
The Effect of Radiation Absorption in the Tropical Troposhere 

I 

D.W. Reynolds, T.H. Vonder Haar, and S.K. Cox 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, Colorado 





The Effect of Radiation Absorption in the Tropical Troposhere 

D.W. Reynolds, T.H. Vonder Haar, and S.K. Cox 

Department of Atmospheric Science 
Colorado State University 

Fort Collins, Colorado 

m&gdc' Un i\ eni n- 

' Atmosi- neric Science 
Paper No. 2 10 





THE EFFECT OF SOLAR 

RADIATION ABSORPTION IN 

THE TROPICAL TROPOSPHERE 

submitted by 

David W. Reynolds 

Thomas H. Vonder Haar and 

Stephen K .  Cox 

Preparation of t h i s  repor t  
has been supported by t h e  

National Science Foundation 
under Grants GA-31588 

and GA-18783 

Department of Atmospheric Science 

Colorado S t a t e  Universi ty 

F t .  Coll ins,  Colorado 

Nov., 1973 

Atmospheric Science Paper No. 210 





ABSTRACT 

Data from an experiment t o  measure t h e  upward and downward compon- 

en t s  of s o l a r  r a d i a t i o n  from a i r c r a f t  during t h e  Barbados Oceanographic 

and Meteorological Experiment (BOMEX) have been analyzed i n  t h e  present  

s tudy.  Resul t s  show t h a t  i n  t h e  cloud f r e e  t r o p i c a l  troposphere: 1) 

Absorption of s o l a r  r a d i a t i o n  i n  t h e  e n t i r e  troposphere can be twice 

a s  l a rge  a s  previous est imates given by Manabe and S t r i c k l e r ( l 3 %  absorp- 

t i o n ;  1964) (Comparison of  observed heat ing r a t e s  t o  ca lcu la t ions  shows 

t h a t  t h e  increase  i n  a t t enua t ion  may be due t o  non-gaseous cons t i tuen t s  

i n  t h e  atmosphere); 2) The v e r t i c a l  p r o f i l e  of s o l a r  r a d i a t i v e  heat ing 

was p a r t i c u l a r i l y  v a r i a b l e  i n  t h e  lowest layers ;  i n  t h e  mean, s o l a r  

heat ing showed a  s l i g h t  maximum near 700 mb; and 3) In using t h e  s o l a r  

r a d i a t i o n  observat ions of  t h i s  s tudy i n  an energy budget of  t h e  t r o p i c s ,  

a  hypothesis regarding a  nightt ime maximum o f  p rec ip ta t ion  i n  t h e  t rop-  

i c a l  regions i s  formed. 

Results  from a  r a d i a t i v e  s tudy of  c e r t a i n  cloud type  cases  show t h a t :  

1) Se lec t ive  v e r t i c a l  absorpt ion i n  strato-cumulus a c t s  t o  d e s t a b i l i z e  

t h e  clouds1 environment; 2) Large cumulus, o r  cumulonimbus clouds occa- 

s i o n a l l y  decrease t h e  s o l a r  in so la t ion  reaching t h e  sur face  t o  only 3% 

of t h a t  incoming a t  cloud top;  and 3) c i r r u s  clouds a r e  poss ib le  stab;- 

i l i z i n g  mechanisms i n  t h e  t r o p i c a l  environment s ince  they a c t  t o  warm 

t h e  loca l  environment a t  high a l t i t u d e s  while suppressing s o l a r  warming 

from cloud base t o  sur face .  
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1.0 INTRODUCTION 

I t  is  known t h a t  t h e  absorpt ion of  s o l a r  energy i s  a hea t  source t o  

t h e  atmosphere with i t s  r o l e  i n  atmospheric energet ics  varying with lo-  

ca t ion ,  season, time of day and a l t i t u d e .  This  s tudy w i l l  dea l  speci-  

f i c a l l y  with measurements of absorpt ion i n  t h e  t r o p i c a l  atmosphere from 

approximately 0 .3  km t o  12 km. A d e t a i l e d  s tudy o f  t h e  s o l a r  r a d i a t i o n  

c h a r a c t e r i s t i c s  a t  t h e  sur face  w i l l  not  be considered here .  

In t h e  t r o p i c s ,  where a  l a rge  amount of s o l a r  in so lu t ion  occurs 

each day, hor izonta l  v a r i a t i o n  of s o l a r  r a d i a t i o n  absorpt ion can provide 

a  rapid  energy input  d i f f e r e n t i a l  t o  d r i v e  atmospheric motions. In 

addi t ion ,  s e l e c t i v e  v e r t i c a l  absorpt ion can a f f e c t  loca l  atmospheric 

condit ions which may r e s u l t  i n  an increase  o r  decrease i n  t r o p i c a l  wea- 

t h e r  a c t i v i t y ,  i . e . ,  cloudiness o r  r a i n f a l l .  

Only i n  t h e  l a s t  10-15 years  have t h e r e  been r e p o r t s  of measurements 

made of s o l a r  absorpt ion i n  t h e  t r o p i c s .  These measurements have been 

acquired from instrumented a i r c r a f t  making v e r t i c a l  soundings i n  t h e  

atmosphere. Roach (1961a) c a r r i e d  out measurements i n  1958 and 1959 

over Southern England, t h e  Sahara Desert and Equatorial  East Afr ica  

using a Canberra Ai rc ra f t  and found t h a t  i n  t h e  c l e a r  atmosphere, under 

0 hazy condit ions,  instantaneous hea t ing  r a t e s  i n  excess of 5 C/day oc- 

cur  q u i t e  f requent ly .  Griggs (1968) used a s i n g l e  a i r c r a f t  t o  measure 

t h e  albedo and absorpt ion of s t r a t u s  clouds o f f  t h e  coast  of  Southern 

Ca l i fo rn ia .  Pa l t r idge  (1971) conducted a i r c r a f t  measurements over t h e  

ocean near  Aus t ra l i a  measuring t h e  r a d i a t i v e  c h a r a c t e r i s t i c s  of t r a d e  

wind stratocumulus clouds a s  well a s  c l e a r  a reas  i n  which dus t  from 

burning sugar cane f i e l d s  had been picked up by t h e  wind and suspended 



I 
in the air. Other measurements of solar radiation absorption have been 

made by using specially instrumented radiosonde packages capable of mea- 

suring the upward and downward flux of solar radiation (Kondratyev, 1972b; 

Queck et al., 1972). These measurements pointed out the strong absorption 

taking place by atmospheric aerosols. Fritz et al. (1964); Hanson et al. 

(1967); and Vonder Haar and Hanson (1969a) all have used both ground 

based solar radiation measurements and satellite reflected energy measure- 

ments to derive values of absorption for an entire atmospheric column. 

Many of the radiation measurements have been made in an effort to 

improve upon theoretical models dealing with solar energy absorption and 

its heating of the atmosphere. Yamamoto (1962) ; Roach (1961b) ; Manabe 

and Strickler (1964); Washington et al. (1967); and Eschelbach (1972) 

all have attempted to model the radiative characteristics of the atmos- 

phere for solar energy. These models allow comparison between the ob- 

served results of the present study and those calculated from the models. 

1 They also allow us to estimate differe ces in absorption between a turbid 

and a purely gaseous atmosphere. 

