS 

I 

Fig. 8. Idea l i zed  model of d i u r n a l  o s c i l l a t i o n  of GATE region  I T C Z .  
So l id  s t reaml ines  r ep re sen t  morning c i r c u l a t i o n ;  brokdn stream- 
l i n e s  r ep re sen t  evening c i r c u l a t i o n .  I, 



The dus t  l aye r  i s  one of enhanced absorp t ion  of s h o r t  wave r a d i a t i o n .  

Est imates  by d i f f e r e n t  s c i e n t i s t s  pu t  t h e  inc rease  of t he  r a d i a t i v e  heat-  

0 
ing i n  t he  low l e v e l s  a t  between % C/d inc rease  (Minnis and Cox, 1978) 

'C 

0 
and l % C / d  inc rease  (Carlson and Prospero,  1977). It i s  thought t h a t  

l f t t l e  e f f e c t  on t h e  long wave cool ing.  Thus, t h e  o v e r a l l  
. . .  

dus t  i s  t o  decrease t h e  n e t  r a d i a t i o n a l  cool ing of the  

reg ion  n o r t h  of t h e  GATE ITCZ i n  t h e  daytime and t o  no t  a f f e c t  i t  much 

a t  n igd t .  It the re fo re  i nc reases ,  t h e  day ve r sus  n igh t  d i f f e r ences  i n  

r a d i a t i v e  cool ing,  and consequently i nc reases  t h e  day-night d i f f e r e n c e s  

i n  sub idence requi red  t o  balance t h i s  cool ing.  This  i n  t u r n  must in-  i 
c rease  t h e  d i u r n a l  modulation of t he  low l e v e l  flow from t h e  no r th  i n t o  

t h e  IT Z. ( I t  should be noted t h a t  t h e  e f f e c t  of t he  dus t  has  not  been c incorpqrated i n t o  Ackerman's c a l c u l a t i o n s  shown i n  Fig.  7.) 

a t  thaq time period f o r  t he  whole GATE experiment. The 7-10 AM l o c a l  

~ d ~ u r e  9 shows t h e  d i u r n a l  v a r i a t i o n  of t he  meridional  component 

time mdximum i n  no r the r ly  winds i s  c l e a r l y  ev ident .  

of t he  

~ j g u r e  10 shows a schematic north-south v e r t i c a l  c ross -sec t ion  

950 mb l e v e l  wind a s  measured by t h e  t h r e e  USSR $ips c o n s t i t u t i n g  
I .  

t h roug j  t h e  GATE ITCZ. The top  h a l f  of t he  f i g u r e  shows how the  d i f -  

t h e  nodthern boundary of t h e  GATE A/B-array. Values shown a r e  averages 

i n  day-night r a d i a t i v e  cool ing i s  hypothesized t o  e f f e c t  the  

r y  s c a l e  p re s su re  g r a d i e n t s ,  while  t h e  lower h a l f  shows the  

d i u r n a l  response of t h e  Hadley c i r c u l a t i o n  winds. 
I 

I, 

~ (b) Western P a c i f i c  C lus t e r s  

I 

Rdferr ing aga in  t o  F ig .  1, t h e  Western P a c i f i c  composite cloud 

c l u s t e r s  (da ta  s e t s  1, 2 and 3) a r e  seen a l s o  t o  be a s soc i a t ed  with the  

I 



Fig. 9. Diurnal variation of the meridional component of the wind at 
950 mb for the three northernmost ships of the GATE A/B-array. 
Values shown are average of the 3 ships at each time period 
averaged from the whole experiment. Negative values denote 
winds from the north. I 

ITCZ. The ITCZ here, however, has a different character to that in the 

GATE area. It is not so latitudinally restricted by cold water to the 
I 

north and south, and it's daily position alteration is much larger. It 

has a general northwest to southeast orientation, and the convergence 

in the vicinity of the composite clusters is due to the deceleration of 

the easterly flow as it meets the westerly monsoon flow originating in 

a u 
the other hemisphere. The convergence is thus - convergence as distinct ax I 

from the GATE area aY convergence. 
ay 

To evaluate the contribution of background regional convergence 

to the observed convergences of the weather systems data were composited 

relative to nine geographically located positions marked with solid 

closed boxes in Fig. 1. The compositing used all 00 GMT and 12 GMT 
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F ig.  10. Idea l i zed  model of t h e  d i u r n a l  v a r i a t i o n  of the  ITCZ mass 
c i r c u l a t i o n  wi th  t h e  hypothesized s lope  of t he  p re s su re  sur-  
f a c e s  (a) and the  r e s u l t i n g  wind c i r c u l a t i o n  (b) . The s o l i d  
l i n e  r ep re sen t s  t h e  t y p i c a l  morning c i r c u l a t i o n ,  t h e  dashed 
curve t h e  evening c i r c u l a t i o n .  

rawins nde da t a  f o r  t h e  per iod  July-October f o r  t h e  two yea r s  1967 and I 'I 
1968 f  om t h e  reduced d a t a  network shown i n  Fig.  11. r 

D'vergences w e r e  obtained by l i n e  i n t e g r a l  methods f o r  a 4' l a t i -  1 tude rpd ius  c i r c l e  and f o r  a n  11' l a t i t u d e  r a d i u s  c i r c l e  centered a t  

t he  ba kground p o s i t i o n s  ind ica t ed .  The v e r t i c a l  p r o f i l e s  of divergence 

and r e  u l t a n t  v e r t i c a l  v e l o c i t y  a r e  shown i n  Figs.  12 and 13. Figure 

13 a l s  1 shows t h e  mean v e r t i c a l  v e l o c i t i e s  f o r  t h e  weather system 

da ta  sCts 1, 2 and 3 of Paper I. 
I 

I n  Fig. 12 i t  is  seen t h a t  t he  Western P a c i f i c  mean summertime 

I n t e r  Tropica l  Convergence Zone has  a  completely d i f f e r e n t  cha rac t e r  
I 

t o  thak i n  t h e  GATE a r e a .  Rather than being a  boundary l a y e r  phenomenon 



0 over a very l a r g e  a r e a  a t  l e a s t  as l a r g e  as a 22 l a t i t u d e  d i a  4 e t e r  

c i r c l e .  This  i s  p a r t l y  a s p a c i a l  averaging problem, because t a e Western 

P a c i f i c  ITCZ moved northward and southward i n  t ime much more than t h e  

GATE ITCZ. Note i n  Fig. 14  how the  a r e a  of 2 6 ' ~  summertime s e  

temperature is much r e s t r i c t e d  i n  t h e  l a t i t u d i n a l  d i r e c t i o n  i n  t h e  

e a s t e r n  as compared wi th  the  western oceans. The whole summerqime West- 

e r n  P a c i f i c  r eg ion  is  a n  a r e a  of gene ra l  upward v e r t i c a l  motion. This  

l a r g e  a r e a  of upward motion can a l s o  be seen i n  mean cloudiness  (Fig. 6 ) .  

F igure  1 3  i n d i c a t e s  t h a t  a l a r g e  po r t ion  of t h e  observed !loud 

c l u s t e r  v e r t i c a l  motion i n  t he  Western P a c i f i c  can be a t t r i b u t d d  t o  

"ITCZ", "general  c i r cu l a t ion" ,  o r  "background1' convergence. Bdcause 

t h e  reg ion  of c loudiness  and upward motion i s  l a r g e  and more ddf fuse ,  

t h e  d i f f e r e n t i a l  convect ive-radiat ive fo rc ing  mechanism does no(t 

opera te  on i t  a s  a whole a s  i t  does i n  t h e  e a s t e r n  oceans wherd the  

a r e a s  of upward v e r t i c a l  motion are much more l a t i t u d i n a l l y  re 

ITCZ cloud and cloud-free radiat ive-convect ive hea t ing  d i f f e r e  

t hus  more d i f f u s e  and less geographica l ly  f i x e d  than i n  t he  e a s t e r n  

oceans. There is much less d i u r n a l  v a r i a t i o n  i n  t h e  large-sca4e ITCZ 

divergence p r o f i l e s  of Fig. 12 than i s  observed i n  t h e  AIB-arrab, GATE 

a r e a  of t h e  e a s t e r n  ocean. 

