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RADIOCARBON produced naturally in the upper atmosphere or arti­
ficially during nuclear weapons testing is the main tracer used to 
validate models of oceanic carbon cycling, in particular the 
exchange of carbon dioxide with the atmosphere1-3 and the mixing 
parameters within the ocean itself4-7. Here we test the overall 
consistency of exchange fluxes between all relevant compartments 
in a simple model of the global carbon cycle, using measurements 
of the long-term tropospheric C02 concentration8 and radiocarbon 
composition9-12, the bomb 14C inventory in the stratosphere13,14 

and a compilation of bomb detonation dates and strengths15. We 
find that to balance the budget, we must invoke an extra source 
to account for 25% of the generally accepted uptake of bomb 14C 
by the oceans3. The strength of this source decreases from 1970 
onwards, with a characteristic timescale similar to that of the 
ocean uptake. Significant radiocarbon transport from the remote 
high stratosphere and significantly reduced uptake of bomb 14C by 
the biosphere can both be ruled out by observational constraints. 
We therefore conclude that the global oceanic bomb ,4C inventory 
should be revised downwards. A smaller oceanic bomb 14C inven­
tory also implies a smaller oceanic radiocarbon penetration 
depth16, which in turn implies that the oceans take up 25% less 
anthropogenic C02 than had previously been believed. 

T h e a t m o s p h e r i c M C 0 2 ac t i v i t y h a s u n d e r g o n e l arge e x c u r ­
s i o n s s ince the b e g i n n i n g o f n u c l e a r b o m b tests ( F i g . \a a n d b, 
so l i d l ines ) . A f t e r the T e s t B a n t rea ty in 1962 the b o m b l 4 C 
s igna l in the a t m o s p h e r e is d e c l i n i n g b e c a u s e o f l 4 C 0 2 e x c h a n g e 
w i t h t h e o c e a n a n d the o t h e r c a r b o n reservo i rs . T h e b e h a v i o u r 
o f these l 4 C e x c h a n g e fluxes o v e r t i m e d e p e n d s m a i n l y o n the 
t o t a l c a r b o n f l uxes b e t w e e n the reservo i rs , a n d o n the i n te rna l 
c i r c u l a t i o n d y n a m i c s w i t h i n these reservo i rs . 

T h e t e m p o r a l v a r i a t i o n o f the t r o p o s p h e r i c r a d i o c a r b o n i n v e n ­
t o r y yVtrop is d e t e r m i n e d b y the net e x c h a n g e fluxes w i t h the 
o c e a n F 0 , the terrestr ia l b i o s p h e r e FB, a n d the s t ra to sphere Fs, 
b y i n p u t f r o m a n t h r o p o g e n i c sources QTrop, a n d the r a d i o a c t i v e 
d e c a y ( l 4 C h a s a m e a n l i f e t ime A - 1 = 8,275 y r ) as f o l l o w s 

d ( Nlrop)/dt = F0 + Fa + Fs+ Qtrop - AAUp 
O n l y the g l o b a l r e s p o n s e o n the i n t e r a n n u a l t imesca le t o a m a j o r 
a t m o s p h e r i c p e r t u r b a t i o n is e x a m i n e d in th is s t u d y . W e can 
there fo re use re la t ive ly s i m p l e m o d e l s t o d e t e r m i n e the respect ive 
r a d i o c a r b o n fluxes. F o r the o c e a n , a t y p e o f r o b u s t O e s c h g e r 
a n d Siegentha ler b o x d i f f u s i o n m o d e l 4 ' 5 w a s a d o p t e d u s i n g a 
ver t i ca l e d d y d i f f u s i o n coef f ic ient K = 7,685 m 2 yr~' c o u p l e d t o 
7.8 yr res idence t i m e o f a t m o s p h e r i c C 0 2 w i t h respect t o a i r / s e a 
gas e x c h a n g e . T h e f l u x F 0 , c a l c u l a t e d a c c o r d i n g t o o u r t r o p o ­
spher ic b o u n d a r y c o n d i t i o n s , m a t c h e s the i n tegra ted o c e a n i c 
b o m b l 4 C u p t a k e (un t i l 1 J a n u a r y 1974) o f 300 x 1026 a t o m s 
( F i g . 2a) der i ved f r o m o c e a n i c m e a s u r e m e n t s d u r i n g 
G E O S E C S 3 , a n d c o m p a r e s wel l w i t h results o f the m o s t recent 
v e r s i o n o f the H I L D A 1 7 o c e a n m o d e l . 

