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ABSTRACT 

Tizld mzaòunemznt pnognamò in Biazit duxing thz dh.y iza&on monthi Q& Auguit and 

Szptzmbzn. in 1979 and Í9S0 havz dzmonòtAatzd thz gizat imponXancz oi thz cont*.nzntat 

tKopici, In globo? OÍA ch<míit>it<. Ei.pe.cA.atly in the. m-ixzd tayei, thz ÍUA comporcticn 

OMVlt tand ÍÁ much diÜ&fiQ.nt ^Kom thaX oi/ei thz octan and thz íand anzai OKZ ctzafiZy 

tange. &ca£z ÒOUICZÒ of, mamj in\poh£an£ txacz gaòzò. Vu-iing thz diu ÍZOÒOH much biomoa 

bu/iníng takeb ptacz zipzcialZu in thz czKKadv izgionò Izading to iubítantíat zrtüAbion 

oi ain. poUutantò, àuc/i ai CO, H0' f W^O, CH^ and othzn. hydKOQ.an.bonA. Ozonz conczntxat 

ícnò aiz aZ&oznhanczd due to photochzmicat izactiom. Siogznic oiganic zmiaionà f,A.om 

Viopical ^oKZAtò ptau likzuxuz an impoitant totz in thz photochemiòtAy oi thz atmoi-

píiete. CaAbcn monoxidz totu JMÜtd to bz pnzbznt in high conczntH.ati.onA in thz boundaAU 

tay&l oí thz tAopicat hoiZAt, bat ozonz conczntAationi IMZAZ much touie.1 than in thz CZA 

hado. 
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IWTRODUCTION 

For severa! reasons the tropícs play a dominant role in atmospheric chemistry : 

they cover altnost half of the earth's surface, they contain the tropical forests whlch 

are the most productive ecosystems of the ea r t h , they have a large turnover rate of 

biological material a nd they receive a maxímum of visible and especially of photochemi-

cally active, ultraviolet solar radiation. Despite the obvious importance of the 

tropícs, very little is known about tropical air chenístry, particularly over the con-
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t i n e n t s . Most available information so far has been gathered during the GAMETAG air -

craft research flights over the Pacific Ocean and w a s mostly reported in the J o u r n a l 

o f G e o p h y s i c a l R e s e a r c h issue of D e c e m b e r , 1980, w h i l e important additional information 

has also been gathered by Seiler (197¾) and Seiler & Fishman (1981) mostly from 

aircraft flights along the coast of South A m e r i c a . Except for a few studies c o n d u c t e d ' 

by French research workers in the Ivory Coast (Marenco & O e l a u n a y , I 9 8 O ; Delmas « a l . 

I 9 8 O } , some earlv work bv U . S . scientists in tropical Panama and Brazil (lodge & P a t e , 

1 9 6 6 ; Lodge et a l . , 197¾) and studies by Brinkmann & de Santos (197¾) and Stallard & 

Edmond (1981), no information is available on the distribution of most trace gases in 

the c o n t i n e n t a l , tropical a t m o s p h e r e . 

The measurements which will be reported in this paper are therefore unigue in 

that they provide the first survey of the d i s t r i b u t i o n of the photochemica1ly active 

trace gases 0^,CO, hydrocarbons and Ν 0 χ in o n e of the most important regions of the 
continental tropical a t m o s p h e r e . These m e a s u r e m e n t s w e r e m a d e during the months of 
August and September, i.e., during the dry season over equatorial and subtropical Bra 
z i l . Besides aircraft o b s e r v a t i o n s , air was also sampled on the ground for gas chromato_ 
graphic determinations of such a t m o s p h e r i c constituents as h y d r o c a r b o n s , nitrous oxide 
and carbonyl sulfide. 

The observations w h i c h will be reported in this study are not only important for 
our understanding of global air chemistry in g e n e r a l , but are additionally important 
because of the large changes which are taking place in the tropics in the agricultural 
sector. The deforestation a c t i v i t i e s which are o c c u r r i n g in many tropical countries 
have been much discussed in the press and in scientific circles (e.g., N A S , 1 9 7 9 ) 

Through these activities the chemical composition of the air is c h a n g i n g , not only in 
the t r o p i c s , but also w o r l d w i d e . Up to now the most d e b a t e d issue has been to what 
degree the qlobal carbon dioxide burden of the atmosphere has been influenced by 
tropical forest cutting (e.g., Bolln e t a l . , 1979; Woodwell e t a l . , 1978; Seiler & 
C r u t z e n , 1980). H o w e v e r , carbon d i o x i d e plays only a minor role in the photochemis -
try of the a t m o s p h e r e . Less abundant gases are far m o r e important. For instance, 
it has been proposed by Zimmerman et a l . (1978) that tropical forests a r e m a j o r produ
cers of hydrocarbon gases w h i c h are o x i d i z e d in the a t m o s p h e r e to carbon monoxide (CO). 
CO plays an important role in the photochemistry of the global atmosphere as it is the 
main constituent with which the important hydroxy! radical reacts in the troposphere(Le 
vy, 1 9 7 ) , 1 9 7 ¾ ; McConnell e t a l . , 1971). Theoretical investigations by Crutzen et 

a l . , (1978) , Crutzen & fiidel (1983) and Vol ζ e t a l , (1981) have indicated t h a t , most 
likely, there is a large production of carbon monoxide in the tropics and hydrocarbon 
oxidation is possible source. It was earlier shown by Crutzen & Fishman ( 1 9 7 7 ) that 
methane oxidation alone cannot account for this s o u r c e , so that higher hydrocarbon ga 
s e s , especially isoprene, and the t e r p e n e s , c 1 oH 1 6 * m a y b e i m P o r t a n t - A n Y 
major change in the forest c o v e r of the tropics c a n , t h e r e f o r e , have important c o n s e -
auences for global air c h e m i s t r y . 



T h e c o m p o s i t i o n of t h e t r o p i c a l a n d t h e g l o b a l a t m o s p h e r e c a n a l s o b e i n f l u e n c e d 

;by the b u r n i n g o f d e a d v e g e t a t i o n a n d w o o d d u r i n g t h e d r y s e a s o n in m a n y p a r t s o f t h e 

tropical w o r l d . T h i s is n o r m a l a g r i c u l t u r a l p r a c t i c e a n d is d o n e t o f r e e g r a s s l a n d s 

from dry a n d u n p a l a t a b l e v e g e t a t i o n w i t h 1 i t t l e n u t r i t i o n a l v a l u e , to g e t rid o f 

weeds or to c l e a r p r i m a r y o r s e c o n d a r y f o r e s t in o r d e r to r a i s e c a t t l e o r to g r o w a g r i 

cultural a n d o t h e r c a s h c r o p s f o r s o m e p e r i o d o f t i m e . T r a d i t i o n a l l y , in t h e f o r e s t s 

the land w a s left to r e g r o w , a l l o w i n g n u t r i e n t s g r a d u a l l y t o r e t u r n to t h e s o i l . A f t e r 

a period of s e v e r a l d e c a d e s , t h i s s e c o n d a r y f o r e s t w a s c u t a g a i n a n d u s e d f o r a g r i c u l 

ture. T h i s a g r i c u l t u r a l f a r m i n g p r a c t i c e w h i c h g o e s u n d e r m a n y n a m e s , m o s t c o m m o n l y 

shifting a g r i c u l t u r e , sl<ash a n d b u r n c u l t i v a t i o n , f o r e s t f a r m i n g o r s w i d d e n c u l t i v a t i 

on, has b e e n p r a c t i c e d in t h e t r o p i c s f o r m a n y c e n t u r i e s , p e r h a p s m i l l e n i a a n d 

nay be considered a s t h e o I d e s t f o r m o f a g r i c u l t u r e . It w a s s t i l l c o m m o n p r a c t ice in 

parts of E u r o p e in t h e l a s t c e n t u r y . It w a s , o r in m a n y p a r t s o f t h e t r o p i c s still is 

the ma in c a u s e o f a i r pol 1 ut i o n . 

A n a l y s e s by S e i l e r & C r u t z e n (1980) a n d C r u t z e n e t a l . ( 1 9 7 9 ) h a v e s h o w n t h a t 

the burning o f v e g e t a t i o n in t h e t r o p i c s c a n s u p p l y s u b s t a n t i a l a m o u n t s o f i m p o r t a n t 

trace gases to t h e a t m o s p h e r e , s u c h a s C O , N 2 0 , N C ^ , C H ^ , C O S a n d C H ^ C l . In all c a 

ses the p o t e n t i a l s u p p l y o f t h e s e g a s e s to t h e a t m o s p h e r e w a s f o u n d to b e o f s i m i l a r 

magnitudes a s t h e i n d u s t r i a l i n p u t s . 

W e c o n d u c t e d t w o e x p l o r a t o r y f i e l d p r o g r a m s in B r a z i l d u r i n g t h e d r y s e a s o n s o f 

1979 and 1 9 8 0 . T h e p r o g r a m e m p l o y e d r e s e a r c h f l i g h t s u s i n g t h e N C A R t w i n e n g i n e S a b r e -

liner jet a i r c r a f t , m o s t l y f o r c o n t i n u o u s , s i m u l t a n e o u s m e a s u r e m e n t s o f t h e m e t e o r o -

gtcal p a r a m e t e r s , a n d t h e g a s e s 0^, CO a n d Ν 0 χ . A l s o , e v a c u a t e d c a n s w e r e f i l l e d 

with air in t h e a i r p l a n e o r o n t h e g r o u n d m a i n l y t o d e r i v e f u r t h e r i n f o r m a t i o n o n 

gaseous e m i s s i o n s f r o m b i o m a s s b u r n i n g . B r a z i l w a s c h o s e n f o r t h i s w o r k b e c a u s e o f its 

relative p r o x i m i t y to o u r b a s e in t h e U . S . a n d b e c a u s e t h i s c o u n t r y c o m b i n e s b o t h 

extens fve f o r e s t s ( s e l v a ) a n d s a v a n n a - Ii k e ( c e r r a d o ) e c o s y s t e m s o n its t e r r i t o r y . In 

this p a p e r , w e r e p o r t r e s u l t s f r o m t h e f i r e e m i s s i o n s a m p l i n g p r o g r a m s a n d a i r c r a f t 

flights in 1 9 7 9 a n d 1 9 8 0 . 