It was shown i n  Paper I t h a t  t h e r e  e x i s t s  a l a r g e  d i u r n a l  

i n  t h e  upward v e r t i c a l  v e l o c i t i e s  of Western P a c i f i c  cloud c l u s t e r s ;  y e t  

Fig.  12 shows no d i u r n a l  v a r i a t i o n  i n  t h e  t o t a l  v e r t i c a l  ve1oci:ty over 

t he  whole region.  To conserve mass, the re fo re ,  t h e r e  must b e  a d i u r n a l  

v a r i a t i o n  of t h e  oppos i te  sense  i n  t he  cloud-free o r  "clear"  p a r t s  of 

t h e  reg ion;  t h a t  is, t h e  c l e a r  a r e a s  should have maximum low-level sub- 

s idence  i n  t h e  morning. W i l l i a m s  and Gray (1973) picked t h e  p o s i t i o n s  

I 
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I 
of Western P a c i f i c  c l e a r  a r e a s  from ESSA satell i te p i c t u r e s  f o r  t h e  

yea r s  1967 and 1968. Their  c l e a r  a r e a  was defined such t h a t  a t  l e a s t  

a  t e n  degree l a t i t u d e  square a r e a  was f r e e  of s i g n i f i c a n t  cloud cover. 

W i l l i a m s  and Gray provided p o s i t i o n s  only f o r  t h e  00 GMT t i m e  per iod ,  

a s  t h i s  t i m e  was c lose  t o  t h a t  of t h e  d a i l y  ESSA s a t e l l i t e  photographs. 

The d i u r n a l  v a r i a t i o n  of divergence and v e r t i c a l  v e l o c i t y  was s tud ied  

by compositing Williams and Gray's c l e a r  reg ion  p o s i t i o n s  a t  00 GMT. 

For 12 GMT t h e  same p o s i t i o n s  were used. Separate  composites were made 

f o r  12 hours before  and 12 hours  a f t e r  each 00 GMT pos i t i on .  Much t h e  

I 
same v e r t i c a l  p r o f i l e  of divergence was obtained a t  each 122 per iod ,  

s o  t h e  average of t he  two 12 GMT composites was used. The r e s u l t a n t  

d i u r n 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  a r e  shown i n  Fig.  15. A s  p red ic t ed ,  

WEST PACIFIC CLEAR AREAS 
VERTICAL VELOCITY 

0 
Fig. 15. Mean v e r t i c a l  v e l o c i t y  w i th in  t h e  r = 0-3 a r e a  f o r  d s t e r n  

P a c i f i c  c l e a r  areas. I 
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t h e r e  i s  subsidence o r  downward v e r t i c a l  v e l o c i t y  throughout t he  whole 

t roposphere wi th  s i g n i f i c a n t l y  g r e a t e r  low-level downward motion i n  the  

morning than i n  t he  evening. 

(c )  Western A t l a n t i c  Weather Systems 

Spmilar background and c l e a r  reg ion  composites were made f o r  t he  

1b Paper I i t  was shown t h a t  Western A t l a n t i c  cloud c l u s t e r s  and 

Wester A t l a n t i c  a s  i n  t he  P a c i f i c ,  using the  same 1967-1968 rawinsonde 

s e t .  1 i v e  geographical  p o s i t i o n s  (marked by closed boxes on Fig.  1 )  

e a s t e r l y  

ed f o r  t h e  background composite. 

0 
over  both a small reg ion  (4  r a d i u s  c i r c l e )  and a l a r g e  

wave d is turbances  a r e  cha rac t e r i zed  by very  small  v e r t i c a l  

0 reg ion  (12 r a d i u s  c i r c l e )  t he  West Ind ie s  background composite v e r t i c a l  

v e l o c i t y  is  s l i g h t l y  downwards and l a r g e r  a t  122 (07 LT) than a t  00Z 

(19 LT) (Fig. 16 ) .  The f i g u r e  a l s o  shows t h e  v e r t i c a l  v e l o c i t y  p r o f i l e s  

f o r  t h  West Ind ie s  c l e a r  region.  Mass con t inu i ty  arguments d i c t a t e  r 

v e l o c i t i e s ,  w i th  s l i g h t  subsidence even being measured a t  t h e  e a r l y  

evenin 1, period (% 19 LT o r  00Z). This  is  p a r t l y  due t o  t he  6' diameter 

a r e a  over which t h e  measurements a r e  made. The a r e a  i s  s o  l a r g e  t h a t  

t h a t  the c l e a r  reg ion  subsidence have t h e  oppos i te  v a r i a t i o n  t o  cloud 
i 

t h e  

motion 

r i n g  t o  

a r e  not  

s i d e n t  

backgr~und  

r a d i a t i o n  induced subsidence wi th in  i t  cance ls  the  upward v e r t i c a l  

i n  t h e  cloud a r e a  and cloud l i n e s  of t h e  weather system. Refer- 

Fig.  1, i t  is seen t h a t  t h e  Western A t l a n t i c  composite systems 

i n  t h e  v i c i n i t y  of t he  I T C Z  bu t  a r e  f u r t h e r  no r th  i n  t he  sub- 

reg ion  of t h e  t r a d e  winds. It should thus  be  expected t h a t  t h e  

r eg iona l  convergence i n  t h i s  a r e a  makes a nega t ive  contr ibu-  

t i o n  t b  c l u s t e r  upward v e r t i c a l  motion. 
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Fig. 16. Vertical velocity for the Western Atlantic background1 and 
clear area composites. 
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clusters, that is maximum low level subsidence in the morning. This is 

observed. I 

6 - \  
\ 
I 

(d) Summary 

I J 

The picture that emerges from the above discussion is one of tro- 

pical cloud clusters existing in three very different background regimes. 

The GATE clusters make up the Eastern Atlantic summertime ITCZ. They 

exist in a region of strong low level convergence resulting from the 

merging of strong northeast trades with monsoon southwesterlies. A 

narrow latitudinal and low level concentration of vertical motion exists. 

The Western Pacific clusters exist in a much larger latitudinally 

broad region of mean seasonal upward motion. Convergence occurs over a 



deep tkopospheric  l aye r .  This convergence is  brought about by the  

oceanic  t r a d e  wind e a s t e r l i e s  dece l e ra t ing  a s  they come a c r o s s  t h e  mon- 

soonal  i n f luence  of t h e  Asian landmass. 

The Western A t l a n t i c  composite reg ion  is one of gene ra l  t ropospher ic  

subsidence. Weather systems show a gene ra l  weakening a s  they move i n t o  

t h i s  region.  



3.  EASTERLY WAVES 

There appear t o  e x i s t  two preferred  sca les  of weather s y s t t ? m  

organizat ion i n  the  t rop ics ,  t h e  cloud c l u s t e r  (400-800 km) and the  

e a s t e r l y  wave (2000-4000 km). 

Empirical synoptic models of the  e a s t e r l y  wave r e l a t i n g  t h e  wind 

f i e l d  t o  the convection were proposed by Riehl (1945) f o r  the  Caribbean 

and by Palmer (1952) f o r  the Western Pac i f i c .  N. Frank (1969) described 

the movement of e a s t e r l y  waves from Africa westward across the  At lant ic .  

