
Diurnal Variability in the Gate Region 

Jean M. Dewart 

P.I. William M. Gray 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, Colorado 

~ I 

I 
I 

1 
I 
I 
I 

I 

i 
I 

I 

I ~ i 
I 
I 

I 

1 
I 
I I 

I 

I Department of I 
I 

I htmospheric Science 
I ~ I 

l 1  
1 I 

I '~ I 
Paper No. 298 ~ I 

I i 
I 

I 

I i 





DIURNAL VARIABILITY IN THE GATE REGION 

BY 

Jean M. Dewart 

Preparation of this report 

has been financially supported by 

National Science Foundation Grant No. ATM75-01424 A02 

Department of Atmospheric Science 

Colorado State University 

Fort Collins, Colorado 

November, 1978 

Atmospheric Science Paper No. 298 





ABSTRACT 

his paper discusses the observational evidence for and the probable 
causes of the large diurnal variability of the atmosphere over the lnter 
Tropical Convergence Zone (ITCZ) region of the tropical eastern Atlantic - 
Ocean. The analysis is based on the observational information of the 
A/B-scale rawinsonde data of the - GARP' - Atlantic - Tropical - Experiment 
(GATE). 

A large single cycle diurnal oscillation of wind divergence simi- 
lar to that observed in the western Atlantic and western Pacific oceans 
is found. Maximum divergences occur in the late morning, minimum in 
the early evening. Boundary layer divergence profiles show almost 
identical divergence for both convectively enhanced and convectively 
suppressed conditions. Tropospheric diurnal temperature variation is 
also investigated. 

Vertically integrated radiational cooling values (QR) are evalua- 
ted as a residual from moisture and energy budget analysis. Applica- 
bility for the GATE ITCZ region of the Gray and Jacobson (1977) cloud 
and cloud-free diurnal radiational-convective forcing hypothesis is in- 
vestigated. Energy budgets appear to diagnose physically realistic 
radiational differences between the convectively enhanced and suppressed 
cases. Moisture budgets indicate that the GATE rainfall maximum occurs 
in the late morning and that radar derived rainfall rates underestimate 
precipitation for the entire experiment by about % 30-40%. Diurnal 
energy budgets are computed level by level in the vertical with the 
aid of a special assumption on condensation and evaporation in the 
vertical. Results are compared with the recent Phase I11 estimates 
of Cox and Griffith (1978). 

The diurnal convergence cycle of the GATE A/B-array region appears 
to result from ITCZ vs. surrounding region north to south radiation 
differences. These diurnal radiational differences are enhanced by 
the presence of oceanic stratus and airborn Saharan dust to the north. 
There appears to be a substantial diurnal pulsing of the low level 
mass convergence into the GATE ITCZ region, particularly from the ITCZ ' s 
north side. 

'~lobal Atmospheric Research Program. 
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1. INTRODUCTION 

The d i u r n a l  v a r i a t i o n  of oceanic  t r o p i c a l  weather systems has  been 
' . , 5 3 7  , . , , , t .I:, 

a sub jec t  of much unce r t a in ty .  This  d i u r n a l  v a r i a t i o n  has  gene ra l ly  

beell thought t o  be  smal l  because t h e  boundary l aye r  over t h e  oceans does 

no t  experience a l a r g e  d i u r n a l  temperature cyc le ;  and l a p s e  r a t e  s t a -  . 1 ,  I -) . I  

i * . Y ~ J ~ ~ ,  

b i l i t y  does no t  vary  d i u r n a l l y  a s  i t  does over land.  However, Ruprecht 

and Grav (1976), Gray and Jacobson (1977) and McBride and Gray (1978) 
' - s q t ? t  -I ' . , 

,% ..?, ( T F ' ( l # J ,  

have r e c e n t l y  documented a l a r g e  d i u r n a l  v a r i a t i o n  i n  organized deep 
yiCZ -31. ! fi>w 

convection wi th  a morning maximum and a n  evening minimum. 
. r ., 

L ZJc41: 

Ruprecht and Gray s tud ied  t h e  d i u r n a l  v a r i a b i l i t y  of r a i n f a l l  

a s soc i a t ed  wi th  cloud c l u s t e r s  i n  t h e  Northwestern P a c i f i c  dur ing  the  

summers of 1967 and 1968 and a l s o  t h e  d i u r n a l  v a r i a t i o n  of hour ly  pre- 
, 'T '  ? . c ?.-. 31'; 

c i p i t a t i o n  from 1 3  yea r s  of r a i n f a l l  d a t a  from 8 West P a c i f i c  s t a t i o n s .  

A s t r i k i n g  (70% vs .  30%) d i u r n a l  cyc l e  w a s  observed i n  t h e  heavy con- 

vec t ive  showers w i th  morning amounts (07-12 Local  Time - LT) being two 

and one-half t imes g r e a t e r  t han  e a r l y  evening (19-24 LT) amounts. Cloud 

c l u s t e r  t ropospher ic  d i u r n a l  divergence p r o f i l e s  a l s o  ind ica t ed  a much 
; ' > " ' E j E  

l a r g e r  morning convergence from t h e  su r f ace  t o  400 mb (Fig. 1 ) .  This  

suppor ts  w e l l  t he  morning r a i n f a l l  maxima. 

Other r a i n f a l l  and mass budget s t u d i e s  (McBride and Gray, 1978) 

have shown t h a t  t h i s  unexpected s i n g l e  cyc l e  o s c i l l a t i o n  of t r o p i c a l  

weather systems i s  p re sen t  i n  t he  West A t l a n t i c  a s  w e l l .  

What is  t h e  cause of t hese  d i u r n a l  v a r i a t i o n s ?  Gray (1976) has  

proposed t h a t  t h e  deep convergence p r o f i l e  observed i n  t r o p i c a l  weather 
I '* _ 

systems i s  maintained and' d i u r n a l l y  modified by d i f f e rences  i n  t h e  

radiat ive-condensat ion hea t ing  p r o f i l e s  of t he  t h i c k  c i r rus - sh i e ld  



covered weather systems and t h e i r  surrounding c l e a r  areas. I 
S p e c i f i c a l l y ,  t h e  upper layered  clouds of organized weather systems 

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

from 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 h e  l a y e r s  underneath t h e  cloud tops. I n  a d d i t i o n ,  condensation and 

evapora t ion  r 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 roposphere and coo l  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 system. By c o n t r a s t ,  t h e  upper l e v e l s  of t h e  surrounding cloud- 

f r e e  reg ions  are n o t  a b l e  t o  i n h i b i t  I R  energy l o s s e s  from lower l aye r s .  

Cloud-free a r e a s  r a d i a t i v e l y  coo l  through I R  energy l o s s  a t  r a t e s  

s i g n i f i c a n t l y  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 h e  d is turbance  

underneath t h e  cloud sh i e ld .  The s o l a r  absorp t ion  of energy i s  a l s o  

g r e a t l y  a l t e r e d  by the  presence o r  absence of cloud s h i e l d s .  Solar  

energy a c t s  t o  i nc rease  t h e  temperature of t h e  cloud-free a r e a s  
1. 

throughout t h e  t roposphere,  b u t  i n  d i s tu rbance  reg ions  wi th  t h i c k  

layered  clouds 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 cloud decks. A t  t h e  same time t h e  surrounding c l e a r  o r  p a r t l y  

cloudy reg ions  do not  undergo s i g n i f i c a n t  temperature change from 

condensation and evaporat ion.  

The h e a t  balance is  thus  q u i t e  d i f f e r e n t  i n  t h e  two r e g i ~ n s .  I n  

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  thermodynami 

t i o n  may be w r i t t e n  as 

Local Change Hor izonta l  Subsidence Radia t ive  
of Temperature Advection Warming Cooling 



WESTERN PACIFIC CLOUD CLUSTER 

Fig.  1. Cornposited morning vs .  evening cloud c l u s t e r  divergence 
p r o f i l e s  (Ruprecht and Gray, 1976) f o r  t h e  a r e a  wi th in  3 of 
t h e  cen te r  of t he  cloud c l u s t e r .  

wherl w i s  t h e  v e r t i c a l  p-veloci ty  and T I' a r e  t h e  dry and a c t u a l  
d y  a 

l a p s e  r a t e s .  

I n  t h e  cloud c l u s t e r  t h e  h e a t  balance i s  defined a s  

where 

F igure  2a p o r t r a y s  our e s t ima te  of t y p i c a l  day and n i g h t  r a t e s  

of combined r a d i a t i o n  and convection temperature change wi th in  the  

t r o p i c a l  weather system. Also shown is  t h e  surrounding cloud-free 



area  day and night  r ad ia t iona l  cooling. This f igure  was deriv4d from 

empirical s tud ies  of observed temperature change and from discussions 

with S. Cox and from h i s  groups' r ad ia t ion  s tud ies  (Cox, 1969a, b y  1971 

a ,  b; Fleming and Cox, 1974; Albrecht and Cox, 1975; Cox and G r i f f i t h ,  

1978). The t r o p i c a l  disturbance 's  surrounding c lea r  o r  p a r t l y  cloudy 

regions rad ia t ive ly  l o s e  about twice a s  much energy a t  n ight  a s  during 

the day. This r ad ia t ion  (Q ) i s  the  only d iaba t i c  energy source of the  
R 

surrounding region and is  balanced by subsidence warming. I n  the wea- 

the r  system the  s i t u a t i o n  i s  more complicated. Besides rad ia t ion ,  

d iaba t i c  energy sources of condensation (c) and evaporation (e) a r e  

a l s o  act ing.  I n  conventional nota t ion the  convective heating r a t e ,  

I - 
w i s  the  v e r t i c a l  p-velocity averaged over the  s c a l e  a t  which measure- 

ments a r e  taken, and w ' ,  T' a r e  deviat ions of v e r t i c a l  ve loc i ty  and 

temperature from t h e  measurement s c a l e  average. I n  an a c t i v e  t r o p i c a l  

weather system the terms on the r i g h t  of Eq. 4 have no physical  meaning 

s ince  the  upward motion i s  moist adiabat ic ,  taking place i n  a c t i v e  

cumulus clouds. Gray (1973) demonstrated t h a t  the  ac tua l  v e r t i c a l  

motion within an ac t ive  convective disturbance cons i s t s  of a lery la rge  

magnitude sub-synoptic or  l o c a l  up- and down-circulation, which i s  not 

resolved by mean or  synoptic s c a l e  flow pa t t e rns .  Thus, the re  i s  no 

synoptic s c a l e  adiabat ic  cooling o ( rd  - ra) ac tua l ly  taking place. 

For t h i s  reason t h e  l o c a l  heat  balance of the  c l u s t e r  has been wri t ten  
I 

a s  i n  Eq. 2. 



Observed temperature changes i n  t r o p i c a l  weather systems ind ica te  

t h a t  24-h v e r t i c a l l y  in tegra ted  averages of Qdis a r e  about zero. 

Q~onvec t ion  c losely  balances QR. I n  the surrounding c lea r  regions,  

however, the rad ia t iona l  cooling (Q ) i s  always negative. This causes R 

heating r a t e  d i f ferences  between the disturbance and i ts  surroundings 

which a r e  about twice a s  l a rge  a t  night  a s  during the  day. These day 

vs .  night  d iaba t i c  forcing  difference^ a r e  believed responsible f o r  the  

obse&ed divergence di f ferences  . 
It is  proposed t h a t  the d iu rna l ly  varying radiative-convection 

heating di f ferences  between disturbances and t h e i r  surroundings cause 
I ; <  7' 

changes i n  the  inward-outward disturbance pressure gradients .  Due t o  

the  low value of the  Cor io l is  parameter a t  t r o p i c a l  l a t i t u d e s ,  the  

I . - < < > r ' - , -  ' -  - , - - 
divergent and r o t a t i o n a l  components of the  wind f i e l d  do not  change 

concomitantly. The lack of close wind-pressure balance produces s igni -  

f i c a n t  ageostrophic flow, which diurnal ly  modulates the  observed con- 

vergence f i e l d s .  . .  - x .  

