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Closing the atmospheric CO2 budget: 
inferences from new measurements of 13C/12C and O/N2 ratios 

T he regional and global quantification 
(If sources and sinks of major biogeoche m
iea l eleme nts s lIch as carbon consri ruces 
onc of the ultimate goals of many IGBP 

endeavours. The degree to which th is 
quan tifi ca tion res ult::; in a dosed g lobal 
budget provides a criticaltcsr of our under
standing of the relevant source and s ink 
processes, while the estimated uncertain
ties assigned to individucl l budget compo
nents h ighlight directions of fm ure re
search. C learly, a mcrcqu:mtificationperse 
on ly highl ights our present state afknowl
edge; even more importalH is our under

standi ng of how the budget changes with 
time as a function of natura l and anthropo~ 
genic perturbarions. This, in rum, requ ires 
long-rerm observa tions, detai led process 
studies and modell ing. This art icle aims at 
providing a summary of recent develop
ments regarding the re lative partitioning 
ofCOz uptake between land and sea hased 
on old and new techniques. 

The IPcc94 budget revisited. 

The recclltassessment by the lPee 1994 
of the different budget terms and their 
uncertainties (all uncertainties in this arti
cle arc expressed as estimated 90% confi
dence intervals) is given in Table 1 (page 
10). The listed numbers "He representa
tive of the decadal average 1980-1989. 
T l:lb le 1 has been reorganiscd such tha t all 
terms related to land biotic sources and 
sinks ,He listed at rhe enu. Accordingly, 
emissions from foss il fuel use and cemelH 
prouuctionl:ll11ollnt coS.5±0.5 GtCyr1• The 
atmospheric increase of3.2±0.2 GtCyr1

, as 
determined from the background COz 
monitoring sta tions, represents the hest 
known term in the budget. 'The ocean 
uptake of 2.0±O.8 GtCyr l is based on de
ta iled calcu lacions with ocean models. 
T hese includegloha l3-d imensional ocean 
gene ral ci rculation models, bur also s im
pler box model re presentations of the 
ocean. These models are e ither cal ib rated 
or v<llidated by means of observations of 
transient tracers , sllch as rad iocarbon, tri
tium and CFCs, which are co some extent 
analogue to the anthropogenic CO2. 

' J ·he fossil em issions, together with th e 
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increases in atmospheric and oceanic CO
2 

storage imply [h,l[ the terrestrial carbon 
pools, as a whole, must have been a very 
small net si nk (O.3±1.0 Gteyr·') or effec
tively almost in balance during 1980-89. If 
so, any terrestrial COz emissions due to 

land use changes (l.6±l.O GtCyr- l
) must 

have been balanced by other terrescrial 
sinks e.g. regrowi ng forests in temperate 
latitudes (O.S±O.S GtCyr') or other pro
cesses sllch as fe rtili sa tion e ffects due to 

the increasingCOzconcentrationand from 
increased nitrogen deposition. The iden
tification of these latte r processes (often 
referred to as the "m issi ng" or "unidenti 
fi eu sink") and their quant ificat ion on <1 
regiona l and globa l scale represents a for
midable challenge. 

It is importane to note, that global net 
fluxes between the Cltmosphere, ocean, 
and the tcrrestria l biosphere, are not only 
induced by the direct anthropogenic per
turbation, i.e. by the rise in atmospheric 
CO

2
• The globa l carbon cycle is also sub

ject [Q intera nnual and lon,e;erterm cl imate 
flu ctuations wh ieh induce temporary im
balances in the natural excha nge fl uxes of 
carbon be tween the different. Depending 
on the approach and [he rime scale under 
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consideration, cli mate driven fluxes may 
cont ribuce cons iderably to a budgct com
pilation sllch as given in T able 1. 

New Approaches 

Howsolid are the infe rences on the net 
ba lance of te rrestria l biosphe ric carbon? 
Clearl y the logic represented in the lines 
(1)-(4) of Table I hinges crucially on the 
ocean uptake term. Two new approaches 
allow an independent check on [h is term. 