Reed and Recker (1971), Reed -- et  a l .  (1977) and Burpee and Dugdale (1975) 

i n  composite s tud ies  have demonstrated t h a t  these  e a s t e r l y  wave have a t 
pronounced modulating e f f e c t  on convection and ra inf  a l l ,  i. e. oh c l u s t e r  

a c t i v i t y ,  i n  the  Western P a c i f i c  and i n  the  GATE region f o r  Phase 111. 

Gray (1977a) has determined the  t i m e  of passage of 700 mb troughs 

and r idges  over the GATE A/B-network f o r  a l l  phases of the  expekiment 

by a considerat ion of hor izonta l  meridional shear over the  a r r a  . A T 
time series of GATE A/B-values of av/ax with troughs and r idges  'marked 

is  presented i n  Fig. 17. The time of passage of a trough o r  r idge  was 

defined a s  the  time of maximum or  minimum av/ax. For comparison, the  

1 
GATE B-array C-band radar determined r a i n f a l l  from Hudlow (1977) is  

p lo t t ed  on the same diagram. 

A preliminary glance a t  t h i s  f igure  s t rongly  subs tan t i a tes  the  

f indings of Burpee and Dugdale (1975) and Reed -- e t  a l .  (1977). ?he 

s t a t i s t i c a l  associa t ion of the  r a i n f a l l  events i n  GATE t o  the  passage 

of a 700 mb wave trough is  q u i t e  pronounced, especia l ly  during Phase 

111. This is shown i n  Fig. 18. 

1 Personal communication. 
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Fig. 18. Phase by phase B-array r ada r  measured r e l a t i v e  r a i n f a l l  amounts 
(from Hudlow, 1977) a s  a s soc i a t ed  wi th  700 mb determined 
trough and r i d g e  wave p a t t e r n s  over t h e  GATE A/B-array. 

It should be noted i n  Fig.  17,  however, t h a t  t h e r e  i s  a l s o  q u i t e  

a l a r g e  v a r i a b i l i t y .  Sometimes t h e  heavy r a i n  events  appear t o  t h e  

w e s t  of t h e  wave trough, and a t  o t h e r  t imes t o  t h e  east o r  even i n  t he  

I 
r i dge .  There were t i m e s  during Phase I1 when s i g n i f i c a n t  r a i n f a l l  

occurred without  observable wave passage. I n  t u r n ,  t h e r e  were two pro- 

nounced wave passages i n  Phase I which produced very l i t t l e  r a i n f a l l .  

Nevertheless ,  an  obvious modulation of t h e  r a i n f a l l  by t h e  passage of 

t he  e a s t e r l y  waves is  apparent  i n  both f i g u r e s .  

To compare t h e  wave modulation wi th  the  d i u r n a l  v a r i a t i o n  documented 

i n  Paper I, a n  A/B-scale composite was made of a l l  700 mb waves i n  GATE. 

Four t i m e s  d a i l y  rawinsonde observa t ions  were used. The trough composite 

cons is ted  of a l l  A/B-scale da t a  from t h e  trough t i m e  per iod  p lus  time 

per iods  s i x  hours  e a r l i e r  and s i x  hours l a t e r .  The composite r i d g e  was 

I 



s i m i l a r l y  composed of t h r e e  consecut ive time per iods  centered  on t h e  

minimum of av/ax. Wave p o s i t i o n s  1 and 2 were defined a s  halfway posi-  

t i o n s  on t h e  t i m e  a x i s  between trough and r idge ,  as shown i n  Fig.  19. 

The r e s u l t a n t  A/B-scale v e r t i c a l  motion p r o f i l e s  f o r  t h e  trough, 

r i d g e  and two in te rmedia te  p o s i t i o n s  a r e  shown i n  Fig.  20. Mean upward 

v e r t i c  1 motion e x i s t s  i n  a l l  f ou r  wave p o s i t i o n s  wi th  low l e v e l  ( a t  r 
850 mb dev ia t ions  of trough and r i d g e  from t h e  wave mean of about P + 30 mb/d. The d i u r n a l  a -p ro f i l e s  f o r  each of t h e  composite wave posi- - 

t i o n s  r e  shown i n  Fig.  21. Diurna l  modulation of t h e  850 mb w is  t h e  I same f r each wave category and i s  about equal  t o  t he  wave modulation. 

The cu 1 ves  i n  Fig. 21 a r e  cons i s t en t  with those  discussed i n  Paper I f o r  

a GATE c l u s t e r  and i n  Fig.  4 of t h i s  paper f o r  GATE suppressed condi t ions .  

i c u l a r ,  t h e  low l e v e l  ITCZ fo rc ing  i s  d i u r n a l l y  modulated s o  t h a t  

11 condi t ions  the  850 mb l e v e l  v e r t i c a l  v e l o c i t y  is  maximum near  

c a l  time and minimum 12 o r  more hours l a t e r .  The d i u r n a l  and 

r i a t i o n  modulations t o  t h e  850 mb v e r t i c a l  motion i n  t he  GATE 

ay a r e  about t he  same. 

* 
T I M E  

Fig. 19. Re la t ive  p o s i t i o n s  of 700 mb wave trough, r i d g e  and i n t e r -  
mediate p o s i t i o n s  1 and 2. 
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4. BOUNDARY LAYER FRICTIONAL CONVERGENCE 

I n  regions of low-level cyclonic v o r t i c i t y ,  quasi-geostrophic- 

Ekman dynamics (as described by Charney and Eliassen,  1949) determine 

t h a t  low l e v e l  f r i c t i o n a l  convergence takes place. I n  regions of an t i -  

cyclonic v o r t i c i t y  the re  is  boundary layer  suction carrying down a i r  

from a l o f t .  

This f r i c t i o n a l  mechanism i s  no doubt operating i n  t r o p i c a l  d is -  

turbances; but  i t  has been shown i n  recent  years (Gray, 1975; Gray and 

McBride, 1976; Gray, 1977b) t h a t  i t  plays only a small r o l e  i n  cloud 

c l u s t e r  convergence and i n  the  ea r ly  s tages  of development of t r o p i c a l  

storms. The bas i s  f o r  t h i s  comment i s  t h a t  the  observed convergence of 

mass i n t o  these systems is much g rea te r  i n  magnitude and extends through 

a much deeper layer  of t h e  atmosphere than can be explained through 

boundary layer f r i c t i o n a l  influences.  The following discussion describes 

the por t ion  of weather system v e r t i c a l  motion which can be a t t r i b u t e d  

t o  boundary layer  f r i c t i o n a l  convergence. 

Gray (1972) and Gray and Mendenhall (1974) s t a t i s t i c a l l y  analyzed 

p i b a l  and rawinsonde wind da ta  over t h e  t r o p i c a l  oceans. They showed 

t h a t ,  a f t e r  the  thermal wind e f f e c t  had been eliminated from the data ,  

the typ ica l  veering of the  surface  wind r e l a t i v e  t o  the  wind a t  the  top 

of the  boundary layer  is  about 12'. These r e s u l t s  have been v e r i f i e d  

with the GATE data.  It i s  assumed t h a t  t h i s  veering is due t o  mechan- 

I 
i c a l  f r i c t i o n a l  processes. It is emphasized t h a t  the  veering angle 

re fe r red  t o  is t h a t  between the  surface  wind and the  wind a t  the  top of 

the  layer  of f r i c t i o n a l  influence. It is  not  the  angle between the  

surface  wind and the  surface  isobars.  I n  the  t rop ics ,  the  l a t t p r  angle 



may be muih l a r g e r .  Gray (1972) observed a l s o  t h a t  over t h e  t r o p i c a l  

oceans t h e  decrease of wind speed from the  top  of t h e  boundary l a y e r  
I 
I1 

t o  the  su r f ace  (from sh ip  da t a )  is  small .  This  is demonstrated i n  Fig.  