IMPORTANCE OF THE T R A C E G A S E S S A M P L E D 

T h e g a s e s C O , C H ^ a n d t h e o t h e r h y d r o c a r b o n s , N 2 0 , N O ^ , 0^ a n d C O S all p l a y 

important r o l e s in a i r c h e m i s t r y a n d c l i m a t e . C a r b o n m o n o x i d e is t h e m a i n g a s w h i c h 

the hydroxyl r a d i c a l r e a c t s in t h e b a c k g r o u n d t r o p o s p h e r e , l e a d i n g to t h e formation o f 

coy 
Rl C O + O H •+ Η + C 0 2 

CO, t h e r e f o r e , l i m i t s t h e c o n c e n t r a t i o n s o f O H in t h e t r o p o s p h e r e ( W o f s y , 1 9 7 6 ) . M a n y 

important a t m o s p h e r i c g a s e s a r e m a i n l y r e m o v e d by r e a c t i o n w i t h O H , i n c l u d i n g m o s t 

hydrocarbon g a s e s ( a l s o t h o s e c o n t a i n i n g h a l o g e n s a n d s u l f u r ) , c a r b o n m o n o x i d e , h y d r o 



g e n s u l f i d e , n i t r i c o x i d e a n d n i t r o g e n d i o x i d e ( L e v y , 1 9 7 1 , 1 9 7 ^ ; C r u t z e n e t a l 

I 9 7 8 ) . H y d r o x y l r a d i c a l s p l a y , t h e r e f o r e , a n e s s e n t i a l r o l e in t h e c y c l i n g o f many 

g a s e s t h r o u g h t h e a t m o s p h e r e . T h e y a r e f o r m e d t h r o u g h t h e p h o t o l y s i s o f o z o n e by ultra 

v i o l e t s o l a r r a d i a t i o n b e l o w 3'9 n m , l e a d i n g to t h e p r o d u c t i o n o f e l e c t r o n i c a l l y exci

t e d a t o m i c o x y g e n : 

R2 0 + hv + 0 {' D) + 0- ( λ< 3 1 0 n m ) 
i I 

f o l l o w e d by t h e r e a c t i o n o f 0 ( D) w i t h w a t e r v a p o r 

R3 0 ( ' D) + H 2 0 -+ 2 0 H 

T h i s e x p l a i n s t h e l a r g e i m p o r t a n c e o f t r o p o s p h e r i c o z o n e in a i r c h e m i s t r y . O z o n e is , 

h o w e v e r , a l s o d e p l e t e d by t h e s a m e a n d o t h e r r e a c t i o n s , s o t h a t r a t h e r l i t t l e o f it 

w o u l d b e p r e s e n t in t h e t r o p o s p h e r e , if a d d i t i o n a l r e a c t i o n s w o u l d n o t r e p l e n i s h the 

g a s in t h e t r o p o s p h e r e ( C r u t z e n & R i d e l , 1 9 8 3 ) . T h e o x i d e s o f n i t r o g e n (NO a n d N 0 2 ) 

p l a y a n i m p o r t a n t c a t a l y t i c r o l e in t h i s t r o p o s p h e r i c o z o n e p r o d u c t i o n ( C r u t z e n , I 9 8 3 ) , 

T h e s i m p l e s t s e t o f r e a c t i o n s l e a d i n g to o z o n e f o r m a t i o n o c c u r s d u r i n g t h e o x i d a t i o n of 

CO 

Rl CO + O H + Η P C 0 2 

R*t Η 0 2 + Μ •+ H 0 2 + Μ 

R 5 H 0 2 4 N O -' O H + N 0 2 

R6 N 0 2 + hv + N O + 0 (> </»00nm) 

R7 0 + 0 2 + Μ -+ 0^ + Μ 

n e t : C Ü + 2 0 2 + C 0 2 + 0^ 

L i k e w i s e , t h e o x i d a t i o n o f C H ^ m a y l e a d to o z o n e f o r m a t i o n e . g . v i a 

R8 C H ^ + O H ^ C H 3 + H 2 0 

R9 C H 3 + 0 2 + Μ * C H ^ + Μ 

RIO C H 0 2 Ψ K & •+ C H 3 0 + N O , 

Rl 1 C H 3 0 + 0 2 + C H 2 0 + H 0 2 

R5 H 0 2 + N O + O H + N 0 o 

Rl 2 C H 2 0 + hv -y CO + H 2 ( \ £ 3 5 0 nm) 

R6 N 0 2 + h v + N O + 0 (2X) 

R7 0 + 0 2 + Μ + 0 3 + Μ (2X) 

n e t : C H ^ + 4 0 2 -> C O + H 2 + Η ? 0 + 2 0 ^ 

S i m i l a r r e a c t i o n p a t h s a r e f o l l o w e d d u r i n g t h e o x i d a t i o n o f o t h e r h y d r o c a r b o n s 

a n d e x p l a i η t h e f o r m a t Ion o f h i g h o z o n e 1 e v e Is i η u r b a n e n ν I r o m e n t s d u r i n g photochemi 

cal s m o g e p i s o d e s w h e n m u c h m o r e r e a c t i v e h y d r o c a r b o n s t h a n C H ^ a r e o x i d i z e d in a 

m a t t e r o f h o u r s o r d a y s . H y d r o c a r b o n s a r e p r o d u c e d in t h e t r o p i c s b y n a t u r a l processes 

a n d t h e i r o x i d a t i o n l e a d s to CO f o r m a t i o n ( Z i m m e r m a n e t a l . , 1 9 7 8 ) , w h i l e n i t r i c oxi

d e , c a r b o n m o n o x i d e a n d h y d r o c a r b o n s a r e p r o d u c e d by b i o m a s s b u r n i n g ( C r u t z e n e t a l . , 



1979). In a d d i t i o n , NO is a l s o p r o d u c e d by l i g h t n i n g a n d t h i s s o u r c e m a y b e o f 

particular i m p o r t a n c e in t h e c o n t i n e n t a l , h u m i d t r o p i c s . A l t h o u g h t h e o x i d a t i o n o f 

CO and C H ^ o c c u r s m u c h m o r e s l o w l y t h a n t h a t o f o t h e r o r g a n i c s , t h e s e c o m p o u n d s a r e 

omnipresent in t h e a t m o s p h e r e a t m u c h h i g h e r c o n c e n t r a t i o n s a n d t h e i r o x i d a t i o n in t h e 

atmosphere c a n g i v e r i s e t o s u b s t a n t i a l o z o n e p r o d u c t i o n in t h e p r e s e n c e o f s u f f i c i e n t 

concentrations o f N O . O n t h e o t h e r h a n d , if t h e v o l u m e m i x i n g r a t i o o f N O n e a r t h e 

surface is l e s s t h a n a b o u t 10 p p t v (l p p t v = 10 1 2 by v o l u m e ) the o x i d a t i o n o f C O 

leads to o z o n e loss v i a t h e r e a c t i o n s e t : 

Rl CO + 0 H ~ + Η + C 0 2 

Kk Η + 0 2 + M - > H 0 2 + Μ 

Rl 3 H 0 2 + 0 3 - t - O H + 2 0 2 

C O + o 3 * c o 2 + o 2 

T h e a t m o s p h e r i c d i s t r i b u t i o n a n d t h e s o u r c e s a n d s i n k s o f N O a n d NO., p l a y , there_ 

fore, i m p o r t a n t r o l e s in t h e p h o t o c h e m i s t r y o f t h e a t m o s p h e r e . I n c r e a s i n g c o n c e n t r a 

tions of NO in t h e t r o p o s p h e r e w i l l l e a d to m o r e o z o n e . W e w i l l s e e t h a t t h e o p p o s i t e 

Is true in t h e s t r a t o s p h e r e . 

T h e o x i d e s o f n i t r o g e n NO a n d N 0 2 a r e r e m o v e d f r o m t h e t r o p o s p h e r e by r e a c t i o n s 

with hydroxyl a n d o z o n e , l e a d i n g t o t h e f o r m a t i o n o f n i t r i c a c i d , 

Rl 3 NO + 0^ + N 0 2 + 0 2 

RI*» N 0 2 + O H ( + M ) + H N 0 3 (+M) 

H N O J is r e m o v e d f r o m t h e t r o p o s p h e r e in l e s s t h a n o n e w e e k by r a i n f a l l . T h e m a i n s o u r 

ces of c a r b o n m o n o x i d e in t h e t r o p o s p h e r e a r e o x i d a t i o n o f h y d r o c a r b o n s , i n d u s t r i a l 

emissions a n d b i o m a s s b u r n i n g ( Z i m m e r m a n e t a l ., 1 9 7 8 ; S e i l e r , 197 1*; C r u t z e n e t a l . 

1979; L o g a n e t a l . , 1 9 8 1 ) . H y d r o c a r b o n s , c a r b o n m o n o x i d e , o z o n e a n d t h e n i t r o g e n 

oxides i n t e r a c t , t h e r e f o r e , ρ h o t o e h e m i c a l l y in i n t r i c a t e w a y s , w i t h t h e h y d r o x y 1 

radical a c t i n g a s a n i m p o r t a n t l i n k . T h i s r a d i c a l is f o r m e d f r o m o z o n e p h o t o l y s i s , c a r 

bon m o n o x i d e is r e m o v e d by r e a c t i o n w i t h O H , b u t it is f o r m e d a s a n i n t e r m e d i a t e in 

the o x i d a t i o n o f t h e h y d r o c a r b o n s w h i c h is i n i t i a t e d b y r e a c t i o n w i t h O H . O z o n e m a y 

be formed d u r i n g t h e o x i d a t i o n o f c a r b o n m o n o x i d e , m e t h a n e a n d o t h e r h y d r o c a r b o n s in 

the p r e s e n c e o f s u f f i c i e n t a m o u n t s o f n i t r i c o x i d e , o t h e r w i s e o z o n e m a y b e d e s t r o y e d . 

N i t r o u s o x i d e ( N O ) a n d c a r b o n y l s u l f i d e (COS) p l a y i m p o r t a n t r o l e s in s t r a t o s 

pheric p h o t o c h e m i s t r y . T h e o x i d a t i o n o f N 2 0 by r e a c t i o n w i t h t h e 0 ( D) a t o m 

R15 0 ( 1 D) + N 2 0 * 2 N 0 

leads to t h e f o r m a t i o n o f n i t r i c o x i d e in t h e s t r a t o s p h e r e ( N i c o l e t & V e r g i s o n , 1971 ; 

Crutzen, 1 9 7 1 ; M c E l r o y & M c C o n n e l l , 1971) In t h e s t r a t o s p h e r e p o w e r f u l c a t a l y t i c 

reactions l e a d to o z o n e l o s s v i a t h e r e a c t i o n s e t : 



R13 NO + O - N 0 2 + 0 2 

RI6 0 3 + hv * 0 + 0 2 

R17 N O . + O + NO + O 

* 2 
net: Z 0 3 •* 3 0 2 

This is the main set of reactions limiting the abundance of ozone in the stratos_ 

phere (Crutzen, 1970) . Several processes lead to the production of nitrous oxide at 

the earth's surface: denitrification and nitrification process in waters and soils 

(Conrad & Sei ler, 1980; Bremner et a l . , 1981 ; El kins e t a l . , 1978) , coal , oi 1 and 

gas combustion (Pierotti and Ras m u s s e n , 1976 ; Weiss & C r a i g , 1976) and biomass 

burning (Crutzen et a l . , 1979 ) . No important sinks of NjO have so far been identified 

in the trosposphere. In the stratosphere N 2 0 is mainly removed by the action of 

ultraviolet radiation with reaction R15 contributing about 10¾ of the total removal. 

Carbonyl sulfide (COS) is important because it is probably the main precursor of 

the aerosol layer in the stratosphere during periods w i t h low volcanic activity (Crut -

zen , I 976) . This layer consists mainly of particulate sulfate (Junge et a l . , I96I ) 

and is probably formed by the oxidation of S 0 2 , which in its turn is produced from 

COS by absorption of ultraviolet radiation and following reactions R19 and R20: 

ftl8 COS + hv · CO + S 

R19 S + 0 , * so + 0 

R20 SO + 0 2 * S 0 2 + 0 

The stratospheric sulfate aerosol layer plays a role in the earth's radiation 

balance by reflecting a small fraction of the incoming solar radiation back to space 

(Turco e t a l . , 1980), which w i 1 1 have the effect of a siight cooling at the e a r t h ' s 

surface. Carbonyl sulfide has been detected in the stratosphere by Inn et a l . ( I979)and 

Mankin et a l . (1979). Meixner (1981) has shown by measurements in the upper tropos

phere and lower stratosphere that COS is most 1 ikely the main gas which carries sulfur 

into the stratosphere. Hofmann & Rosen { I98 I ) have claimed that the background stra -

tospheric sulfate layer has been increasing over the last two decades and hypothesize 

that this may be due to an increase of COS or C S 2 with time. This may be due to 

anthropogenic activities a n d it is clearly important to monitor the concentrations of 

these gases in the atmosphere and to understand their sinks a n d sourc e s . A b s o r p t i o n of 

ultraviolet radiation by ozone is the main source of energy in the stratosphere. This 

process also protects the biosphere from the penetration of harmful ultraviolet radiati 

on. C 0 2 > N 2 0 , C H ^ and tropospheric ozone play important roles in the heat budget 

of the troposphere through the so-called greenhouse effect (Wang e t a l . , 1976; Fisbman 

et a l . , 1979Ϊ - The gases which have been studied in Brazil a r e , therefore, both 
chemically and radiatively important. 