A significant advance in the last few 
years has becn the development of meas
urement rechn iques to determine changes 
in atmospheric oxygen COntcnt with very 
high-precision. Technica ll y, the ra tio of 
Ozl'Nz in ai r is measured, eithc r by interfe
rometric [cchniq ues or by mass-spect ros
copy. Since the atmospheric content of 
nitroge n can be assumcd to remain con
stant on timescales of decades to thou
sa nds of years, the a/Nz ratio essentially 
refle<.:ts the oxygen content of the atmos
phere. ' I 'hese measurements providca new 
possibility to discriminate the contribu
tions of occanic and biospheric sources 
and s inks of COz. This follows from the 
fact that O

2 
is produced during photosyn

thesis and consllmed duri ng any oxidation 
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Figure I: Observations of the annually averaged mixing ratio of CO2 (left axis, circle symbols) 
and of oxygen (right axis, square symbols) in the northern hemisphere (solid sym~ 
bols) and in the southern hemisphere (open symbols). Oxygen mixing ratios are 
shown as deviations from a reference value which is approximately 209,500 ppmv 
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T able 1: Atmospheric CO , Budget 1980-89 (,pcc 1994) 

(I) Fossi l fuel and cement production S.S±O.5 
(2) Atmospheric increase (observed) 3.Z±O.Z 
(3) Ocean uptake (model calcu lated) 2.0±O.8 

based on observed O/ N, ratio trend (1989-1 994) 1.9±O.8 
based on observations of 13e/1zC ratio Z. I±l.S 

(4) Net balance of terrestrial biosphere 
~ (I) - (2)-(3) 0.3±I.O 

(5) Land lIse change emissions (pri marily tropics) 1.6±1.0 
(6) Regrowth of temperate latitutde forests 

(based on fores t stati st ics) O.S±O.S 

(7) COz up take by other terres trial processes 
(a.o. CO2 fertil isation e ffect, N-fertilisa tion, cl imate effects) 
~(4)+(S)-(6) 1.4±1.S 

r--
FIJlxes expressed;11 GtCyrl, 1l1lcet1aiJlty rouges represml eSlimaled90% cOllfid~ 
ilJle'va/.~ 

process in clearl y defined stoichiometric 
ratios relat ive to COz' However, the oxy
gen gas is only very weakly soluble in 
ocea nic waters, in contras t to CO

2 
wh ich is 

strongly chemically buffe red in the ocean
ic carbonme system. Hence any oceanic 
uptake ofCOz is not mi rrored by a corre
spondingoxygen absorption or release from 
the ocea n. As a consequence, the dynam
ical behav iour ofthe two gases is different 
and meas ureme nts of their behaviour are 
not redundant. 

Figure I (page 9) shows the annually 
averaged records ohhe 0 z and COz mixi ng 
ratio from represemative background rno
nitori ng stations in the northern (La 10lla 
and rvl auna Loa) and southern hernispherc 
(South Pole and Cape G ri m) [Kee ling et 
01., 1996]. Th e oxygen rneasure rnc ms 
(scale on the right) arc expressed as pprnv 
deviat ions from a standard wh ich corres
ponds to approxima tely 209,500 ppmv. It 
is see n that the oxygen concentration is 
di minishi ng at a slightly faste r rate than 
the increase of the CO

2 
concentration. T his 

reflects on one hand the stoichiometr ic 
re lation between Oz and CO

2 
in burning of 

fossi l fuels of about -1.4:1 and approxi
mately -1.1: I with respect to photosynthe
sis and resp iration of organ ic carbon. ivIore 
impocta nrly it reflects also the fact that 
oxygen is not buffered by the oecan. The 
observations of rhe globa l trends in COz 
and O

2 
provide two budge t equations, 

wh ich permit the dete rmination of the 
ocean ic and biosphe ric contributions in 
[he global CO, balance. 

The quamitative analys is using the 
longer 0 2 record from La 10lla yie lds an 
average oceanic COz uptake of 1.9±0.8 
GtCyr'! (the erro r is the es timated 90% 
confidence interva l) over the time pe riod 
1989- 1994. \Vith an increasing le ngth of 
the record and provided [hat the re are no 
problems with long-te rm stability of the 

ID 

standa rds, the uncertainty of the oxygen 
based ocean uptake rate is expected to 
decrease further. The oxygen analysis 
yie lds also an es ti mate of the global nc[ 
tcrrestr ial balanceover the 1989-1994 tirne 
period amounting to 1.8±1.1 GtCyr·1. This 
is much larger than the base period adopt
ed by the fPCC as given in T able I. The 
reason is that during the early 1990's the 
atmosphe ric CO2 growth rate was much 
smalle r than d uring [he 1980's. 