This study seeks answers to some of the questions concerning the 

magnitude and effect of solar energy absorption in the tropical atmos- 

phere. Specifically these questions are: (a) what is the normal range 

of horizontal and vertical variation of absorption? (b) how does this 

energy input directly or indirectly affect tropical weather activity? 

and (c) what are the absorption, reflection and transmission character- 

istics of common cloud types and their effect on the atmosphere? The 

results presented here are a continuation of the preliminary work by 

Cox et al. (1968); Vonder Haar et al. (1969); Vonder Haar and Cox (1972) 

and Cox et al. (1973). ~ 



2.0 EXPERIMENTAL DATA 

During t h e  months of May, June and J u l y ,  1969, an a i r c r a f t  r a d i a t i o n  
. ' , (  

experiment program measured s o l a r  r a d i a t i o n  absorpt ion ( .3  urn - 3 pm) 

i n  a t r o p i c a l  atmosphere. This  experiment was p a r t  of  t h e  BOMEX c a r r i e d  

out  near t h e  i s l and  of  Barbados (59.5 W,  13.2 N). 

The r e s u l t s  presented i n  t h i s  paper were derived from pyranometer 

measurements of  t h e  t o t a l  hemispheric i r r ad iance  measured by upward and 

downward fac ing  instruments.  Data used were from sensors  mounted on 

f i v e  d i f f e r e n t  a i r c r a f t :  

(1) RFF A i r c r a f t  
DC-6 40C 
DC-6 39C 
DC-4 82E 

(2) NCAR 
Queen- A i r  

' I 

(3)  NASA * 
Convair 990 

*two modes of  operat ion were used f o r  determining s o l a r  convergdnce; 
see  Fig. 1. I I 

l 

The s i n g l e  a i r c r a f t  sounding metho allowed v e r s a t i l i t y  i n  ' t h e  absorpt ion 

measurements with r e spec t  t o  d i f f e r e n t  atmospheric condit ions.  If an 

i n t e r e s t i n g  cloud appeared o r  a c l e a r  a rea  was s ighted ,  t h e  s i n g l e  a i r -  

c r a f t  could make a sounding i n  t h e  area  des i red .  With t h r e e  o r  more 

a i r c r a f t  stacked v e r t i c a l l y  t h i s  was not  poss ib le  a s  t h e  a i r c r a f t  were 

f l y i n g  s p e c i f i c  f l i g h t  t r acks  and l e v e l s  designed t o  encounter a wide 

range of meteorological condit ions.  Fig. 2 shows t y p i c a l  pyranometric 

t r a c e s  of downward r a d i a t i o n  from a l l  t h r e e  RFF a i r c r a f t  passing from a 
1 

c l e a r  t o  a cloudy region.  

The sensors  used on each a i r c r a f t  were Eppley p rec i s ion  s p e c t r a l  

pyranometers. Speci f ica t ions  and c a l i b r a t i o n  methods of  these  i n s t r u -  

ments may be found i n  Drummond and Hickey (1970). The modif icat ion of  

t h e  sensors  t o  a i r c r a f t  use i s  described by Hanson e t  a l .  (1970). Since 
I I 
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TABLE I 

DATE TIME ALTITUDE WEATHER AIRCRAFT H+- H+ WATTS 
(LT) m 2 m 2 

*Calibration made with Q-Air following the CV990 about five minutes behind 

7/18/69 0745 5K1 Scat Cum 39C 430 49 

at same altitude 

11 I 1  1 I 11 

11 I 1  11 I I 

I 1  11 I. I I 

AIRCRAFT FLIGH'r' r,lOC:ES 

4 OC 430 4 2 

DC -4 465 49 

Q-Air 472 4 9 

Figure 1 - Method of measuring the vertical convergence of solar 
radiation using single and multiple aircraft. 



aco 

Figure 2 Downward s o l a r  i r r ad iance  a s  measured by t h e  t h r e e  RFF a i r c r a f t  

passing from a c l e a r  t o  a cloudy region.  
1 



our s tudy sometimes used more than one a i r c r a f t  t o  measure r a d i a t i o n  con- 

vergence it was necessary t o  have r e p e t i t i v e  intercomparisons between 

a l l  t h e  a i r c r a f t .  This was done by having t h e  a i r c r a f t  f l y  i n  formation 

a t  t h e  same a l t i t u d e ,  then comparing t h e  readouts of  each instrument t o  
T 

t h e  o the r  (see Table 1). Correct ions were made t o  t h e  da ta  when systematic  

d i f f e rences  were observed between t h e  sensors  by normalizing t o  a "stan- 

dard". The d a t a  handling technique used i n  recording and c a l i b r a t i n g  t h e  

d i g i t i z e d  radiometer output i s  given a l s o  i n  Hanson e t  a l .  (1970). Once 

t h e  da ta  were converted t o  energy u n i t s  they were placed on magnetic tape. 

A s t a t i s t i c a l  sampling of t h e  da ta  was then used t o  bes t  represent  t h e  

1 
l a r g e  number of  values t h a t  were received during each I1case1' ; t h i s  

gave approximately 150 values.  

Time-lapse movies taken by t h e  two RFF DC-6 a i r c r a f t  were used i n  

order  t o  a s c e r t a i n  t h e  extent  of cloudiness of a region i n  which measure- 

ments were made. The twocameraswere located on e i t h e r  s i d e  of t h e  a i r -  

c r a f t  so t h a t  a r e l a t i v e  est imate of t h e  hor izonta l  ex tent  of t h e  clouds 

could be determined. Combining t h e  two a i r c r a f t  f i lms  allowed loca t ion  

references  t o  a cloud o r  c l e a r  a rea  f o r  each a i r c r a f t .  In addi t ion ,  

observer ' s  notes  giving t h e  meteorological condit ions during the  f l i g h t s  

were used i n  t h e  s e l e c t i o n  of  c l e a r  o r  cloudy cases.  

S a t e l l i t e  photographs taken by ATS-3 were a l s o  used f o r  v e r i f i c a t i o n  

of measurement condit ions.  When a p i c t u r e  sequence was ava i l ab le  over 

I 
'A "case" was determined by one sampling of  c l e a r  a i r  using e i t h e r  mode 
of  a i r c r a f t  operat ion o r ,  one sampling of an individual  cloud, again 
by e i t h e r  mode of  operat ion.  



the  area of measurements the  brightness f i e l d  would indicate  the  spa t i a l  

and temporal extent of a cloud o r  c lea r  area where a i r c r a f t  observations 

took place. Examples of the  simultaneous s a t e l l i t e  and a i r c r a f t  measure- 

ments a r e  provided by Vonder Haar and Cox (1972). I 

Standard meteorological and navigational information were automati- 

c a l l y  recorded on each a i r c r a f t .  These data  were a lso  used i n  the  course 

of the study of radia t ion data .  More complete descriptions of the  ex- 

perimental conditions and data  processing techniques a r e  given i n  the  

references c i t ed  i n  t he  Introduction and by Reynolds (1973). 



3.0 CASE STUDIES OF CLEAR CONDITIONS 

3 .1  Measurements 

Cloudfree measurements were taken on 8 sepaY%te days and 1 4  'lcases'l 

were examined. Table two summarizes relevant  information about these  

f l i g h t s  and t h e  r e s u l t s  obtained. The r e s u l t s  were derived a s  follows: 

- Upper (c) 

3 [L Middle (b) 

I - Lower (a) 

- 2 Top T = Downward r ad ia t ion  watts-m 

= Average with time 

Bot T = Upward r ad ia t ion  watts-m-' 

1) Absorbed r ad ia t ion  (watts m-') 

Absorbed Radiation = { Top - - 'm - Bot T(a) ) ( I )  

2 )  a)  Absorbed rad ia t ion ;  percent of  t h a t  incident  on layer  (%) 

Absorbed % Absorbed = 
Top T(c) 

b) Reflected rad ia t ion ;  percent of t h a t  incident  on layer  (%) 

% Reflected = Bat T(c) 100 
Top T(c) 

c )  Transmitted rad ia t ion ;  percent of t h a t  incident  on layer  (%) 

% Transmitted = 100% - {[a) + (b) 1 

3) Heating r a t e  (C/day) 

Heating r a t e s  = - W1,2,3 - AT 
glcp AP 

- - 
1,2,3 

A t  



4) Fractional Absorption 

H.lTOp - (Ht -HI) 
- - 

S.C. 

where : 

- 2 S.C. = solar constant 1360 watts-m 

= zenith angle of sun at day, time and location of measurement 

N = normalizing factor ! 