METEOROLOGICAL O V E R V I E N 

T h e d r y s e a s o n in t h e e q u a t o r i a l a n d s u b t r o p i c a l r e g i o n s o f B r a z i l l a s t s f r o m 

I about June to O c t o b e r . D u r i n g t h i s p e r i o d a s t r o n g a n t i c y c l o n i c s u b s i d e n c e s t a b l e l a y 

er often s u p p r e s s e s c o n v e c t i o n , e s p e c i a l l y In t h e s u b t r o p i c s , t h e r e b y l i m i t i n g 

rainfall a n d t h e u p w a r d t r a n s f e r o f g a s e s a n d p a r t i c u l a t e s f r o m t h e b o u n d a r y l a y e r 

During this t i m e p e r i o d e x t e n s i v e bi'omass b u r n i n g t a k e s p l a c e , so t h a t h i g h c o n c e n t r a -

I tions of g a s e o u s a n d p a r t i c u l a t e e f f l u e n t s f r o m t h e f i r e s c a n a c c u m u l a t e in t h e l o w e s t 

I 2-3 Km of the a t m o s p h e r e . M e t e o r o l o g i c a l d a t a f r o m B r a z i l a r e a v a i l a b l e f r o m t h e 

I collections o f t h e N a t i o n a l M e t e o r o l o g i c a l C e n t e r , N M C ) o f t h e U . S . A d d i t i o n a l m e t e o r o 

logical i n f o r m a t i o n w a s o b t a i n e d o n b o a r d o f t h e r e s e a r c h a i r c r a f t . A t h o r o u g h c l i m a -

tological s t u d y o f t h e m e t e o r o l o g y o f t h e A m a z o n r e g i o n h a s b e e n p r e s e n t e d by K o u s k y & 
• .Kagano ( 1 9 8 1 ) . 

H e r e w e d e s c r i b e t h e c i r c u l a t i o n p a t t e r n s a n d t h e v e r t i c a l s t a b i l i t y o f t h e 

atmosphere o v e r B r a z i l f o r s o m e a r b i t r a r i l y s e l e c t e d d a t e s d u r i n g t h e e x p e d i t i o n o f 

I Ί 9 8 Ο . H e i g h t c o n t o u r s a n d o b s e r v e d w i n d s f o r A u g u s t 28, a n d A u g u s t 3 1 , 1980 f o r t h e 

500 mb a n d 8 5 O m b p r e s s u r e l e v e l s r e s p e c t i v e l y a r e p r e s e n t e d in F i g u r e s 1 a n d 2. Horl -

zontal p l o t s a r e c o n t o u r e d f r o m a n o c t a g o n a l g r i d d a t a a r r a y p r o v i d e d by N M C o n a S o u t h 

Polar s t e r e o q r a p h i c m a p p r o j e c t i o n . T h e 8 5 O m b p r e s s u r e level m a y g e n e r a l l y b e c o n s i d e 

red to r e p r e s e n t m e a n c o n d i t i o n s in t h e b o u d a r y l a y e r w h i c h u s u a l l y e x t e n d e d u p t o 

about 750 m b (= 2 . 5 Km) f o r m o s t o f t h e a r e a o f i n t e r e s t . T h e t o p o f t h e b o u n d a r y l a y 

er over t h e t r o p i c a l f o r e s t s is o f t e n d i f f i c u l t t o d e f i n e f r o m t h e m e t e o r o g o g í c a l d a t a 

Its l o c a t i o n w a s , h o w e v e r , m u c h m o r e e a s i l y d e f i n a b l e o n t h e b a s i s o f t h e c h e m i c a l 

o b s e r v a t i o n s , e s p e c i a l l y t h o s e o f w a t e r v a p o r a n d c a r b o n m o n o x i d e . T h e a v e r a g e f l o w 

patterns for t h e m o n t h o f A u g u s t a r e d e p i c t e d in F i g u r e s 3 a n d k, w h i c h s h o w t h a t the 

prevailing c o n d i t i o n s o n t h e d a y s o f A u g u s t 28 a n d 3 1 , I 9 8 O , a s d e p i c t e d in F i g s . 1 

and 2, d i d n o t d i f f e r a p p r e c i a b l y f r o m t h e m e a n . T h e s a m e w a s t r u e d u r i n g 1 9 7 9 . T h e s e 

diagrams s h o w t h a t d u r i n g t h e d r y s e a s o n , t r o p i c a l B r a z i l , n o r t h o f 1 0 ° S , e x p e r i e n -

ces e a s t e r l y f l o w u p to m i d - t r o p o s p h e r i c l e v e l s w h i l e s u b t r o p i c a l B r a z i l is m o r e f r e 

quently s u b j e c t to m i d - l a t i t u d e c i r c u l a t i o n p a t t e r n s . T h e m e a n r e s u l t a n t w i n d d i r e c -

tionin the b o u n d a r y layer o v e r S o u t h A m e r i c a in A u g u s t is g i v e n in F i g u r e ^ - A n t i c y c l o n i c 

c i r c u l a t i o n a s s o c i a t e d w i t h t h e s u b t r o p i c a l h i g h p r e s s u r e c e l l s r e s u 1 t s in e a s i e r I y t r a d e 

winds t h r o u g h o u t t h e b o u n d a r y l a y e r o v e r m u c h o f B r a z i l . A s i g n i f i c a n t c o n s e q u e n c e 

of the b o u n d a r y l a y e r f l o w c o u p l e d w i t h t h e u p p e r level c i r c u l a t i o n Is a s y s t e m a t i c d e 

crease, p o l e w a r d f r o m t h e e q u a t o r , in t h e v e r t i c a l e x t e n t o f t h e e a s t e r l i e s . 

V e r t i c a l a v e r a g e p r o f i l e s o f d e w p o i n t d e p r e s s i o n f o r t r o p i c a l a n d s u b t r o p i c a l 

Brazil a r e p r e s e n t e d in F i g u r e s 5 a n d 6. T h e s e f i g u r e s s u g g e s t t h a t t h e t o p o f t h e 

boundary l a y e r o v e r t h e t r o p i c a l f o r e s t s is l o c a t e d n e a r 2 K m a l t i t u d e ( S O 0 m b ) a n d 

near 2.5 K m (750 m b ) in t h e c e r r a d o . It is p a r t i c u l a r l y m a r k e d in t h e s u b t r o p i c a l c e r 

rado r e g i o n . T h e d r y a t m o s p h e r e a b o v e t h e m i x e d l a y e r is r e l a t e d in p a r t to l a r g e s c a l e 

ant icyIon i c s u b s i d e n c e . O u r ing A u g u s t t h e Í n t e rt r o p í c a 1 c o n v e r g e n c e z o n e (ITCZ) is 

situated a t a b o u t 8 ° N . T h e s t a b l e s u b s i d e n c e l a y e r o v e r t h e c e r r a d o is a p e r s i s t e n t 



f e a t u r e w h i c h is i n t e r r u p t e d o n l y o c c a s i o n a l l y by t h e n o r t h w a r d e x t e n s i o n o f m ΐ d — 1 at i tu 

d e s y n o p t i c d i s t u r b a n c e s . In t h e A m a z o n B a s ΐ η o f t r o p í c a I Β r a z i 1 , h o w e v e r , s u c h sta-

b l e c o n d i t i o n s a r e l e s s p r o n o u n c e d a n d c o n v e c t i v e a c t i v i t y o c c u r s m o r e f r e q u e n t l y . This 

f a c t a n d t h e s h o r t e r t r a n s i t t i m e f r o m t h e o c e a n i c w a t e r v a p o r s o u r c e e x p l a i n the 

s m a l l e r d e w p o i n t d e p r e s s i o n s a b o v e t h e b o u n d a r y l a y e r w h i c h w e r e o b s e r v e d t h e r e com-

p a r ed t o o v e r s u b t r o p i ca1 B r a z i 1 . D u r i n g 1980 t h e a n t i - e y e 1 o n i c c i rcu1 at i o n o v e r Β raz ΐ 1 

w a s s o d o m i n a n t t h a t m i d - l a t i t u d e s y n o p t i c d i s t u r b a n c e s c o u l d n o t p e n e t r a t e to s u b t r o p | 

cat B r a z i l . In 1 5 7 9 m o r e f r e q u e n t o c c u r r e n c e o f r a i n f a l l o c u r r e d in t h e B r a s i l i a re

gi o n , s o m e t i m e s l e a d i n q to pos t p o n e m e n t s o f b u r n i n g a c t i v i t i e s a n d h a m p e r i ng o u r s a m -

ρ 1 Ϊ nq p r o g r a m . 

E X P E R I M E N T A L E Q U I P M E N T A N D F L I G H T P A T H S 

T h e N C A R t w i n - e n g i n e S a b r e l i n e r j e t a i r c r a f t w a s i n s t r u m e n t e d to d e t e r m i n e the 

c o n c e n t r a t i o n o f 0^, C O , NO a n d N O X , a s w e l l a s r e l a t i v e h u m i d i t y , t e m p e r a t u r e , a i d 

t u d e , p o s i t i o n , w i n d s p e e d a n d d i r e c t i o n a n d to c o l l e c t a m b i e n t a i r s a m p l e s f o r subse 

q u e n t a n a l y s i s o f s t a b l e g a s e s . 

O z o n e w a s m e a s u r e d u s i n g a D a s i b i 1 0 0 8 A H u l t r a v i o l e t a b s o r p t i o n i n s t r u m e n t ( 0 a -

s i b i , 1 9 7 9 ) s a m p l i n g f r o m a n i n t a k e v i a t h e a i r c r a f t e n v i r o n m e n t a l a i r s y s t e m . This 

s y s t e m w a s f o u n d to b e s o m e w h a t c o m p r o m i s e d d u r i n g full t h r o t t l e a s c e n t s a n d so ozone 

v a l u e s m e a s u r e d d u r i n g a s c e n t w e r e l a t e r d i s c a r d e d . W e a r e a w a r e o f t h e s t u d y by 

H u n t z i c k e r S J o h n s o n ( 1 9 7 9 ) w h o f o u n d a n i n t e r f e r e n c e in t h e m e a s u r e m e n t s o f o z o n e by 

t h e D a s i b i In f o r e s t f i r e p l u m e s . All o z o n e d a t a w h i c h w i l l b e r e p o r t e d in t h i s paper 

a re , h o w e v e r , o b t a i n e d o u ts i d e pi u m e s , so t h a t t h e 1 i k e 1 I h o o d o f i i n t e r f e r e n c e is 

si im. 

D u r i n g t h e 1 9 7 9 m e a s u r e m e n t p r o g r a m , C O w a s m e a s u r e d by a n i n f r a r e d s p e c t r o s c o 

p i c m e t h o d w h i c h u t i l i z e d a h i g h r e s o l u t i o n F o u r i e r t r a n s f o r m s p e c t r o m e t e r ( M a n k i n , 

1 9 7 8 ) , a n d a long p a t h a b s o r p t i o n c e l l ( M a n k i n & C o f f e y , 1 9 7 9 ) c o n t a i n i n g the 

a t m o s p h e r i c s a m p l e t o b e a n a l y z e d . T h e a p o d i z e d s p e c t r a l r e s o l u t i o n w a s 0.06 c m '. For 

m e a s u r e m e n t s o f C O , the r e g i o n f r o m 2 1 5 0 t o 2 ΐ 80 c m 1 w a s u s e d , e n c o m p a s s i n g t h e R 

(I) t h r o u g h R ( 9 ) l i n e s o f t h e p r i n c i p a l i s o t o p e . T y p i c a l s m o k e p l u m e s p e c t r a are 

s h o w n in F i g . 7. T h e s y s t e m is d e s i g n e d to h a v e a s h o r t r e p o n s e t i m e (^ 1 0 S) to 

c h a n g e s in CO a m o u n t so t h a t t h e s t r u c t u r e o f s m o k e p l u m e s c o u l d b e d e t e r m i n e d from 

t h e f a s t m o v i n g a i r c r a f t . 

D u r i n g t h e 1 9 8 0 c a m p a i g n c a r b o n m o n o x i d e w a s m e a s u r e d w i t h a n i n s t r u m e n t based 

o n t h e H g O - H g c o n v e r s i o n a n d d e t e c t i o n of Hg ( S e i l e r , e t a l , 1 9 8 0 ) . T h i s i n s t r u m e n t 

s h a r e d t h e s a m e I n t a k e a s t h e o z o n e s y s t e m , b u t b e c a u s e o f t h e g r e a t e r s t a b i l i t y of 

C O t h e r e w a s n o p r o b l e m d u r i n g a s c e n t s a n d so t h e full d a t a s e t c o u l d b e u t i l i z e d . 