I n  tig. 23 a schematic i s  shown of t he  wind a t  t he  top of t he  

boundary l a y e r  a t  a d i s t ance  R from the  cen te r  of t h e  d is turbance .  From 

t h e  f i g u r 4  i t  is  seen t h a t  t h e  convergence a t  t he  top of the  boundary 
I 

l aye r  i s  qua1 t o  t a n  6 t i m e s  the  v o r t i c i t y  a t  t h i s  l e v e l  (o r  5). If i T 

i t  is  a s s  ed t h a t  t h e  t a n g e n t i a l  wind maintains  i ts  s t r e n g t h  through 

the  bound r y  l a y e r ,  and t h a t  t he  boundary l a y e r  f r i c t i o n a l  processes  t 
br ing  abo t a f u r t h e r  12' tu rn ing  of t h e  wind, then t h e  convergence a t  I 

e is  equal  t o  tan(B + 12') x q. Thus, i f  t h e  veer ing  v a r i e s  

he igh t ,  t h e  average convergence i n  t h e  boundary l a y e r  i s  

+ t a n ( 8  + 12')). Defining CF a s  t he  a d d i t i o n a l  convergence 

due t o  t h  f r i c t i o n a l  tu rn ing  of t he  wind: t 
l c u l a t e d  boundary l aye r ]  - [convergence a t  t h e  top of the] 

convergence : boundary l a y e r  

cF ?C 4 t a n  12' 

A s  documented i n  Paper I, t h e  low l e v e l  convergence of t r o p i c a l  

weather ystems (except f o r  s p e c i a l  condi t ions  of GATE c l u s t e r s )  extends 1 



Average Wind Speed (rnbec) 

Fig. 22. Variat ion of wind speed with height  i n  the lowest 2 imL. The 
data  shown a r e  from a composite of over 100,000 p i b a l  and 
rawin soundings over the  Northern Hemisphere oceans, performed 
by Gray (1972). 

I 
V= Wind at top of Planetary 

Boundary Layer (P6.L.) 

p = ~ n f  low angk a t top of f?B.L. 

VT = Tangential wind = Veos P 

vR 5 ROdjal wind = V s h  fi  

Fig. 23. Schematic depict ion of t h e  wind f i e l d  a t  the  top of the  bound- 
I 

ary  layer a t  the  radius  R. By stoke& theorem, the  v o r t i c i t y  
averaged over the  c i r c l e  = 2 vT/R = ST. By Gauss' theorem, 
t h e  divergenceaveraged over the  c i r c l e  = 2 V R / ~  = tan@* 
2 V*/R = tan$*cT. 



through 'a deep t ropospher ic  l a y e r .  The convergence i n  t h e  p l ane ta ry  

boundary l a y e r  can only account f o r  10-30% of t h e  t o t a l  mass convergence 

i n  t hese  systems. I n  add i t i on ,  t h e  divergence p r o f i l e  of t h e  t y p i c a l  

weather system undergoes a  l a r g e  d i u r n a l  v a r i a t i o n .  Refer r ing  t o  Table 

2 and Tdble 4 of Paper I, i t  i s  seen t h a t  t h e  v e r t i c a l  v e l o c i t y  a t  850 

mb i s  ad l e a s t  twice a s  l a r g e  i n  t he  morning a s  i n  t h e  evening. I f  

boundard l a y e r  f r i c t i o n a l  convergence played a  dominant r o l e  i n  t h e  m-ain- 

tenance o f  t h i s  v e r t i c a l  v e l o c i t y ,  then t h e  low l e v e l  v o r t i c i t y  would 

P a c i f i c  and Western A t l a n t i c  d a t a  s e t s  a r e  l i s t e d .  Despi te  t he  l a r g e  

a l s o  be  

t i v e  

d i u r n a l  a r i a t i o n s  i n  divergence,  no cons i s t en t  d i u r n a l  v a r i a t i o n  i s  v 

expected t o  vary  d i u r n a l l y .  I n  Table 1 t h e  r a t i o s  of t h e  r e l a -  

v o r t i c i t i e s  a t  t h e  two observa t ion  t i m e s  (AM/PM) f o r  t h e  Western 

i n  v o r t i c i t y .  
1. , . 

I n  ~ i ~ .  24 t h e  low l e v e l  and upper l e v e l  v e r t i c a l  motions f o r  t he  

ster (da t a  s e t  11) a r e  p l o t t e d  as a func t ion  of time of day. 

i s  t h e  850 mb l e v e l  r e l a t i v e  v o r t i c i t y .  The GATE v o r t i c i t y  

does exhlibit a  d i u r n a l  v a r i a t i o n  but  i t  is  out-of-phase wi th  t h e  low 

l e v e l  ve l r t ica l  motion. This shows t h a t  t h e  changes i n  v e r t i c a l  motion 

a r e  n o t  a  balanced flow response t o  changes i n  v o r t i c i t y .  I n  f a c t ,  t h e  

gence i n  a c t u a l  weather systems, Table 2 is  presented.  This  

ws t h e  r a t i o  of convergence t o  v o r t i c i t y  a t  900 mb f o r  a l l  ob- 

observa t ions  

To 

s e r v a t i o b  t i m e s  f o r  t h e  elevey? b a s i c  d a t a  s e t s .  The l ack  of uniformity 

i n  t h e  t a b l e  and the  l a r g e  d i f f e r e n c e s  between t h e  AM and PM values  f o r  

i n d i c a t e  t h a t  t h e  oppos i te  i s  t rue .  

f u r t h e r  demonstrate t he  independence between low l e v e l  v o r t i c i t y  

each d a t a  set c l e a r l y  show t h a t  a  d i r e c t  r e l a t i o n s h i p  between boundary 

l a y e r  convergence and v o r t i c i t y  i s  n o t  p re sen t  and i s  n o t  a dominant 



TABLE 1 I 
Ratio of morning t o  evening v o r t i c i t y  i n  various t r o p i c a l  weather 

0 
systems. Vor t i c i ty  i s  averaged over the  0-3 area  a t  900 mb and 

700 mb levels .  AM times a r e  about 07-10 LT, PM t i m e s  a r e  about 19-22 LT. 
I 

WESTERN PACIFIC 

DATA SETS 

1. Cloud Cluster  

2. Pretyphoon Cluster  

3 .  Storm PC > 1000 mb 

4. Storm 980 < P < 1000 mb 
C - 

5. Storm P < 980 mb 
C - 

WESTERN ATLANTIC 

DATA SETS 

6. Cloud Cluster  

7. Eas ter ly  Wave 

8. Storm V < 35 k t s  max - 
9. Storm 35 k t s  < Vmax < 65 k t s  

10. StormV > 6 5 k t s  
max - 

control l ing  f a c t o r  t o  t h e  magnitude of low l e v e l  convergence i n  t r o p i c a l  

weather systems. 

Figure 25 shows the  v e r t i c a l  p r o f i l e s  of v o r t i c i t y  and divergence 

over the  GATE A/B-array averaged over the  whole GATE experiment. There 

is  la rge  s c a l e  cyclonic v o r t i c i t y  across  the  ar ray ,  but  i t  is  tbo high 

i n  the  -troposphere t o  d r ive  the  boundary layer  convergence. ~ n h e e d ,  
I 

i n  the  boundary layer  the convergence i s  an order of magnitude !greater 

than the  v o r t i c i t y ,  showing t h a t  i n  t h i s  region a t  l e a s t  the  ~ 



VERTICAL VELOCITY (mblday) VORTICITY 



TABLE 2 

Rat io  of 900 mb l e v e l  convergence t o  v o r t i c i t y  f o r  a l l  of t h e  1 composite 

weather systems. AM times a r e  about 07-10 LT and F'M t imes a r e  about 19-22 LT. 