T h e m o d e l b i o s p h e r e is d i v i d e d i n t o three b o x e s w h e r e the 
i n p u t c a r b o n is d e c o m p o s e d e x p o n e n t i a l l y w i t h an e - f o l d i n g 
c o n s t a n t g i v e n b y the t u r n o v e r t i m e r . B o x 1 h a s a m a s s o f 
1 0 5 G t - C ( g i g a t o n n e s c a r b o n ; l G t = 1 0 l 5 g ) , r = 3 y r , a n d 
a c c o u n t s f o r fine r o o t s , tw igs a n d leaves . B o x 2 h a s a m a s s o f 
675 G t - C , r = 2 7 y r , a n d represents b ig r o o t s , s tems a n d 
b r a n c h e s . B o x e s 1 a n d 2 c o u p l e d i rec t l y t o the t r o p o s p h e r e , a n d 
the s u m o f the ir i n p u t fluxes, d e t e r m i n i n g the net p r i m a r y p r o ­
d u c t i v i t y , is set t o 60 G t - C y r - ' . B o x 3, the ' o l d c a r b o n reservo i r ' 
h a s a m a s s o f 1,420 G t - C a n d r = 375 yr . B o x 3 c o n t a i n s the 
s l o w l y d e c o m p o s i n g m a t e r i a l o f b o x e s 1 a n d 2, gets its c a r b o n 
i n p u t e q u a l l y d i s t r i b u t e d f r o m these b o x e s , a n d is n e e d e d t o 
a c c o u n t f o r the l o w A 1 4 C v a l u e s m e a s u r e d in soi l o r g a n i c 
c a r b o n 1 8 . T h e s e set t ings c o r r e s p o n d t o p r e v i o u s l y p u b l i s h e d esti ­
m a t e s f o r the terrestr ia l b iosphere 1 9 . W e d i d n o t a c c o u n t f o r 
fer t i l i sa t ion a n d d e s t r u c t i o n f luxes w h e n c a l c u l a t i n g FB f r o m the 
t r o p o s p h e r i c b o u n d a r y c o n d i t i o n s . 

O u r m o d e l s t ra to sphere cons i s t s o f o n e b o x w i t h the s a m e 
C 0 2 c o n c e n t r a t i o n as the m o d e l t r o p o s p h e r e , a n d a t u r n o v e r 
t i m e o f 2.5 yr w i t h respect t o the t r o p o s p h e r e . T h e t o ta l m a s s 
o f the s t ra to sphere b o x c o r r e s p o n d s t o 1 5 % o f the t o ta l a t m o s ­
p h e r e air m a s s . Fs w a s c a l c u l a t e d f r o m the b o m b i n p u t scenar i o 
a n d the m e a s u r e d t r o p o s p h e r i c b o u n d a r y c o n d i t i o n s . 

T h e in i t ia l c o n d i t i o n s in 1945 f o r all reservo i rs were c o m p u t e d 
s tar t ing at pre indus t r i a l e q u i l i b r i u m in A D 1750 ( a t m o s p h e r i c 
c o n c e n t r a t i o n s : 2 8 0 p . p . m . v . C 0 2 , A I 4 C = - 4 . 5 % o ) . U s i n g 
o b s e r v e d a t m o s p h e r i c C 0 2 c o n c e n t r a t i o n s 8 a n d l 4 C 0 2 d a t a 9 12 

( F i g . 3b) as prescr ibed i n p u t d a t a in all scenar ios , w e a u t o ­
m a t i c a l l y a c c o u n t f o r the d i l u t i o n o f l 4 C 0 2 b y i n p u t o f l 4 C free 
c a r b o n f r o m foss i l fue l c o n s u m p t i o n (Suess effect2 0 ) . A l l n a t u r a l 
l 4 C p r o d u c t i o n (/>

nll t = 2.3 x 1026 a t o m s y r - 1 , a s s u m e d t o be c o n ­
s t a n t ) o c c u r r e d in the s t ra tosphere . 