It is observed t h a t  disturbance temperature v a r i e s  very l i t t l e  

a s  a function of the amount of cumulus convection. Convection causes 

small r i s e s  i n  the  upper tropospheric temperature and small decreases 

i n  the lower tropospheric temperature. Day-night va r ia t ions  of dis-  

turbance rad ia t ion  cause l a rge r  temperature va r ia t ion  than do diurnal  

va r ia t ions  i n  condensation. This is  p a r t i c u l a r l y  t r u e  i n  the  upper 

troposphere where s o l a r  absorption causes upper tropospheric warming 

and enhanced nighttime c ~ o l i n g  i n  comparison with the disturbance 
)I. I I 1 .in: . I , :  I 

surrounding region. This causes day vs.  n ight  d i f ferences  i n  upper 

tropospheric Qdis a s  indicated i n  Fig. 2a which a r e  only very weakly 

a function of day-night d i f ferences  i n  the  disturbance convection. 
. - 7  < : .  - I I _  :,, , I I - t ,  , I , '  



OC/day OC / day 
D AY (a> NIGHT 

-_-I----- -----. 80mb 

- MORNING 

(b (I: 

Fig. 2a-b. (a) Estimated typ ica l  day and night  rates of r ad ' a t ion  and 
condensation temperature change within a t r o p i c a l  disturbance 
and its surroundings. Qdis represents  the  n e t  r a  i a t ive -  
convective heating r a t e  i n  t h e  disturbance (Eq. 2 . QR 
i s  the  n e t  r ad ia t ive  heating r a t e  i n  t h e  surround'ng c lea r  

c i rcula t ion.  

I 
or  mostly c lea r  region. (b) Slope of pressure surfaces  
forced by the  heating di f ferences  i n  Fig. 2a. 
the  arrows a r e  proport ional  t o  the  s t rength  of 



Thus, the disturbance minus surrounding region d iaba t i c  energy di f ferences  

(Qdis 
' - QR) a r e  l a rge ly  driven by rad ia t ion  and have a two t o  one night  

vs. day va r ia t ion .  This assessment has been w e l l  documented by the  

research p ro jec t  of W. M. Gray i n  repor t s  by Jacobson and Gray (1976), 

Fol tz  (1976), Frank (1978), Grube (1978) and McBride and Gray (1978). 

The atmosphere surrounding the organized t r o p i c a l  disturbance ad- 

j u s t s  t o  i t s  l a rge  rad ia t iona l  cooling a t  night  through ex t ra  subsidence. 

This ex t ra  nighttime subsidence increases low-level convergence i n t o  the 

adjacent  cloud regions. During the  day s o l a r  heating reduces tropospheric 

r ad ia t ion  loss .  Clear region subsidence warming and cloud region low- 

I - 
l e v e l  convergence a r e  subs tan t i a l ly  reduced. 

I I A ~  upper l e v e l s  the  cloud region c i r r u s  sh ie lds  rad ia t iona l ly  cool 

more a t  night  and l e s s  during the  day than t h e i r  surrounding cloud- 

f r e e  ' regions.  This a c t s  i n  a complementary fashion with conditions a t  

lower l e v e l s  t o  a l t e r  the cloud region and surrounding a rea  pressure 

, 1 1 1  
slopes and convergence p rof i l e s .  This condition r e s u l t s  i n  more con- 

vergence occurring i n  the  morning and less i n  the  afternoon-evening. 

The convergence cycle typ ica l ly  follows the  r a d i a t i o n a l  forcing with a 

t i m e  lag  of 3-6h. 

Figure 2b shows the hypothesized slope of pressure surfaces  from 

the disturbance t o  i t s  surroundings resu l t ing  from these rad ia t iona l  

d i f f f rences .  Note t h a t  the  daytime s o l a r  warming of the upper dis-  

turbance cloud l ayers  produces an ex t ra  downward bulging of the  middle 

tropospheric disturbance pressure surfaces  i n  comparison with nighttime 

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

vergence and a reduction a t  night .  A t  lower l eve l s  the  s i t u a t i o n  is  

reversed. Daytime s o l a r  warming of t h e  region around the  disturbance 



- I 
causes a reduction of the  low-level surrounding-disturbance pr  

. I  
g radients  and a consequent reduction of the  daytime disturbance inflow 

a s  compared t o  the  inflow a t  night .  

This hypothesis has been extensively discussed i n  the repor t s  of 

Gray and Jacobson (1977) and McBride and Gray (1978). Fingerhut (1978) 

has recent ly  perform~d n-rical experiments on a steady s t a t e  t r o p i c a l  

cloud c l u s t e r  t o  t e s t  t h i s  radiation-convective hypothesis. The diurnal  

modulation of tropospheric r ad ia t ion  (shortwave plus longwave) p r o f i l e s  

by a high c i r r u s  layer  was shown t o  produce day vs. n ight  divergence 

p r o f i l e  d i f ferences  s imi lar  t o  the  observations. Tropospheric energy 

budget s tud ies  (Foltz,  1976) have a l s o  shown t h a t  the  s ing le  cycle 

observed d iu rna l  subsidence waning  p r o f i l e  (morning maximum, evening 

minimum) is  required t o  simultaneously balance the  observed d iu rna l  

temperature changes with t h e  expected r a d i a t i o n a l  cooling prc les. 

The present  study was undertaken t o  f u r t h e r  inves t iga te  the  

expected d iu rna l  va r ia t ions  i n  the  GATE region. The - GARP - Atlan t i c  

Tropicalgxperiment (GATE) has made ava i l ab le  f o r  the  f i r s t  time a l a rge  - 

set of upper a i r  observations t h a t  have made i t  poss ib le  t o  observe 

d iurnal  va r ia t ions  on a 3 t o  6 hour bas i s .  It a l s o  has a r e l a t i v e l y  

long (60 days) durat ion of data col lec t ion.  Thus, i t  is poss ib le  t o  

more accurately describe the  d iu rna l  v a r i a b i l i t y  of the  t rop iqa l  

atmosphere with the  GATE da ta  s e t  than with any other informa- 

t ion.  I n  addi t ion ,  t h e  excel lent  s p a c i a l  resolut ion of the GATE data 
, .& 

has made it poss ib le  t o  f u r t h e r  inves t iga te  the  nature  of the ie  observed 

d iu rna l  va r ia t ions  by computing d iu rna l  moisture and energy budgets. 

From these budgets, r a d i a t i o n a l  cooling p r o f i l e s  w i l l  be diagnosed a s  a 

r es idua l  i n  order t o  examine the  r e l a t i v e  r o l e  of r ad ia t ion  a s  a forcing 

mechanism f o r  the  d iurnal  o s c i l l a t i o n  of GATE region convergence. 



J u l i a n  Day 

TABLE 3 

Suppressed Days 

Date A/B,  B,  C R a i n f a l l  Number of Ships Report- 

- i n g  > Trace Rain 

- - 13 .. ; ! $ 5 . ) i , ? r d  
Ju ly  5 11 mm 

1 1  1 li 1 

<* ' , ' !!4 L :, 3 ;  fi ', ;: 
J u l y  9 24 mm 

!PC. ,4 > ' . !  [ - ,., . > 3  . : i,.:l-[i,,. 

J u l y  16 6 ram'‘' 
" ' i; , , , I f . ,  ., : JJ,, * , : b , ~. . i3 .  i , . ;  

Aug. 4 25 mm 
. .  - . - , .  J !  . , , I '  , -; ;, *;:3i,;i . . i  ' 1  ' [I:; E t.O::, '. 11.: 

Aug. 14 6 mm 

: L I !j[[, , :. ,;:! b A it:il* : . -,.:* s,, f ~ ~ ; l  ;:&.-i 
Aug. 15  3 mm 

Aug. 31 

; 244 Sept.  1 , ,- , 8 1 m  t #: r~ i 4 

Sept. 7 24 mm 2 A , . .  . , r i i  ',; 9 
- 

I J ~  -.SJ I 3  ' 9d3 Zr3 4 d t*,9 r!i 'J 

I n  t h i s  s tudy  an a l t e r n a t i v e  approach is taken. In s t ead  of as- 

suming t h e  r a d i a t i v e  cool ing p r o f i l e ,  i t  w i l l  be  ca l cu la t ed  as a 

r e s i d u a l .  It is  be l ieved  t h a t  t h e  GATE A/B s c a l e  d a t a  has  h igh  enough 

' f 
time and s p a c i a l  r e s o l u t i o n  t o  n o t  only determine t h e  la rge-sca le  h e a t  

and mois ture  sources ,  h u t  a l s o  t o  a l low an  e s t ima t ion  of t h e  p a r t i -  
l . T,2s !. >zfi., -,;~,,-,2krj Z ' T L ~ : \  -1 *I i dl 

t i on ing  of t he  condensation minus evaporat ion (c-e) term of t h e  mois- 

t u r e  budget i n  t he  v e r t i c a l  wi th  a  c lo su re  assumption ~f a $imgle 
5' 1 t ;'do :J 1 3 n . 1 :  

cloud model. The r a d i a t i v e  cool ing term is  then solved a s  a i e s i d u a l .  
- 1 . 1  

1 
" \ ,  Z , , L  .,;a ' 

A '3251' . ) ! L") !1;1 ;\ \ ; , . ' - 1 f g  - [ , r r t q )  JZ, j 



3. RESULTS 

>. T '  , .[ 3 .I 

The diurnal variability of the GATE atmosphere is documentkd with - 
vertical profiles of A/B scale divergences, B-scale temperatures, and 

A/B scale energy and moisture budgets. These diurnal changes are com- 

pared with oceanic tropical data from the Western Pacific and the West- 
m ?! 

ern Atlantic. Radiational cooling is calculated as a residual from 

the moisture and energy budgets. Calculations are compared with the 

radiation estimated by Cox and Griffith (1978) for Phase 111. 

3.1 Divergence Profiles 

Average A/B scale divergence for the three GATE weather ciasses 

are presented in Fig. 4. The similarity of the GATE average and the 

enhanced cases indicates the convective character of the GATE A/B 
.: .- 4 . 

array within the ITCZ region. All three composites show low level 

convergence characteristic of a summertime ITCZ circulation. Above 
p I *  ' I '  i ~ r i v f i \ ,  , r .  

' t  It 
850 mb, however, divergence of the GATE average and enhanced cases is 

i i  I 

quite different from the suppressed case. 
f: . T .  % a  i . I 

The enhanced and GATE average cases show mid-level divergence 
i ! ln-: I between 800 and 400 mb. This divergence layer has appeared co sls- 

tently in other GATE studies also, at the level of the low level easterly 
.I. > f  5 2 F - ,  

-- 
1 

jet (Reed et a1. , 1977; Nitta, 1977 ) . There is a ~hallbwJ~a$e; of con- 
vergence at 400 mb with the major outflow at 200 mb to 300 mb vrodilced 

by the topping out of cumulonimbus towers. 

The suppressed case also indicates mid-level divergence, from 900 

mb to 400 mb. However, this layer has two peaks, one at 850 mb com- 

prised of air from the boundary layer convergence, and one at 500 mb 

where air from the strong convergence aloft is diverging. 



2. METHOD 

.1 Data 

The i n t e r n a t i o n a l l y  va l ida t ed  rawinsonde observa t ions  provided 

2 by CEDDA (May, 1976) from the  GATE A/B-scale and B-scale s h i p s  (Fig. 

3) a r e  t h e  primary da t a  source.  Observations were taken a t  i n t e r v a l s  

of 3-6 hours  during each of t h e  t h r e e  phases of GATE i n  t h e  summer 

of 1974 o f f  t h e  west coas t  of Afr ica .  These t h r e e  phases a r e :  

Phase I 

Phase I1 

Phase 111 

J u l i a n  Date 

179-197 

209-227 

Calendar Date 

June 28-July 1 6  

J u l y  28-August 15 

August 30-September 19 

Standard wind and thermodynamic observa t ions  a r e  a v a i l a b l e  every 

5 mb i n  t h e  v e r t i c a l .  CEDDA has  f lagged d a t a  from each sounding which 

appears  t o  be  i n  e r r o r .  A l l  such d a t a  have been discarded.  Wind d a t a  

have been averaged over 25 mb and t h e  thermodynamic d a t a  have been used 

d i r L c t l y  from t h e  d a t a  tapes.  ' :* 1 t ; t  ' ,?lL. , 

1 A number of problems with the  rawinsonde d a t a  have been documented, 

howbver. These b i a s e s  and inaccurac ies  a r e  discussed more f u l l y  i n  

~ ~ ~ b n d i x  A ,  but  t h e  two primary problems are t h e  l a r g e  amount of h igh  

fre'quency no i se  i n  t h e  B-scale (U.S.) winds and t h e  s o l i r '  iA1diation 

co r r ec t ion  appl ied  t o  t h e  USSR (A/B-scale) sonde measured temperatures.  