Observations of the isotopic cornposi
tion of ocean ic carbon, e ither of the tem
poral changes in the vertical 13C or of the 
surface IJCPZC distribut ion also allow an 
independent dete rmination of the ocea nic 
uptake of excess CO

2
, Because of the pres

ently insufficient da tabase of oceanic uC 
measurements, toge the r with uncerta in
ties in some of the other isotopic budget 
terms, [he current estirnates based on the 
IJC technique are subject to considerable 
uncertainties, yielding2.0±1.5 GtCyr 10ver 
the time period 1970- 1990 IHeimann and 
Maicr- Re imer, 1996]. 

le is reass uring that both the oxygen 
and the !.1C based approaches confirm the 
model based ocean CO

2 
uptake rates, al

be it with considerable uncenaim ies. It is 
also important to note, though, that h()[h 
the 1.1C/1ZC and a /Nz based estimates of 
the oceanic COz uptake refer to differenr 
timeperiods than the IPC:C 1994 budget. 

Spatia l constraints 

Figure I also demonstra tes the gradi
ent in the COzand the oxygen mixing ratio 
which exists on ann ual average between 
the northern and the southern hem isphere. 
T he primary cause of this gradient arc dl e 
emissions of COz and the corresponding 
losses of oxygc n from the burning offoss il 
fue ls taking place predomin antly in the 
northe rn hemisphere. 

A q uamitat ive ~I ssessment of these in-

terhcrnisphe ric miXing ratio di ffe rences 
and of the more deta iled spatio-[ernporal 
structures as revealed in the COl records 
from the global mon itoring station ne t
works si nce the larc 1970's requires mod
e ls that accurate ly descri be the mixing of 
air in the global troposphe re. T he most 
conspicuous resu lt from atmospheric mod
e ll i ng studies was the in fe rence of a strong, 
presumably natu ra l, COzsink in the north
e rn hemisphere, offsett ing about 40% of 
the gradi ent ind uced from the fossil fuel 
source. Wh ilst this fi nding is thought re be 
rather robust, [here remain substantia l 
uncertai nties re lated to mudel ling of th e 
atmospheric transport as witnessed by a 
recent model inte rcorn pari son. Further
more, seasonal terres trial biosphere ex
changes also impact the mean annual mix
in g rat io gradien t be tween the 
hemispheres. A contin ua cion of the atmos
phe ric transport model inte rcomparison 
and va lidation by rneans of observations of 
long-l ived atmospheric tracers sllch as sul 
phur hexaflu oride (S,,() is currently con
ducted within the TRANSCm.-I projcct of 
InlW-GAIM. 

The nature of the northern hemisphe re 
sink, whether of ocea nic or terrestri al ori 
gin has been controversial. Agai n, analyses 
based on measure ments of 0 ,)Nz and of 
IJCfL2C provide new insights. The oxygen 
observat ions allow a separation between 
ocea nic and hiosphericcomponenrs in the 
north-south gradient. Assu ming that the 
southe rn hemisphere biosphere plays a 
negl igible ro le, the grad ient information 
togethe r with the global budget allows the 
determin ation of the ne t terrestri a l 
biospheric contribu tions fro m the tropics 
and from the northe rn temperate and high 
lat itudes. T he analysis of the da ta for the 
time period 199 1-1994 yields a hiosp he ric 
sink of <lbollt 1.9±1.5 GtCyr 1in the extra
tropical northern northern hemi sphere. 
This va lue, together with the global net 
b iospheric balance of 2.0 GtCyr 1for the 
same time period, irnp lies tha t the terres
tr ial eq wltorial reg ions must have been 
almost in balance d uring 1991- 1994. 1fso, 
<t ny net CO2 re leases from these regions 
due e.g. to defores tation mllst have been 
ba lanced by corresponding CO

2 
uptake at 

other locations in the tropics. T he pictu re 
provided by the oxygen measurements for 
the early 1 <J90's is grossly in accorda nce 
with a recent ana lys is of the inte rhemi
spheric gradie nt in the atmospheric DCI 
12C nHio, wh ieh, however, refers to a short
e r time period. 