5 )  Thickness change (meters day-') do to S.W. heating 

Thickness change 

6) Change in stability (meters-' day-') 

Equivalent Static Stability (Betts, 1973) 

Change in Static Stability 

8 - 8 
es@) es(a) etc. - 1 - - meters 

1 Pb - Pa (10) 

as* - - 3 
- - -10 AT AT - - -  
at - 

At2 
/ AP 

8 + 3. es (b) es(a) 
Pa 2 I 



DATE TIME P R E S S  WATTS WATTS FRACTIONAL (S) 0 )  (%) 
1969 2 MB ~ + m ' ~  ~ f m - ~  ABSORB. A B S .  REF. TRANS. 

885 978 35 .28 
June 26 15402 752 1009 51 .27 4 . 0  6 . 0  90.0 

660 1046 63 .25 

June 26 

July 6 

July 6 

July 2 

July 2 

July 18 13302 

. July 18 

July 18 

July 18 

July 23 

July 23 

July 11 

Julv 20 

Table 2 - Results from radiation study in the cloudfree tropical troposphere. 



AT/ B t  MODEL WEATHER STATIC A s / A t  OPTICAL DEPTH A z / A t  A t  AIRCRAFT 
0 C / d a y  HEATING RATE -1 -1 STAB. m - d a y  OF WATER VAPOR f t / d a y  m / d a y  

0 
C / d a y  

- 1 m 
2 

p / c m  

.90 2.1 14.2 4.3 HAZE -2. 5 x 1 0 - ~  + l .  5x10 
-5 

3.14 2.4 1 .8 30.4 9.3 
Q - A i r  

N . A .  

+6.5x10-' 3.54 

HAZE to -2x10-4 
13 K' Q- Air 

RFF 
82-3'X HAZE - 5 x 1 0 - ~  N.A. 

HAZE - 4 x 1 0 - ~  
RFF 
82-34: N . A .  

RFF 
8 2 - 3 s  -4CC 

14.4 RFF 
15.5 82-391: -401: 

19.6 RFF 
12.4 82-3SC - 4 E  

VERY -2. ~ X I O - ~  
HAZY N.A. RFF 

82-3%-4CC ' 

HAZE - 2 . 7 x 1 0 - ~  53.2 RFF 
, 16'2 82-34:-4CC 

139.4 
184.2 

42'5 CV990 
56.1 

N . A .  

HAZE 
BELOW -4. a x ~ o - 5  -5 .~x Io -~  
10.5 K t  - 4 x 1 0 - ~  

Table 2 (cont.) Results from radiation study in the cloudfree tropical tropo~pher~. 
I 
I 

I 
I 



In order t o  compare instantaneous heating r a t e s  f o r  d i f f e r e n t  times 

and days it was necessary t o  f i rs t  understand t h e  physical f ac to r s  t h a t  

control  so la r  r ad ia t ion  convergence (see f igure  3 ) .  They a re :  1) t h e  

inso la t ion  a t  t h e  top  of t h e  atmosphere a t  t h e  day and time of t h e  mea- 

surements; 2) t h e  geometry of t h e  absorption, which would consider the  

path length of t h e  rad ia t ion  i n  the  atmosphere (including t h e  e f fec t  of 

mul t ip le  sca t t e r ing ;  and 3) the  densi ty  of  t h e  absorbing medium which 

would r e l a t e  ro  the  degree of t u r b i d i t y  (aerosol concentrations) f o r  a 

given case (also includes mul t ip le  sca t t e r ing  e f f e c t s ) .  In order t o  

separa te  some of these  e f fec t s  t h e  instantaneous heating r a t e s  were 

normalized t o  t h e  incoming s o l a r  r ad ia t ion  normal t o  t h e  top of t h e  

atmosphere fo r  the  spec i f i c  day, time and locat ion of t h e  observations 

a s  follows: 

Top of  Atmosphere = S.C. x cos cn = N 

Hence t h e  normalized heating r a t e s  vary only as  a function of f a c t o r s  

(2) and (3) s t a t e d  above. 

Separate measurements of t h e  sca t t e r ing  which took place during t h e  

period of a i r c r a f t  measurements were not avai lable  nor were the re  good 

est imates of the  t u r b i d i t y  fo r  a l l  cases. Measurements of  aerosol  con- 

cent ra t ions  f o r  some layers  were made by Prospero and Carlson (1972) 

and when thermodynamic soundings were ava i l ab le  near t h e  rad ia t ion  mea- 

surements t h e  water vapor op t i ca l  mass was calculated.  These supporting 

da ta  w i l l  be considered l a t e r  f o r  s p e c i f i c  case s tudies .  



Day X X  1969 
Time YYYYZ 

- / 
1 .I Top of 

/ /'I Atmosphere 

) = s. c. x cos Co 
TOP 

HAZE - Density of 
+ Absorbing 

GAS Medium 

I 
~ a r t h ' s  Surface 

Figure 3 - Geometry of  s o l a r  in so la t ion  and f a c t o r s  causing a t t enua t ion  
of  t h e  inc ident  beam. 

I I 



3.2 Resu l t s  

Fourteen c l e a r  (cloudfree)  ca ses  were s tud ied  and a l l  measurements 

were c a r r i e d  out  f o r  l a y e r s  of  .5 km depths o r  g r e a t e r  due t o  t h e  sens i -  

t i v i t y  of t h e  pyranometers used. I t  was found t h a t  when l a y e r s  o f  l e s s  

than .5 km were used t h e  a t t enua t ion  o f  r a d i a t i o n  was small (near t h e  

no i se  l i m i t  o f  t h e  system) and t h e  e f f e c t s  of s c a t t e r i n g  l a r g e  such t h a t  

erroneous absorp t ion  va lues  were obtained.  This  f a c t o r  was t h e  only  

l i m i t a t i o n  t o  t h e  measurements made i n  c l e a r  a i r .  The r e s u l t s  show t h a t  

i n  t h e  lower h a l f  o f  t h e  t r o p i c a l  t roposphere (1000 - 500 mb) approximately 

9% of t h e  incoming s o l a r  r a d i a t i o n  inc iden t  on t h i s  l aye r  is absorbed, 

8% is  r e f l e c t e d  and 73% i s  t r ansmi t t ed .  

Figure 4 shows v e r t i c a l  p r o f i l e s  of hea t ing  r a t e s  composed from a l l  

BOMEX d a t a  f o r  t h e  c l e a r  t r o p i c a l  t roposphere.  In  t h e  lower 200 mb a 

l a r g e  s c a t t e r  was found i n  t h e  hea t ing  r a t e s  der ived  from measurements 

o f  t h e  amount of  absorbed s o l a r  r a d i a t i o n .  There seems t o  be a  s l i g h t  

maximum i n  t h e  hea t ing  r a t e  p r o f i l e  around 700 mb but  t h e  s ign i f i cance  

a s  a  composite r ep re sen ta t ion  is  dubious with only  t h r e e  d a t a  po in t s  

a v a i l a b l e  near  t h a t  p re s su re  l e v e l .  Above t h e  600 mb l aye r  t h e  hea t ing  

r a t e  p r o f i l e  seems t o  be f a i r l y  cons tan t  up t o  400 mb which was t h e  mid- 

po in t  of theuppermost  l aye r  of  our  measurements. 