N i t r o g e n o x i d e s Í N 0 / N 0 X ) w e r e d e t e r m i n e d u s i n g t w o m o d i f i e d T h e r m o - E l e c t r o n \k 

B / E c h e m i 1 u r n ! n e s c e n c e a n a l y s e r s ( D e l a n y e t a l . , 1 9 8 2 } . A d e d i c a t e d low p r e s s u r e in

t a k e s u p p l i e d air to t h e i n s t r u m e n t s , o n e o f w h i c h w a s o p e r a t i n g to m e a s u r e NO d i r e c t l y 



while the other utilized a hot molydenum converter at 375° and measured NOX, the sum 
of most odd nitrogen compounds. A considerable {= 0.75 ppbv) NO signal was observed 
for these instruments which was possibly the effect of hydrocarbon interference. This 
rendered the clean air data suspect and NOX values have been utilized only for the 
cerrado boudary layer portions of the mission. Here the elevated (up to 10 ppbv) con
centration of NOX tend to decrease the effect of the high background reading. 

Data provided by these continuous instruments were displayed on chart recorders 
and recorded along with relative humidity, temperature, pressure, inertial navigation 
arid aircraft attitude inputs on magnetic tape for subsequent computer analysis. 

The aircraft was also fitted with sampling manifolds which allowed evacuated 
stainless steel cans to be filled with ambient air. These aircraft samples, together 
with ground samples, were analyzed for stable gases such as C 0 2 , Ν,,Ο, COS, CH^ and 
many other hydrocarbons. Analyses of samples were in many cases conducted within a 
few days in our temporary laboratories in Brazil. Many samples were also taken back 
to NCAR in Boulder for further analysis The hydrocarbon analyses from the 1979 
work were all completed at NCAR. In 1979, when most of our efforts were devoted to 
biomass burning emissions in the cerrado regions of Central Brazil, a laboratory was 
set up in the Physics Deapartment of the University of Brasilia. In 1980, the equip -
merit, including instruments for hydrocarbon analysis, was installed at INPA, in Mana
us. Besides the aircraft air samples, many evacuated cans were filled on the ground , 
mostly to determine the production of effluents from biomass burning. A few cans were 
also filled above the clean forest canopy to obtain some information on the background 
concentration of the afore-mentioned gases. These samples provided some first informa 
tlon on the distribution of gases in the clean environments of the tropical forests.The 
sampling and measurement techniques for CO^, CH^, CO, Ν,,Ο and COS have been previously 
described by Heidt (1978). All hydrocarbon analyses were performed on aHewlett-Packard 
5 8 8 0 gas chromatograph equipped with flame ionization detectors. 

The aircraft research flights and the ground sampling sites are displayed in 
Figure 8 . In 1979 most of the ground sampling was in the Brasília-Cuiaba region, where
as in I 9 8 O most ground sampling was in the Manaus region. The two most important 
ecosystems of Brazil are the tropical forests (selva) and the cerrado, which is a 
savanna-type vegetation mostly covered with grasses and scattered trees at most 10 rrt 

high. In the cerrado, extensive burning takes place during the dry season, mostly of 
grass and shrubs. This involves . 1arge areas. On limited size plots, burning takes 
place also in the forest areas to open new land for agriculture. The area which was 
most affected by land clearing was located in Mato Grosso near Cuiabá. 

During 1979, the emphasis of the aircraft fl igts was to investigate the compos_i_ 
11 on of smoke plumes in the cerrado. Flight formats were designed to successively pass 
through a plume at various altitudes and to measure CO amounts adjacent to plumes. 
Flight formats were tailored to individual plumes, two examples being shown schematicaj_ 
ly in Figures 9 and 10. Locations of the plumes sampled are shown as A, Β and C on 



F i g u r e 8. O n e f l i g h t w a s a l s o d e v o t e d to d e t e r m i n i n g t h e v e r t i c a l d i s t r i b u t i o n o f CO 

in c o n d i t i o n s f r e e f r o m s m o k e . T h e f l i g h t f o r m a t w a s t o d e s c e n d f r o m a h i g h a l t i t u d e 

(^ 12 Km) a n d p e r f o r m s t n a i g h t a n d level f l i g h t s at a n u m b e r o f a l t i t u d e s o v e r t h e same 

l o c a t i o n ( d e n o t e d D o n F i g u r e 8 ) . 

D u r i n g t h e 1980 a i r c r a f t f l i g h t s , e m p h a s i s w a s o n a r e a s f r e e o f s m o k e p l u m e s , 

F l i g h t s 7 , 8 a n d 9, d e p i c t e d in F i g u r e 8, w e r e f l o w n to t h e n o r t h e a s t o f M a n a u s in a 

n o n - d e v e l o p e d a r e a . F l i g h t s 1 0 , 1 1 , 12 a n d 1 3 m a d e a n e x c u r s i o n s o u t h into the 

c e r r a d o . D u r i n g t h e low a l t i t u d e p o r t i o n s o f t h e s e f l i g h t s , c a r e w a s t a k e n to avoid 

t h e p l u m e s f r o m t h e l a r g e a n d n u m e r o u s f i r e s , a l t h o u g h , o f c o u r s e , t h e e n t i r e bounda 

ry l a y e r w a s f i l l e d w i t h p o l l u t e d a i r . F l i g h t s 1^ a n d 1 5 w e r e m a d e s p e c i f i c a l l y to 

i n v e s t i g a t e f i r e s a s s o c i a t e d w i t h t h e j u n g l e c l e a r i n g to t h e s o u t h w e s t o f M a n a u s . 

F l i g h t 16 w a s m a d e t o t h e w e s t o f M a n a u s , a n d a s e r i e s o f l o w level t r a n s i t s were 

m a d e o v e r a r e g i o n o f u n p e r t u r b e d j u n g l e . 

A t y p i c a l f l i g h t p r o f i l e f o r t h e 1980 f l i g h t s is s h o w n in F i g u r e 11 s h o w i n g 6 

v e r t i c a l p r o f i l e s f o r m t h e l o w e r b o u n d a r y l a y e r to a l i t t l e o v e r 10 K m . A l t o g e t h e r ^ 

50 v e r t i c a l p r o f i l e s w e r e o b t a i n e d , a b o u t 2 0 o v e r t h e c l e a r j u n g l e , 1 5 o v e r t h e cer -

rado w i t h a f u r t h e r 1 5 e i t h e r in t h e t r a n s i t i o n a r e a o r into f i r e s m o k e . 

B e c a u s e s o m e o f t h e i n s t r u m e n t s w e r e o p e r a t e d a t c a b i n p r e s s u r e , it w a s the 

p r a c t i c e to h o l d p r e s s u r e c o n s t a n t a t 1 a t m o s p h e r e w h e n t h e a i r c r a f t o p e r a t e d a t or 

b e l o w 6 K m a n d to c h a n g e to a c o n s t a n t 0.8 a t m o s p h e r e w h e n t h e a i r c r a f t o p e r a t e d above 

t h i s a l t i t u d e . T h i s p r a c t i c e a c c o u n t s f o r t h e s t e p - l i k e c h a r a c t e r o f t h e f l i g h t p r o f i 

l e s . 

RESULTS OF B I O M A S S B U R N I N G E X P E R I M E N T S A N D B A C K G R O U N D SAMPLES 

D u r i n g 1 9 7 9 a n d 1980 a t o t a l o f a b o u t ^5 c a n s a m p l e s o b t a i n e d o n t h e g r o u n d clo

se to b u r n i n g v e g e t a t i o n a n d o n t h e a i r c r a f t in f i r e p l u m e s w e r e a n a l y z e d f o r a t m o s p h e 

ric t r a c e g a s e s . In a n e a r l i e r p a p e r ( C r u t z e n e t a l . , 1979) w e i n t r o d u c e d a m e t h o d 

to e s t i m a t e t h e g l o b a l e m i s s i o n r a t e s o f a p a r t i c u l a r g a s f r o m b i o m a s s b y d e t e r m i n i n g 

t h e r a t i o o f t h e e m i s s i o n o f t h e g a s to t h a t o f CO^ by t h e f i r e s a n d m u l t i p l i n g these 

r a t i o s by t h e g l o b a l C O ^ p r o d u c t i o n r a t e s a s e s t i m a t e d by S e i l e r & C r u t z e n ( 1 9 8 0 ) . The 

e m i s s i o n r a t i o s w e r e d e t e r m i n e d by d i v i d i n g t h e e n h a n c e m e n t o f t h e m i x i n g r a t i o o f the 

g a s o v e r b a c k g r o u n d b y t h e c a r b o n d i o x i d e m i x i n g r a t i o e n h a n c e m e n t . W e o c c a s i o n a l l y 

s a m p l e d s p e c i f i c f i r e s , e . g . , a b o v e s m o l d e r i n g v e g e t a t i o n o r d i r e c t l y a b o v e t h e fla -

m e s ; m o s t s a m p l e s w e r e i n t e g r a t e d o v e r a b o u t h a l f a m i n u t e a n d w e r e c o n d u c t e d by 

d r a w i n g in a i r f r o m t h e t o p e n d o f a t h r e e m e t e r p o l e , w h i c h w a s s w a y e d a b o v e o r near 

t h e f i r e s . A l t h o u g h w e c o u l d h a v e d i v i d e d t h e d a t a a c c o r d i n g to d i f f e r e n t c a t e g o r i e s 

o f f i r e s , e . g . , f i r e s o f d e a d g r a s s o r f o r e s t m a t e r i a l , f i r s t o r s e c o n d b u r n after 

s l a s h i n g , e t c . , t h e d a t a w h i c h w e o b t a i n e d w e r e n o t d i s s i m i l a r a n d n u m e r o u s enough 

to j u s t i f y d e t a i l e d c a t e g o r i z a t i o n a t t h i s s t a g e . A m o r e d e t a i l e d a n a l y s i s o f the 



physical a n d c h e m i c a l f a c t o r s w h i c h i n f l u e n c e t h e e m i s s i o n r a t e r a t i o s r e m a i n s an i m p o £ 

tant task in t h e f u t u r e . 

T h e e m i s s i o n r a t e r a t i o s o b t a i n e d f r o m t h e f i r e s a m p l e s in B r a z i l a r e p r e s e n t e d 

in Table 1 . T h e a v e r a g e emi s 5 ion rat i o s w h i c h w e r e p u b 1i s h e d in t he e a r l i e r s t u d y , 

based on a m u c h m o r e l i m i t e d d a t a b a s e ( C r u t z e n e t a l . , 1 9 7 9 ) , a g r e e q u i t e w e l l for 

most gases w i t h t h e e x c e p t i o n o f N ^ O . T h e d i f f e r e n c e in N ^ O y i e l d s by an o r d e r o f 

magnitude is d u e to a n e a r l i e r i n t e r f e r e n c e o f t h e N ^ O c h r o m a t o g r a p h i c p e a k by C O ^ . 't 

is clear that t h e r e is a w i d e r a n g e o f p o s s i b l e e m i s s i o n r a t i o s w h i c h s t i l l s n e e d s to 

be narrowed d o w n by m o r e e x t e n s i v e a n d s y s t e m a t i c r e s e a r c h . T h e e m i s s i o n r a t i o s o f C O , 

Ch1^ d e t e r m i n e d f r o m t h e c a n n i s t e r s s a m p l e d d u r i n g t h e a i r c r a f t s m o k e p l u m e f l i g h t s a r e 

also p r e s e n t e d in T a b l e 1. T h e a g r e e m e n t b e t w e e n t h e r a t i o s d e r i v e d by g r o u n d a n d 

aircraft sampl Ϊ ng is e n c o u r ag i n g . 