T he inte rhemispheric CO2 mixi ng ra
tio gradient in [he 1980's (a[ least 1980-87) 
was si milar in magnitude as dur ing the 



early 1990's (Figure 1), despi te the fact 
char the atmospheric increase was substan
ti ally smalle r in the late r period. Unfortu
nate ly there cxi!'it no observations of the 
O/Nz interhemispheric g rad ient for the 
1980's. If onc assumes, in accordance with 
ocean model calculations, that the oceanic 
contrihutions to rhe meridional g radient 
were similar in the 1980's than in rhe early 
1990's, then one can postulate a large scale 
scenario of land-sea partitioning of the 
surface sources and sinks a lso for the 1980's. 
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Accordingly, rhe tropjcal te rrestria l regions 
must have been a nct source of almost 1 
GtCyr-1 in the 1980's ,,,,,hich subseque ntly 
decreased to the balanced con ditions dur
ing the 1991-1994 pe ri ud. I ( remains to be 
see n, whether shifting patterns of land
use or other factors, such as climate driven 
fluctuations are responsible for thi s trend . 
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In Search of a Language that Connects 

John Stone. Richard Rockwell. and Chris Rapley 

T here is a need to connectthe e fforts of 
the research communi ty working to un
derstand ourchanging planet with the day
to-day concerns of the public and policy 
makcrl:i worldwide. In spite of substantial 
public in terest in e nvironmental issues, 
and s ig nificant media attention, there is a 
widespread lack of appreciation of the sig
nificance of the changes under way. 

I t is not just that sc ient ists ofte n find it 
difficult to expla in them selves in plain 
language, but they have a tendency to 

assume that the relevance of resea rch is 
se lf evident, when it is nor. 

J-Iow can we improve ou r effectiveness 
at getting the message across? 

The following question and answer 
session, based on what we believe are 
deep human concerns, offers onc approach: 

Are we being poisoned? 

Poisons involve more than eating or 
drinking thi ngs that make us ill or kill us. 
We arc addi ng poisons to the air that we 
breathe. The sources include emissions 
from vehicles, from industry and fro m ag
ri culture. Although some emiss ions are 
be ing controlled in som e nations, the over
all levels continue to increase because of 
growing populations and expa nding econ
om ies. The problem is globa l. Even re
mote areas over the tropical ocean are foun d 
to be polluted by the products of agricul
tural burning on d istant continents. 

Vie can also be harmed by radiation. 
The Earth's outer ozone layer protects us 
and our crops from damage by ultraviolet 
rad iation. The ozone layer has been thin
n ing for several decades due to the e mis
sions of certain man-made chem icals. In 

spi te of international agreement.'\ which 
seek to eliminate the problem, ultraviolet 
mdiation levels are not expected to de
cline significantly for some years yet. 

Are we damaging our life 
support system? 

The Earth'secosystems provide a vari
ety of services essential to our well-being
services for which we d o nor pay and which 
we take for granted. These incl ude rhe 
purification of wa(Cr a nd a ir, the recycl ing 
of nutrients, the genera tion and preserva
tion of soils, the pollination of crops, and 
even the regu lation of the atmosphere's 
oxygen content. 

Ecosystems are being damaged by 
human activities. We know about the ef
fects of acid rain o n forests and lakes, of 
toxic chemicals on fi sh and wild life, of 
increases in ultraviolet radiation on al l forms 
of life, and of the major impacts of changes 
in land lI se. In the longer term, shifts in 
rainfall and te mpe rature patterns, result
ing from climate change, will a lso become 
important. 

The Earth's ecosystems arc being 
stra ined to the point w he re the ir capaci ty 
to provide services upon which we rely 
may be seriously impaired. 

Is there a future for my children? 

There is a tradition amongst some soci
eties to "tread lighdy on the Earth" - that 
we are only here as caretakers for ou r ch il
d ren, and that our act ions must take into 
accou nt the interests offuturc generations. 

In practice (he uncertaint ies are so great 
that we cannot pre dic t the k ind of futu re 
that our ch ildren will face. However, it is 

likely that they wi ll experience profound 
changes in ecosystems, in the climate sys
tem, in the availability of water and food , 
and in the distribution of diseases. 

When we reduce species dive rs ity, we 
know that we are depriving our childre n of 
future resources. And yet we do not know 
e nough at the moment to choose which 
resources to save and which to let go. 

What can science contribute? 

Nations, communities and individuals 
with the greates t understanding of global 
change and its consequences will be in a 
stronger position to take advantage of new 
opportunities and to adapt to the prob
lems. Scientific research provides the best 
means of obtai ning such understanding. 
Given the vast s ize and complex ity of the 
Earth system, we cannot re ly on the tradi
tional methods of science. An unprece
dented degree of interd iscip linary and in
te rnational co-operation is necessary. To 
succeed will be science's g reatest chal
Icnge, bur progress wi ll depend on a wide 
acceptance of the importa nce of the goal. 
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