The f a r g e  s c a t t e r i n g  of hea t ing  r a t e s  i n  t h e  lower 200 mb o f  t h e  
t 

t r o p i c a l  a tnosphere may be p a r t l y  explained by cons ider ing  t h e  measure- 

ments made on 18 J u l y  from t h e  RFF a i r c r a f t .  According t o  Carlson and 

Prospero (1971) l a r g e  Saharan a i r  mass outbreaks made up o f  small  par- 

t i c l e s  of sand may be c a r r i e d  i n  t h e  wind flow i n  t h e  600 - 800 mb. 



instantaneous 
2 4 6 

normalized . 

1 

HEATING RATE OC/day 
Figure 4 - Instantaneous and norma-lized heating . r a t e  p r o f i l e s  using. a 

hand-drawn f i t  t o  t h e  da ta  points .  A s l i g h t  maximum i n  t h e  heating r a t e s  

may e x i s t  between 800-600 mb. The normalized data  exclude t h e  e f f e c t  of 

varying insola t ion.  P r o f i l e s  a r e  composed from a l l  cloudfree measure- 

ments obtained during BOMEX., ~ 



l eve l  t o  t h e  BOMEX a rea .  Their measurements i n d i c a t e  t h a t  high concen- 

3 t r a t i o n s  (>I50 ~ g / m  ) of suspended matter  (minerals) may be found i n  

t h e  a i r  over t h e  BOMEX a r r a y  and make up a s u b s t a n t i a l  p a r t  of  t h e  haze 

found i n  t h e  t r o p i c s .  Prospero and Carlson (1972) c a r r i e d  out measure- 

ments during t h e  BOMEX t o  t r y  and es t imate  t h e  magnitude of t h i s  t u r b i d i t y .  

P a r t i c u l a t e  concentrat ion,  measured by high volume a i r  samplers, was 

determined during t h e  r a d i a t i o n  convergence f l i g h t s  of t h e  RFF DC-6 a i r -  

c r a f t  on 18 Ju ly .  On t h i s  d a t e  t h e  RFF 40C flew a t  t h e  700 mb l eve l  a s  

t h e  middle a i r c r a f t  i n  t h e  v e r t i c a l l y  stacked mode f o r  r a d i a t i o n  conver- 

gence measurements. According t o  Prospero t h i s  would put 40C i n  t h e  

Saharan a i r  l aye r  where Prospero found t h e  average mineral aerosol  concen- 

3 t r a t i o n s  t o  be 61 pg/m f o r  t h e  t h r e e  month period of t h e  BOMEX. 

P a r t i c u l a t e  concentrat ions f o r  t h e  s p e c i f i c  c l e a r  cases of 18 J u l y  

a r e  shown i n  Table 2 .  A t  14002, one of  our r a d i a t i o n  cases,  t h e  160 ~ g / m  3 

concentrat ion was t h e  highest  measured by Prospero during t h e  e n t i r e  

BOMEX experiment; both t h e  f i lms  and observer notes  ind ica te  tu rb id  

condi t ions  (see Fig. 5) .  Figure 6 presents  a  graph of  f r a c t i o n a l  absorp- 

t i o n  f o r  t h e  four  cases of J u l y  18 showing t h e  increase  f o r  t h e  tu rb id  

condit ions.  For comparison we a l s o  show a p r o f i l e  of  t h e  f r a c t i o n a l  ab- 

sorpt ion  f o r  a  c lear ,gas-only  t r o p i c a l  atmosphere a s  ca lcu la t ed  using 

t h e  method of  Manabe-Strickler (1964; s e e  sec t ion  3 . 3 )  and a p r o f i l e  f o r  

t h e  mean f r a c t i o n a l  absorpt ion measured f o r  a l l  c l e a r  cases  of  our s tudy 

(data base t h e  same a s  Figure 4 ) .  These values show q u a n t i t a t i v e l y  t h e  

addi t ional  s o l a r  r a d i a t i o n  a t t enua t ion  due t o  t h e  suspension of aerosols  

i n  a  l aye r .  Thus t h e  presence o r  absence of  aerosols  i n  t h e  lower layer  

may g r e a t l y  a f f e c t  t h e  amount of absorpt ion taking place,  and i n  t h e  



Figure 5 - Single frame from a time lapse movie f i l m  taken onboard 40c 
a t  13582 18 July showing extreme haze and dust. 



Figure 6 - Frac t iona l  absorp t ion  i n  t h e  t r o p i c a l  atmosphere showing 
increased  absorp t ion  f o r  t h e  more t u r b i d  cases .  Cocparison t o  t h e -  
o r e t i c a l  ca lcu la t i .ons  showing zn apparent  i nc rease  i n  absorp t ion  
over  t h a t  accounted f o r  by t h e  gaseous c o n s t i t u e n t s  of  t h e  atnosphere.  



absence of l a rge  water vapor content va r ia t ions ,  most of the  s c a t t e r  i n  

t h e  lowest layer cloudfree measurements noted i n  Figure 4 is probably 

indicat ive  of aerosol  va r ia t ion .  

Columns 13, 14 and 16, 17 of  Tabletwogive values f o r  t h e  atmos- 

pher ic  s t a b i l i t y  and change i n  s t a b i l i t y  a s  well a s  thickness changes 

which would occur i f  t h e  rad ia t ion  heating r a t e s  f o r  t h e  dayl ight  hours 

(see summary) went d i r e c t l y  t o  sens ible  heat f o r  t h e  atmosphere. These 

parameters a r e  used a s  a n i l l u s t r a t i o n  of t h e  poss ib le  e f f e c t  t h e  v e r t i c a l  

s o l a r  heating may have on t h e  atmosphere. The ac tua l  s t a b i l i t y  i s  given 

i n  column 17 so t h a t  a comparison of it t o  t h e  inferred  s t a b i l i t y  change 

can be made. 

3 . 3  Use of  Theoret ical  Model f o r  Comparison with Measurements 

A method t o  est imate the  e f f e c t s  of aerosol  concentrations on s o l a r  

r ad ia t ion  convergence is  t o  compare t h e  observed heating r a t e s  t o  re -  

s u l t s  from theore t i ca l  models which handle the  gaseous const i tuents  i n  

t h e  atmosphere but not foreign mater ia ls .  The model used f o r  comparison 

was one developed by Manabe and S t r i c k l e r  (1964) which uses an atmospheric 

sounding of temperature and moisture (a mean C02 mixing r a t i o  was a l s o  

used). Thus, it was necessary t o  have a radiosonde launch concurrent 

with t h e  time of our r ad ia t ion  measurements and consequently only those 

measurements taken within 150 miles of an upper-air s t a t i o n  (ships o r  

Island of  Barbados) were able  t o  be compared with t h e  theore t i ca l  values. 

Figures 7 and 8 show t h e  p r o f i l e s  of t h e  measured upward, downward 

and net  s o l a r  r ad ia t ion  and t h e  downward rad ia t ion  ca lcula ted  by t h e  model 

f o r  a l l  cases ava i l ab le  (8 of t h e  14). In each case t h e  model overestimates 



Figure 7 - Vertical profile of the upward, downward and net 
radiation and vertical profile of the downward radiation as 
calculated by theory showing theory consistently calculates 
a larger downward flux than observed. 