D u r i n g t h e B r a z i l e x p e r i m e n t s o f 1 9 7 9 a n d 1 9 8 0 , d e t e r m i n a t i o n s w e r e a l s o m a d e 

of n o n - m e t h a n e h y d r o c a r b o n emi ss i o n s by f i r e s a n d t h e d a t a a re 1ikewi s e 1 i s t e d in T a 

ble 1. W e n o t i c e t h a t a l k e n e s c o n s t i t u t e a b o u t hS% o f t h e e m i s s i o n s , .with e t h y l e n e t h e 

most i m p o r t a n t C o n t i b u t o r . N e x t in m a g n i t u d e (~2<t-%) a r e t h e e m i s s i o n s o f a l k a n e s , w i t h 

ethane a nd p r o p a n e a s t h e m o s t i m p o r t a n t g a s e s . E s p e c i a l l y the a l k e n e s a r e p h o t o c h e m i -

cally r e a c t i v e in t h e t r o p o s p h e r e a n d t h e i r o x i d a t i o n m a y l e a d to t h e f o r m a t i o n o f o z o 

ne, if s u f f i c i e n t NO is p r e s e n t in t h e a t m o s p h e r e . T h i s is l i k e l y in t h e c e r r a d o re -

gion since NO is p r o d u c e d b u r n i n g ( C l e m e n t s & M c M a h o n , 1 9 8 0 ) . It m a y b e m e n t i o n e d t h a t 

our CO and h y d r o c a r b o n e m i s s i o n f a c t o r s d o n o t d e v i a t e s u b s t a n t i a l l y f r o m e a r l i e r d e t e r 

ruinations (see T a b l e 2 ) . 

S o m e b a c k g r o u n d a i r s a m p l e s o f n a t u r a l a t m o s p h e r i c c o n s t i t u e n t s a r e i n t e r e s t i n g 

because they w e r e g a t h e r e d a t low a l t i t u d e s o v e r t h e t r o p i c a l f o r e s t . O n e s e t o f s a m -

pies was t a k e n a t n i g h t o n t o p o f a n a p p r o x i m a t e l y ^0 m e t e r h i g h m e t e o r o l o g i c a l t o w e r 

about 80 Km n o r t h o f M a n a u s ( u n f o r t u n a t e l y , a d a y t i m e s a m p l e w a s c o n t a m i n a t e d ) a n d 

another set o f d a t a w a s o b t a i n e d d u r i n g f l i g h t s b e t w e e n 3 0 a n d 360 m e t e r a l t i t u d e a b o v e 

the forest c a n o p y . T h e d a t a a r e s h o w n in T a b l e 3 . A l l v a l u e s a r e e x p r e s s e d a s c a r b o n 

atom v o l u m e m i x i n g r a t i o s , w h i c h m e a n s t h a t e . g . , for & έ % , t h e a v e r a g e v o l u m e 

mixing r a t i o Is o b t a i n e d b y d i v i d i n g t h e v a l u e in T a b l e 3 by 5 - T a b l e 3 i n d i c a t e s t h a t 

average d a y t i m e v o l u m e m i x i n g r a t i o o f i s o p r e n e f r o m 5 d a t a p o i n t s u p to 3 6 0 m a l t i t u d e 

is equal to 1.7 p p b v (1.7 x 10 ^ ) . D u r i n g t h e n i g h t t h e m e a s u r e d , a v e r a g e h y d r o c a r b o n 

mixing r a t i o a t c a n o p y h e i g h t is l o w e r t h a n d u r i n g t h e d a y . I s o p r e n e v a l u e s h a v e d r o p -

.ped on the a v e r a g e t o 0.9 p p b v . T h i s is in a c c o r d a n c e w i t h o b s e r v a t i o n by S a n a d z e 1963 

who found i s o p r e n e e m i s s i o n r a t e s to b e l i g h t d e p e n d e n t w i t h n o a p p r e c i a b l e e m i s s i o n s 

occurlng at n i g h t . 

RESULTS OF A I R C R A F T F L I G H T S 

T y p i c a l r e s u l t s o f t h e 1 9 7 9 f l i g h t s a r e s h o w n in F i g u r e s 9 a n d 10 w h i c h c o n t a i n 



t h e local c o n c e n t r a t i o n s o f CO in s m o k e p l u m e s . S h o w n in t h e f i g u r e s a r e s c h e m a t i c re
p r e s e n t a t i o n s o f t h e s m o k e p l u m e s a n d t h e a i r c r a f t p a s s e s t h r o u g h t h e p l u m e s . T h e bar 
g r a p h s s h o w c r o s s s e c t i o n s o f t h e local c o n c e n t r a t i o n s o f C O . E a c h bar r e p r e s e n t s 

a p p r o x i m a t e l y 10 s o f m e a s u r e m e n t . T h e p l u m e in F i g u r e 9 w a s in r e l a t i v e l y s t i l l air 
a n d w a s n e a r l y v e r t i c a l . T h e p l u m e t e r m i n a t e d in a c l o u d d e c k a b o v e w h i c h n o smoke 
w a s v i s i b l e . P a s s e s w e r e m a d e a b o v e t h e c l o u d a n d a t v a r i o u s a l t i t u d e s t h r o u g h the 
s m o k e p l u m e . T h e p l u m e in F i g u r e 10 e x h i b i t e d a f a i r l y c o h e r e n t s h a p e b u t w a s d e f i n i 
tely t i l t e d by t h e w i n d . 

A s m a y b e s e e n in F i g u r e s 9 a n d 1 0 , l a r g e c o n c e n t r a t i o n s o f C O (up to 2 p p m v ) 
m a y b e f o u n d in t h e p l u m e s . T h e e f f e c t o f t h e l a r g e s c a l e b u r n i n g o n C O a m o u n t s in the 
pi u m e - f r e e , w e 1 I-m i x e d , c e r r a d o b o u n d a ry 1 a y e r w a s to i n c r e a s e g e n e r a 11y t h e c o n c e n -
t r a t i o n to 1 5 0 - 2 0 0 p p b v . It m a y b e s e e n , h o w e v e r , f r o m p a s s n u m b e r 1 a b o v e t h e cloud 
d e c k in F i g u r e 9 t h a t s o m e r e l a t i v e l y c l e a n a i r 90 p p b v ) h a d o v e r r i d d e n t h e CO 
e n r i c h e d l a y e r b e l o w t h e c l o u d . 

T h e r e s u l t s w h i c h w e r e o b t a i n e d o n t h e 1 9 8 0 a i r c r a f t f l i g h t s c a n b e d i v i d e d up 
iηto t h e f o l 1 o w i n g t h r e e c h a r a c t e r i st i c reg i o n s : 1) t h e b o u n d a r y 1 a y e r a b o v e t h e tropl 
cal f o r e s t , n o r t h o f a b o u t 6 ° S; 2 ) t h e b o u n d a r y l a y e r a b o v e t h e c e r r a d o , s o u t h of 
9 ° S ; 3 ) t h e f r e e t r o p o s p h e r e a b o v e t h e b o u n d a r y l a y e r . 

T h e t o p o f m i x e d l a y e r w a s t y p i c a l l y l o c a t e d a t a b o u t 7 5 0 m b ( - 2 . 5 Km) in the 
c e r r a d o a n d in t h e m e a n n e a r 8 0 0 m b (~2 Km) a b o v e t h e f o r e s t s . T h i s c a n b e m o s t c l e a r 
ly i d e n t i f i e d p a r t i c u l a r l y in t h e s u b - t r o p i c a l r e g i o n by t h e d e w p o i n t d e p r e s s i o n curves 
( F i g s . 5 a n d 6) a n d in t h e r e l a t i v e h u m i d i t y p r o f i l e s o f F i g u r e s 12 a n d 1 3 a s t h e tran
s i t i o n s t e p to a d e e p l a y e r o f l o w r e l a t i v e h u m i d i t i e s b e t w e e n 2 0 ¾ a n d 3 0 ¾ c e n t e r e d ne

a r 5 - 6 K m a l t i t u d e . T h e p r o f i l e s s h o w n for t h e re)atlve h u m i d i t i e s a n d o t h e r profiles 

for C O a n d a r e a v e r a g e v e r t i c a l p r o f i l e s f o r all m e a s u r e m e n t s d u r i n g 1 9 8 0 in t h e cer_ 

r a d o a n d in t h e t r o p i c a l f o r e s t r e g i o n s o f B r a z i l . I n d i v i d u a l p r o f i l e s ( D e l a n y e t a l . , 

1 9 8 5 ) s h o w e d s h a r p e r d i s c o n t i n u i t i e s b e t w e e n t h e b o u n d a r y l a y e r a n d t h e f r e e t r o p o s p h e r e . 

P l o t t e d in F i g u r e s 1 2 - 2 0 is a l s o t h e s p r e a d , e x p r e s s e d in o n e s t a n d a r d d e v i a t i o n , as 

t h e d o t t e d c u r v e o n t h e r i g h t h a n d s i d e o f t h e a v e r a g e p r o f i l e s . T h e p o t e n t i a l t e m p e r a 

t u r e p r o f i l e s for b o t h r e g i o n s a r e s h o w n in F i g u r e s 1½ a n d 1 5 . T h e s e v a r y o n l y slight

ly w i t h a l t i t u d e in t h e b o u n d a r y l a y e r o f t h e c e r r a d o r e g i o n , i n d i c a t i n g s t r o n g non -

c o n v e c t i v e , t h e r m a l m i x i n g . T h e a v e r a g e p o t e n t i a l t e m p e r a t u r e p r o f i l e o v e r t h e tropi

cal f o r e s t s s u g g e s t s t h e r e s i d u a l e f f e c t s o f m o i s t a d i a b a t i c m i x i n g r e l a t e d to convecti 

v e a c t i v i t y o r a d v e c t i o n o f a i r f r o m r e g i o n s w i t h c o n v e c t i v e a c t i v i t y . 

In o r d e r to s e p a r a t e c l e a r l y t h e a i r m a s s e s , w h i c h a r e p o l l u t e d by biomass 

b u r n i n g , f r o m c l e a n a i r , e x t e n s i v e t r a j e c t o r y a n a l y s e s w e r e p e r f o m e d for t h e flight 

p r o g r a m , a d o p t i n g t h e i s e n t r o p i c p a c k a g e o f H a a g e n s o n & S h a p i r o ( 1 9 7 9 ) . T h e t r a j e c t o 

r i e s w h i c h w e r e so d e r i v e d a r e s h o w n in F i g u r e 1 6 . T h e p r o f i l e s in u n p o l l u t e d air 

m a s s e s a r e m a i n l y l o c a t e d b e t w e e n t h e l a t i t u d e s 2 . 1 - 6 . 2 ° $ , w h i l e t h e p r o f i l e s between 

9 . 2 - l 6 . 6 ° S w e r e c l e a r l y a f f e c t e d by b u r n i n g a c t i v i t i e s in t h e b o u n d a r y l a y e r . Between 

6 S a n d 9 S , a t r a n s i t i o n r e g i o n is s i t u a t e d a n d d a t a f r o m t h i s r e g i o n h a v e n o t been 



included in the present a n a l y s i s . The average ozone and carbon monoxide vertical profJ_ 
les for both regions are shown in Figures 17 - 2 0 . Clearly the most remarkable features 
are the much larger, measured ozone concentrations In the lowest 3 . 5 Km in the cerrado 
regions and t h e drastic decrease of CO mixing ratios above the boundary layer in both 
tropical regimes. In comparing the measured concentrations over Brazil with data 
observed over the Pacific on GAMENTAG in August 1977 (Routhier e t a l , , 19S0) a n d along 
the westcoast of South America in August 197** (Seiler a Fosham, 19Sl) at the same lati 
tudes at 5-6.5 K m al t i t u d e , we notice almost two times higher ozone volume mixing rat_i_ 
os in the free troposphere above Brazil. From about k to 7 Km our measurements over 
both regions of Brazil show volume mixing ratios of about ^0-50 ppbv (see Figures 17 

and 18). Our measured ozone concentrations just above the tropical forest canopy de
crease to about 20 ppbv, but the average value in the boundary layer is about 30 ppbv, 
which is slightly higher than the 20 ppbv measured during the GAMETAG flights in 1977 
(Routhier e t a l . , 1980) . Seiler â Fishman ( I98 I ) reported values of only 10 ppbv. The 
measured ozone concentrations in the boundary layer over the cerrado of about 55 ppbv 
is, however, much higher than over the Pacific and also over the forest regions. 
Clearly, ozone is produced here by photochemical reactions. 