PACIFIC 

1. Cloud C lus t e r  

2. Pretyphoon Clus te r  

3. Storm PC> 1000 mb 

4. Storm 980 < P < 1000 mb 
C - 

5 .  Storm PC 5 980 mb 

ATLANTIC 

5. Cloud Clus te r  

7. Eas t e r ly  Wave 

8. Storm V 2 35 k t s  

9. Storm 35 < V < 65 k t s  

10. Storm V 5 65 l i t s  

GATE P r 
CLUSTER 1: 30AM 4: 30AM 7: 30AM 1 0 : W  1:3OW 4:3QPM 7:30PM 10: 30PM 

quasi-geostrophic assumption and a f r i c t i o n a l l y  dr iven  ITCZ modelare  

i nva l id .  

Background o r  long term low l e v e l  v o r t i c i t p  was a l s o  ca l cd la t ed  

f o r  t h e  t h r e e  reg ions  and compared with the  mean low l e v e l  badground 

divergence. Resu l t s  a r e  shown i n  Table 3. Comparing t h e  two ~ T C Z  

I 



ENTIRE 
FOR 

EXPERIMENT 

Fig. 2 . Mean divergence and vorticity over the A/B-scale for the whole 

i 60 days of the GATE experiment. 

TABLE 3 

Backg ound or 'long term mean' vorticity and vertical motion at 850 mb. 
. I 

I S (850 mb) w (850 mb) 

westekn Pacific: 
~ackg~ound 

westekn Atlantic: 
Background 

(10-6sec-1) (mb/day) (Arbitrary units) 

GATE ~ 
Mean for Whole Experiment +O. 5 - 80 



regions it is seen that the West Pacific has much stronger vorticity 

than the GATE region but less low-level vertical motion. This shows 

that the strength of the ITCZ mean mass convergence and vertical motion 

bears little or no relation to the mean vorticity. This is further 

brought out in the last column of Table 3, which shows the ratio of 

background low level vorticity to vertical motion for each region. No 

direct relationship between mean low level vorticity and divergence is 

apparent. 



5. CONVECTIVE FEEDBACK 

Four l a r g e  s c a l e  c o n t r o l s  of convection have been discussed:  t h e  

c lu s t ey  s c a l e  d i f f e r e n t i a l  r a d i a t i o n  mechanism a s  descr ibed i n  Paper I, 

ITCZ cdnvergence, e a s t e r l y  waves and boundary l a y e r  f r i c t i o n a l  conver- 

gence. 

t he  

The 

t a l  scz.le 

they 

t h e i r  

a d d i t i  

A t  any given time, each of t hese  c o n t r o l s  i s  con t r ibu t ing  t o  

obrerved divergence of t h e  t r o p i c a l  weather system o r  cloud c l u s t e r .  

cun~ulus convective elements themselves have a much smal le r  horizon- 

than any of t he  c o n t r o l s  so  f a r  discussed but  once r e l ea sed ,  

f u r t h e r  accenuate t h e  convect ive processes  through the  r e l e a s e  of 

:ondensation hea t .  These convect ive feedbacks can a c t  a s  an 

n a l  source of mass, energy and momentum t o  the  l a r g e  s c a l e .  Thus, 7 a po r t ion  of t h e  l a r g e  s c a l e  v e r t i c a l  motion f i e l d  i n  weather systems 

is  l i k  l y  no t  a d i r e c t  r e s u l t  of t h e  l a r g e  s c a l e  fo rc ing  mechanism a lone  

but  r a  h e r  t he  i n d i r e c t  r e s u l t  of t h e  cumulus convect ive feedback pro- 

cesses .  

T e c l a s s i c a l  convect ive feedback is  r e l e a s e  of l a t e n t  hea t ing  i n  

t h e  c u lus  clouds. This is  t h e  major feedback mechanism and i s  probably 

respon i b l e  f o r  most of t he  observed c l u s t e r  v e r t i c a l  v e l o c i t y  above 

t h a t  a t r i b u t a b l e  t o  t h e  l a r g e  s c a l e  fo rc ing  mechanisms. It should be f po in t e  ou t ,  however, t h a t  only a very  smal l  f r a c t i o n  of t h e  r e l ea sed  

l a t e n t  hea t  is  r e a l i z e d  wi th in  the  c l u s t e r .  The p r o f i l e s  of divergence 

presen ed i n  Paper I f o r  a l l  systems show import of m a s s  i n  t he  lower I t ropos  h e r e  where the  dry s t a t i c  energy is  s i g n i f i c a n t l y  l e s s  than  i n  

t h e  up e r  t roposphere where t h e  expor t  of m a s s  t akes  p lace .  This  l e a d s  I t o  a n e t  export  of s t a t i c  energy which almost exac t ly  balances t h e  l a t e n t  

hea t  energy r e l eased  a s  r a i n f a l l .  



The ac tua l  mesoscale mechanics of the feedback a r e  of i n t e r e s t .  

Modelling s tud ies  (Lopez, 1973) and observational s tudies  (Mats PtO 
e t  a l . ,  1967; Zipser and Gautier,  1978) have shown tha t  t o  overcome the -- 

low l eve l  g rav i ta t iona l  s t a b i l i t y  of the t rop ica l  atmosphere, the indi- 

vidual  cumulus elements require under cloud base a convergence of the 

-1 order of 5 x s , three  orders of magnitude l a rger  than the c lus te r  

sca le  convergence. It has been demonstrated by Lopez (1973) and Purdom 

(1976) t ha t  t h i s  l a rge  required convergence is  sustained by the down- 

d r a f t  a i r  from other cumulus c e l l s  penetrat ing the boundary layer from 

upper levels .  The convection thus self-enhances, new c e l l s  gro&ing 

from the downdrafts of old c e l l s .  

Besides ac t ing a s  a source of heat  f o r  the l a rge  scale ,  the cumulo- 

nimbus clouds a l so  v e r t i c a l l y  t ranspor t  momentum and k ine t i c  energy. 

This momentum in jec t ion  i n t o  the l a rge  sca le  a t  the outflow and down- 

d r a f t  l eve l s  of detrainment represents another mode of convective feed- 

back. 

A t h i r d  mechanism is  r e l a t i v e  rad ia t iona l  heating. A s  discussed 

extensively i n  Paper I the cloud covered areas  with th ick c i r r u s  sh ie lds  

rad ia t ive ly  cool s ign i f i can t ly  l e s s  than the  surrounding c lea r  atmosphere. 

I n  a r e l a t i v e  sense then, the  convective areas  a r e  being warmed i n  com- 

parison with the  other regions. This brings about addi t ional  l a rge  

sca le  convergence. 
1 1  

The four th  major form of convective feedback i s  tha t  wherel>y the 

c cumulonimbus elements become so well  organized tha t  the cloud-s a l e  

dynamics take over and become ra ther  independent of the l a rger  s ca l e  
I 

forcing which i n i t i a l i z e d  the convection. An example of t h i s  process 

is  found i n  t he  GATE c l u s t e r  composite. GATE is  a region of strong 

I 

I 
I 

I 



low-level v e r t i c a l  shear. A s  the convection develops i n  the presence 

of shear,  i t  of ten  becomes organized i n t o  squa l l  l ines .  The low leve l  

v e r t i c a l  veloci ty  driving the convection i s  maximum a t  7:30 i n  the 

morning (Fig. 24) .  Once the  convection has developed, the i n t e rna l  

dynami s of the squa l l  l i n e s  take over and the ac tua l  maximum of con- 

vect io  ! and of mid-tropospheric v e r t i c a l  motion is not u n t i l  ea r ly  a f t e r -  

noon. 

large-qcale 

This squal l  convection can continue i n t o  the ear ly  evening when 

forcing has become qu i t e  weak. 