PRESSURE (mb) 

F i g u r e  8 - V e r t i c a l  p r o f i l e  o f  t h e  upward, downward and n e t  
r a d i a t i o n  and v e r t i c a l  p r o f i l e  o f  t h e  downward r a d i a t i o n  a s  
c a l c u l a t e d  by t h e o r y  showing t h e o r y  c o n s i s t e n t l y  c a l c u l a t e s  
a l a r g e r  downward f l u x  t h a n  obse rved .  



t h e  downward r a d i a t i o n  i n d i c a t i n g  t h a t  e i t h e r  more absorp t ion  i s  tak ing  

p l ace  o r  t h a t  more s o l a r  r a d i a t i o n  i s  being r e f l e c t e d  t o  space than ac- 

counted f o r  by t h e  model. 

The use  of  t h i s  simple t h e o r e t i c a l  model t oge the r  with measurements 

of  r a d i a t i o n  has shown t h a t  when ae roso l s  and a  l a r g e  water vapor concen- 

t r a t i o n s  a r e  present  i n  t h e  t r o p i c a l  atmosphere they  m y  a c t  t o  absorb 

t h e  s o l a r  r a d i a t i o n  along with t h e  normal absorp t ion  by t h e  gaseous con- 

s t i t u e n t s  i n  t h e  atmosphere. This  absorp t ion  seems t o  occur more above 

t h e  800 mb l e v e l  and can be c o r r e l a t e d  t o  t h e  Saharan a i r  l a y e r  between 

800-600 mb found by Prospero and Carlson.  Kondratyev e t  a l .  (1972a), 

i n  a  s tudy  s i m i l a r  t o  t h i s  one, found t h a t  t h e  atmospheric f l u x  convergence 

due t o  t h e  absorp t ion  by ae roso l s  and t h e  atmospheric gaseous components 

may be o f  equal magnitude. 

3 . 4  Role of  s o l a r  r a d i a t i o n  i n  t h e  energy budget of t h e  c loudfree  

t r o p i c s  

The au thors  attempted t o  a s s e s s  t h e  r o l e  o f  s o l a r  r a d i a t i o n  i n  t h e  

c l e a r  t r o p i c a l  atmosphere by following t h e  e a r l i e r  work o f  Yanai (Yanai 

e t  a l . ,  1972) who t r i e d  t o  determine t h e  i n t e r a c t i o n  between l a rge - sca l e  

s ens ib l e ,  l a t e n t  and r a d i a t i o n a l  hea t ing  o r  cool ing and t r o p i c a l  waves 

o r  cloud c l u s t e r s .  Yanai considered an ensemble of  c louds which a r e  em- 

bedded i n  a  l a r g e  s c a l e  t r o p i c a l  weather system. He then used budget 

equat ions f o r  a  l a y e r  of t h e  atmosphere based on t h e  equat ions o f  mass 

con t inu i ty ,  f i r s t  law of  thermodynamics, and moisture con t inu i ty ,  a l l  

averaged over  a ho r i zon ta l  a r e a  l a r g e  enough t o  conta in  t h e  cloud en- 

semble but  small  enough t o  be a  f r a c t i o n  of  a  l a r g e  s c a l e  system. 



The budget equations are :  

* a - 
Q, = Q, + L(c-e) - - s ' w '  

aP 

* a - 
Q2 = L(c-e) + L - q'w' 

aP 4 

where : 

- 
w = average v e r t i c a l  p-velocity 

QR = heating r a t e  due t o  rad ia t ion  

c  = r a t e  of condensation per u n i t  mass of a i r  

e  = r a t e  of re-evaporation of cloud d rop le t s  

- 
( ) = horizontal  average 

s = c  + gz (dry s t a t i c  energy) 
P  

( ) = small sca le  eddies 

* 
The eddy terms of (14) and (15) r e f e r  t o  t h e  ac t ions  of mesoscale 
convective clouds i n  the  t r o p i c a l  environment. 

E q .  (14) shows t h a t  t h e  apparent heating of t h e  large  s c a l e  motion 

system (Q1) cons i s t s  of heating due t o  rad ia t ion ,  t h e  re lease  of l a t e n t  

heat by net  condensation and v e r t i c a l  convergence of t h e  v e r t i c a l  eddy 

t ranspor t  of sens ible  heat .  E q .  (15) i s  t h e  moisture cont inui ty  expressed 

i n  u n i t s  of heating r a t e ,  and is a measure of t h e  apparent moisture sink 

i n  a  layer  (Q ) which is  due t o  the  ne t  condensation and v e r t i c a l  d i -  
2 

vergence of the  v e r t i c a l  eddy t ranspor t  of moisture. Yanai derived from 

t h e  above two equations t h e  following: 



- 
where hfwf equals a measure of the vertical eddy transport of total 

heat or moist static energy; a measure of activity of cumulus convection. 

This equation should hold for any layer in the atmosphere thus al- 

lowing the energy requirements of each layer to be inferred. For a layer 

high in the troposphere (i.e., 500-200 mb) the latent heat terms would 

be quite small due to the lack of moisture. Thus the balancing terms 

would be the sensible and radiation terms which would be balanced 

by induced vertical motions (Gray, 1972). When the atmosphere is taken 

as a whole, all terms become important to the energy balance. 

Yanai shows that if equations (14) and (15) are integrated from sea 

surface to cloud top that estimates of Ql , Q2 and $1 can be checked 

by surface measurements of precipitation, sensible heat supply from the 

ocean and rate of evaporation from the ocean. For a case in the Pacific 

that he studied: 

1, (Q1 - QR) dP = LPO = precipitation (1086 cal*cm-2*day'1) 

l/ g Q2 dp = L(PO - EO) = precipitation-evaporation I pT 1 (697 ~al*crn-~-day-~) 

where : 

L = latent heat of vaporiiation 

Po = precipitation 

E = evaporation 
0 



Figure 9 shows a v e r t i c a l  p r o f i l e  of Q 1 and Q2 a s  given by Yanai 

from d a t a  from t h e  Marshall  I s land  Experiments of 1956. The v e r t i c a l  pro- 

f i l e  o f  QR is a l s o  given a s  der ived by Dopplick (1970) from c l imato logica l  

va lues ,  assuming two-tenths cloud cover .  The graph a l s o  shows t h e  v e r t i c a l  

p r o f i l e s  of  i n f r a r e d  cool ing Qt along with t h e  observed mean s o l a r  hea t ing  

2 r a t e s  f o r  cloud a r e a s  
QS 

during BOMEX. For t h e  v e r t i c a l  eddy t r a n s p o r t  

of t o t a l  hea t  equal Q Yanai es t imates  it would t a k e  1.8 cm/day of  prec ip-  

i t a t i o n  r a t e  was 1 cm/day. This  discrepancy may be reso lved ,  a s  Yanai p o i n t s  

o u t ,  by t h e  f a c t  t h a t  t h e  r a d i a t i o n a l  hea t ing  a s  Dopplick ca l cu la t ed  may be 

5 too  low. I f  we assume f o r  t h e  day l igh t  per iod t h a t  t h e  s o l a r  hea t ing  

amounts t o  2.5 C and t h e  longwave cool ing i s  .75 C (one-half an es t imate  f o r  

a day i n  t h e  t r o p i c s ;  Cox, 1972), then  fol lowing Yanai l s  approach 

 his curve does no t  t a k e  i n t o  account t h e  f a c t  t h a t  water vapor p re s su re  
broadening occurs  i n  t h e  atmospheric window, 8-12 pm, such t h a t  t h e  in -  
f r a r e d  cool ing i n  t h e  t r o p i c a l  t roposphere inc reases  by a s  much a s  30% 
(Cox, 1973). This  would somewhat reduce t h e  va lues  i n  t h e  QR curves,  
e s p e c i a l l y  i n  t h e  lower 200 mb. 