The measured CO concentration in the boundary layer of both regions of Brazil 
are very high compared to typical observations in marine or near coastal areas with 
values in the 50-100 ppbv range (Seiler, 197 1!; Heidt e t a l . , 1980; Seiler a Fishman, 
I 98 I ) . In the boundary layer of the tropical forests measured CO concentrations avera_ 
ge about 300 ppvb (Figure 19). Carbon monoxide mixing ratios were even higher Iti 
the cerrado boundary layer and very variable (Figure 2 0 ) . Measured concent rat ions were 
higher than in rural areas at mid-latitudes In the northern hemisphere. In fact, 
the boundary layer values shown for the cerrado region in Figure 20 are underestimati -
ons , because CO concentrations larger than ^00 ppbv could not be measured because of 
recorder setting limitations. 

A b o v e the boundary layer the measured CO concentrations are likewise s u b s t a n t i a ^ 
ly higher than those measured over the ocenas at similar latitudes and times of the 
year. The studies by Heidt e t a l . ( I 9 8 D ) , Seiler (1971») and Seiler & Fishman (Τ 981 ) 
indicate volume mixing ratios of 50-150 ppbv in the ma r i n e , free troposphere. Our 
observations above k Km altitudes agree these v a l u e s . However, they show much higher 
CO volume mixing ratios between the top of the boundary layer and k Km (600 m b ) . This 
is partly due to the averaging of several individual profiles, but also indicates 
upward transport from the boundary layer. 

DISCUSSION 
RESULTS OBTAINED F R O M FIRE SAMPLING 

The can sample data collected during the 1 9 7 9 and I98O experiments and presented 
in Table 1 indicate that the geometric mean of the emission ratios of CO and CH^ compa-
Observations of air ... 8 9 



red to C 0 2 from tropical biomass burning are close to )2% and 0.9¾ with uncertainties 

of factors of 2 and 2.5, respectively. The arithmetic means are 15. 1»¾ a n d 1.2¾ respec 

tively w i t h standard deviations of 10¾ and 1¾. The plume flight ratios are 1^.5¾ for 

CO and 1.7¾ for C H ^ , These ratios agree closely w i t h those derived by us for fires in 

temperate forests and gr a s s l a n d s , \h% and 1.6¾ respectively (Crutzen e t a l . , 1979) 

W e m a y , therefore, adopt values of about 13¾ for CO and 1.¾¾ for C H ^ as the average 

ratios to use for discussions on the global emission rates of CO and C H ^ to the atmos -

phere . As done in the earlier study we can then derive the global production rates of 

CO and C H ^ and other species by multipling these ratios w i t h the estimated global pro -

duction of C 0 2 by biomass burning of 2.2- 1» χ 1 0 1 5 g C per year mostly 'in the tropics 
(Seiler & Cr u t z e n , 1980). The derived numbers which follow next remain, however, 

uncertain by at least a factor of three. 
Biomass burning can lead to an annual release of lo'^g CO to the atmos p h e r e , 

which should be compared to the input of 6 χ lo'^g CO by industrial activities (Seiler, 
197*0. The calculated average emission rate of methane is 6 χ 1 D 1 ^ g C H ^ or k.$ χ 10.'^ 
g C per year. This implies clearly a significant contibution to the atmospheric CH^ 
budget, as it is currently estimated that about 3- 1 * x Jβ g C H ^ are broken down in 
the atmosphere by reaction w i t h the OH rad i c a l , adopting an average OH concentration 
in the atmosphere of about 6 χ 1 m o l e c u l e s / c m " * (Crutzen & Gidel , 1983; Vol ζ e t a l . , 

I98I ; C r u t z e n , 1983). Total emissions of non-methane hydrocarbons are calculated to 
reach 3.Ί χ 1 0 ^ g C/year, about equal to the methane e m i s s i o n s . The oxidation of 
all hydrocarbons which are produced by biomass burning h a s , therefore, the potential 

i t 

to produce 2 χ 10 g CO annually in the troposphere, w h i c h is about 25¾ of the 

direct production of CO by fires. The most prominant group of gases emitted among the 

non-methane hydrocarbons a r e the reactive alkenes (-^5¾) with ethylene being most 

abundant. Through these emissions there is the possibility of significant ox i dant (ozo

ne) formation. We will return to a discussion of this issue when w e discuss the ozone 

observations. The next most abundant class of hydrocarbons emitted by the fires are 

the a l k a n e s , especially ethane and propane. The composition of the n o n - methane hydro 

carbons produced by the fires is shown in Table 1. 

The geometric mean of the emission rate ratios o b t a i n e d for COS is about k.~l χ 
10"^, and the arithmetic mean is 8.2 χ 10 -., These ratios are two to three times 
1ower than the earlier deri ved average ratio of 1.6 χ 10 ^ (Crutzen e t a l . , 1979) , but 
the uncertainty in this ratio is very large. Adopting 6.5 χ 10 ^ as the average n u m -
ber, w e can derive a global source of COS from biomass burning of 7 χ 10 g S annually 
Fortuitously, this production is equal to the stratospheric loss of COS by photolysis 
in ultraviolet sunlight (Crutzen 1976; Turco e t a l ., 1980). Johnson (1981) has 

postulated that the ocean surface waters could remove about 2 χ lo''g S of COS annually 
by dissolution and hy d r o l y s i s , leading to the formation of and C O ^ , On the other 
h a n d , Rasmussen e t a l . (1982) found seawater a 1 ways to be supersaturated w i t h regard 
to the atmospheric concentrations of COS and calculated a total, annual input of COS 



from the oceans to the atmosphere of Ί χ 10 g S. In a d d i t i o n , the oxidation of CS 2 

by reaction w i t h O H has been shown by Jones et a l . (1983) and Nike (personal communica
tion) to p r o c e e d readily in air with a react ion coefficient of 2 x 1 0 cm molecule 
s , leading to the formation of one COS and one 5 0 2 molecule. The global industrial 
release of C S 2 to the atmosphere is about h χ 1 0 1 1 g C S 2 annually (Peyton e t a l . , 1976), 
so that the a t m o s p h e r i c oxidation of this amount of CS- In the atmosphere may yield COS 

11 
at a rate of 1.7 χ 10 g S per y e a r . Compared to these high input rates of COS to the 
atmosphere, the COS production from biomass burning may only account for 10¾. Additio

nal COS may be provided by coal burning and other industrial activities. It seems that 

a large sink of COS in the environment has not been identified. T h e terrestrial bios -

phere is the most likely possibility. 

The new derived N^O: C 0 ^ emission ratio rate has a geometric mean of 1.5 x Ό , 
with an uncertainty of about a factor of 3, the central value being roughly a factor 
of ten smaller than the earlier estimate o f 2.2 χ 10 (Crutzen et a l . , 1979)- The 

A 
arithmetic ratio is about two times higher. Adopting a value of 2.5 x 10 for this 

12 
ratio, the global H^O production from biomass burning can be estimated at 2 χ 10 g Ν 
per year w i t h an uncertainty of more than a factor of 3. This value is significant as 
an anthropogenic source in comparison with the estimated production 1.6 χ 10 g Ν from 
coal and fuel oil burning (Weiss & C r a i g , 1 9 7 6 ) . The loss of H^O in the stratosphere 
is in the range 6-11 χ 1 0 1 2 g Ν per y e a r , so that biomass burning can add a signlfi -
cant fraction of the total H^Q input in the atmosphere. Stratospheric reactions provi
de probably the only loss of atmospheric N^O. The remaining atmospheric emissions of 
H^0 a r e probably due to denitrification and nitrification processes in the soils and 
waters (Weiss, 1981, Seiler, 1 9 81 ; E l k i n s e t a l . , 1978; Bremner et a l . , 1 9 8 1 ) . 

The global burden of atmospheric N^O is increasing by about 0.2¾ per year (Weiss, 1981) 

An intercorrelation of C O a n d N O X concentrations from flights 10 — 13 was made 

to determine the C0/NOX emission from the large scale brushfires in the cerrado. During 

the portions of the 198O flights in the cerrado boundary layer, the aircraft specifJca£ 

ly avoided smoke plumes and so the ratios o b t a i n e d relate to a g e d rather than fresh 

fire e m i s s i o n . 

The results of a least squares fit for the CO versus NOX data was 73 - k for 

the ratio of CO/NOX in the boundary layer over the cerrado and may be taken to be the emis

sion ratio for the large scale fires. Given that a fairly constant value of 0.1k -0.02 

for the C O / C O ^ ratio has been determined for all fire evissions measured in this study, 

a value of 
C O , CO CO 

i * x — L = 5 3 5 + 9 5 

NOX NOX CO 

may be obta i n e d . 

This compares w i t h values of slOOO reported by Evans et a l . (1977) on fresh 

smoke from prescribed burning in Australian fires. Laboratory burning experiments for 

a variety of fuels have given a C0„ to NO volume emission ratio of about ^00 (Clements 



& M c M a h o n , 1980). Tests on NO emissions from woodburning fireplaces indicate values 
of 2 0 0 0 (Muhlbaier-Dasch, Τ 9 8 2 ) and 710 (DeAngelis e t a l . , 1 9 8 0 ) . W e believe that 
our measurements present an underestimate of the NOX production in open vegetation fi -
res, because all our simultaneous in situ measurements of NOX and CO w e r e made outside 
fire plumes so that we may suspect that some NOX may have been removed by photochemical 
reactions and dry deposition. 

The determination of the NOX to C 0 „ rat io of ^ 2 χ 1 0 " ^ indicates the possibi 1 i ty 
1 2 

of an NOX production of 7 x 10 g Ν per year from biomass burning activities in the 
tropics. This compares to an industrial source of 20 χ 10 1 g N/year (Crutzen e t al ., 
1979) and a lightning source of about 3 x íft | N/Year with an uncertainty of a factor 
of three (Crutzen, 1 9 8 3 ) . Consequently, the NOX emissions from biomass burning 
represent an important souce of nitrogen oxides to the tropical atmosphere with a 
strong potential for an impact on the photochemistry of the t r o p i c a l , continental 
areas. 

Our measurements in Brazil have, therefore, confirmed that agricultural bur -
ning activities can put substantial quantities of CO, C H ^ , non-methane h y d r o c a r b o n s , 
NOX and N O into the atmosphere and that these activities may very well be as important 
to global air chemistry as the industrial activities in the developed w o r l d . However , 
especially for NOX, N^O (and COS) the variability in measured emission rate ratios are 
so large that there remain large uncertainties in the quantifications of the emission 
ra tes. 

AIRCRAFT FLIGHT RESULTS - PROFILES OF O Z O N E AND CARBON M O N O X I D E 

The most interesting observations w h i c h we made concern the measured profiles of 
ozone (Figures 17 and 18) and carbon monoxide (Figures 19 and 2 0 ) . They clearly point 
to a substantial production of carbon monoxide in the boundary layers of both the cer -
rado and selva regions, w h i l e ozone is clearly produced in the c e r r a d o , but destroy
e d in the selva. 