Due t o  t h e  g r e a t  s e n s i t i v i t y  of t he  budgets t o  the  wind f i e l d  t hese  

problems have d i c t a t e d  t h a t  energy and moisture budgets be  computed 

with AIB-scale winds only. Also, only B-scale temperature and humidity 

r r c  r / ' 

da ta  w i l l  be used f o r  t he  s to rage  fehs  i n  t h e  energy and moisture 

budgets.  c 3 )  I C  

2 
Center f o r  Experiment Design and Data Analysis.  

9 + , . I  <,><I 1 ,  I f - ,  4=,5.ff1 
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Fig. 3. The GATE ship  array.  

A composite r a the r  than a case study approach has been chosen. 1 

composite study can reveal  the  c h a r a c t e r i s t i c s  which a r e  common t o  a 

number of meteorological conditions r a t h e r  than individual  c B S  1 di f fe r -  

ences and can bes t  i s o l a t e  t h e  t r u e  d iurnal  va r ia t ions  which a r e  

occurring. Data have been cornposited by ship  posi t ion ,  and then aver- 

aged t o  form A/B-scale values. It has been v e r i f i e d  t h a t  these  r e s u l t s  

a r e  the  same a s  making ca lcula t ions  a t  individual  t i m e s  and th+n 

averaging . I 
Diurnal analyses have been made f o r  th ree  d i f fe ren t  GATE convec- 

I' 
t i v e  regimes. These are :  

1) the  GATE 60-day average, 

2) t en  of GATE's most convectively enhanced days, and 

3) nine of GATE's most convectively suppressed days. 

These a r e  summarized i n  Table 1. 



TABLE 1 

Summary of Data Sets  

1) GATE Average: 

. - - GATE Average 
Diurnal Case: 

A l l  soundings from GATE composited by ship  
posi t ion.  

A l l  soundings from GATE composited by indivi-  
dual  t i m e  periods and by ship posi t ion .  

2) Suppressed and Selected individual  days (data from 002-212 
Enhanced Cases: on each day) composited t o  form an average, 

then recomposited i n t o  0000, 0300, e t c .  time 
periods.  

?I!' 

The GATE average case includes a l l  soundings a t  00 Greenwich 

Mean Time (Z), 062, 122 and 182 ( these  a r e  2230 LT, 0430 LT, 1030 LT 

and 1630 LT) from a l l  three  phases of GATE. The convectively enhance0 

case i s  composed of ten  of the  r a i n i e s t  days i n  GATE (Table 2) a s  

q u a l i t a t i v e l y  determined by r a i n f a l l  from a l l  the  ship gauges, s a t e l l i t e  

p ic tu res  and the B-array radar data.  Visual radar data  from the  Ocean- 

ographer and Researcher were viewed t o  determine - - .  i f  the convection was 

' I 1  , *  
approxrmately centered on the A/B-array. The convectively suppressed 

cases were determined i n  a s imi la r  manner (Table 3). Visual radar was 

checked t o  determine whether t h e  day was inac t ive  or  i f  the con- 

veL.,on had j-t missed the  ship  r a i n  gauges. , , . ,iU; 

TEe enhanced and suppressed days a r e  not purely enhanced or  sup- 

pressed, however. Rarely is  an e n t i r e  day i n  t h e  t rop ics  convectively 

a c t i v e  a s  f a r  a s  r a i n f a l l  i s  concerned (Henry, 1974). But, so a s  not 

i;.;i ; ' +  . 
t o  b i a s  the  p a r t i c u l a r  case towards any one t i m e  period,  complete 

- 41; days from 00Z t o  212 were c l a s s i f i e d  and compo&&$ f p f , g r 1 ~ s t s ; ~  
- --- 



Enhanced Days 

J u l i a n  Day Date A/B + B + C Ship Rain 
- 

188 .I . I Ju ly  7 342 mm 

195 J u l y  14 

222 Aug. 10 

245 Sept.  2 

A/B,  B ,  C Ships wlover 
50 mm r a in lday  

Meteor (73 mm) 
Oceanographer (147 mm) 
e I : < "  . . ,  1 
Oceanographer (61 mm) 
Vanguard (58 mm) 
Researcher (122 mm) 

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

111 mm Priboy (58 nm) 

Plane t  (47 m d  
Krenkel (64 mm) 

248 Sept.  5 . 192 mm G i l l i s  (47 mm) 
, I  ', ' I f .  1: 1. I .  I . 

255 Sept.  12 278 mm Da l l a s  (98 mm) 
Fay (83 mm) I 

256 Sept. 1 3  450 mm Quadra (107 mm) 
Okean (52 mm) 

. .  L * I  I! / ~ , r l  1 - - Vanguard (66 mm) 

Y i 2 , s  
Dallas (71 mm) 

1 I ' , f  ,* i .  F Fay (85 mml 

' - 1 .  ,+ 
257 Sept. 14  322 mm ! '  ., i L i  Meteor (68 mm) 

Sept. 16 221 mm Researcher (65 mm) 

2.2 Moisture and Energy Budgets ! 

The most popular method of determining t h e  bulk 

e f f e c t  of clouds on t h e  l a r g e  s c a l e  environment has  been t h a t o f  Yanai 

et  a l .  (1973), where t h e  l a r g e  s c a l e  energy source and moisture s i n k  i s  -- 
measured and then a cloud model is  employed t o  determine t h e  changes 

i n  energy and molsture due t o  cumulus entrainment ,  condensation, evapor- 

a t i o n  and detrainment.  An assumed r a d i a t i v e  cool ing p r o f i l e  has  been 

I 
used i n  t h i s  approach. 
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I 
Fig.  4.  A/B-scale divergence profi les  for the a l l  GATE average, 

suppressed average and enhanced average cases. 
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The GATE average and enhanced case divergence profiles show a 

large diurnal variation as indicated in Figs. 5 and 6. Note that: 

1) Low level convergence follows a single cycle; maximum at 122 
minimum at 00Z. 

2) Divergence from 500 m3 to 300 mb is a maximum during the hours 
of greatest low level convergence, 06Z and 122. 

3) From 350 mb to 450 mb convergence is present during the late 
afternoon and night while divergence is present in the early 
morning hours. 

4 )  Upper level outflow is greatest and extends through the deep- 
est layer in the late morning to late afternoon hours, 122 to 
182. 

This cycle of divergence produces a large oscillation in the ver- 

tical motion profiles (Figs. 7 and 8). The maximum upward motion occurs 

in the early afternoon (152) and is twice the minimum value occurring 

at 00Z. The profiles indicate that while the low level convergence is 

a maximum between 0430 LT and 1030 LT (Figs. 5 and 6), large cumulonim- 

bus clouds, as evidenced by large upper level vertical motion, do not 

I. 
respond until three to six hours later. Why the deep convection lags 

the low level convergence forcing will be discussed in conjunction with 

the moisture budgets. 

Diurnally, the suppressed case (Fig. 9 ) has some similarities with 

the GATE average and enhanced case profiles. Low level convergence 

characteristic of the ITCZ region follows a single cycle and reaches 

a maximum at 1030 LT. Upward vertical motion of 40 mb/day occurs at 

900 mb with upward motion extending to 250 mb. But while upper level 

subsidence is present only in the evening and night in the other two 

cases, subsidence is present at all times during the suppressed case 

(Fig. 10) with a progression as follows: 
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Fig. 5. Diurnal  A/B-scale divergence p r o f i l e s  f o r  t he  a l l  GATE case.  
For l o c a l  time s u b t r a c t  1% hours from Z time. 
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Eig. 6. Diurnal  A/B-scale divergence p r o f i l e s  f o r  t h e  enhanced case.  
For l o c a l  t i m e  s u b t r a c t  1% hours from Z time. 
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Fig. 7. Diurnal A/B-scale v e r t i c a l  motion fo r  the  a l l  GATE case. For 
1, loca l  time subtract  1% hours from Z time. 

Fig. 8. Diurnal A/B-scale v e r t i c a l  motion fo r  the  enhanced case. For 
l oca l  time subtract  1% hours from Z time. 



SUPPRESSED 00Z 
DIVERGENCE 

SUPPRESSED 122 
DIVERGENCE 

SUPPRESSED 0 6 Z  
DIVERGENCE 

SUPPRESSED 182 
DIVERGENCE 

Fig. 9. Diurnal A/B-scale divergence profiles for the suppressed case. 
For local time subtract 1% hours from Z time. 
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Fig. 10. Diurnal  A/B-scale v e r t i c a l  motion f o r  t h e  suppressed case.  
For l o c a l  time su.btract  1% hours  from Z t i m e .  

1) Weakest subsidence i s  p re sen t  i n  t h e  morning during t h e  t i m e  
of g r e a t e s t  upward motion. 

2 )  A deep l a y e r  of subsidence i s  e s t ab l i shed  a t  1630 LT. 

l3) A deep but weaker l a y e r  of subsidence cont inues i n t o  t h e  
night t ime.  

4 )  Subsidence s t rengthens  and extends through a deeper l aye r  from 
0130 LT t o  0430 LT. 

So, f o r  t h e  suppressed case ,  t h e  upper l a y e r s  appear t o  be respond- 

ing  t o  r a d i a t i o n a l  forc ing .  Stronger  n ight t ime r a d i a t i v e  cool ing i n  

convect ively suppressed reg ions  than i n  enhanced reg ions  w i l l  l i k e l y  

cause a s t ronge r  subsidence t o  occur by e a r l y  morning i n  t h e  suppressed 

regibns such as has been numerical ly  modeled by Fingerhut  (1978) and 

such a s  is observed with the  GATE suppressed cases .  Such morning 



subsidence maxima have a l s o  been measured a t  many g loba l  l o c a t i o n s  by 

F o l t z  (1976). The subsidence from 1630 LT t o  1930 LT is  l i k e l y  a r e s u l t  

of t h e  r e t u r n  f low from t h e  reg ions  of enhanced convection. The sup- 

pressed case  boundary l a y e r ,  however, i n d i c a t e s  t h e  same d i u r n a l  fo rc ing  

a s  t h e  o t h e r  two convective regimes. Convergence i s  always p re sen t  

wi th  t h e  maximum occurr ing i n  t he  morning, as wi th  , the enhanced and GATE 

average cases.  This s i m i l a r i t y  of boundary l aye r  d i u r n a l  convergence i s  

a n , i n d i c a t i o n  t h a t  t h e  e n t i r e  ITCZ region  is  d i u r n a l l y  puls ing.  This 

d i u r n a l  pu l sa t ion  wi th in  t h e  GATE a r r a y  occurs i n  condi t ions  of both 

enhanced and suppressed convection. 

A s  previously d iscussed ,  a similar cyc le  of d i u r n a l  divergence 

has  been repor ted  i n  o the r  t r o p i c a l  oceanic  regions.  McBri.de and Gray 

(1978) have averaged wind r e p o r t s  around s a t e l l i t e  t racked cloud 

c l u s t e r s ,  pre-typhoon c l u s t e r s ,  t r o p i c a l  storms and e a s t e r l y  waves 

which a l l  show the  morning maximum i n  low l e v e l  convergence and upper 

l e v e l  outflow (Fig. l l a -b) .  The GATE region  is  thus not  unique when 

t h e  morning vs .  night t ime divergence p r o f i l e s  of convect ively enhanced 

reg ions  a r e  examined. But t h e  increased  time r e s o l u t i o n  of t h e  GATE 

d a t a  i n d i c a t e s  t h a t  t h e  primary maximum i n  upper l e v e l  outflow i n  GATE 

i s  during t h e  e a r l y  a f te rnoon f o r  t h e  enhanced and a l l  GATE average 

cases  r a t h e r  than i n  t he  morning a s  i n  these  western ocean weather sys- 

tems. This  observa t ion  is cons i s t en t  wi th  GATE convective clopd cover 

s t u d i e s  (McGarry and Reed, 1978) and r a i n f a l l  s t u d i e s  (Hudlow, 1977). 