2 ~ h e  c loudfree  hea t ing  r a t e s  a r e  used a s  a f i r s t  approximation t o  Yanai l s  
budget box s i n c e  it i s  f e l t  t h e  c l e a r  a r e a s  make up approximately 80% 
of  t h e  t o t a l  a r e a .  Future work w i l l  consider  t h e  r e s u l t s  from clouds 
t o  b e t t e r  approximate t h e  t r u e  condi t ions  i n  t h e  a r e a  considered.  The 
instantaneous mean va lues  shown i n  Figure 4 have been d iv ided  by two 
t o  account f o r  t h e  r e l a t i v e  amount of  daytime and n ight t ime,  s i n c e  
a l l  p r o f i l e s  i n  Fig 9 apply t o  t h e  average d a i l y  ca se .  

3 ~ h e  use o f  t h e  mean instantaneous hea t ing  r a t e  a s  a va lue  f o r  t h e  day- 
l i g h t  s o l a r  hea t ing  of  t h e  atmosphere fol lows from a simple argument 
t h a t  t h e  increased pa th  length  of  t h e  s o l a r  r a d i a t i o n  through t h e  
atmosphere with decreasing s o l a r  e l eva t ion  maintains  t h e  hea t ing  r a t e  
a t  i t s  irlstantaneous va lue  t o  t h e  f i r s t  approximation. Kondratyev 
(1972) has found during t h e  CAENEX (Complex Atmospheric Energe t ics  
Experiment) t h a t  t h e  maximum s o l a r  hea t ing  i n  t h e  t roposphere may 
not  occur a t  l o c a l  noon but  r a t h e r  i n  t h e  forenoon o r  a f te rnoon when 
dus t  loading i s  h ighes t  



Figure  9 - V e r t i c a l  p r o f i l e s  o f  t o t a l  hea t ing  (Q ) ,  moisture con t inu i ty  1 (Q2), s o l a r  hea t ing  a s  found i n  t h i s  s tudy  (Q ), n e t  hea t ing  us ing  Q S S (QRPresent Study),  n e t  hea t ing  a s  found by Dopplick (QR Dopplick), and 
longwave cool ing o f  t h e  atmosphere (QL) found by Dopplick. 



t h e  p r e c i p i t a t i o n  would amount t o  .25 cm f o r  t h e  12 hour daytime period.  

During the  nightt ime hours when only in f ra red  cooling i s  taking  p lace ,  

.93 cm of  p r e c i p i t a t i o n  would be needed t o  balance t h e  sens ib le  and l a -  

t e n t  heat ing terms, and t h e  d a i l y  sum would be 1.18 cm which is  .18 cm 

higher  than t h e  amount observed a t  t h e  su r face  during the  period i n  which 

Yanai c a r r i e d  out  h i s  study. Yanai poin ts  out  t h a t  t h e  p r e c i p i t a t i o n  

measurements made were probably too low f o r  t h i s  l a rge  an a rea  and a l s o  

t h a t  t h e  measurements of sens ib le  and l a t e n t  heat  f luxes  may be o f f  by 

a f a c t o r  of 1 .5  t o  2.0. The r e s u l t  i n fe r red  from t h e  present  argument 

i s  .64 cm/day c l o s e r  t o  t h e  observat ions than t h a t  found by Yanai using 

Dopplickls heat ing r a t e s .  Thus, t h i s  says t h a t  t h e r e  may be a  c lose  

r e l a t i o n s h i p  between t h e  r a d i a t i o n  balance of  l a r g e  a reas  i n  t h e  t r o p i c s  

and t h e  p r e c i p i t a t i o n .  For t h e  very long time averages t h i s  has been 

acknowledged f o r  many years  (e .g. ,  Riehl and Malkus, 1958). However, 

could t h e  r e l a t i o n  a l s o  e x i s t  on such a shor t  t ime s c a l e  a s  t h e  d iurnal?  

Perhaps it does when l a r g e r  s c a l e  migratory disturbances a r e  not  consi- 

dered s ince  it has been noted t h a t  t h e  precipitation mdximum does becup 

i n  t h e  t r o p i c s  during t h e  nightt ime hours (Holland, 1970; Atkinson, 1971) 

i n  d i r e c t  c o r r e l a t i o n  t o  what woula be requi red  from these  energy balance 

cons idera t ions .  In  order  t o  t e s t  t h i s  speculat ion more r a d i a t i o n  mea- 

surements along with sens ib le  and l an ten t  hea t  f l u x  measurements a r e  needed t o  

est imate t h e  magnitude of each term and then c o r r e l a t e  t h i s  t o  t h e  p r e c i p i t a -  

t i o n  amounts. This  work could e a s i l y  be c a r r i e d  out  i n  t h e  GATE (GARP At lan t i c  

Tropical  Experiment) ,program planned f o r  1974. 



4.0 RADIATION CASE STUDIES OF CLOUD CONDITIONS 

4.1 Background 

Another aspect  of  t h e  s o l a r  r a d i a t i o n  s t u d i e s  c a r r i e d  out  during t h e  

BOMEX was t h e  s tudy of  t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  of  c e r t a i n  cloud 

types i n  t h e  t r o p i c s .  Clouds undoubtedly dominate t h e  r a d i a t i o n  budget 

of t h e  t r o p i c a l  atmosphere where they  a r e  present  i n  l a r g e  amounts. The 

quest ions t h a t  a r e  posed i n  t h i s  study a r e :  ( I )  what i s  t h e  mag- 

n i tude  of s o l a r  energy absorpt ion by d i f f e r e n t  cloud types; (2)  does t h e  

absorpt ion a c t  i n  a way t o  i n h i b i t  o r  encourage cloud growth; and (3) 

what is t h e  e f f e c t  of t h e  cloud rad ia t ion  c h a r a c t e r i s t i c s  on l aye r s  of  

sur faces  underneath o r  above, t h e  cloud layer  i t s e l f .  

Measurements applied t o  answer t h e  above po in t s  were made using t h e  

f i v e  a i r c r a f t  previously mentioned. The number o f  cloud cases  ava i l ab le  

f o r  t h i s  work was l imi ted  due t o  t h e  a i r c r a f t  opera t ions  themselves. 

In most cases t h e  clouds used f o r  t h i s  s tudy were not  d i r e c t l y  sought 

out  f o r  measurement by t h e  a i r c r a f t  but  were encountered along a pre- 

planned f l i g h t  t r a c k .  Thus t h e r e  were only e igh t  acceptable cloud 

cases  a v a i l a b l e  f o r  t h i s  work. 

4 . 2  Results  

Table t h r e e  shows t h e  r e s u l t s  of t h e  e igh t  d i f f e r e n t  cloud measure- 

ments made during t h i s  experiment. The only cloud types measured were 

stratocumulus, cumulonimbus o r  congestus, and c i r r u s .  Three measure- 

ments were made of  strato-cumulus clouds, t h r e e  of  cumulus clouds and 

two of  c i r r u s .  I t  must be mentioned here t h a t  only i n  a few cases were 

t h e  exact depth and width of t h e  cloud measured and t h e  dimensions of  
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Table 111' Resul t s  from rad ia t ion  study of c e r t a i n  cloud types i n  t h e  t r o p i c s .  
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most clouds c i t e d  i n  t h i s  s tudy can only  be est imated.  This  was done by 

means of  a v i sua l  es t imat ion  of  t h e  c l o u d t s  depth using films and s l i d e s  

taken on measurement days. These es t imates  a r e  given i n  Table 3 .  