The production of carbon monoxide above the forests can be explained by the 
rapid oxidation of reactive hydrocarbons emitted by foliage in accordance w i t h the pro
posal by Zimmerman e t a l . (1978). This can be shown by a simple calculation of the 
equilibrium volume mixing ratios of CO with the average measured Isoprene (C^Hg) concen_ 
trations of about 1.7 x 10 ^ (1.7 ppbv) in the first 350 m above the forest canopy du -
ring o n e of our f l i g h t s , assuming that the reactions with hydroxyl (OH) are important, 
so that 

R21 C_Hg + OH -+ C Η + H 2 0 further t*C0 (Zimmerman et al . , 1978) 
Rl CO + OH -*• H + CO reactions 

Using reaction rate coefficients or 8 x 1 0 and 2.8 χ 10 cm molecule s for 
these reactions respectively (Atkinson e t a l . , 1979; Baulch e t a l , , I 9 8 I ) , the volu_ 
me mixing ratio of CO in equilibrium w i t h the observed isoprene concentrations is about 



equal to 2 χ 10 , which is much larger than w e o b s e r v e d . This shows clearly that 
the oxidation of isoprene and other hydrocarbon may very well be responsible for the 
high carbon monoxide concentrations in t h e b o u n d a r y layer above the forests. In reality 
we must consider that the yield of CO from C^Hg oxidation may not be equal to Ί , that 
the m e a s u r e d concentrations of 1.7 ppbv of c ^ H g may not b e characteristic for t h e 
boundary layer and that hydroxyl concentration may be so low over the tropical forests, 
that other chemical reactions may play a role in the initiation of the isoprene oxida -
tion,e.g. the reaction w i t h o z o n e . Likewise, the lack of knowledge of the reaction me 
chanisms which lead to the oxidation of hydrocarbons in the a t m o s p h e r e , especially in 
the absence of N O , has been recognized (e.g., Zimmerman e t a l . , 1978) and it was 
pointed out that many oxygenated species may be formed which can be removed from the 
atmosphere by rainfall or uptake by v e g e t a t i o n . However, although it is clear that 
hydrocarbon o x i d a t i o n may very welt be the source of boundary layer CO in the forested 
regions, without further m e a s u r e m e n t s , w e cannot with certainty discount the possibi
lity that carbon monoxide is directly emitted by the forests in much larger rates than 
found by Seiler & Giehl (1977) for temperate v e g e t a t i o n , The limited amount of data 
available to us is not adequate to identify with certainty the source of carbon monox_j_ 
de over the tropical forest a r e a s . In addition to C^Hg other hydrocarbons are emitted 
by the forests w h i c h may likewise be converted to CO by photochemical reactions ( see 
Table 3) . 

tt is clear that the high concentrations of CO in the cerrado boundary layer d u 
ring the dry season (see figure 20) are caused by the many fires in this region at 
that time of the y e a r . Because of large emissions of smoke, visibility is often poor. 

With the few available data on isoprene concentrations during daytime above the 
tropical f o r e s t , w e may try to make a rough estimate of the loss of ozone through 
reactions with C^Hg by tropical f o r e s t s . T h e rate coefficient for the reaction 
C - H s * products has recently been determined by Adeniji et a l . (1981) and for tropica! 

-17 3 -1 
conditions w e may use as the value 2 x 1 0 cm molecule . Wjth average volume 
mixing ratios of 30 ppbv in the boundary layer w e calculate that the mean lifetime of 
isoprene against reaction w i t h ozone is about 2k h r s . If reaction with ozone were the 
only sink for C^Hg, the lifetime of this gas in the atmosphere would be long enough 
to a l l o w thorough mixing through the mixed layer, so that the loss of o2one can be 

11 - 2 - 1 
calculated to 10 molecules cm s during daytime. It should be a d d e d , however , 
that ozone does also react with terpenes and C g - C ^ a l k e n e s , which are likewise abun -
dant according to the observations listed in Table 3- Furthermore, ozone is destroyed 
by reactions w i t h hydrocarbon fragments and w i t h hydroperoxyl (HO^) and by the two reac_ 
t ions 

R2 0 + hv 4 0 { 1 D ) + 0 2 (λ< 310 nm) 
R3 0( 1!)} + 2DH 



The electronically excited oxygen a t o m 0( D) is deactivated to ground state ato -
mic oxygen mainly by reaction with atmospheric nitrogen and oxygen 

R22 ΟΟΌ) * Μ •* 0 ( 3P) + 0 2 

which leads back to ozone by reaction R7. A s s i g n i n g typical calculated values to the 
photochemical, atmospheric parameters involved, w e can calculate that the loss of 
ozone due to the pair of reactions R2 and R3 in the tropical forest boundary layer is 

11 - 2 - 1 
about equal to 2 χ 10 molecules cm s during daytime. Therefore, the combined 
daytime loss of ozone in the forest boundary layer by chemical reactions certainly ex-

11 _2 -1 
ceeds 3 x 10 cm s . Additional loss of ozone occurs through reactions on forest 
foliage, but this cannot be estimated from our o b s e r v a t i o n s . Extrapolating from the 
analysis of Lenschow et a l . ( 1 9 8 2 ) this sink is quite comparable to the chemical loss ra_ 

11 -2 -1 
te in the boundary layer, so that the total loss rate may be 5 χ 10 cm s on 
the average. 

We may continue the calculations for C^Hg and estimate the m i n i m u m effect of 
OH reactions on isoprene. As the reaction between isoprene and hydroxy! is very fast 
with a reaction rate coefficient of 8 χ l Õ " 1 1 c m 3 molecule s , the minimum concentra_ 

tion of OH in the boundary layer can be roughly determined by assuming that OH productj_ 

on by reactions R2 and R3 and balanced by the reaction 

R21 OH + C^Hg «* C^HgO * products 

neglecting any recycling of OH in the following reactions. Adopting typical calculated 

values for the photochemical parameters in the tropics and u(C H n ) = 1.7 x 10 ° we can 

cal cu late (OH) >10 mol ecules cm . W i t h this value of OH the photochemical lifetime 

of Cç-Hg becomes equal to 3 hours which may a p p r o a c h the dynamical mixing time in the 

boundary layer. 

W e can estimate approximately the m i n i m u m loss of isoprene in the boundary layer 

which must be supplied from the forests. The resulting isoprene flux is at least equal 

to about 6 χ l O ^ m o l e c u l e s cm ^ s '. For the entire 16 χ 10 km tropical forest area 
of the world (Bolin et a l . , 1 9 7 9 ) this would extrapolate to a minimum annual produc-

1** 
tion rate of i soprene of 1 . 5 x 1 0 g C which is 60¾ of the va1ue est imated earlier by 

Zimmerman e t a l . , (1978). T h e resulting m i n i m u m CO production rate could be about 3 x 

10 q CO/year. This CO production rate in the mixed boundary layer above the tropical 

forests could lead to a buildup of at least 20 ppbv day. Referring to Figure 16 it can 

be seen that the air which reached M a n a u s , the center of most research flights, has 

travelled about 2 days in the forest boundary layer, allowing a minimum buildup of 

i)0 ppbv of CO. It s e e m s , however, that much more CO must have been produced in the 

airmass. A l t h o u g h , w e do not know the composition of the air before it entered the 

forested area from the A t l a n t i c (see Figure h), it is probable that it contained about 

100 ppbv of CO as seems to be typical for the composition of oceanic boundary layer air 

(Seiler, 197Ί; Seiler & F i s h m a n , 1981>. This means that about 75 ppbv of CO per 
day was formed in the forest boundary layer during transit to the Manaus region. This 
amounts to a production of k χ 10^ m o l e c u l e s cm ' and is equivalent to 2-3¾ of the 



net primary productivity of the tropical forests which is estimated at 1 kg C/m / year 
( 6 0 tin e t a l . , 1 9 7 9 , page 2k). Th is w o u l d i nd icate a much 1arger hydrocarbon emi ss ion 
efficiency in the tropical forests than in temperate ones (Zimmerman et a l - , 1978). 

Carbon monoxide volume mixing ratios in the free troposphere in the cerrado and 
tropical forest areas are generally close to 100 ppbv above about ^.5 km altitude (Figu_ 
re 2 0 ) . These values are roughly equal to the concentrations measured by Sei ler(1 3 7 k ) , 

but much larger than the 50 ppbv reported by Heidt et al . ( 1 9 8 O ) on GAMETAG during the 
same season over the P a c i f i c . Below this altitude there is a gradual transfer to the 
hitjh measured concentrations of CO in the boundary layer both of the cerrado and selva 
ecosystems. A l t h o u g h this transition is to some degree a result of the averaging proce 
dure, it is clear from the profiles that carbon monoxide does escape frcm the product_i_ 
on region in the tropical boundary layer. Considering that CO volume mixing ratios in 
the equatorial free troposphere are higher over the continents than over the oceans, 
we have to conclude that in the tropics carbon monoxide is mainly formed in the 

boundary layer over the c o n t i m e n t s , that it probably escapes from it by convection and 
that it is transported in the free troposphere to the marine atmosphere where most of 
it is destroyed by reaction w i t h hydroxyl. The production of carbon monoxide in the 
tropics satisfies the theoretical requirements by Crutzen & Gidel (1983) and volz et a l 

(1981). 
T h e m e a s u r e d , average ozone vertical profiles over the savanna and tropical fo

rest regions (Figures 1 7 and l8) clearly point to a production o f ozone in the savanna 
boundary layer which is polluted by the effluents of biomass burning. This ozone pro -
duction Is p r o b a b l y made possible by the existence of substantial quantities of nitric 
oxide due to biomass burning and occurs when reactive hydrocarbons and carbon monoxide 
are oxidized by reactions which have been explained earlier in this article. Producti
on of ozone in the plumes of forest fires has been documented by Evans e t a l . ( 1 9 7 7 ) 

and Radke et a l . (1978), so that it is not surprising that it also occurs on large 
scale during the dry season in the regions where much biomass burning takes place. Ozo
ne Is destroyed by reactions at the earth's surface and in the forest boundary layer by 
photochemical reactions involving UV radiation and water vapor and by reactions with 
hydrocarbons, especially isoprene, as discussed earlier in this chapter. M o s t l t k e l y , 
the ozone which is destroyed in the tropical surface layer is brought down 

form the free troposphere. To explain an average ozone loss of about 5 x 19 molecules 
cm s - ^ , as derived b e f o r e , a downward velocity at the top of the boundary layer (~ 2 

km altitude or 800 m b , pressure level) of aboot 0.5 cm/s is required, based on an 
average ozone volume mixing ratio of kO ppbv form our m e a s u r e m e n t s . This is not an u n 
reasonable minimum value for tropical Brazil in the dry season. According to Kousky & 
Kagano (1981), the mean downward velocity at BOO mb during August for the triangle Be
lém ( 1 ° 2 3 ' S , Ί 8 ° 2 9 ' Μ ) , Manaus ( 3 ° 8 ' S , 60°rw) and Vilhena ( I 2 ° W S , 60°8'W) can be 
estimated to be about O.k c m / s , so that a consistent picture for the ozone budget of 
the tropical forest boundary layer e m e r g e s . 



It is plausible that significant production of ozone takes place in the free tro 
posphere of the continental tropics as there may be significant amounts of NO and NO 2 

in the air due to the production of these gases in lightning. The concentrations of 
NO and N 0 2

 c a n be roughly calculated . A satellite study by Turman & Edgar (1982) re -
ports the average number of lightning flashes over the tropical forest areas of Brazil 
to be equal between 2Q and *40 per minute per 1 0 ^ km^ surface area during A u g u s t . Assu
ming a production of at least 1 0 ^ molecules per 1ightning flash (Noxon , 1976, 1978) , 

the minimum production rate of NO (NO + NO.) can be expressed as 5 χ 10^ molecules c m 2 

-1 χ ζ 
s . If w e assume that most NO is generated between the ground and 12 km and that 
most NO is lost from the atmosphere by conversion to HNO^ via the reaction. 