11 



6. RELATIVE MAGNITUDE OF VARIOUS FORCING FUNCTIONS I' 
I' 

A summary of lower and upper t ropospher ic  v e r t i c a l  motion f p r  a l l  

composited weather systems i s  given i n  Tables 4 and 5. Table 4 shows 

t h e  mean v e r t i c a l  motion a t  850 mb and 350 mb f o r  t h e  t e n  compos~ite 

weather systems i n  t h e  Western P a c i f i c  and i n  t h e  Western A t l a n t i c .  

Also shown a r e  t h e  AM (Q 07-10 LT) and PM (Q 19-22 LT) v e r t i c a l  motion 

va lues .  Table 5 g ives  t h e  same information f o r  t he  GATE composites. 

Large v a r i a t i o n s  i n  v e r t i c a l  motion occur a t  both l e v e l s  between t h e  

va r ious  weather systems. Of t h e  same magnitude as these  v a r i a t i o n s  

I and apparent  i n  every d a t a  set a r e  t h e  l a r g e  d i u r n a l  d i f f e r ences .  

The t o t a l  observed v e r t i c a l  v e l o c i t i e s  i n  Tables 4 and 5 a r e  t he  

r e s u l t  of t he  i n t e r a c t i o n  between many d i f f e r e n t  l a r g e  s c a l e  fo rc ing  

func t ions  and convect ive feedbacks. To ga in  an  apprec i a t ion  of t h e  

r e l a t i v e  e f f e c t s  of each fo rc ing  func t ion ,  t h e  t y p i c a l  magnitude of 

the  con t r ibu t ion  of each mechanism t o  t h e  lower t ropospher ic  v e r t i c a l  

motion i n  each reg ion  w i l l  now be  es t imated .  Weather system t o t a l  

v e r t i c a l  motion might be  thought of a s  equal  t o  t h e  sum of t h e  

(A) Contr ibut ion of ITCZ fo rc ing ,  a s  descr ibed i n  s e c t i o n  2. 

+ (B) Contr ibut ion  due t o  t he  d i u r n a l  modulation of t he  ITCZ con- 

vergence, as descr ibed f o r  GATE i n  s e c t i o n  2a. 

+ (C) Modulation of t h e  v e r t i c a l  motion due t o  t he  passage of 

middle t ropospher ic  e a s t e r l y  waves, a s  descr ibed i n  s e c t i o n  3. 

+ (D) Cont r ibu t ion  due t o  f r i c t i o n a l  convergence, a s  descr ibed i n  

s e c t i o n  4. 

+ (E) Diurnal  modulation of v e r t i c a l  motion forced by c lus td r -  

s c a l e  d i f f e r e n c e s  i n  rad ia t ive-convect ive  hea t ing  between 

deep convective cloud c l u s t e r s  and surrounding subsidence a reas .  
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+ (F) Cont r ibut ion  due t o  cumulus convect ive feedback, o r  

w(1ow l e v e l )  = A + B + C + D  + E + F 

i 
From t h e  magnitudes of v e r t i c a l  motion presented i n  Tables 4 and 5 

~ n d  o the r  knowledge a s  discussed i n  t h i s  paper ,  one is  a b l e  t o  e s t ima te  

con t r ibu t ion  of each term i n  the  above equat ion f o r  t h e  t y p i c a l  con- 

4 yrective system ( i . e .  f o r  a cloud c l u s t e r )  i n  each of t h e  t h r e e  egions,  

!Jestern P a c i f i c ,  Western A t l a n t i c  and GATE. 

Term (A) - ITCZ Forcing. For t h e  Western P a c i f i c  and Western 

A t l a n t i c  t h i s  term is  assumed t o  be equal  t o  t h e  850 mb l e v e l  v e r t i c a l  

LTC . .ocity obtained from t h e  long per iod  summertime average o r  background 

composites descr ibed i n  s e c t i o n  2. This  i s  s l i g h t l y  nega t ive  i n  t he  

Western A t l a n t i c  (+I0 mb/d), bu t  upwards a t  about -30 mb/d i n  t h e  P a c i f i c .  

I n  GATE i t  i s  equal  t o  t h e  850 mb l e v e l  v e r t i c a l  v e l o c i t y  averaked o v e r t h e  

A/B-array f o r  t h e  e n t i r e  experiment, and is  l a r g e ,  approximately 80 mb/d. 

Term (B) - Diurnal  Modulation of ITCZ Forcing. I n  t h e  background 

composites f o r  t h e  western oceans t h i s  i n f luence  appeared t o  be  small .  

It was measured t o  b e  about zero i n  t h e  Western P a c i f i c  (Fig. 12) and 

only about - + 5 mb/d i n  t he  Western A t l a n t i c  (Fig. 16 ) .  For t h e  GATE 

A/B-scale i t  is  q u i t e  s i g n i f i c a n t  and i s  considered t o  be equal  t o  t he  

observed d i u r n a l  v a r i a t i o n  f o r  t h e  suppressed condi t ions  composite, 

about - + 45 mb/d. 

Term (C) - Wave Forcing. This  is  taken t o  be  equal  t o  t h e  d i f -  

fe rence  between t h e  observed 850 mb l e v e l  v e r t i c a l  v e l o c i t y  between t h e  

A/B-scale GATE trough and r i d g e  a s  t abu la t ed  i n  Table 5, i .e. - + 30 mb/d. 

The GATE region  is  immediately downstream of t he  a r e a  where Afr tcan  
I 

waves a r e  generated;  thus  the  wave fo rc ing  is  s t ronge r  h e r e  tha i n  t h e  i 
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I 
western oceans. Reed, Recker and Norquist (1977) composited easterly 

waves in GATE and found a perturbation in the 700 mb level meriqional 

wind field of - + 5.5 m/s between trough and ridge. Reed and ~ec#er (1971) 

composited Western Pacific waves and found a perturbation of 5 3.5 m/s; 

the wavelength also was larger. On the right hand side of Fig. 5 of 

Paper I of the present study it is seen that in the Western Atlantic the 

perturbation is only + 1.5-2.0 m/s. Scaling the wave vertical velocity 

forcing in a linear relationship to the meridional wind perturbation 

the following magnitudes are obtained: GATE, - + 30 mb/d; Western 

Pacific, + 20 mb/d; Western Atlantic, 5 15 mb/d. 

Term (D) - Frictional Convergence. This is calculated using Eq.1 

of section 4. Inserting mean vorticities from the cloud cluster data 

sets (data sets 1, 6, 7, 11) into that equation it is proportional to 

the low-level relative vorticity in these systems and is seen to be 

small, about -7, -4, -3 mb/d in the Western Pacific, Western Atlantic, 

and GATE regions respectively. Thus, for a typical oceanic wea 

system, it seems that boundary layer frictional convergence plays very 

little role in the forcing and maintenance of the system. 

Term (E) - Cluster Scale Diurnal Modulation. This is the differ- 

ence between the observed diurnal variation in cloud cluster systems 

as tabulated in Tables 4 and 5 and the contribution of the ITCZ diurnal 

variation or term (B) . In magnitude it is observed to be about 7 45 

mb/d. 