These show t h a t  t h e  time of maximum c i r r u s  cloud coverage and I 
r a i n f a l l  i s  between 1300 LT and 1500 LT. So, while  GATE does have the  

same s t rong  s i n g l e  cyc le  o s c i l l a t i o n  of low l e v e l  fo rc ing ,  t h e  deep 

convection i s  delayed a few hours when compared t o  o t h e r  reg ions .  
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WESTERN ATLANTIC DIVERGENCE 

Fig. lla-b. a) Morning vs. nighttime divergence profiles for Western 
Pacific cloud clusters, pretyphoon clusters, and tropical 
storms (from McBride and Gray, 1978). b) Morning vs. 
nighttime divergence profiles for Western Atlantic cloud 
clusters, easterly waves and tropical storms (from McBride 
and Gray, 1978). 



The o t h e r  d i f f e r e n c e  between GATE and t h e  western oceanic  reg ions  

i s  t h e  presence of a d i u r n a l  cyc l e  of low l e v e l  fo rc ing  i n  t h e  GATE 

suppressed case ,  s i m i l a r  t o  t h e  enhanced case.  This  has  no t  been ob- 

served i n  t h e  West P a c i f i c  a s  seen i n  Fig. 12,  o r  West A t l a n t i c  a r e a s  

where more low l e v e l  subsidence occurs  i n  t h e  morning. A s  was e a r l i e r  
0 

noted,  t h i s  seems t o  i n d i c a t e  t h a t  t he  e n t i r e  low l e v e l  monsook trough 

c i r c u l a t i o n  is  puls ing  d i u r n a l l y  and independent of t h e  amount of r a i n  

f a l l i n g .  This  pu ls ing  has  a l s o  been documented by McBride and Gray (1978) 

when they analyzed t h e  d i u r n a l  v a r i a b i l i t y  of e a s t e r l y  waves i n  GATE. 

Although t h e r e  i s  upward motion throughout most of t he  atmosphere i n  t he  

GATE wave r i d g e s  (Fig. 13 ) ,  t h e  boundary l a y e r  has  a d i u r n a l  o s c i l l a t i o n  

s i m i l a r  t o  t h a t  of t he  suppressed cases .  F r i c t i o n a l l y  induced convergence 

cannot f o r c e  t h i s  d i u r n a l  o s c i l l a t i o n ,  a s  GATE boundary l aye r  v o r t i c i t y  

i s  much smal le r  than t h e  convergence, and i t  does no t  reach a maximum 

u n t i l  9 t o  12 hours  a f t e r  t h e  convergence (Table 4) .  Indeed, t he  boundary 

l aye r  convergence and v o r t i c i t y  a r e  even out  of phase wi th  each o the r .  

Thus, f r i c t i o n a l l y  induced convergence cannot exp la in  t h e  magnitude 

of t he  observed divergence o r  t h e  observed d i u r n a l  cycle .  

3 . 2  Diurnal  Temperature Changes 

The d i u r n a l  range of l a y e r  average temperatures i n  GATE is  por- 

t rayed i n  Fig.  14. The dominant f e a t u r e  i n  each curve i s  t h e  r i s e  i n  
I 

temperature before  s h o r t  wave r a d i a t i o n a l  hea t ing  is p resen t  dr  very 

s t rong .  I n  t h i s  r e spec t ,  GATE is  l i k e  o the r  oceanic  t r o p i c a l  regions.  

F o l t z  (1976) has  a l s o  documented a c o n s i s t e n t  rise i n  column averaged 

temperatures i n  t he  morning hours  t h a t  could no t  b e  accounted f o r  by 

r a d i a t i o n  processes .  F o l t z  hypothesized t h a t  i n  order  t o  account f o r  

t h e  observed temperature changes enhanced morning subsidence must be  



Fig .  12.  Morning 
P a c i f i c  
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vs .  n igh t t ime  v e r t i c a l  motion p r o f i l e s  f o r  
c l e a r  a r e a s  (from McBride and Gray, 1978).  
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Fig.  13. D iu rna l  A/B-vertical  motion p r o f i l e s  f o r  GATE e a s t e r l y  wave 
I r i d g e  (McBride and Gray, 1978). 



TABLE 4 

-6 -1 I 
Diurnal  900 mb divergence vs .  v o r t i c i t y  (10 s e c  ) enhanced average 

case. 

OOZ 032 06Z 09Z - - - - 122 - 
Divergence -8.0 -7.9 -7.6 -12.1 

V o r t i c i t y  -1.2 -2.2 0 1.5 4.5 2.2 6.4 10.7 

occurr ing.  Since the  warming r a t e s  he observed l eve l ed  of f  i n  t he  

e a r l y  a f te rnoon,  i t  appears  t h a t  t ropospher ic  subsidence must a l s o  have 

a d i u r n a l  cyc le ,  i . e .  l a r g e  i n  t he  morning hours and smal l  i n  t he  a f t e r -  

noon and e a r l y  evening. Thus, a t  n igh t  t he  t roposphere appears  t o  cool  

t o  a po in t  where a subsidence response s e t s  i n .  The t ropospher ic  tem- 

pe ra tu re  then begins t o  i nc rease  before  s o l a r  hea t ing  becomes a f a c t o r .  

These temperature and subsidence d i u r n a l  cyc les  a r e  what is  observed 

i n  GATE. Diurnal  p r o f i l e s  of w i n  t he  enhanced and suppressed cases  

(Figs.  8 and 10) i n d i c a t e  t h a t  subsidence i s  occurr ing i n  t h e  e a r l y  

morning hours (032 t o  O9Z) when the  temperature is  observed t o  r i s e .  

Note t h a t  t h i s  e x t r a  subsidence a t  n igh t  w i l l  be  more pronounced i n  

convect ively suppressed a r e a s  due t o  t he  l a r g e r  r a d i a t i o n a l  cool ing 

under a c l e a r  sky (Fleming and Cox, 1974). This  should inc rease  the 

mass convergence i n t o  a convect ively enhanced reg ion  i n  t he  morning 

and produce a r a i n f a l l  maximum a t  t h a t  time. 1 
Thus, t h e  d i u r n a l  cyc le  of temperature i n  t he  GATE region  a l s o  

appears t o  support  the  argument t h a t  d i u r n a l  r a d i a t i o n a l  fo rc ing  is  a 

dominant t ropospher ic  d r iv ing  mechanism. 
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Fig. 14. Diurnal layer averaged temperature deviations from the mean 
temperature for the all GATE, enhanced and suppressed cases. 



3 . 3  V e r t i c a l l y  In t eg ra t ed  Budget Computations 

Following Yanai -- e t  a l .  (1973) t h e  equat ions f o r  hea t  energ? and 

moisture con t inu i ty  f o r  a  l a r g e  s c a l e  a r e a ,  conta in ing  an  ensemble of 

clouds which occupy only a  f r a c t i o n  of t h e  a r e a  a r e :  

where apparent  h e a t  source 

apparent  moisture s i n k  

dry  s t a t i c  energy 

s p e c i f i c  humidity 

r a d i a t i o n  hea t ing  r a t e  

h o r i z o n t a l  wind 

v e r t i c a l  p  - v e l o c i t y  

l a t e n t  h e a t  of condensation 

condensation r a t e  per  u n i t  mass 

evaporat ion r a t e  per  u n i t  mass. 

LA 
Averages are computed over t h e  h o r i z o n t a l  exte%f%of t h e  A/&array and 

dev ia t ions  a r e  taken from t h i s  h o r i z o n t a l  avgrage. The terms on the  

l e f t  s i d e  of both Eqs. 5 and 6 a r e  t he  loca ldchange  {Ar s to rage )  term, 

t he  t o t a l  h o r i z o n t a l  convergence term, and the  mean v e r t i c a l  dipeyoence 
I 

term. The terms on the  r i g h t  s i d e  of Eq. 5 a r e  t h e  hea t ing  du 

r a d i a t i o n ,  t h e  r e l e a s e  of l a t e n t  h e a t  by n e t  condensation, and t h e  

v e r t i c a l  convergence of t he  v e r t i c a l  eddy t r a n s p o r t  of s e n s i b l e  hea t .  

The r i g h t  s i d e  of Eq. 6 i s  t h e  measure of t he  apparent  moisture s i n k  

cons i s t i ng  of t he  n e t  condensation and v e r t i c a l  divergence of the v e r t i -  

c a l  eddy t r anspor t  of moisture.  



When Eq .  5 and 6 a r e  v e r t i c a l l y  i n t e g r a t e d  from t h e  su r f ace  (ps) 

t o  100 mb they reduce to :  

L = l a t e n t  hea t  of condensation 

Po 
= p r e c i p i t a t i o n  r a t e  a t  t h e  su r f ace  

E = evaporat ion r a t e  a t  t h e  s u r f a c e  
0 

S = s e n s i b l e  hea t  f l u x  f rom ' the  su r f ace  (assumed 
0 

t o  be 0 .1  of Eo) 

Computational Procedures. ~ o & u t a t i o n a l  procedures a r e  a s  fol lows : 

1)  Terms (a) and (b) of Eq. 8 a r e  d i r e c t l y  determined from t h e  

q n l  
GATE AIB-array rawinsonde da ta .  Term (d) can be evaluated 

dy rs from the  bulk-aerodynamic formula : 



where 1.3 x 

surface air density 

s 
= saturation specific humidity at sea surface 

temperature 

qa 
= specific humidity 10 m level 

I v0 I = wind at 10 m level 

P can thus be determined as a residual. 
0 

2) P can be substituted into term (d) of Eq. 7 and with the 
0 I 
knowledge of terms (a) and (b) from the rawinsonde dala, and 

term (e) from the assumption of the Bowen ratio (0.1), term 

(c), or the vertical integral of Q in Eq. 7 ,  can be solved 
R 

as a residual. I '  
Integrated A/B-Scale Moisture Budget. Integrated average moisture 

budgets are presented in Table 5. As expected the horizontal conver- 

gence term dominates, with the enhanced case having the largest con- 

2 vergence, 2.08 gm/cm day. The evaporation rates are not greatly 

different between cases. The total amount of precipitation is sensitive 

to the storage term, but as discussed by Frank (1978) vapor storage 

is very small. Calculated drying of -0.13 gm/cm' day for the sup- 

2 
pressed average and moistening of 0.32 gm/cm day for the enhanced 

case may be too large due to small errors in vapor convergence. The 

all GATE A/B-array precipitation of 1.53 cm/day is 28% higher than 
1 

Frank (1978) has estimated from s-budget calculations includi& Cox 

0 
and Griffith's (1978) radiation estimation of 1.16  day cooling 

(surface to 100 mb). Rainfall of 1.53 cm/day requires radiational cool- 

ing of 1.7~~/da~, 46% larger than Cox and Griffith's estimate. These 

differences will be discussed later. Despite an energy balance incon- 
I 

sistency, the diurnal range of values to be presented are believed to be 



ALL GATE 

ENHANCED 

TABLE 5 

2 A/B-scale Moisture Budget(p/cm per day) 

SUPPRESSED 0.02 0.37 -. 13 0.52 -----------------------------------  
- 

where 
vr4 

= total moisture convergence 
-.I-- - -- - 

= surface evaporation 

aq/at = moisture storage 

I1 P = surface precipitation 
0 

TABLE 6 

Z Moisture Budgets by Time of Day (gm/cm per day) 

GMT Local vrq aq/at - - Eo - - Po 

ALL GATE 00 2230 .59 .45 -.05 1.09 
06 0430 1.01 .47 -.21 1.69 

1030 1.41 .47 .05 1.83 
18 1630 1.19 .47 .21 1.45 

ENHANCED 00 2230 1.32 .45 .25 1.52 
0 6 0430 1.84 .51 .20 2.15 
12 10 30 2.61 .50 .60 2.51 

.. . fv 1 .. --I8 1630 2.36 .54 .20 2.70 

SUPPRESSED 00 2230 .06 .38 -.I1 .55 
0 6 0430 -.08 .35 -.53 .80 
12 1030 .37 .37 .01 .73 
18 16 30 -.I6 .36 .08 .12 



' , : ,  approximately correct. _ ., 

Diurnal moisture budgets are presented in Table 6. A large diurnal 

range in surface precipitation (P ) is calculated. This is primarily 
0 

produced by the diurnal cycle of horizontal moisture convergence, with 

the phase and amplitude of the oscillation somewhat modulated by the 

apparent moisture storage term. In each case, horizontal moisture 

convergence is greatest at 122 (1030 LT) by a 2 to I. margin ovhr the 

minimum values at 00Z (2230 LT). This is not unexpected in light of the 

diurnal divergence profiles presented. The moisture storage term 

(aq/at), if correct, slightly reduces the diurnal range of the P oscil- 
0 

lation. It appears to play a significant role in modulating the phase 

of the oscillation, however. For instance, in the enhanced case the 

precipitation is larger at 182 than at 122 due to the apparent storage 

at 122. This delay in the precipitation maximum due to the storage 

term in the moisture budgets is difficult to accurately specify and 

have strong confidence in. But, these observations are consistent with 

the enhanced case divergence profiles which indicate a delay in the growth 

of large Cb's until the afternoon. The delay may be due to the large 

low level vertical wind shear found in GATE and the low level jtability 

of the atmosphere. It takes a few hours longer (in comparison with other 

regions) for the cumulus convection in GATE to become organized into heavy 

rain producing Cb clouds. Moisture may be accumulating while this organ- 

ization is occurring. Without storage, maximum rain in all regimes 
I 

occurs at 122 (1030 LT). 