Rl A OH + N 0 2 (+M) HNO (+M) 
w e may estimate an NO^ volume mixing ratio of at least 50 ppbv for an average diurnal 
concentration of OH of 2 χ 10 molecules c m as currently calculated in photochemical 
models for the tropics (Volz et a l . , 1981; Crutzen & G i d e l , 1 9 8 3 ) -

Due to the steady state between NO and N O ^ by the reactions 
R13 NO + 03 N 0 2 + 0 2 

R6 N 0 2 + hv * NO + 0 (λ < *400 nm) 
w e may roughly calculate that the volume mixing ratio of NO in the free troposphere is 
about equal to that of N 0 2 - For such high mixing ratios of NO production of ozone will 
take place in the CO oxidation c y c l e , which was outlined b e f o r e . The production rate 
of ozone is about equal to the loss rate of CO by reaction w i t h O H , If w e assume (OH ) 
't 2 χ 10 m o l e c u l e s cm ^ and an average volume m i x i n g ratio of CO of 200 ppbv above the 
surface layer, the average yield of 0^ between 2 and 5 km during one week is about 
equal to 70 ppbv and the column integrated, diurnally averaged ozone production and 
CO loss rate are equal to about 6 χ 1θ'' m o l e c u l e s cm ^ s ', enough to balance 
the loss of ozone in the forest boundary layer. If the OH concentrations w o u l d be lar
ger than 2 χ 10^ cm ^ more ozone production w o u l d take place and vice versa. The main 
point here is that ozone production of the right amount to balance the boundary layer 
loss of ozone can occur in the free troposphere. This production of o z o n e is concentra 
ted over the c o n t i n e n t s , because that is w h e r e about 80¾ of all lightning occurs (Orvi 

lie & Spencer, 1979; Turman & E d g a r , 1 9 8 2 ). This may well explain why ozone is more 

abundant in the continental than in the marine free troposphere (McFarlanc et al.,1979) 

It s e e m s , therefore, that it is possible to derive rather consistent explanations for 

the ozone observations in Brazil. This hypothesis should be tested in future experimen 

tal studies. 

CONCLUSIONS 

In this work we have confirmed that large emissions of important atmospheric tra 

ce g a s e s , such as CO, CH, , h y d r o c a r b o n s , NO and N O , take place due to bioniass bur 



ning especially in the dry tropics. These activities lead to high CO, and Ν 0 χ con -
centrations in the boundary layer of the savanna regions of Brazil in comparison with 
concentrations measured in the marine boundary layer at the same latitudes. Concentra
tions of CO and 0^ a r e comparable to or higher than those at mid-latitudes in the 
northern hemisphere w h e r e i n d u s t r i a I emissions play a large role. Similar conditions 
probable prevail during the dry season in many savanna regions on e a r t h , which cover a 
total area of 19 χ 10 km (Bolin et a l ., 1979). Agriculture-related activities are , 
therefore, the main source of photochemical air pollution in large parts of the cont_i_ 
nental tropics during the dry season and our work has confirmed that they are also of 
such a magnitude to be of importance in global air chemistry. 

W e have noticed that the concentrations of CO and 0^ over the continents are 
higher than over the o c e a n s , not only in the boundary layer, but also in the free tro
posphere. The continental tropics are therefore the source regions of CO and 0^ and 
other trace gases which are found in the marine t r o p i c s . In the clean tropical tropos
phere there may well be enough Ν 0 χ present over the continents d u e to lightning to pro
mote significant production of o z o n e . 

A limited set of measurements of o r g a n i c compounds over the tropical forest areas 
suggests an important role of o r g a n i c compounds in global air chemistry. We have measu_ 
red average isoprene volume mixing ratios of about 2 ppb in the forest boundary layer 
and have shown by simple calculations that its oxidation and that of other hydrocarbons 
may lead to carbon monoxide production of the same order as that derived from industr_|_ 
al and biomass burning a c t i v i t i e s . This explains the high concentrations of carbon m o 
noxide w h i c h were measured in the tropical forest boundary layer a nd which are higher 
than fn the rural areas of the mid-latitudes in the northern hemisphere. In f a c t , our 
studies point to the possibility that 2-3¾ of the carbon fixed in net primary producti

vity is returned to the atmosphere via CO. The hydrocarbon emission which would be re£ 

ponsible for this may be even larger. 

Many areas in the tropics are undergoing rapid changes because of increasing d e 

velopment in the agricultural and industrial sectors. The findings of our work in 

Brazil therefore justify enhanced interest in studying tropical air chemistry. The tro 

pics play a large role in global air chemistry. 
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RESUMO 

P n o g w m a de meáidoA de campo no I b u u i l naA eitaçôei ACCOÀ de 1979 e J9S0, duAan-

te oi me&íA de agoito e ò e t e m b i o , demom.tA.aftam a gtiande impontãncJjx deu, t e g i ô e i tn.opi-

caio contine.ntaiA na quXmica atmoò&&fu.ca global, Especialmente, na c a m a d a de miòtuAa, 

a composição do OK i>obh.e o continente, e oceano e m u i t o di^efiente e aò negiôttA tefüies-

-fctea são jantes de pn.odu.cao em gnande. e s c a l a de m u i t o s g a s e s - t A a ç o I m p o r t a n t e s . Queimas 

de. b i o m a & s a 0c.0M.em dixnxinte a estação seca, e s p e c i a l m e n t e not, c e t & a d o s , causando emis-

soes substanciais de poluentes a t m o s f é r i c o s tais como CO, HO^, H ^ O , CH^, e ou&ios hi-

dlocaJibonetos. C o n c e n t r a ç õ e s de ozônio são tombem aumentadas devido a neações (Joio-
quimicas. Emissões ofiganicas biogenicas de fatoiestas tAopicais tem um papel imponta.ntt 

na fitoquJmica d a a t m o s f e r a . 0 m o n õ x i d a de carbono m o s t x o u - s e p r e s e n t e em altaò con

centrações na camada L i m i t e d a floresta t r o p i c a l e as c o n c e n t r a ç õ e s de ozônio f o r a m m u t -

to inferiores no c e r r a d o . 

http://pn.odu.cao
http://0c.0M.em


Emission rate ratios of CH^, CO, N^O, COS and non-methane hydrocarbons to CO^ (n= number of samples, 
gm = geometric mean, gs = geometric standard deviation, am = arithmetic mean, α = arithmetic stan 
dard deviation. Also give in this table Is the average composition of the non-methane hydrocarbons 1 

in the fires. 

CAN SAMPLE (GROUND) PLUME FLIGHTS 

η gm range am σ η am σ 

36 o . a * 0 .3 -2¾ 1 .2¾ 1¾ h 1.7¾ 0.1¾ 

CO 36 11 .6¾ 6 - 2 W ,0¾ 1) 3 Í 

N 2 0 38 1 .8 χ IO' 4 0 . 6 . 5 . 8 * 3 . 1 χ 2 . 9 x 1 ο - 1 1 3 1 . 3 x 1 ο - 1 1 0 . 2 χ 

COS 22 Ί . 7 χ 1 .5 - ,55 ; 8 . 2 χ ί ο " 6 7.5X10" 6 

NMHC 37 1 . 1 1 0.Ί - 2 . 8 1 .7¾ Ukt 

Composition of non-methane hydrocarbons as % C 

45¾ alkenes (52¾ C ^ , 27¾ C ^ , 21¾ others) 

2k% alkanes ( 5 6 ¾ C 0 H , , 3 3 % Γ H 0 , 11¾ others) 

ζ ο 3 d 

1 3 ¾ aromatics (61¾ benzene, 2 7 1 toluene, 12¾ others) 

8 % oxygenated 

6 % C 2 H 2 



T a b l e 2 . C o m p a r i s o n b e t w e e n e a r l i e r c o m p i l a t i o n s a n d o u r o b s e r v a t i o n s o f h y d r o c a r b o n e m i s s i o n f a c t o r s . 

F o r e s t Fi r e 

L i t e r a t u r e 

Q u e i m a d a s 
1 9 8 0 

( o u r w o r k ) 

G r a s s F i r e 

L i t e r a t u re 

B r u s h f i r e 

1 9 7 9 
(our w o r k ) 

(AHC / A C O ^ ) % G e o m e t r i c M e a n 1 . 2 2 . 3 r.s 1 .7 

( R a n g e ) ( 0 . 4 - 8 . 0 ) ( 0 . 5 - 5 . 8 ) ( 0 . 6 - I D . 3 ) ( 0 . 7 - 1 5 . 3 ) 

R e f e r e n c e 1 , 2 , 3 , Ί 1 , 3 , 5 

(ACO /ACC> 2) % G e o m e t r i c M e a n 
6 . 2 1 1 . 9 7.1 

1 1 . 3 

( R a n a e ) ( 3 . 2 - 2 1 . 0 ) ( 1 . 1 - 3 9 . 1 ) ( 3 . 6 - 2 4 . 6 ) ( 3 . 1 - 5 4 . 9 ) 

R e f e r e n c e 1 , 2 , 3 , 4 , 6 2 , 3 , 5 , 6 

R e f e r e n c e s : 1 . D a r ley e t a l . , 1 9 7 2 ; 2 . D a r ley e t a l . , 1 9 6 6 3 . B o u b e l e t a l . , 1 9 6 9 ; h. F r t t s c h e n e t a l . 

1 9 7 0 ; 5 . G e r s t l e & K e m n i t z , 1 9 6 7 ; 6. C r u t z e n e t a l . , 1 9 7 9 



Table 3. Most frequently measured non-methane hydrocarbon in boundary layer 
(below 2 km) over tropical forests obtained form five samples. 

Compound Volume Mixing Ratio Number of Non-zero 
of Carbon Atoms Determinations 
(ppbv C) 

Isoprene 8 . 3 5 

ώ'1 Carene 1 5 . 4 2 

β- Pinene 1 . 1 3 

Hyrcene 8 . 1 1 

a - Phellandrene 8 . 7 \ 

a - Terpinene 0 . 9 1 

Carene 6 . 1 1 

a - Terpinene 0 . 3 1 

a - Terpineol 2 . 4 1 

Linanool 3 . 4 1 

Percentage composition of hydrocarbons, except terpenes: 

C 2 - C 7 Alkanes 2 5 . 2 ¾ 

C 2 - Alkenes 2 9 . 1 ¾ (excl. isoprene) 

1 soprene 2 0 . 4 ¾ 

C 2 , C^ Alkynes 7 * 

C^- Cg Aromatics 1 8 . 2 ¾ 



F I G . 1 - 5 0 0 m b h e i g h t c o n t o u r s i n d e c a m e t e r s f o r A g u s t 2 8 , 1 9 8 0 , 1 2 : 0 0 G M T , T h e b l a c k 
d o t s d e n o t e t h e l o c a t i o n s o f M a n a u s a n d B r a s í l i a , B r a z i l . O b s e r v e d w i n d s 
( d i r e c t i o n a n d s p e e d in k t s ) a r e g i v e n a t s e l e c t e d r a d i o s o n d e s t a t i o n s . 
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FIG. 3 - M e a n c l i m a t o l o g i c a l w i n d d i r e c t i o n a n d s p e e d a t 5 0 0 m b o v e r S o u t h A m e r i c a 
in A u g u s t . 

FIG k - Mean c l í m a t o l o g i c a l w i n d d i r e c t i o n a n d s p e e d at 8 5 0 m b o v e r S o u t h A m e r i c a 
i n A u g u s t . 
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F I G . 7 , A p o r t i o n of t h e a b s o r p t i o n s p e c t r u m in t h e C O f u n d a m e n t a l . L i n e s (1) 

t h r o u g h R ( y ) of C O a r e m a r k e d as w e l l a s p r o m i n e n t U n e s d u e to H^O , 
N - 0 a n d 0 . T h e t w o s p e c t r a w e r e r e c o r d e d 30 s a p a r c a s t h e a i r c r a f t 
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p a t h l e n g t h w a s 1 2 0 m a n d t h e f l i g h t l e v e l w a s 9 3 9 m b . 
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E a c h b a r r e p r e s e n t s a 10 s o f m e a s u r e m e n t w h i c h c o r r e s p o n d s to ^ 
1 k m i n t h e h o r i z o n t a l . T h e p l u m e w a s n e a r 14 3 2 ' s a n d 4 6 3 5 ' W o n 
1 S e p t e m b e r 1 9 7 9 . 
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F I G . 14 - A v e r a g e p r o f i l e of p o t e n t i a l t e m p e r a t u r e o v e r t h e t r o p i c a l , h u m i d 
f o r e s t a r e a s of B r a z i l . T h e d i s t a n c e b e t w e e n t h e s o l i d a n s d o t t e d 
c u r v e m a r k s t h e s t a n d a r d d e v i a t i o n o f t h e m e a s u r e m e n t s . 



F I G . 16. B a c k w a r d i s e n t r o p i c t r a j e c t o r i e s f o r b o u n d a r y l a y e r a i r p a r c e l s 
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s i t t i m e . 
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