T h e a n t h r o p o g e n i c i n p u t o f l 4 C 0 2 b y the n u c l e a r i n d u s t r y , 
c o n t r i b u t i n g s ign i f i cant l y t o the t r o p o s p h e r i c i n v e n t o r y o n l y 
f r o m a b o u t 1970 o n w a r d s , w a s c a l c u l a t e d f o r di f ferent reac tor 
t ypes u s i n g the n o r m a l i z e d l 4 C 0 2 e m i s s i o n d a t a per generated 
electr ical energy r e p o r t e d b y B o n k a 2 1 a n d in U N S C E A R 2 2 . T h e 
la t ter w a s e s t i m a t e d f o r the p e r i o d o f 1970 t o 1990 f r o m the 
i ns ta l l ed p l a n t s w o r l d w i d e , a s s u m i n g a c a p a c i t y u t i l i z a t i o n o f 
6 0 % f o r all reac tor types . I 4 C 0 2 e m i s s i o n s f r o m reprocess ing 
p l a n t s were a l s o t a k e n f r o m U N S C E A R 2 2 . T h e 1 4 C 0 2 release 
f r o m the n u c l e a r i n d u s t r y in 1990 w a s e s t i m a t e d t o be less t h a n 
0.5 x 1026 l 4 C - a t o m s y r - 1 , i nc reas ing a l m o s t l i near ly f r o m 1970 
o n w a r d s ( c o m p a r e F ig . 2b). 

1 4 C i n p u t f r o m the a t m o s p h e r i c b o m b tests w a s e s t i m a t e d 
based o n the c o m p i l a t i o n o f b o m b s t rength da ta 1 5 ( F i g . \b), 
a n d , d e p e n d i n g o n the respect ive scenar io , a d j u s t i n g the speci f ic 
1 4 C p r o d u c t i o n per m e g a t o n n e ( M t ) T N T t o the t r o p o s p h e r i c 
a n d s t ra tospher i c o b s e r v a t i o n s d u r i n g the t ime p e r i o d o f the 
m a j o r 1 4 C rises. T h e u n c e r t a i n t y o f th is a d j u s t m e n t is sma l l as 
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FIG. 1 a-d, Comparison between results from two 14C model 
scenarios (clotted lines) and observations (solid lines) in the 
stratosphere (a and c), and in the troposphere (b and d). The 
observed stratospheric inventories were taken from Tans13 

and Telegadas14 (according to Tans13, the original observa­
tions are corrected by - 2 0 % ; a further adjustment of +3.5% 
was made to correct for the NBS oxalic acid standard activity 
value used by Telegadas14). Mean tropospheric 14C invento­
ries are calculated from long-term tropospheric observations 
in both hemispheres9"12. For the early period of 1950-59, we 
use tree ring 14C data33. In both scenarios, the stratosphere 
consists of only one box with an air mass of 15% of the 
atmosphere, corresponding to a tropopause level at 13.5 km. 
In scenario I (a and b), the bomb 14C input is estimated using 
the bomb strength data (b), and the standard 14C yield Ps,and 
of 1.75 x 1026 atoms per Mt-TNT (ref. 23). With Pstand the 
tropospheric and the stratospheric 14C02 levels are overesti­
mated. In scenario II (c and d) the bomb 14C input is adjusted 
to 60% of P s , a n d • The model matches the observations in the 
troposphere until about 1963. After that date the decrease 
in the troposphere is much faster than actually observed. The 
missing tropospheric 14C02 source needed to adjust model 
and data results is similar in time-dependence and strength 
to 25% of the oceanic or, equivalently, to 8 0 % of the biosph-
eric net bomb 14C uptake flux (see Fig. 3e and d). 
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the t o t a l b o m b l 4 C u p t a k e b y the o c e a n a n d the b i o s p h e r e , c o m ­
pared t o the b o m b i n p u t , is s m a l l un t i l 1963. A s t h e o b s e r v a ­
t i o n a l d a t a in the t r o p o s p h e r e s h o w a s y s t e m a t i c d e l a y b e t w e e n 
the d a t e w h e n the s t ronger b o m b s were f u s e d , a n d the d a t e 
w h e n t h e respect ive s igna l s h o w e d u p in the t r o p o s p h e r e , w e 
i n t r o d u c e d al l b o m b 1 4 C p r o d u c t i o n d i rec t l y i n t o the s t r a t o ­
sphere . T h e results r e p o r t e d in F i g . l a a n d b s h o w c lear l y t h a t 
the l 4 C p r o d u c t i o n c a l c u l a t e d w i t h the s t a n d a r d 1 4 C y ie ld /'stand = 
1.75 x 1026 a t o m s per M t - T N T (ref . 23 ) w a s o v e r e s t i m a t e d . I n 
fac t , e s t imates o f P s t a n d are in the r a n g e ( 1 - 2 ) x 1026 a t o m s per 
M t - T N T ) (refs 21, 24 ) . 