When a i r c r a f t  making cloud measurements f lew s u b s t a n t i a l l y  above o r  

below cloud t o p  o r  base, a co r rec t ion  was appl ied  t o  t h e  absorpt ion per- 

centage found due t o  t h e  f a c t  t h a t  not  only was cloud absorpt ion taking  

p lace  but c l e a r  a i r  absorpt ion was taking  p lace  a s  wel l .  Thus t h e  ob- 

served absorpt ion percentage was decreased by an amount determined from 

measurements made i n  c l e a r  a i r  under s i m i l a r  condit ions and s i m i l a r  

depths o f  atmosphere. Then t h e  recomputed absorpt ion percentages, 

cloud minus c l e a r  a i r ,  were used t o  r e c a l c u l a t e  heat ing r a t e s  t h a t  should 

correspond more c lose ly  t o  t h e  heat ing i n  t h e  clouds themselves. Taking 

these  values and d iv id ing  them by t h e  depth o f  t h e  cloud i n  m i l l i b a r s ,  

an est imate of t h e  heat ing per  m i l l i b a r  o f  t h e  cloud can be found. These 

va lues  a r e  a l s o  shown i n  Table 3 (cols .  24 and 25) .  

I t  i s  understood t h a t  t h e  r a d i a t i v e  heat ing which has been discussed 

may be manifested i n t o  many d i f f e r e n t  processes i n  t h e  cloud l aye r  i n  which 

t h e  absorpt ion takes  p lace .  These processes include induced v e r t i c a l  mo- 

t i o n s  and hor izonta l  wind, sens ib le  heat ing,  evaporation of cloud water and 

t r anspor t  out  o f  t h e  absorbed s o l a r  energy. A simple technique developed by 

Knollenbert (1972) may allow us t o  sepa ra te  one of  t h e  above processes from 

t h e  r e s t  due t o  t h e  f ace  we a r e  dea l ing  with a cloud. The following equation 

(19) allows an es t imate  of t h e  amount of evaporation of  cloud water induced 

by t h e  abserved s o l a r  energy thus  giving another hea t ing  r a t e  which would 

supposedly be t h e  energy ava i l ab le  f o r  t h e  o the r  processes t o  t ake  p lace .  
- 

[ funct ion  of T cloud only1 



where : 

g = 980 cm/sec 2  

6 
Rd = 2 .87  x 10 e r g s l g O ~  

Rw = 4.6 x l o6  e r g s / g O ~  

c = 1 x 1 0  e r g s / g O ~  
P 

s = s a t u r a t i o n  vauor 

dens i ty  f(T) 

These correc ted  heat ing r a t e s  a r e  again shown i n  Table 3 (col .  14) .  

Table four  summarizes t h e  r e s u l t s  of t h e  cloud s tudy made here  and 

t h e  r e s u l t s  of  two o t h e r  s t u d i e s .  The case  f o r  t h e  strato-cumulus clouds 

serves  a s  an example of  t h e  wide range of na tu ra l  v a r i a b i l i t y  i n  t h e  rad- 

i a t i v e  c h a r a c t e r i s t i c s  of  s i m i l a r  cloud types (absorpt ion 12-36%). Fig.  

10 simply r ep resen t s  t h e  v e r t i c a l  p r o f i l e  of  s o l a r  radiance made of t h r e e  

d i f f e r e n t  cloud types during t h e  BOMEX. These type of  p r o f i l e s  along 

with p a s t  and f u t u r e  measurements should he lp  obta in  usable  l i m i t s  t o  

t h e  r a d i a t i v e  p roper t i e s  of  clouds. 

4.3.  Atmospheric Ef fec t s  due t o  Radiat ive Processes i n  Clouds 

Since clouds have been shown t o  absorb a s i g n i f i c a n t  amount of  s o l a r  

r a d i a t i o n ,  t h i s  absorpt ion may a f f e c t  t h e  cloud's  growth a s  well a s  t h e  

cloud's  environment. The f a c t  t h a t  some of  t h e  absorbed r a d i a t i o n  goes 

i n t o  evaporating water has been discussed and i s  shown t o  p lay  a sub- 

s t a n t i a l  r o l e  f o r  clouds low i n  t h e  atmosphere. G i l l e  and Krishnamurti 

(1972) have shown t h a t  when r a d i a t i v e  cooling by longwave r a d i a t i o n  i s  

placed i n t o  a  model of a  t r o p i c a l  d is turbance  t h e  ene rge t i c s  a r e  changed 

i n  such a way a s  t o  enhance t h e  condi t ional  i n s t a b i l i t y  of  these  d i s -  

turbances. This  s tudy w i l l  t r y  t o  show t h a t  s o l a r  r a d i a t i v e  warming 

may a f f e c t  t h e  s t a b i l i t y  of cloudy regions i n  a  s imi la r  manner. 



TABLE I V  Sumnary of  t h e  r a d i a t i v e  p roper t i e s  of  c e r t a i n  cloud types 
using t h e  r e s u l t s  from this study and two o the r s .  

TYPE REFLECTED (%) TRAKSbfITTED (%) ABSORBED (5) 

Cu 
( la rge ,  th i ck )  

St-Cu 

C i - C s  

- - 

* (  ) London (1957) mean 

* [  ] Drummond and Hickey (1971) mean 

NOTE: A l l  s o l a r  e levat ion  angles g r e a t e r  than 60' - 
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Figure 10 - Upward and downward components of solar radiation through Strato- 
cumulus (St-Cu), a cumulonimbus (Cb) and through cirrus (Ci). 



The strato-cumulus cloud measurements of 18 Ju ly  provided t h e  only 

case  of  t h i s  cloud type where s u f f i c i e n t  da ta  were ava i l ab le  t o  calcu- 

l a t e  the  change i n  s t a b i l i t y  due t o  t h e  heating r a t e  p r o f i l e .  The da ta  

shows t h a t  with t h e  cloud located i n  t h e  lower pa r t  of t h e  atmosphere 

t h e  d i f f e r e n t i a l  v e r t i c a l  heating would a c t  t o  d e s t a b i l i z e  the  whole layer  

(990-529 mb) over a day. 

When t h e  modified heating r a t e  (corrected f o r  l a t e n t  heat a f fec t s )  

i s  used it again shows a des tab i l i za t ion  occurring but t o  a l e s s e r  extent .  

Thus, it may be concluded t h a t  t h e  s o l a r  r ad ia t ion  a c t s  i n  such a way a s  

t o  enhance t h e  growth of t h i s  cloud. However, what i s  probably occurring 

i s  t h a t  i n  t h e  upper por t ion  of t h e  cloud more absorption takes  place 

than i n  t h e  lower h a l f .  This would increase t h e  evaporation of cloud 

water and cool t h e  upper port ion of t h e  cloud more than below which would 

enhance t h e  des tab i l i za t ion .  Since t h i s  i s  a s t r a t u s  type cloud we can 

assume it i s  capped by a more s t a b l e  o r  d r i e r  layer  such t h a t  with in-  

creased growth of t h e  cloud more mixing with t h i s  d r i e r  a i r  would occur 

and thus erode t h e  cloud. 