To determine the accuracy of these budget measurements, a number 

of other estimates are available for comparison; raingauge data, radar 

reflectivity data, and satellite estimates. None of these measurements 

has an adequate spatial scale to resolve precipitation rates for 

I 



convectively suppressed conditions on the A/B-scale, however. No 

comparisons will consequently be made for the suppressed case. 

Rain gauge estimates from the A/B and B-scale (Seguin and Sabol, 

1976), B-scale radar-rainfall data (Hudlow, 1977) and B-scale radar 

3 data extended to the A/B-scale with satellite data (Hudlow, 1978 ) are 

compared with the budget measured precipitation values in Table 7. 

Good agreement is achieved concerning the phase of the diurnal 

cycle between the radar and budget values for the enhanced case. Both 

record a precipitation maximum from 122 to 182 and a minimum from 002 

to 062. A convective cloudiness study (McGarry and Reed, 1978) also 

concurs by documenting maximum area coverage during the early afternoon. 

But, for the all GATE case, the budget calculations indicate a morning 

maximum whereas, the gauge and B-scale radar data indicate an afternoon 

maximum. 

There are also some discrepancies in the amount of precipitation 

recorded between the budget calculated precipitation rates and the 

other measurements. Undoubtedly, the gauge data underestimates the 

precipitation due to the lack of spatial resolution and ship structure 

interference, but the difference Setween the budget and radar- 

satellite estimates is not as easily reconciled. A/B-moisture budgets 

I' 
indicate Q, 50 percent more rainfall (1.53 cm/day) than that indicated by 

the combined radar-satellite data (1.02 cm/day). In that the mean 

position of the ITCZ was centered on the B-array, one would expect the 

B-array to have significantly higher precipitation per unit area than the 

A/B-array due to its smaller areal extent. This occurs in the enhanced 

case, but not for the all-GATE case precipitation. The most likely 

explanation for this discrepancy rests with the possibility of the 

3~ersonal communication. 



TABLE 7  

2 Comparison of GATE P r e c i p i t a t i o n  Es t imates  (gm/cm per clay) 

ALL GATE AVE. 

Data Source A/B Budget % of Dai ly  
This  Study T o t a l  

ENHANCED AVE . 

B Radar % of Da i ly  A/B S a t e l l i t e  and A/B,  B ,  C 
Hud low, T o t a l  
1978 

Radar (Hudlow , Rain guage 
19 78) This  s tudy  

i 



r ada r  e s t ima te s  being more accu ra t e  f o r  heavy convect ive showers and 

underest imating l i g h t  and moderate p r e c i p i t a t i o n .  The o t h e r  p o s s i b i l i t y  

i s  t h a t  t he  rawinsonde d a t a  are l e s s  accura te  f o r  t he  all-GATE than f o r  

t h e  enhanced cases .  This  explana t ion  can be ru l ed  out  by r e f e r r i n g  t o  

t h e  mass balance co r r ec t ions  appl ied  t o  t h e  two composites ( s ee  Appendix 

A). Both cases  have had s i m i l a r  c o r r e c t i o n s  made t o  t he  v e r t i c a l  wind 

p r o f i l e s  s o  t h a t  one cannot be s a i d  t o  have a more accu ra t e  divergence 
I 

p r o f h e ,  and thus  moisture budget,  than t h e  o the r .  These s m a l l  va lues  

of thp A/B-scale r a d i a l  wind (V ) co r rec t ions  a t t e s t  t o  t he  e x c e l l e n t  R 

accur~acy of t h e  wind da t a .  Also, i n  an  ind iv idua l  time period s tudy  of 

GATE +/B-moisture budgets f o r  a l l  t ime pe r iods ,  Prank (1978) who 

emplqyed a l e a s t  squares  f i t t i n g  technique t o  t h e  winds t o  r ep l ace  

2 
missing d a t a ,  observed a n  a l l  GATE P value  of 1.36 gm/cm per  day. This  

0 

va lue  agrees  w i th in  13% wi th  the  budget va lues  presented he re .  Thus, 

t he  budget ca l cu la t ed  p r e c i p i t a t i o n  va lues  a r e  bel ieved t o  be q u i t e  

accegtab le  f o r  a l l  t h r e e  convect ive regimes. A s  Frank (1978) has  ind i -  

cated and a s  prev ious ly  d iscussed ,  t hese  q-budget p r e c i p i t a t i o n  es t imates  

may qverest imate inward vapor t r anspor t  by about 15% because they re- 

0 
q u i r e  a t ropospher ic  r a d i a t i o n a l  cool ing of 1.7 C/day which according 

I 
t o  cdx and G r i f f i t h ' s  e s t ima te s  a r e  too high. The reason f o r  t h i s  i s  

not  f u l l y  understood a t  t h i s  t ime, bu t  may be due t o  a mean dry advec- 

t i o n  across  t he  GATE a r r a y  which t h e  s o v i e t  s h i p s  cannot d e t e c t  due t o  

some sys temat ic  e r r o r s  i n  t h e i r  q measurement. Using Cox and ~ r i f f i t h ' s  

r a d i a t i o n  estimates of -1. l ~ ~ ~ / d a ~  ( su r f ace  t o  100 mb) Frank c a l c u l a t e s  

an A/B-array all-GATE r a i n f a l l  of 1.20 cm/day. The Hudlow (1978) 

combined r a d a r - s a t e l l i t e  all-GATE r a i n f a l l  e s t ima te  of 1.02 cm/day 

0 
r e q u i r e s  su r f ace  t o  100 mb r a d i a t i o n a l  cool ing of on ly  about -0.4 C/day 

which i s  considered t o  be much too small .  



There i s  some evidence t o  support  t h e  l i k e l y  underestimade of 

l i g h t e r  r a i n  by t h e  radar .  Besides t h e  consis tency between t h e  

independent budget c a l c u l a t i o n  of t h i s  s tudy and Frank's  (1978) 

s tudy ,  d a t a  presented by Cunning and Sax (1977) i n d i c a t e  t h a t  t he  Z-R 

r e l a t i o n s h i p s  used by CEDDA t o  transform t h e  r ada r  r e f l e c t i v i t i e s  t o  

I 
r a i n f a l l  r a t e s  would underpredict  t h e  l i g h t  and moderate r a i n  showers 

i n  which 50% of t h e  t o t a l  r a i n f a l l  i n  GATE f e l l  (Gray and Jacobson, 

1977). According t o  t he  Cunning and Sax d a t a ,  r a i n f a l l  r a t e s  of 7 m / h r  

and 2 mm/hr a r e  ca l cu la t ed  a s  6 mm/hr and 1 m / h r  r e s p e c t i v e l y  by CEDDA. 

This underest imation of l i g h t  and moderate showers may a l s o  he lp  exp la in  

t h e  phase d i f f e r e n c e  between the  budgets and r ada r  i n  determining t h e  

time of maximum r a i n f a l l  f o r  t he  a l l  GATE case.  The l i g h t  and moderate 

showers must be occurr ing more i n  t h e  morning f o r  t h e  a l l  GATE budgets 

t o  g ive  a morning maximum i f  t h e  heavy showers occur i n  t h e  af ternoon.  

It is  these  l i g h t e r  r a i n f a l l  amounts which t h e  r ada r  i s  l i k e l y  under- 

es t imat ing .  This may cause t h e  B-scale r ada r  observed af te rnoon peak 

i n  r a i n f a l l  f o r  t he  a l l  GATE case.  

I 
In  t h i s  s tudy ,  t h e  budget der ived p r e c i p i t a t i o n  e s t ima te s ,  although 

perhaps too  high by 25% o r  so ,  w i l l  neve r the l e s s  s t i l l  be used i n  t h e  

computation of r a d i a t i o n a l  cooling. This  overes t imate  of p r e c i p i t a t i o n  

( i f  v a l i d )  should no t  s i g n i f i c a n t l y  e f f e c t  t h e  determinat ion of t h e  

d i u r n a l  cyc le  of t h e  convect ive s t a t e s  which i s  the  primary purpose of 

t h e  paper. 

Energy Budgets. To c a l c u l a t e  r e s i d u a l  va lues  of r a d i a t i o n a l  

cool ing,  t h e  p r e c i p i t a t i o n  r a t e s  (Po) ca l cu la t ed  from t h e  moidture 

budgets a r e  used i n  t h e  energy budget equat ion (Eq.  5 ) .  When v e r t i c a l l y  

i n t e g r a t e d  from t h e  su r f ace  t o  100 mb, t h e  equat ion may b e  w r i t t e n  as :  



Terms (a)  and (b) a r e  ca l cu la t ed  from t h e  rawinsonde da t a ,  term (c)  

from t h e  mois ture  budget and term (d)  i s  computed a s  a r e s i d u a l .  

V e r t i c a l l y  i n t e g r a t e d  va lues  of t h i s  A/B energy budget a r e  pre- 

sen ted  i n  Table 8. For t he  enhanced and suppressed average cases ,  

gene ra l  agreement i s  found between t h e  budget ca l cu la t ed  Q 's and pre- 
R 

v ious ly  repor ted  r a d i a t i o n  p r o f i l e s  of Fleming and Cox (1974); and 

Albrecht  and Cox (1975). Greater cool ing is  expected i n  t he  suppressed 

cases (-1.8°~/day) than i n  t he  enhanced cases  (- l . lOc/day) .  This  is  pre- 

sumably due t o  t h e  reduct ion  of I R  energy l o s s  by high clouds wi th in  

t h e  enhanced cases.  Also during t h e  daytime t h e  enhanced case  should 

warm i n  comparison t o  t he  suppressed case  due t o  e x t r a  s h o r t  wave absorp- 

t i o n  i n  clouds when compared wi th  cloud-free condi t ions .  

The all-GATE A/B-average of -1 .7°~/day  appears  t o  be somewhat 

,*8.G!>b<l - , l  ;$ 

l a r g e r  than had been expected when the  l a r g e  amount of c loudiness  i n  

the  GATE reg ion  (70%+, Hol le  e t  a l . ,  1977) is  considered. A s  t h e  energy -- 

budget computation of Q i s  q u i t e  s e n s i t i v e  t o  t h e  p r e c i p i t a t i o n  term 
R 

(L Po),  a comparison of Q va lues  diagnosed using d i f f e r e n t  p r e c i p i t a t i o n  
R 

r a t e s  has  been made f o r  t he  a l l  GATE case  (Table 9 ) .  Of t h e  t h r e e  pre- 
,I: ' 

c i p i t a t i o n  e s t ima te s ,  t he  Frank (1978) q-budget va lue  g ives  t h e  most 

phys i ca l ly  r e a l i s t i c  va lue  of t h e  a l l  GATE Q when compared t o  t he  enhanced 
R 

and suppressed average Q 's. This  may i n d i c a t e  t h a t  t he  budgets s l i g h t l y  
R 

overest imate t he  p r e c i p i t a t i o n .  It is  c l e a r ,  however, t h a t  t h e  radar-  

s a t e l l i t e  d a t a  s i g n i f i c a n t l y  underest imates  t h e  r a d i a t i o n a l  cool-ing 

obtained from those  r a i n f a l l  va lues .  ,in. J , .# ) [ ( f ~ . i , c i ~ f i  . : ~ ( 7 r  

> l : 5 , r s ,  * I '  **,+,d:l r ,  I 1 .  : ,IT03 <;I; ! 