F i g u r e l c a n d d ( s c e n a r i o I I ) s h o w s the resul ts o b t a i n e d w h e n 
r e d u c i n g the v a l u e o f Pstimd b y 4 0 % . T h e m o d e l i n v e n t o r y f its 
we l l w i t h the d a t a in t h e s t r a t o s p h e r e a n d in the t r o p o s p h e r e 
un t i l 1963, as l o n g as the b o m b p r o d u c t i o n is the d o m i n a n t 
flux t e r m . In the p o s t - b o m b p e r i o d , the m o d e l t r o p o s p h e r e is 
i n f l uenced b y a m u c h t o o s t r o n g s ink t e r m . T h e Ac t i ve t r o p o ­
spher i c s o u r c e n e e d e d t o a d j u s t the m o d e l a n d d a t a t u r n s o u t t o 
b e s im i l a r in t i m e - d e p e n d e n c e a n d s t rength t o 2 5 % o f the o c e a n i c 
o r , e q u i v a l e n t l y , to 8 0 % o f the b i o s p h e r i c net b o m b l 4 C u p t a k e 
flux ( F i g . 2b). T h e m a g n i t u d e o f the m i s s i n g s o u r c e c a n b e in 
e r ro r b y at m o s t o n e - t h i r d . T h i s is m a i n l y d u e t o the s t r o n g 
c o n s t r a i n t o n the c o u p l i n g c o n s t a n t s b e t w e e n the reservo i r s g i v e n 
b y the > 4 0 - y r r e c o r d o f t r o p o s p h e r i c 1 4 C 0 2 o b s e r v a t i o n s . T h e 
s t rength o f the m i s s i n g s o u r c e s h o u l d decrease w i t h a n e - f o l d i n g 
t i m e s im i l a r t o the o c e a n u p t a k e , t h a t is, ~ 8 yr . N e i t h e r the 
n u c l e a r i n d u s t r y n o r the n a t u r a l c o s m i c ray p r o d u c t i o n c a n 
a c c o u n t f o r th is source . T h e v a r i a t i o n o f c o s m i c ray p r o d u c t i o n 
is ~ 4 0 % b e t w e e n so la r m i n i m u m a n d s o l a r m a x i m u m 2 5 , a n d t h u s 
at least o n e o r d e r o f m a g n i t u d e t o o sma l l . T h e l 4 C p r o d u c t i o n 
b y n u c l e a r i n d u s t r y is o n l y a f e w per m i l o f the n e e d e d 1 4 C s o u r c e 
in the 1970s, w h i l e i nc reas ing i n s tead o f d e c l i n i n g ( F i g . 2b). 