Term (F) - Convective Feedback. For cloud clusters of the western 

oceans and GATE A/B-scale region the addition of terms (A) to ( 1 ) is 
insufficient to account for all of the measured vertical velociity. The 

difference from these measurements will be considered to be thd 



con t r ibu t ion  due t o  t h e  cloud c l u s t e r  convect ive feedback. 

The feedback i s  enhanced by s q u a l l  l i n e s .  The Western P a c i f i c  has  

few s q u a l l s  except with t r o p i c a l  cyclones,  t he  Western A t l a n t i c  has  more 

bu t  no t  a s  many as occurred i n  t he  GATE region.  This  convect ive feed- 

back w i l l  t hus  be taken t o  be 20, 25 and 40 mb/d i n  t h e  t h r e e  reg ions  

ll 
r e spec t ive ly .  

The r e s u l t s  of t he  above c a l c u l a t i o n s  f o r  each region a r e  tabula ted  

i n  ~ a b l l e  6. Adding toge ther  t h e  con t r ibu t ions  from each term the  t o t a l  

lnagnidude of t h e  lower t ropospher ic  v e r t i c a l  v e l o c i t y  f o r  enhanced and 

ssed  condi t ions  i n  each ocean can be approximated a s  i n  Table 7. 

6 and 7 both  show t h e  l a r g e  r o l e  of t h e  d i u r n a l  modulation of 

v e r t i  a 1  motion and t h a t  wave induced v e r t i c a l  motion i s  no t  t he  domin- c 
a n t  mdde of l a rge - sca l e  fo rc ing  f o r  t h e  t r o p i c a l  weather system. Figure 

26 schemat ica l ly  r e p r e s e n t s  t h e  r e s u l t s  of Tables 6 and 7.  It shows 

e a c t u a l  observed v e r t i c a l  motions of t h e  va r ious  reg ion  weather 

s a r e  a combination of fo rc ing  mechanisms and do not  r e s u l t  from 

d i v i d u a l  la rge-sca le  c o n t r o l  a c t i n g  by i t s e l f .  

he re  a r e  a number of important  f i nd ings  embodied i n  t h e  r e s u l t s  

6 and 7 and Fig.  26. The f i r s t  i s  t h e  major con t r ibu t ion  t o  

t h e  nd t  convergence of a t r o p i c a l  weather system i n  t h e  GATE and Western 

p a c i f i c  a r e a  t h a t  comes from the  ITCZ fo rc ing .  Secondly, t h e  overwhelming 

by the  d i u r n a l  v a r i a t i o n  must be  considered. A s  discussed 

and i n  s e c t i o n  2 of t h i s  paper ,  t h i s  v a r i a t i o n  appears  t o  be  

forced by t h e  d i f f e r e n c e s  i n  rad ia t ive-convect ive  hea t ing  between an  

a r e a  of deep convection and i ts  surrounding a r e a s  of t ropospher ic  sub- 

sidence. This con t r ibu t ion  t o  t h e  dynamics of oceanic  t r o p i c a l  weather 

systems has l a r g e l y  been ignored i n  t h e  p a s t .  Its f u l l  r ami f i ca t ions  
I 
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TABLE 7 

Re la t ive  magnitudes of lower t ropospher ic  (850 mb) upward v e r t i c a l  motion 

a t  AM (07-10 LT) and PM (19-22 LT) times f o r  var ious  weather systems. 

The va lues  were obtained by summing t h e  con t r ibu t ions  of terms (A) t o  

(F) of Table 5 i n  mb/d. 

a )  Enhanced condi t ions  of wave t rough a t  AM and PM. 

Western P a c i f i c  

westerh A t l a n t i c  

GATE ~ I / ~ - a r r a ~  

Daily Mean 

77 mb/d upwards 

34 mb/d upwards 

153 mb/d upwards 

I 
b) Su pressed condi t ions  of wave r idge .  The con t r ibu t ions  from t h e  P 

c l u s t e r  d i u r n a l  (E) and feedback modulation (F) a r e  obviously not 

inhluded. 

western P a c i f i c  

westerh A t l a n t i c  

Dai lv Mean 

10 mb/d upwards 

25 mb/d downwards 

i n  var ious  a r e a s  of t r o p i c a l  r e sea rch  such a s  cumulus parameter iza t ion  

GATE 

studie;  and t r o p i c a l  storm development have y e t  t o  be  explored. 

Another ques t ion  tha-t need be  reso lved  is  t h e  r o l e  of midtroposphere 

A/B-array -95 - 5 50 mbld upwards 

e a s t e r i y  waves a s  a  l a r g e  s c a l e  fo rc ing  mechanism. Figure 18  shows t h e  

s t rongmodu la t ing  of t he  GATE r a i n f a l l  which these  waves can make. GATE 

is  the  reg ion  wi th  s t r o n g e s t  waves and the  s t r o n g e s t  wave r a i n f a l l  modu- 

l a t i o n ,  HbwEiVer, a s  seen  i n  F igs .  17a, b  and c GATE r a i n f a l l  can occur 

without s i g n i f i c a n t  wave passage. Conversely, when wave passage occurs 
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WEST 

' ig. 26. Schematic representa t ion of the  r e l a t i v e  magnitudes of the 
l a rge  s c a l e  forcing mechanisms on low l e v e l  v e r t i c a l  motion 
i n  the  th ree  regions. Arrow lengths a r e  drawn i n  proportion 
t o  the r e l a t i v e  magnitudes. The r i g h t  hand s i d e  dep ic t s  the 
magnitude of low l e v e l  v e r t i c a l  ve loci ty  f o r  various weather 
systems obtained by summing together the  contributions from 
the  separa te  forcing mechanisms. 

outs ide  the  ITCZ region l i t t l e  r a i n f a l l  r e s u l t s .  Observational s tud ies  

i n  o ther  oceanic regions where wave forcing i s  weaker than i n  GATE have 

indicated a weaker wave modulation t o  convection. Very heavy r a i n f a l l  

occurs i n  some low l a t i t u d e  oceanic regions without apparent wale 

passage. The r o l e  of e a s t e r l y  waves, therefore  appears t o  be ohe more 

of modulation of convection r a t h e r  than one of cause of convectbon. 

Thus, i t  is  observed by N. Frank (1975) t h a t  i n  the Western At lan t i c  

there  i s  a remarkable s t a b i l i t y  from year t o  year i n  the  number of 

e a s t e r l y  waves present  i n  t h a t  ocean, ye t  there  can be a s i g n i f i c a n t  

I 



I 

var ia t ion i n  West Indies summer r a i n f a l l  and very large  interannual 

var ia t ion i n  the amount of t rop ica l  cyclone ac t i v i t y .  

The fourth item worthy of comment i n  Fig. 26 i s  the very minor . . I  . 
r o l e  played by f r i c t i o n a l  convergence. 

T e  in te rac t ion  between the various large  sca le  forcing functions 

can be h idealized a s  shown i n  Fig. 27. The ITCZ forcing with i t s  diurnal  

modulaltion is  shown i n  the top curve. The wave forcing by i t s e l f  may 

be visbalized by the second curve of t h i s  f igure.  I f  a l l  three of these 

mecha ' i s m s  were to  a c t  together then s ign i f ican t  low leve l  convergence 7 
would be established and cloud c lus te r  growth and in te rna l  convective I 
feedback could take place. This feedback is  denoted by the dotted area. 