TABLE 8 

A/B Energy Budget (OC /day) 

. , 

ALL GATE 

ENHANCED 

SUPPRESSED 

TABLE 9 

, : A l l  GATE A/B QR a s  a func t ion  of L Po 

. ' I 

2 
1 .  Po (gm/cm day) L po (Oc/day) 

A/B q-budget 
p re sen t  s tudy  

1.53 

A/B q-budget 
Frank (1978) 

. d  A/B s-budget " ' . - ' 

I 

wi th  Cox and 
G r i f f i t h  Phase 1.20 

I11 r a d i a t i o n  

H U ~ ~ O W ;  A/B 
combined radar-  
s a t e l l i t e  
budget (1978) 

Cox and G r i f f i t h  (1978) have derived Q p r o f i l e s  f o r  Phase I11 using 
R ~ 

t he  r a d i a t i v e  t r a n s f e r  equat ion wi th  i n p u t s  of v e r t i c a l  temperature,  

moisture,  and cloud top d i s t r i b u t i o n .  A s  Q 's from Phase 111 a r e  t h e  
R 

on ly  a v a i l a b l e  va lues ' f rom Cox and G r i f f i t h  (1978) t h e  GATE average case  

w i l l  be compared wi th  t h e i r  Phase I11 average va lues .  



The Cox and G r i f f i t h  d a t a  from the  days i n  Phase I11 which a r e  included 
'I, 

i n  t h i s  s tudy ' s  enhanced and suppressed cases  w i l l  be compared t o  t he  

budget der ived enhanced and suppressed case  Q va lues .  
R , ' . ,  

The Cox and G r i f f i t h  d a t a  were presented i n  4 six-hour averages f o r  

each day of Phase I11 (00-06 LT, 06-12 LT, 12-18 LT and 18-00 LT). A s  

t h e  budget d a t a  a r e  presented f o r  00, 06, 12 and 18, t h e  Cox and G r i f f i t h  

J 
W I  

d a t a  e r e  modified t o  produce averages a t  t hese  times. Bas i ca l ly ,  t h e  

shortwave va lues  f o r  a six-hour per iod were adapted with a s i n e  curve 

t o  g ive  a r ep re sen ta t ive  va lue  a t  122 o r  182. The equat ions used f o r  

each time period a r e  l i s t e d  below: 
1 

BUDGET 

Cox and G r i f f i t h  LT QR t o  GMT QR 

The Cox and G r i f f i t h  Q va lues  f o r  the  average case a r e  compared with 
t h e  budget va lues  i n  ~ % l e  10. 

.i . I . . , 5 J , \L ? L \ ,  i ! , 

ALL GATE 

ENHANCED 

' 4 ,  ". i - 8 . :  l r , !  4,; !  i 

TABLE 10 
i I i ' .7. ! . L J  L !  - 

A/B QR (Oc/day) 
j A L *.c, 

Budget Cox and G r i f f i t h  (1978) 
i l 

-1.7 -1.2 Phase 111 only 
, I I' '> 

SUPPRESSED -1.8 -1.2 

I 



Three points stand out in this comparison. First, there is good 

agreement between the two estimates of enhanced case cooling. This 

lends confidence to the magnitude of -l.lOc/day for GATE convectively 

enhanced periods. 
. , . '  I 

Secondly, there is a large disagreement between the all GATE budget 

calculated QR and the Cox and Griffith Phase 111 QR. The Cox and Griffith 

value is not large enough to balance the precipitation term in the heat 
I 

budget equation. 

The third result of the comparison is the lack of any difference 

I 
between the enhanced and suppressed cases in the Cox and Griffith data. 

This is primarily due to a lack of substantial cloud differences be- 

tween Cox and Griffith's Phase I11 enhanced and suppressed cases. Cox 

and Griffith have yet to make Phase I and Phase I1 calculations. TJhen 

considering the high moisture content of the atmosphere in Phase I11 

(5.1 cm of precipitable water) and the cloud top distributions' (Table 

11) it can be seen that Phase I11 is quite cloudy even on the days that 

very little rainfall occurs. Estimated Q 's of this paper are believed 
R 

more representative of suppressed conditions than Cox and Griffith's 

values because of the inclusion of Phase I and Phase I1 data. The 

0 
budget determined suppressed case value of -1.8 C/day also agrees quite 

well with the Fleming and Cox (1974) tropical clear sky estimates. 

Diurnal budget calculated Q 's are presented in Table 12. A rela- 
R 

tively smooth diurnal cycle of Q 's is diagnosed at each time period. R 

This energy budget approach produces quite reasonable day vs. night 

radiational cooling differences. Each 00Z QR shows significantly 

greater cooling than 122 Q 's. The budget calculated QR's appear to R 
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TABLE 11 

Mean A/B Cloud Top Area D i s t r i b u t i o n  (Cox and G r i f f i t h ,  1978) 

p (mb) ENHANCED SUPPRESSED 

100 

900 

1000 
ll 

TOTAL 

TABLE 12 

A/B Energy Budget (Oc/day) 

Il 
Q r S 0  Po 

Night Average QR Day Average Q - QR - R 
~ 

ALL GATE 
I 

\ 

ENHANCED 
I 

SUPPRESSED 



a l s o  y i e l d  phys i ca l ly  reali.s~i,~F,~i£.f.fereencees between t h e  enhanced and 

suppressed cases.  A t  each time per iod ,  except OOZ, t h e  suppressed 

regime Q shows l a r g e r  cool ing than the  enhanced. This is  cons i s t en t  
R 

with upper l e v e l  c loudiness  i n  t he  enhanced reg ions  decreasing I R  l o s s  

a t  n i g h t  and inc reas ing  s h o r t  wave absorp t ion  during t h e  day t o  g ive  

t h e  enhanced reg ion  a  lower cool ing r a t e .  
" r - ., 

There i s  one apparent  incons is tency  with t h e  ind iv idua l  time 

period Q ' S,  however. The enhanced vs .  suppressed Q d i f f e r e n c e s  a r e  
R 

l a r g e r  during the  day than a t  n igh t .  This i s  incons i s t en t  wi th  the  

previously discussed r a d i a t i o n  hypothesis  t h a t  r e q u i r e s  t h a t  cloud- 

cloud f r e e  QR g rad ien t s  be s t ronge r  a t  n igh t  (Fig.  2).  The d i u r n a l  

budget va lues  a r e  compared t o  t h e  Cox and G r i f f i t h  Q 's i n  Table 13. R 

A t  any ind iv idua l  time period i t  can be  seen t h a t  t h e  two e s t i -  

mates d i f f e r  by 0. loc/day t o  0.  gOc/day, with t h e  budget c a l c u l a t i o n s  
' .,;q,'," 

- .  TABLE 13 
J :  3;.  

A/B Qg (Oc/day) 
r s  (; ,$ 

0 

Budget - - Cox and G r i f f i t h  (1978) 
AU GATE I 

00 Z -1.8 
06 Z -1.7 
12 z -.2 
18  Z -1.0 

ENHANCED 

SUPPRESSED 

OOZ 
062 
122 
182 



usuallfr giving more cooling. Day vs . night radiational cooling ?, , i i . , , l  

differences of 1°c/day to 20c/day do compare however. Despite discre- 

pancies between the a3solute magnitudes of the two sets of Q ' they R S' 

both produce similar day-night differences. However, it is important 

to note that even at individual time periods, Cox and Griffith's (1978) 
F") t i ' d  , i cT., 

data do not show any differences between the enhanced and suppressed 

cases whereas the budget values show significant differences. This may 
1 r I , J t , "  

partly be due to the lack of Phase I and Phase I1 data in the Cox and 
, \ . . 

Griffith estimates. 

5 :  I- J 
3.4 Vertical Resolution of Q R 

..'' For a more detailed study of the radiative term, an attempt was 

made to calculate its vertical distribution. The computational steps 
-. 
i , . r 

r , , , h  . . i t  1 -1  , 9.l 

to accomplish this ars as followk: 
a: 1) Determine terms on the left hand side of Eq. 6: [-L (- + at 

a -- . .. . .," 
/ V *  qV + - q a)] leCelpby ievel from 'tge A/B-array rawin- - ap 

sonde data. This is assumed to be the condensation resulting 

' ! j ! ,  : 
from the mean circulation. 

2) T'nrough special assumptions on the condensation-evaporation 

process determine the vertical distribution of Eq. 6 terms 

a - I '  r : f , b ~ ~ , t d ~ .  r ra~?I  L (c-e) and L - q'  w ' level by level. 
ap 

31) Partition S in the vertical by assuming that all of the ocean 
0 

,- r , .  I 

sensible energy gain is realized in the boundary layer (surface 

to 950 mb) . 
0' 7 

4 )  After determining the terms on the left hand side of Eq. 5 

from the A/B-array rawinsonde data, substitute at the individual 

levels the estimated values of (c-e) from Eq. 6 along with the 

, , ? 9 ' J , t , '  

S values from step 3) to obtain QR as a residual. 
0 



Computational steps 1, 3 and 4 are straightforward. Step 2 requires 

explanation. For step 2 a simple condensation-evaporation model is 

a - I 
eked to partition the L(c-e) and - q ' w '  terms of E q .  6 in the vertical. 

ap 

The L(c-e) term may be generally viewed as the net condensation result- 
, -  > , ,  

ing 'from the mean horizontal and vertical circulations through the 

a - 
system. The - q ' w '  term should be primarily viewed as the upward 

ap 

vertical transport of water vapor from surface evaporation. 

- 
Specifically, this condensation-evaporation model is based on two 

assumptions : 

I 
A) the vertical distribution of the L(c-e) term in E q .  6 is as- 

sumed to be given by the moisture accumulation due to the mean 
- - - 

acl - 
I . ,  .. 1 

circulation or [-L(-+ P q V  + -)I, and at .. ap - I 
B) the vertical distribution of the L 

a q t w t  
ap 

terms is partitioned 

according to whether (c-e) in Step A is negative or positive. 

If this term is negative as occurs with subsidence, (c-e) is 
. 

partitioned sq,that wa&~~,vapor continuity is maintained. 
' I .  . + r . t  

If this term is positive as with upward mean motion, the 

vertical partition of the vapor is made in proportion to the 

n 
mean upward vapor transport. 

From assumption A), for each 100 mb layer, from level 1 to 2 (except 

the surface to 950 mb layer) the moisture accumulation by the mean 
I " .  

circulation is : 
I '  

For the surface to 950 mb layer, which corresponds to the boundary 

layer, (c-e) is assumed to be zero. An example calculation is given: 
I 



$e va lues  of s p e c i f i c  humidity used i n  t h e  mean v e r t i c a l  

\ I - 

divergence term a r e  l i s t e d  i n  Table 14. The mean q va lues  a r e  no t  used 

- 
W 

mb/day 

750 -38 

850 -54 

950 -34 

SFC 

a s  wader vapor i s  t ranspor ted  upwards i n  s a t u r a t e d  cumulus updra f t s  
- 

and n i t  with t h e  mean synopt ic  s c a l e  w. Water vapor is  a l s o  t ranspor ted  

- 

3 - 
a t  "(I!! w q l g  

2 
gm/cm day 

2 2 
gm/cm day gm/cm day 

.46 + 

0 .12 J 

.77 + 

.01 -. 30 

.59 1. 

.01 -.51 , ,, 
G-,  c - r  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E = . 4 5 +  

0 

downward by cumulus downdrafts and by mean compensating subsidence. 

( ~ - e ) ~ - ~  

2 
m/cm day 

.19 

.11 

0 

So, t he  va lues  f o r  T , q and T 
and qdown 

a r e  der ived by estima- 
UP UP down 

t i n g  the  temperature and moisture dev ia t ions  of t he  upward and down- 

ward doving a i r  p a r c e l s  from t h e  mean. 

assumption B) i t  must be noted t h a t  about % 0.4 gm/cmL day 

i s  cont inuously accumulated i n  the  oceanic t r o p i c a l  boundary l a y e r  due 

t o  evaporat ion.  This  vapor i s  cont inuously being t ranspor ted  out  of 

t he  boundary l a y e r  by upward eddy f l u x  processes  of turbulence and 

cloud updra f t s  and downdrafts. The i n t e g r a t e d  v e r t i c a l  divergence of 

eddy moisture t r a n s p o r t  i s  s e t  equal  t o  t h i s  boundary l aye r  excess  and 

- ,  
then p a r t i t i e n q d  i n  t he  v e r t i c a l  by t h e  fol lowing procedure: , 



1)  Determine the Boundary Lyaer Excess (BLE) 

2) Sum up (c-e) due t o  large-scale v e r t i c a l  motion i n  the v e r t i c a i  

i n  layers  where (c-e) < 0. Define t h i s  as  (c-e) 
NEG 

3) Determine fo r  each layer  the r a t i o  of the  average vapor transport  

i n  t ha t  layer over the sum of the average vapor transport  from 

a l l  layers ,  

Vapor Transport, -, 
I- L 

(sum of a l l  Vapor Transport 1. 