L o o k i n g f o r a c a n d i d a t e in the a t m o s p h e r e i tsel f , w e d i v i d e d 
the s t r a t o s p h e r e i n t o t w o b o x e s . T h e h igh b o x c o n t a i n s < 1 . 5 % 
o f t h e a t m o s p h e r i c m a s s ( l o w e r b o u n d a r y c o r r e s p o n d i n g t o 
25 k m a .s . l . ) a n d h a s a t u r n o v e r t i m e T o f 5 y r e x c h a n g i n g w i t h 
the l o w b o x ( r = 2.5 yr w i t h respect t o the t r o p o s p h e r e ) . In F ig . 
3a a n d b the results o b t a i n e d w i t h such a t w o - b o x s t r a t o s p h e r e 
( s c e n a r i o I I I ) are s h o w n . I n th is s cenar i o , 1 5 % o f t h e a d j u s t e d 
b o m b p r o d u c t i o n ( in th is case 7 0 % o f P s U n d) is i n j ec ted i n t o the 
h igh s t ra tosphere , the rest i n t o the l o w s t ra tosphere . S c e n a r i o 
I I I n o w leads t o a near l y per fec t a g r e e m e n t b e t w e e n the m o d e l 
a n d the o b s e r v a t i o n s in the l o w e r s t r a t o s p h e r e a n d in the t r o p o -
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FIG. 2 Bomb 14C inventories (a) and missing source flux (b). a, The 
standard bomb 14C inventories are calculated as the difference to the 
respective 14C inventory in 1940. The standard inventories for the ocean 
(dotted line) and the biosphere ( A ) are as calculated for scenarios I, II 
and III with prescribed tropospheric values. The standard ocean bomb 
14C inventory on January 1974 matches the value of 300 x 1026 atoms 
( • ) given by Broecker et a/.3, b, The missing 14C flux to the troposphere 
(6 year running means, thick solid line) is as calculated in scenario 
II (Fig. Id). This missing flux is compared to the net supplementary 
contributions from (1) a high stratosphere (•, scenario III), (2) a 80% 
reduction of the standard biospheric uptake ( A , scenario IV), and (3) 
a 25% reduction of the standard oceanic uptake ( O , scenario V). In all 
three cases, the supplementary flux has the right time-dependence and 
amplitude to account for the missing source (Fig. 3b, d and e). The 
emission from nuclear installations (thin solid line) is also given for 
comparison. 

sphere . H o w e v e r , s cenar i o I I I d e m a n d s v e r y h i g h A I 4 C v a l u e s in 
the r e m o t e h igh s t ra tosphere ( F i g . 3 a ) w h i c h is i ncons i s ten t w i t h 
recent 1 4 C 0 2 o b s e r v a t i o n s 2 6 u p t o 30 k m he igh t . A l s o the o l d 
d a t a f r o m T e l e g a d a s 1 4 o b t a i n e d in the ear ly 1960s suggest a A I 4 C 
decrease ra ther t h a n a n increase t o h igher s t ra tospher i c levels. 
M o r e o v e r , the o b s e r v e d decrease f r o m i n t e r m e d i a t e t o h i g h s t ra ­
t o s p h e r i c levels h a s a l s o been o b t a i n e d b y recent h i g h - r e s o l u t i o n 
s t ra tospher i c m o d e l ca l cu la t i ons 2 7 . T h e r e f o r e even a s u p p o s e d 
r e m o t e s t r a to sphere w i t h still v e r y h i g h l 4 C 0 2 c a n m o s t p r o b a b l y 
n o t c lose the b o m b 1 4 C b u d g e t . 