A r e la ted  question posed here concerns the  e f f e c t  a t  t h e  ocean a i r  

in te r face  when t h e  s o l a r  insola t ion i s  d r a s t i c a l l y  reduced by t h e  l a rge  

cumulus clouds ( i . e . ,  J u l y  23 Cb case) .  Hanson (1971) has shown t h a t  

when a l a rge  cloud system e x i s t s  over an a rea  f o r  an e n t i r e  day t h e  in-  

so la t ion  a t  t h e  ocean surface  may be reduced by a s  much a s  99%! This 

obviously would a f f e c t  t h e  sens ible  heating of t h e  ocean surface  a s  

well a s  t h e  a i r  above. Also, evaporation from t h e  ocean surface may be 

reduced. The short-term a f f e c t s  t h i s  may have on t h e  mesoscale dynahics 



o f  t h e  a rea  may be  such a s  t o  t r y  and d i s s i p a t e  t h e  cloud system and br ing  

the  energy balance back i n t o  phase. This  is  am important quest ion t h a t  

must be looked i n t o  f u r t h e r  s i n c e  such a l a r g e  amount of  energy i s  being 

-2 considered (1000 calocm *day-') . 
In d iscuss ing  c i r r u s  clouds we may assume here t h a t  t h e  energy ab- 

sorbed by t h e  c i r r u s  may be a s  l a r g e  a s  t h e  energy re leased  by forming 

2 
t h e  c i r r u s .  A simple ca lcu la t ion  f o r  a c i r r u s  cloud 100 km i n  a rea  

and 1 km deep shows t h e  absorbed r a d i a t i o n  over a day (1012 c a l )  i s  of  t h e  

same magnitude a s  t h e  energy required t o  maintain t h e  c i r r u s  cloud over 

a day. Thus t h e  e f f e c t  t h e  s o l a r  hea t ing  has on t h e  cloud and i t s  l o c a l  

environment may be q u i t e  important,  e spec ia l ly  i f  t h e  cloud was t o  main- 

t a i n  i t s e l f  f o r  an extended period,  say one week. The c i r r u s  cloud mea- 

sured on 18 J u l y  probably shows t h e  most r e a l i s t i c  r e l a t i o n s h i p  between 

c i r r u s  and t h e  inc ident  s o l a r  r ad ia t ion .  Here we see  a r a t h e r  l a r g e  

absorpt ion taking  p lace  shown by t h e  8.41°c/day heat ing r a t e .  With 

such a l a r g e  deple t ion  of  t h e  inc ident  r a d i a t i o n ,  only  27% t ransmi t ted ,  

l i t t l e  is l e f t  t o  be absorbed below t h e  cloud. Thus, very  l i t t l e  

heat ing below t h e  cloud would r e s u l t  i n  a l a r g e  s t a b i l i z i n g  e f f e c t  by 

t h e  cloud. Consequently t h e  c i r r u s  not  only warms t h e  atmosphere a t  

high a l t i t u d e s ,  it a l s o  a c t s  a s  an e f f i c i e n t  mechanism t o  i n h i b i t  

warming throughout t h e  o the r  two-thirds of  t h e  troposphere. This  has 
I 

been v e r i f i e d  by a t h e o r e t i c a l  model developed by Fleming (1973). Thus, 

i t s  e f f e c t s  on t h e  atmosphere, i f  given a l i f e t i m e  of  a week, could be 

q u i t e  dramatic . 



5.0 SUMMARY AND CONCLUSIONS 

Analysis of measurements of t h e  absorption of s o l a r  r ad ia t ion  i n  t h e  

t rop ica l  troposphere during BOMEX provides the  following conclusions: 

1) Absorption i n  t h e  lower one-half of t h e  c l e a r  t r o p i c a l  troposphere 
i s  approximately 10 % of insola t ion,  higher than previous est imates 
f o r  the  average case. This i s  believed t o  be caused by the  high 
amounts of t u r b i d i t y  found i n  t h e  t rop ics  which were not adequately 
t r ea ted  by t h e o r e t i c a l  models used f o r  these  e a r l i e r  est imates.  

Absorption by clouds i n  a layer  is  shown t o  be from two t o  t h r e e  
times higher than f o r  c l e a r  a i r .  This absorbed energy i s  shown 
t o  both sens ibly  heat  t h e  layer  a s  well a s  t o  evaporate cloud 
water. Large cumulus clouds show a dramatic reduction i n  t h e  
s o l a r  inso la t ion  reaching t h e  surface by both r e f l e c t i n g  t h e  
incident  r ad ia t ion  back t o  space and by absorption. Thus t h e  
l a rge  d i f f e r e n t i a l  heating a t  t h e  surface  between t h e  cloud and 
c l e a r  a i r  may lead t o  an enhancement of t h e  temperature and 
moisture gradient  i n  the  hor izonta l .  The 18 J u l y  measurement 
of th ick  c i r r u s  shows t h a t  these  clouds warm t h e  upper p a r t  of 
t h e  atmosphere while a l so  allowing very l i t t l e  insola t ion below 
t h e  cloud. The absorption c h a r a c t e r i s t i c s  of  strato-cumulus 
clouds show t h e  cloud environment t o  be des tab i l i zed  which may 
a c t  t o  erode t h e  cloud due t o  increased mixing with d r i e r . a i r  
above. 

3) When t h e  r e s u l t s  of t h i s  study a r e  combined with Yanai's energy 
budget s tudy of t h e  t rop ics ,  t h e  s o l a r  r ad ia t ion  absorption is  
shown t o  be very important. For example i f  we assume s teady-s ta te  
atmospheric condit ions during t h e  day and night  (and no advective 
processes),  then heating of t h e  atmosphere during t h e  daylight  
hours by t h e  absorption of  s o l a r  r ad ia t ion  i s  l a rge  enough t o  
reduce t h e  amount of convective a c t i v i t y  necessary t o  balance 
t h e  sens ib le  and l a t e n t  heat  terms i n  t h e  energy budget equation. 
A t  night  when s o l a r  heating is  absent the  convective a c t i v i t y  
increases t o  balance t h e  longwave cooling i n  t h e  atmosphere. 
Observations show t h a t  indeed t h e  convective a c t i v i t y  i s  a max- 
imum a t  night  i n  t h e  t rop ics .  

The exact physical mechanisms by which t h e  s o l a r  r ad ia t ion  i n t e r a c t s  

with t h e  atmosphere t o  enhance o r  suppress convection were studied i n  an 

i n i t i a l  manner through considerat ion of t h e  thickness and s t a b i l i t y  changes 

which under l a rge  v e r t i c a l  gradients  i n  t h e  heating p r o f i l e  may a c t  t o  

enhance o r  suppress convective a c t i v i t y .  Further work is  required t o  

assess  the  s igni f icance  of t h e  f indings.  



Limitat ions on the  use of instantaneous hea t ing  r a t e s  i n  both s t a b i l i t y  

and thickness change ca lcu la t ion  a s  well a s  i n  energy budget cons idera t ion  

have been noted. Such heat ing  r a t e s  correspond t o  t h e  r a d i a t i o n a l  hea t ing  

t h a t  would take  p lace  i n  a l aye r  i f  t h e  same amount of energy was contin-  

uously absorbed throughout t h e  day. What i s  needed f o r  many d iagnos t i c  

app l i ca t ions  is  an ext rapola t ion  of t h i s  instantaneous value t o  t h e  ac tua l  

s o l a r  heat ing t h a t  would occur over an e n t i r e  day. Since t h i s  scheme has 

not  been developed we have assumed t h e  instantaneous values t o  represent  
1 

t h e  s o l a r  hea t ing  f o r  t h e  dayl ight  period. This has some v a l i d i t y  (as  

mentioned e a r l i e r )  i n  t h a t  a s  t h e  s o l a r  zeni th  angle increases  t h e  pa th  length 

of t h e  r ad ia t ion  increases  a s  well  so  t h a t  t h e  decrease i n  s o l a r  energy a rea  

time i s  not  s o l e l y  dependent on sun e levat ion  but  a l s o  t o  t h e  path length 

of t h e  energy through the  atmosphere and t h e  amount of absorbing mater ia l  

encountered. 
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