Define t h i s  a s  % VT. 

4) Then, 

a - - q 1 ~ 1 1 - 2  (above 950 mb layer)  i s  equal t o  
ap 

TABLE 1 4  I 
Temperature deviat ions and spec i f i c  humidities f o r  v e r t i c a l  moisture 
budget calculat ions.  

I 

down - 



% VT1-2 [BLE + ( ~ - e ) ~ * ~ ]  if ( ~ - e ) ~ - ~  > 0 o r  

. , ( 2 . .  , J  , ' 'I,. 
6 

% VT1-Z [BLE + (c-eINEG ] - (c-e) 1-2 if ( c - e ) l - ~  < 0. 

For example: 

- , : - f . - q  - - % qlwl  a - 8' qy a t  -Ws (c-e) % VT - q ' w '  Tota l  (c-e) 
g g a P 

, . : . m  A I / 1 ,  
SFC 1 _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - -  

Eo = .40+ 

1 1 Ji! 

wliere i n  t h i s  example: 

2 
BLE = .56 gm/cm day 

Ploo - 
, " . .  2 '-''(I 2 

Pi-P2 = .23 gm/cm day(when inttgyrtcd through 

s g the  troyon!)l.crc) 
I - 

2 
(c-e)  NEG = - .03 gm/cm day (when i n t eg ra  tcl:! t!lrough tb.e troposphere) 



These procedures partition P in the vertical so that QR can be 
0 

diagnosed as a residual level by level in the vertical. Many other 

assumptions concerning this partitioning could have been made, but in 

order to keep the calculations as simple as possible, this metp~d was - 
1 . .  

chosen. . - l  I 

Results of the vertical distribution of the mean moisture and 

energy budgets for the three basic convective regimes are presented in 

Tables 15, 16 and 17. Average radiative cooling profiles are shown in 

Fig. 15 along with comparable QR profiles from Cox and Griffith (1978). 

The budget calculated Q 's have been smoothed in the vertical with a 
R 

1-2-1 binomial filter. . -,! . - ;.I ; . 

As Q1 and L Po are both a function of the vertical motion, the 

level by level budget calculated QR values are also a function of the 

vertical motion profile. In the all GATE case and the enhanced case 

(Fig. 15) the cooling maximum occurs at 700 mb, corresponding to the 

maximum in upward motion and precipitation production. For the sup- 

pressed case two maxima occur, one associated with the low level 

upward motion (900 mb) and one at 400 mb associated with the upper 

level sinking motion maximum. 

In comparison, the Cox and Griffith (1978)  curves (Fig. 15) are 

very uniform in the vertical without any pronounced maxima or minima 

above the lowest 50 mb. Their profiles reflect the very smootl! dis- 

tribution of cloud top heights used in their computations (Table 11). 

For the enhanced and all GATE budget, calculated Q is larger than the R 

Cox and Griffith results below 500 mb and smaller above. For the 

suppressed case, the budget results agree fairly well except in the 

upper troposphere. 1 



TOTAL 

TABLE 15 

A/B A l l  GATE Average Mois tu re  and H e a t  Budget 
-- - - - -  - -  - - - - .  - 

2 2 2  2 2 2  O ~ l d  
mbld gmlcm d gmlcmd gm/cmd gm/cmd gm/cm d gmlcm d gm/cm2d Oc/d - O C / ~  O C / ~  -- 

- - 
% ,,,tqt a ( ~ ' q ' )  T o t a l  T o t a l  Q1-So QR ~n loo thed  

0 v vq a t  (c-e) 
g  3~ g (c-e> (c-e) QR 



TABLE 1 6  

A/B Enhanced Average Moisture and Heat Budget 

- - - - W9 3 ~ * q *  a ( w l q ' )  T o t a l  T o t a l  Ql-So QK Smoothed 
W V - v q  (c-e> - 

g at g ap g (c-el (c-e) Qa 

- 1 
- 

-2 - - -3  
P a - 

hI 
o '4 
rl 
w - 

- - 
$ -6 
2 - 
P4 -7 

. 
-8 - 
- 9 - 

- 1 0  

EO= .49 - 
TOTAL -2.08 . 3 1  1 . 9 3  .32 2.25 - -1.1 

-1 

-37 

-87 

-91 

-120 

-153 

-166 

-155 

-75 

1. 

0 

0 
- 

0 

.06 

.12 
. , 

.07 

-.I8 

-1.01 

-1.14 

0 

.01+ 

.161. 

.37+ 

.77+ 

1.401. 

2.0 1. 

2.211. 

1.321. 

0 

.01 

.05 

.08 

.09 
- 

.08 

.04 - 
-.03 

- .01 

0 

.14 

.16 

.26 

.42 

.45 
- 

.35 

.15 

.01+ 

.03+ 

.07+ 

.14+ 

.23+ 

.32+ 

------------------------------------------------------  

- 
. O 1  

.02 

.04 

.07 
-- 

.09 

.09 

0 

.14 

.17 

.28  

.46 

.52 

.44 

.24 

0 

3.4 

4 . 1  

6.7 

11 .0  

1 2 . 5  

10 .5  

5 . 8  

.8 

3.4  

5.4 

6 .8  

7.9 

7 . 8  

8 .9  

4 .8  

-2.2 

. 8  

0 

1 . 3  

.1 

-3.1 

-4.7 

-1.6 

-1.0 

I. 

'I 

. 8  - 

.5 

.7 

-.4 

-2.7 
* 

-3.5 

-2.2 

-1.4 

-2.2 -2.2 , 



TABLE 17 
- -  - - 

A/B S u p p r e s s e d  Average Moisture and Heat B u d g e t  
- -- - - - - 

- - 

2 2 2 2 2 2 2 O C / ~  0 
m b / d  g m / c m  d g m / c m  d g m / c m  d g m / c m  d g m / c m  d g m / c m  d g m / c m  d --- ----- O C / ~  O C / ~  ~ / d  

- - - - u9 3 w ' q '  a ( w ' q ' )  Total T o t a l  Q1-So QR S m o o t h e d  
W v Vq 

g a t  g ap g (c-e> (c-e> QR 
(c-e) 

Eo=. 37 1. 

TOTAL .02 -. 13 .12 - 
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The l e v e l  by l e v e l  d i u r n a l  moisture budgets a r e  presented  i n  

Appendix B f o r  t h e  t h r e e  convect ive regimes. The Q p r o f i l e s  f o r  each 
R 

time period a r e  presented i n  F igs .  16 t o  18. 

For each composite the l e v e l  by l e v e l  budget ca l cu la t ed  Q 's fa l low 
R 

a smooth d i u r n a l  cyc le  s i m i l a r  t o  t h e  v e r t i c a l l y  i n t e g r a t e d  Q 's. This 
1 R 

energy budget approach i s  a l s o  ab le  t o  diagnose upper l e v e l  r a d i a t i o n a l  

warming i n  t he  enhanced and GATE average case  a t  122. This  is  con- 

s i s t e n t  wi th  upper l e v e l  clouds being warmed through shortwave absorp- 

t i o n  around noon. This does no t  occur i n  t he  suppressed case  due t o  

upper l e v e l  s ink ing  motion a t  122. Phys i ca l ly ,  t h i s  s ink ing  should 
/ 

reduce t h e  amount of c loudiness  a t  high l e v e l s  and s g i e d u c e  upper 

l e v e l  shortwave absorp t ion  i n  comparison wi th  t h e  convect ively enhanced 

. Thus, although t h e  budgets diagnose Q a s  a r e s i d u a l ,  they appear 
R 

! some r e s u l t s  cons i s t en t  wi th  an fdea l i zed  model of s i g n i f i c a n t  

cloud-cloud f r e e  r a d i a t i o n a l  d i f f e r ences .  

A number of f e a t u r e s  i n  t he  budget ca l cu la t ed  QR p r o f i l e s  are, how- 

ever ,  i n c o n s i s t e n t  with t h e  v e r t i c a l  d i s t r i b u t i o n  of Q p rev ious ly  
I R 

hypoth)esized by var ious  r a d i a t i o n  model lers  . Nevertheless ,  t h e  a b i l i t y  

d i u r n a l  energy and moi.s$ure budgets t o  diagnose a smooth and 
0; 

d i u r n a l  o s c i l l a t i o n  'df Q w i th in  each regime i n  t he  v e r t i c a l  
R 

is  coqsidered promising. It is  encouraging t h a t  i t  may be p o s s i b l e  t o  

use t h e  GATE d a t a  t o  so lve  f o r  t h e  v e r t i c a l  d i s t r i b u t i o n  of r a d i a t i o n .  
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4. DISCUSSION 

This  s tudy  shows t h a t  t h e r e  e x i s t s  a l a r g e  s i n g l e  cyc le  o s c i l l a t i o n  

of wind divergence p r o f i l e s  i n  t h e  ITCZ region  of t he  e a s t e r n  A t l a n t i c  

Ocean. This d i u r n a l  v a r i a t i o n  i s  s i m i l a r  t o  t h a t  prev ious ly  found i n  

t h e  t r o p i c a l  western A t l a n t i c  and western P a c i f i c  by Ruprecht and Gray 

(1976), Gray and Jacobson (1977) and McBride and Gray (1978). A l a t e  

morning maximum and evening minimum of low l e v e l  convergence i s  observed. 

The moisture budget a n a l y s i s  f o r  t h e  e n t i r e  experiment i n d i c a t e s  a 

0430 LT t o  1030 LT maximum vs .  a 1630 LT t o  2230 LT minimum d i f f e r e n c e  

i n  p r e c i p i t a t i o n  of two t o  one. This  is cons i s t en t  with t h e  divergence 

p r o f i l e s .  But, un l ike  the  western ocean reg ions ,  t h e  moisture budget 

a n a l y s i s  of convect ively enhanced days i n  GATE i n d i c a t e s  an e a r l y  a f t e r -  

noon (1030 LT t o  1630 LT) maximum i n  deep convection. This  is probably 

due t o  t h e  l a r g e  low l e v e l  v e r t i c a l  wind shear  and g r e a t e r  lapse- ra te  

s t a b i l i t y  of t h e  GATE reg ion  which a c t s  t o  de lay  the  development of 

organized Cb cloud l i n e s  u n t i l  a few hours  a f t e r  t h e  maximum low l e v e l  

convergence. This  time l a g  of convection is not  a s  l a r g e  i n  t he  western 

oceans. 

The A/B moisture budget a n a l y s i s  i n d i c a t e s  t h a t  t he  B-scale radar-  

r a i n f a l l  measurements (Hudlow, 1977) l i k e l y  underest imate t h e  B-scale 

p r e c i p i t a t i o n  f o r  t he  e n t i r e  GATE per iod  by a s  much as 30-40%, and the  

4 A/B-scale r a d a r - s a t e l l i t e  e s t ima te s  (Hudlow, 1978 ) appear a l s o  t o  

underest imate r a i n f a l l  by about 30-40%. These underest imates  a r e  thought 

t o  be caused by t h e  r a d a r ' s  l a c k  of r e s o l u t i o n  of l i g h t  and moderate 

i n t e n s i t y  r a i n f a l l .  

4 ~ e r s o n a l  communication. 



The mechanism respons ib le  f o r  t h i s  l a r g e  d i u r n a l  s i n g l e  cdc le  

divergence o s c i l l a t i o n  i s  l i k e l y  t h e  day vs .  night t ime d i f f e r e i c e s  

i n  t he  g rad ien t s  of r a d i a t i v e  and convect ive hea t ing  between the  con- 

v e c t i v e l y  enhanced ITCZ region  and the  surrounding convect ively suppressed 

reg ions  t o  t h e  no r th  and south. These d i u r n a l  d i f f e r e n c e s  causle d i u r n a l  

pressure  g rad ien t  a l t e r a t i o n s  which a c t  t o  enhance t h e  morning and 
f I ,. , 
suppress  t h e  evening low-level mass convergence i n  and out  of t h e  I T C Z  

0 '1 

region.  A$ seen i n  F ig .  19 (Cox and G r i f f i t h ,  1978) radiat ional l  cooling 
- ( (  I 

g r a d i e n t s  between an  a c t i v e  ITCZ and t h e  convect ively suppresse reg ions  d 
3 . 1  

t o  t he  nor th  and south  a r e  much s t ronge r  a t  n igh t  than during t h e  day. 
,,. . 