O n the o t h e r h a n d , a s s u m i n g a l m o s t n o b o m b 1 4 C u p t a k e b y 
the terrestr ia l b i o s p h e r e ( s c e n a r i o I V , F i g . 3c a n d d) w o u l d a l s o 
m a t c h the b o m b r a d i o c a r b o n cons t ra in t s . In o u r s cenar i o th is 
r e d u c e d u p t a k e is s i m p l y o b t a i n e d b y m u l t i p l y i n g the s t a n d a r d 
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FIG. 3 Comparison between observed S C E N A R I O 
and calculated A14C values in the tro­
posphere (b, d, e) and in the two- and 
one-box stratosphere (a and c respec­
tively). 14C- results of stratospheric 
sampling in 1989 (ref. 26) are 
included in a. (A14C concentrations 
are per mil deviations from NBS oxalic 
acid activity corrected for decay34). In 
scenario III (a and b) bomb 14C input 
is a d j u s t e d t o 7 0 % o f P s t a n d . T h e s t r a ­
tosphere is subdivided into two boxes, 
85% of the bomb 14C input is intro-
duced into the lower stratosphere, and Q 
15% into the remote high strata- ^ 
sphere. The model results agree well 
with the atmospheric observations in 
the troposphere and in the lower stra­
tosphere (90% of stratospheric air 
mass, 13.5-25 km height). The stra­
tospheric observations, however, indi­
cate that, even in the early 1990s, the 
modelled upper stratospheric A14C is 
still ~2 times too high. In scenario IV 
(c and d) and V (e), as in scenario II 
(Fig. l c and d), bomb 14C input is 
a d j u s t e d t o 6 0 % o f P s t a n d a n d intro­
duced into the one-box stratosphere. 
In scenario IV, the bomb 14C uptake by the biosphere has been reduced 
by 80%, and in scenario V, bomb 14C uptake by the oceans has been 
reduced by 25% with respect to the standard case given in scenario II. 
Scenarios IV and V satisfactorily match the 14C02 observations, both in 
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the troposphere as well as in the one-box stratosphere (the stratosph­
eric model results of scenario V are indistinguishable from those of 
scenario IV). However, neither of these scenarios corresponds to our 
present understanding of the carbon cycle. 

u p t a k e o f t h e b i o s p h e r e b y 0 .2 . I n rea l i t y , s u c h a s t r o n g r e d u c t i o n 
is o n l y a c h i e v e d i f , f o r e x a m p l e , the net p r i m a r y p r o d u c t i v i t y is 
r e d u c e d b y a f a c t o r o f 5 a n d t h e reservo i r sizes are m o d i f i e d 
a c c o r d i n g l y . T h i s , h o w e v e r , w o u l d so ser ious l y c o n t r a d i c t o u r 
u n d e r s t a n d i n g o f m a s s , c y c l i n g a n d t u r n o v e r t i m e s in t h e 
b i o s p h e r e 2 8 t ha t s c e n a r i o I V a p p e a r s h i g h l y i m p r o b a b l e . 

T h e m o s t t e m p t i n g s o l u t i o n t o the p r o b l e m w o u l d b e a n ~ 2 5 % 
r e d u c t i o n o f the 14C u p t a k e b y the o c e a n s ( s c e n a r i o V , F ig . 3c 
a n d e) l e a d i n g t o a n o c e a n i c b o m b l 4 C i n v e n t o r y r e d u c e d b y the 
s a m e a m o u n t . T h i s m e a n s o n l y a c o r r e c t i o n t o k n o w n processes 
( f o r e x a m p l e , gas e x c h a n g e rate a n d ver t ica l m i x i n g ) ra ther t h a n 
i n t r o d u c i n g , f o r e x a m p l e , sti l l u n c o n s i d e r e d s u b - r e s e r v o i r s as in 
the b i o s p h e r i c o r s t r a t o s p h e r i c scenar ios . H o w e v e r , a 2 5 % r e d u c ­
t i o n o f the b o m b 14C i n v e n t o r y o f the o c e a n s lies o u t s i d e the 
error b a r s genera l l y a c c e p t e d f o r th is q u a n t i t y ( 2 0 % , ref. 3) . T h e 
c o n t r a d i c t i o n gets e v e n larger w h e n t a k i n g i n t o a c c o u n t the v e r y 
recent u p w a r d r e v i s i o n o f t h e o c e a n i c b o m b l 4 C i n v e n t o r y , e v a l ­
u a t e d o n the bas i s o f m o r e o b s e r v a t i o n s a n d a n i m p r o v e d e s t i m a ­
t i o n o f the p r e - b o m b n a t u r a l o c e a n i c r a d i o c a r b o n d i s t r i bu t i on 2 9 . 
T h i s p r o b l e m needs t o b e re so l ved . 