The dashed l i n e  denotes the magnitude of the upward v e r t i c a l  motion 

necesspry t o  ac t i va t e  a  meso-scale radia t ion and condensation cloud 

~ b c e  t h i s  cloud c lus te r  growth takes place the c lus te r  sca le  dif-  

f  erentlial radiative-convective heating forcing mechanism and the con- 

densadion forcing mechanism fur ther  a c t  t o  feedback upon the c lus te r  
I 

systed, and s ign i f ican t ly  enhance the v e r t i c a l  motion. This feedback 

ac t s  40 more strongly concentrate the v e r t i c a l  motion within the c lus te r  

regio and cause a  smaller sca le  area of v e r t i c a l  motion i n  comparison 

with 1 he sca le  of the wave induced motion. The bottom curve of Fig. 27 

combides a l l  four mechanisms. This is  an idealized pic ture .  The re la-  

t i v e  dagnitude of each of these forcing mechanisms can be s ign i f ican t ly  

d i f fe ren t  i n  the various t rop ica l  regions. For example, i n  the trade 

wind region of the Western At lant ic  the ITCZ forcing is observed t o  be 

negative. I n  the other two regions i t  is posi t ive .  
I 



I TC Z 
forcing 

WAVE 
forcing 

100 

0 
NEED FOR MESO-SCALE 

CLOUD FEEDBACK 
I DAY / ' 

t ITCZ +WAVE >: 
(favorable positioning) * 8 

0 

I 
CLUSTER-SCALE 
CLOUD FEEDBACK 

(rod. + cond.) 

TOTAL 
ITCZ +WAVE . -  

+ CLOUD FEEDBACK 

0 

Fig.  27. Idea l i zed  a s s o c i a t i o n  of I T C Z  v e r t i c a l  motion fo rc ing  wi th  
d i u r n a l  cyc l e  ( top curve) and e a s t e r l y  wave modulatidn (second 
curve) .  Third curve i s  sum of top two curves.  Dottdd region 
denotes requi red  upward v e r t i c a l  motion such t h a t  c l  ud region 9 feedback w i l l  occur.  Second from bottom curve denot s cloud 
reg ion  feedback. Bottom curve denotes t h e  sum of I T ~ Z ,  d iu rna l ,  
wave and feedback forc ing .  



It is important that any idealized picture of tropical weather sys- 

tems be broad and flexible enough to account for the large regional 

and forcing mechanism differences which exist. A simple 'easterly wave' 

or 'ITCZ' model of organized oceanic tropical convection is quite 

inadequate. 



7.  DISCUSSION 

Various authors i n  recent  years (e. g. Stevens -- et  a l . ,  1977 j Chang , 

1976; Stark,  1976) have formulated mathematical models d e s i g n e d t o  

simulate t r o p i c a l  oceanic convection. To the  author ' s  knowledgk none of 

these models r e a l i s t i c a l l y  include the  l a rge  s c a l e  ITCZ forcing.  This 

should be done. Sadler (1964, 1975), Ramage (1971) and others  have 

s t ressed  the  re la t ionsh ip  of cloud c l u s t e r s  t o  the  ITCZ and the  l i k e l y  

dominant r o l e  of the  I T C Z  i n  explaining a high percent of t r o p i c a l  rain-  

f a l l  and t r o p i c a l  cyclones. It is time the l a rge  r o l e  of the ITCZ be 

quan t i t a t ive ly  s t ressed.  

The differences between the  heat  balance of areas  of deep convection 

and areas  where r a d i a t i v e  cooling i s  balanced by broad s c a l e  subsident 

warming appear t o  play a major r o l e  i n  maintaining and d iu rna l ly  modula- 

t ing  convection on the  cloud c l u s t e r  and Hadley c e l l  sca les  of circula-  

t ion .  This has been documented i n  the pas t ,  f o r  the cloud c l u s t e r  sca le ,  

by Gray and Jacobson (1977), Fingerhut (1978) and i n  Paper I oo t h i s  

study. The current  study and Dewart (1978) have demonstrated a l a rge  

d iurnal  va r ia t ion  of the low l e v e l  convergence i n t o  the  whole I T C Z  area  

i n  the GATE region. I 
Riehl (1945), Palmer (1952) and Reed and Recker (1971) have demon- 

1 
s t r a t e d  t h a t  t r o p i c a l  oceanic convection is  influenced by the  passage 

of e a s t e r l y  waves i n  the middle l e v e l  flow f i e l d s .  A major r e s u l t  of 

t h i s  paper has been t o  show t h a t  the  e a s t e r l y  wave forcing is  only one 

of a number of primary large-scale forcing mechanisms. Tropical con- 

vection cannot l i k e l y  be well  understood u n t i l  a l l  of the  large-scale 

forcing mechanisms here discussed a r e  t r ea ted  i n  unison. 



The term Condi t iona l  instability of t h e  Second Kind (CISK) has 
I - - 

been probosed by Charney and E l i a s sen  (1964) t o  desc r ibe  a mechanism 

by which boundary l a y e r  f r i c t i o n  convergence a c t s  t o  f o r c e  l a t e n t  h e a t  

r e l ea sed  i n  cumulus convection, and feedback t o  i n t e n s i f y  l a r g e  s c a l e  

c i r c u l a t i o n s .  I n  t he  o r i g i n a l  CISK models t h e  l a r g e  s c a l e  convergence 

of mois ture  w a s  brought about by f r i c t i o n a l  e f f e c t s  i n  t h e  boundary 

l aye r .  o r e  r e c e n t l y  Yamasaki (1969) proposed a second type of CISK 

i n s t a b i  i t y ,  c a l l e d  Wave-CISK by Lindzen (1974). Wave-CISK desc r ibes  i 
t h e  grodth  o r  maintenance of a t r o p i c a l  e a s t e r l y  wave. I n  t h i s  model, 

t h e  low 1 l e v e l  convergence of mois ture  r a t h e r  than being f r i c t i o n a l l y  

d r iven  4s assumed t o  be p a r t  of t h e  convergence f i e l d  a s soc i a t ed  wi th  

t h e  wavh dynamics. Other non-f r ic t iona l  modes of CISK have been pro- 

posed by Bates (1973) and by Yamasaki (1975, 1977a, b ) .  I n  these  models 

t he  low1 l e v e l  convergence is  as soc ia t ed  wi th  g r a v i t y  waves propagating 

t h e  po in t  of r e l e a s e  of l a t e n t  hea t .  There is  a l s o  a f r i c -  

s p e c t  t o  t he  ITCZ fo rc ing .  Charney (1968) and Bates (1970) 

posed t h a t  t h e  Hadley C i r c u l a t i o n  can be thought of a s  being a 

balanceh f low response t o  t h e  p l ane ta ry  s c a l e  r a d i a t i v e  imbalance with 
I 

low levlel f r i c t i o n  producing the  equatorward flow. It i s  noteworthy, 

though,( t h a t  F ig .  12 r e v e a l s  t h a t  i n  t h e  Western P a c i f i c  t h e  ITCZ con- 

vergenc/e extends from t h e  su r f ace  up t o  t h e  400 mb l e v e l ,  w e l l  above 

f r i c t i o n a l  in f luence .  I n  a d d i t i o n ,  mean boundary l a y e r  

i n t o  t h e  GATE A/B r eg ion  is  3-5 times l a r g e r  than t h e  mean 

v o r t i c i t y .  F igure  25 impl ies  a l a r g e  wind p re s su re  imbalance and down- 

g rad ien t  flow convergence which cannot be explained by any type of 

boundary l a y e r  f r i c t i o n a l  vee r ing  o r  by e a s t e r l y  wave induced convergence. 



The observations of this paper indicate that boundary layer 

frictional convergence plays only a minor role in the large-scale forcing 

of organized convection. In addition, the boundary layer convergence 

associated with easterly waves appears also to be quite small. Thus, 

the important roles previously ascribed to the physical process 

associated with the so called "CISK" and "Wave-CISK" hypotheses appear 

to overly exaggerate the role which surface and wave-induced low level 

convergence play in tropical weather system maintenance. 
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