This  produces a  s t ronge r  mass convergence i n t o  t h e  low l e v e l s  ok t h e  

ITCZ i n  the  e a r l y  morning hours than i n  t h e  evening, c o n s i s t e n t  
. ' 

observa t ions .  These cool ing g r a d i e n t s  a r e  thought t o  occur on 
1 i I i , , ! , , ] # - ~ , r i  c . ,  , iff 

of t he  Hadley C e l l  and appear t o  be pr imar i ly  north-south a s  

east-west d i f f e r ences .  The d i u r n a l  r a d i a t i o n  g rad ien t s  between the  

GATE ITCZ and the  oceanic  a r e a  10' t o  15' t o  t h e  no r th  a r e  u n u s  1 a l l y  pro- 

nounced due t o  enhanced IR cooling from stratocumulus cloud dec s a t  + 
n i g h t  and enhanced daytime s o l a r  absorp t ion  by Saharan dus t  ( ~ c $ r i d e  and 

Gray, 1978). 

The r a d i a t i o n a l  charac te r  of t h e  ITCZ was observed t o  b e  rk the r  

unrform i n  the  east-west d i r e c t i o n  by Cox and G r i f f i t h  with the  d i u r n a l  

o s c i l l a t i o n  of boundary l a y e r  convergence occurr ing a l l  along t h e  eas t -  

w e s t  ex t en t  of t he  ITCZ i n  both  convect ively enhanced and suppr&ssed 
., I ,  

condit ions.  This d i u r n a l  ITCZ mass convergence i s  portrayed i n  i dea l i zed  

form i n  Figs.  20 and 21. 

Diurnal  energy budgets have been computed t o  d e r i v e  an indhpendent 

s e t  of r a d i a t i o n a l  cooling va lues  (Q ) f o r  t he  GATE A/B-array f o r  com- R 

par i son  with r a d i a t i o n  va lues  derived by Cox and G r i f f i t h  (1978) f o r  the  
I 
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Fig. 19. A p re s su re  vs .  l a t i t u d e  ( a t  23.5 W longi tude)  c ross -sec t iona l  

view of t he  A/B-scale a r r a y  f o r  t h e  0600-1800 LST period of 
,-Day 248. The top po r t ion  of t h e  f i g u r e  d e p i c t s  t he  1000- 
- 1400 LST t o t a l  (SW p l u s  LW) r a d i a t i v e  divergence (~m-2-100 

mb-l) and t h e  bottom por t ion  dep ic t s  t h e  LW component only 
(night t ime t o t a l ) .  Also shown is  the  magnitude and d i r e c t i o n  
of t he  h o r i z o n t a l  r a d i a t i v e  divergence g rad ien t  a t  two p o i n t s  
(arrows po in t  towards reg ions  of g r e a t e r  divergence) .  Cox 
and G r i f f i t h  (1978). 
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curve t h e  evening c i r c u l a t i o n .  
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A/B-scale during Phase 111. Significant differences are found between 

the enhanced and suppressed case average Q 's in the budget analysis R 

with larger cooling diagnosed in the suppressed cases. Cox and Griffith 

do not show this difference in their Phase I11 data set which lacks 

strongly suppressed days. 
, j , : * . ,  , .€  

The budgets of this paper diagnose large day-night radiational 
8 8 1 '  3 - 7 1  Jr? i I(  

differences in each convective regime as does the Cox and Griffith Phase 

I11 data. It is gratifying that the budgets are ablq t,o d'agnose phy- 

I - 1 1  :I,' 

1 t ' . F ; r  b t C 3  
sically realistic radiational differences between day and night and 

also between suppressed and enhanced conditions. This lends some con- 

fidence to the A/B-scale rawinsonde data and the budget method. 
I , I* , 

An attempt was also made to diagnose QR in the vertical by parti- 

tioning the net condensation minus evaporation level by level in the 

vertical with a simplified cloud model. The vertical profile of Q for 
R 

the average of the all-GATE case and enhanced case appears reasonable. 

However, the condensation minus evaporation assumption does not appear 

to work very well in the suppressed case8 and produces unrealistic look- 

ing 4 profiles. Also, the smaller data sets at individual time periods R 

were not able to diagnose physically consistent vertical distributions 

of QR at each time period. It is hoped that this beginning attempt at 

solving for radiation in the vertical as a residual will stimulate 

further research and refinement to this end. This work shows that it 

may be possible to use the budget analysis method as an alternative ap- 

proach to determining the vertical distribution of radiational cooling. 

Beyond all else, it is hoped that this study has shown, even to the 

skeptic's satisfaction, that a significant single cycle diurnal range in 

mass convergence is occurring in the GATE A/B-array and that this diurnal 

range is similar to that observed in the other oceans. 
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APPENDIX A 

I 

Various d a t a  q u a l i t y  summaries have been presented (Reeves e t  a l . ,  

1976; Ooyama and Esbensen, 1978; Gray e t  a l . ,  1977) concerning the  

r e l i a b i l i t y  of t he  GATE A/B and B-scale upper a i r  and thermodynamic 

da ta .  Reeves -- e t  a l .  (1976) and Ooyama and Esbensen (1978) have a l l  

commented upon t h e  high frequency no i se  i n  t he  wind d a t a  from U.S. 

radiosondes t racked wi th  t h e  OMEGA/VLF systems. This  f a c t ,  cimbined 

with t h e  g r e a t e r  frequency of missing rawinsonde r e p o r t s  from the  B- 

s c a l e  s h i p s  than  from t h e  A/B-scale sh ips  during Phase I and 11, deter -  

mined t h a t  only A/B-scale winds would be  used i n  t h i s  study. The 

accuracy of t h e  winds i s  a t t e s t e d  by t h e  smal l  m a s s  balance co r r ec t ions  

necessary t o  add t o  each wind r e p o r t  t o  f o r c e  the  v e r t i c a l  motions t o  

zero a t  100 mb. These mass balanced co r rec t ions  a r e  l i s t e d  i n  Table 

A 1  f o r  each case. 

Ooyama and Esbensen a l s o  noted t h a t  t h e  solar '  r a d i a t i o n  co r r ec t ion  

app l i ed  t o  t he  USSR (A/B-scale) temperatures produced temperadure maxima 

near  midnight and minima near  noon. So, f o r  t he  h e a t  and mois ture  

budgets t h e  s to rage  t e r m  was replaced with B-scale da ta .  For ease  of 

computation, however, A/B-scale winds and thermodynamic d a t a  were used 

i n  t h e  h o r i z o n t a l  and v e r t i c a l  convergence terms of t h e  budgets.  A s  

t h e  convergence terms a r e  p r imar i ly  inf luenced  by t h e  wind didergence 

changes r a t h e r  than T o r  q changes, t h e  convergence terms a r e  ' s t i l l  

q u i t e  accura te .  

The ind iv idua l  t i m e  per iod budgets f o r  t h e  suppressed case  re-  

qu i red  some modi f ica t ion  of t he  wind and s p e c i f i c  humidity da ta .  Using 

A/B winds and B-array temperatures and humidi t ies ,  t h e  moisture budget 



ALL GATE 

ENHANCED 

SUPPRESSED 

TABLE 18 

Divergence Mass Balance Correc t ions  

VR (cor rec ted)  = V (observed) - A VR 
R 

Data Se t  

ALL GATE AVERAGE 
ENHANCED AVERAGE 
SUPPRESSED AVERAGE 

ooz 
06Z 
122 
182 

ooz 
06Z 
122 
182 

ooz 
062 

I 
a t  182 y ie lded  negat ive  Po and an u n r e a l i s t i c  Q va lue  of -3.70c/day 

R 

a t  06Z. The cause f o r  t hese  problems i s  uncer ta in .  To compute t h e  

moisture and energy budgets A/B-scale q ' s  were averaged wi th  the  B-scale 

da t a  f o r  t he  s to rage  term i n  t h e  ind iv idua l  time period suppressed 

case moisture budgets.  Upper l e v e l  s ink ing  a t  182 was a l s o  reduced by 

25% between 450 mb and 200 mb t o  reduce the  l a r g e  mean s inking  drying 

i n  the  suppressed case. These modi f ica t ions  allowed a p o s i t i v e  P t o  be 
0 

ca l cu la t ed  a t  182. 

The l a r g e  QR ca l cu la t ed  a t  06Z i n  t he  suppressed case  was reduced 

by lowering t h e  s inking  motion a t  250 mb t o  450 mb by 15%. This  

l a r g e  s inking  and convergence of s t a t i c  energy a l o f t  requi red  a l a r g e  

QR t o  balance t h e  h e a t  budget a s  t he  observed temperature changes were 

no t  l a r g e  enough t o  be  cons i s t en t  with t h e  import of s t a t i c  energy. 

I 



APPENDIX B 

I1 
The l e v e l  by l e v e l  moisture and hea t  budgets by d i u r n a l  t i m e  

per iods  f o r  t h e  a l l  GATE, enhanced and suppressed cases  a r e  presented 

i n  Tables 19 t o  30. 

38 't' 



TABLE 19 

ALL GATE 00Z 

TOTAL -0.59 --- -.05 .-- ,73 - .36  1.09 

Tota l  To ta l  Q1-So QR Smoothed 
(c-e (c-e> QR 



TABLE 20  

ALL GATE 06Z 

- - - wq w'q'  a (o'q') T o t a l  T o t a l  Q1-So QR Smoothed 
W v - v q  (c-e) - 

g a t  g ap g (c-1 (c-e) ?R 

TOTAL -1.01 



TABLE 21 

ALL GATE 122 

- - - wq 3 w t q q  a ( )  T o t a l  T o t a l  Q1-So QR Smoothed 
0 v*vq a t  (c-e) 

g g ap g (c-e) (c-el QR 

TOTAL 



TABLE 22 

ALL GATE 182 

2 2 2 2 2 2 2 m b / d  g m / c m  d g m / c m  d p / c m  d p / c m  d gm/cm d m  d g m / c m  d 
0 

C/d Oc/d O C / ~  Ocld -- -- - - - -- 
w V V q  L% 3 (c-e> w ' q '  - a ( q )  T o t a l  T o t a l  Q1-So QR S m o o t h e d  

g a t  g ap g (c-el (c-e> QR 

TOTAL 



TABLE 2 3  

A / B  ENHANCED 0 0 Z  

--  -- - - 
W v vq wq 3 q a (u lql )  T o t a l  T o t a l  Q1-So QR Smoothed  

(c-> - 
g a t  g ap g (c-e > (c-e> QR 

TOTAL 
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TABLE 26 

A / B  ENHANCED 182 

2 2 2 2 2 2 2 O C / ~  
m b / d  g m / c m  d gm/cm g m / c m  d p / c m  d g m / c m  d grnlcrn d am/crn d A -  Oc/d Oc/d Oc/d 

- -- - - E..!l 3 w ' q '  a ( q )  T o t a l  T o t a l  Q1-So QR S m o o t h e d  
W v*vq 

g a t  g ap g (c-el (c-e) QR 
(c-e) 

TOTAL 
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TABLE 28 

A/B SUPPRESSED 06Z 

TOTAL 

2 2 2 2 2 2 2 
mb/d gm/cm d gmlcm d gmlcm d gmlcm d gm/cm d gmlcm d gmlcm d - O C / ~  -- O C / ~  O C / ~  O C / ~  

A - - 
U v*vq wq 3 w ' q '  a (u'q') Total Total Q1-So QR Smoothed 

(c-e) - 
g at g ap g (c-e> (c-e> QR 



TABLE 29 

A/B SUPPRESSED 1 2 2  

- - - wq 3 w'q' a ( w ' q ' )  T o t a l  T o t a l  Q1-So QR Smoothed 
W v-vq (c-e) - 

g a t  g ap g (c-e) (c-e) QP 

TOTAL 



TOTAL 

TABLE 30 

A / B  SUPPRESSED 182 

2 2 2 Oc/d Oc/d g m l c m  d g m l c m  d g m l c m  d - I°C/d Oc/d 

w l q l  a ( w l $ )  T o t a l  T o t a l  Q1-So QR S m o o t h e d  
g ap g (c-e 1 (c-e> QR 
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