A 2 5 % r e d u c t i o n o f b o m b 14C u p t a k e b y the o c e a n m o d e l s 
w o u l d h a v e s ign i f i cant i m p l i c a t i o n s f o r o u r u n d e r s t a n d i n g o f 
the g l o b a l c a r b o n cyc le . F i r s t , the r a d i o c a r b o n - d e r i v e d C 0 2 gas 
e x c h a n g e coe f f i c ient h a s t o be r e d u c e d b y t h e s a m e a m o u n t , 
t hen b e i n g a l m o s t in a g r e e m e n t w i t h the es t imates o f L i s s a n d 
M e r l i v a t 3 0 , w h i c h were b a s e d o n d i rect m e a s u r e m e n t s in w i n d 
t u n n e l s a n d o v e r l akes a n d o p e n o c e a n 3 ' . S e c o n d , i f w e be l ieve 
the 14C o b s e r v a t i o n s in su r face w a t e r p e r f o r m e d d u r i n g the pas t 
30 years , the e s t i m a t e d b o m b l 4 C p e n e t r a t i o n d e p t h 3 2 h a s t o b e 
reduced . F u r t h e r m o r e , i f it is a s s u m e d tha t the C 0 2 u p t a k e b y 
the o c e a n s scales d i rec t l y w i t h t h e b o m b 14C p e n e t r a t i o n dep th 1 6 , 
a d o w n w a r d r e v i s i o n o f t h e la t ter w o u l d i m p l y a c o r r e s p o n d i n g 
r e d u c t i o n b y ~ 2 5 % o f the in fe r red o c e a n i c s ink f o r a n t h r o p o ­
gen ic c o 2 . • 

Received 1 7 D e c e m b e r 1 9 9 3 ; accepted 1 0 J u n e 1 9 9 4 . 

1. Stuiver, M. J. geophys. Res. 8 5 , 2 7 1 1 - 2 7 1 8 (1980) . 

2. Stuiver, M „ Oestlund, H. G. & McConnaughey , T. A. in SCOPE 16, Carbon Cycle Modelling 
lea. Bolin, B.) 2 0 1 - 2 2 1 (Wiley, New York, 1981) . 

3. Broecker, W. S., Peng, T. H., Ostlund, G. & Stuiver, M. J. geophys. Res. 9 0 , 6 9 5 3 - 6 9 7 0 
(1985) . 

4 . Oeschger.H., Siegenthaler, U., Schotterer, U. & Guge lmann , A. Tellus 2 7 , 1 6 8 - 1 9 2 (1975). 
5. Siegenthaler, U. J. geophys. Res. 8 8 , 3 5 9 9 - 3 6 0 8 (1983). 
6. Toggweiler, J. R., Dixon, K. & Bryan, K. J. geophys. Res. 9 4 , 8 2 1 7 - 8 2 4 2 (1989). 
7. Maier-Reimer, E. Globl B /ogeochem. Cycles 7 , 6 4 5 - 6 7 7 (1993). 
8. Keeling, C. D. & Whorf, T. P. in Trends 90 (eds Boden, T. A., Kanciruk, P. & Farrell, M. P.) 

8 - 9 (Oak Ridge natn. Lab., Oak Ridge, 1990) . 
9. Levin, I. et al. Radiocarbon 2 7 , 1 - 1 9 (1985). 

10. Levin, I., Kramer, B., W a g e n b a c h , D. & Munnich, K. O. Tellus 3 9 B , 8 9 - 9 5 (1987). 
11. Manning, M. et al. Radiocarbon 3 2 , 3 7 - 5 8 (1990). 
12. Levin, I. et al. in Radiocarbon After Four Decades: an Interdisciplinary Perspective (eds 

Taylor, R. E., Long, A. & Kra, R.) 5 0 3 - 5 1 8 (Springer, New York, 1992) . 
13. Tans, P. P. in SCOPE 16, Carbon Cycle Modelling (ed. Bolin, B.) 1 3 1 - 1 5 7 (Wiley, New York, 

1981) . 
14 . Telegadas , K. in Report HASL 2 4 3 1 2 - 1 8 7 (N.T.I.S., Springfield, Virginia, 1971) . 
15 . Rath, H. K. thesis, Univ. Heidelberg (1988). 
16 . Siegenthaler, U. & Sarmiento, G. Nature 3 6 5 , 1 1 9 - 1 2 5 (1993). 
17 . Siegenthaler, U. & Joos , F. Tellus 4 4 B , 1 8 6 - 2 0 7 (1992). 
18 . Harrison, K., Broecker, W. S. & Bonani, G., Globl Biogeochem. Cycles 7 , 6 9 - 8 0 (1993). 
19 . Siegenthaler, U. & Oeschger, H. Tellus 3 9 B , 1 4 0 - 1 5 4 (1987). 
20 . S u e s s , H. E. Sc i ence 1 2 2 , 4 1 5 - 4 1 7 (1955). 
21 . Bonka, H. in Strahlenschutzprobleme im Zusammenhang mit der Verwendung von Tritium 

und Kohlenstoff-14 und ihren Verbindungen (eds Stieve, F. E. & Kirstner, G.) 1 7 - 2 6 
(Dietrich Reimer, Berlin, 1980) . 

22. UNSCEAR 1 9 9 3 Report to the General Assembly (United Nations Publication, Sa les No. 
E.94.IX.2). 

23 . UNSCEAR 1 9 8 2 Report to the General Assembly (United Nations Publication, Sa l e s No. 
E.82.IX.8). 

24 . Machta , L., List, R. J. & Telegadas , K. in Congress of the U.S., Hearing before Subcommittee 
in Research, Development and Radiation of the Joint Committee of Atomic Energy, 88th 

Congress 4 6 - 6 1 (1963). 
25 . Damon , P. & Sternberg, R. Radiocarbon 3 1 , 6 9 7 - 7 0 3 (1989) . 
26 . Nakamura , T. et al. Radiocarbon 3 4 , 7 4 5 - 7 5 2 (1992) . 
27 . Rasch, P. J., Tie, X. X., Bovine, B. A. & Williamson, D. L. J. geophys. Res. 9 9 , 9 9 9 - 1 0 1 7 

(1994) . 
28 . Goudriaan, J. J. Expl. Bot. 4 3 , 1 1 1 1 - 1 1 1 9 (1992) . 
29 . Peng, T. H. & Broecker, W. S. in Abstr. 4th International C02 Conf. (eds Lambert, G. & 

Merlivat, L.) 2 1 4 (WMO-GAW-Report No. 89 , W M O / T D NO 5 6 1 , Geneva , 1993) . 
30 . Liss, P. & Merlivat, L. in The Role of Air-Sea Exchange in Geochemical Cycling (ed. Buat-

Menard, P.) 1 1 3 - 1 2 7 (Reidel, Dordrecht, 1986) . 
31 . Watson , A. in 77ie Global Carbon Cycle (ed. Heimann, M.) 3 9 7 - 4 1 2 (Springer, Heidelberg, 

1993) . 
32 . Broecker, W. S., Peng, T. H. & Engh, R. Radiocarbon 2 2 , 5 6 5 - 5 9 8 (1980). 
33 . Stuiver, M. & Quay, P. Earth planet. Sci. Lett. 5 3 , 3 4 9 - 3 6 2 (1981). 
34 . Stuiver, M. & Polach, H. A. Radiocarbon 1 9 , 3 5 5 - 3 6 3 (1977). 

ACKNOWLEDGEMENTS. This Letter is dedicated to our teacher K. 0 . Munnich. W e thank F. 
J o o s for providing 1 4 C flux data from the HILDA model , and B. Bolin, I. Enting, P. Tflans and W. 
Weiss for suggest ions and comments . This work w a s supported by the German Minister of 
Sc ience and Technology, Bonn, and the Commiss ion of the EU, Brussels. 

NATURE • VOL 3 7 0 • 21 JULY 1 9 9 4 203 


