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Thc regional and global quantification
of sources and sinks of major biogeochem-
ical elements such as carbon constitutes
one of the ultimate goals of many 1Gep
endeavours. ‘T'he degree to which this
quantification results in a closed global
budget providesacritical testof our under-
standing of the relevant source and sink
processes, while the estimated uncertain-
ties assigned to individual budget compo-
nents highlight directions of future re-
search. Clearly,a mere quantification perse
only highlights our present state of knowl-
edge; even more important is our under-
standing of how the budget changes with
time as a function of natural and anthropo-
genic perturbations. This, in turn, requires
long-term obscrvations, detailed process
studics and modelling. This article aims at
providing a summary of recent develop-
ments regarding the relative partitioning
of CO, uptake between land and sca based
on old and new techniques.

The i1pcc94 budget revisited.

The recentassessment by the irce 1994
of the different budget terms and their
uncertainties (all uncertainties in this arti-
cle are expressed as estimated 90% confi-
dence intervals) is given in Table 1 (page
10). The listed numbers are representa-
tive of the decadal average 1980-1989.
‘l'able 1 has been reorganised such thatall
terms related to land biotic sources and
sinks are listed at the end. Accordingly,
emissions from fossil fuel use and cement
productionamount to 5.540.5 GtCyr'. The
atmosphericincrease of 3.240.2 GtCyr, as
determined from the background CO,
monitoring stations, represents the best
known term in the budget. The ocean
uptake of 2.0£0.8 GtCyr is based on de-
tailed calculations with ocean models.
These include global 3-dimensional ocean
general circulation models, burt also sim-
pler box model representations of the
ocean. These models are either calibrated
or validated by means of observations of
transient cracers, such as radiocarbon, tri-
tium and CFCs, which are to some extent
analogue to the anthropogenic CO,.

"I'he fossil cmissions, together with the
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increases in atmospheric and oceanic CO,
storage imply that the terrestrial carbon
pools, as a whole, must have been a very
small net sink (0.3+1.0 GtCyr') or effec-
tively almost in balance during 1980-89. If
so, any terrestrial CO, emissions due to
land use changes (1.6£1.0 GtCyr') must
have been balanced by other terrestrial
sinks e.g. regrowing forests in temperate
latitudes (0.5£0.5 GtCyr') or other pro-
cesses such as fertilisation effects due to
theincreasing CO, concentration and from
increased nitrogen deposition. The iden-
tification of these latter processes (often
referred to as the “missing” or “unidenti-
fied sink™) and their quantification on a
regional and global scale represents a for-
midable challenge.

It is important to note, that global net
fluxes berween the atmosphere, ocean,
and the terrestrial biosphere, are not only
induced by the direct anthropogenic per-
turbation, 7. by the rise in atmospheric
CO,. The global carbon cycle is also sub-
jecttointerannual and longer term climate
fluctuations which induce temporary im-
balances in the natural exchange fluxes of
carbon between the different. Depending
on the approach and the time scale under

consideration, climate driven fluxes may
contribute considerably to a budget com-
pilation such as given in "I'able 1.

New Approaches

Howsolid are the inferences on the net
balance of terrestrial biospheric carbon?
Clearly the logic represented in the lines
(1)-(4) of Table 1 hinges crucially on the
ocean uptake term. T'wo new approaches
allow an independent check on this term.

A significant advance in the last few
years has been the development of meas-
urement techniques to determine changes
in atmospheric oxygen content with very
high-precision. 'T'echnically, the ratio of
O,/N, inair is measured, cither by interfe-
rometric techniques or by mass-spectros-
copy. Since the atmospheric content of
nitrogen can be assumed to remain con-
stant on timescales of decades to thou-
sands of years, the O,/N, ratio essentially
reflects the oxygen content of the atmos-
phere. T'hese measurements provide anew
possibility to discriminate the contribu-
tions of oceanic and biospheric sources
and sinks of CO,. This follows from the
face that O, is produced during photosyn-
thesis and consumed during any oxidation
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Figure |: Observations of the annually averaged mixing ratio of CO, (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




I'GBP NEWSLETTER 28

(2) Atmospheric increase (observed)
(3) Ocean uptake (model calculated)

(1) Fossil fuel and cement production

based on observations of “C/"*C ratio

- (1)-(2)-(3)

(4) Net balance of terrestrial biosphere

(based on forest statistics)

(5) Land use change emissions (primarily tropics)
(6) Regrowth of temperate latitutde forests

=4)+(5)-(6)

(7) COZ uptake by other terrestrial processes

intervals

Table 1: Atmospheric CO, Budget 1980-89 (ircc 1994)
5.5+0.5
3.210.2
2.0+0.8
based on observed O,/N, ratio trend (1989-1994) 1.9+0.8
2.1£1.5
0.3+1.0
1.6£1.0
0.540.5
(a.0. CO, fertilisation effect, N-fertilisation, climate effects)
1.441.5
Fluxes expressed in GtCyr, uncertainty ranges represent estimated 90% confidence

process in clearly defined stoichiometric
ratios relative to CO,. However, the oxy-
gen gas is only very weakly soluble in
oceanic waters, in contrast to CO, which is
strongly chemically buffered in the ocean-
ic carbonare system. Hence any oceanic
uptake of CO, is not mirrored by a corre-
spondingoxygenabsorption or release from
the ocean. As a consequence, the dynam-
ical behaviour of the two gases is different
and measurements of their behaviour are
not redundant.

Figure 1 (page 9) shows the annually
averaged records of the O, and CO, mixing
ratio from representative background mo-
nitoring stations in the northern (La Jolla
and Mauna Loa) and southern hemisphere
(South Pole and Cape Grim) [Keeling e/
al., 1996]. The oxygen mecasurements
(scale on the right) are expressed as ppmv
deviations from a standard which corres-
ponds to approximately 209,500 ppmv. It
is seen that the oxygen concentration is
diminishing at a slightly faster rate than
theincrease of the CO, concentration. This
reflects on one hand the stoichiometric
relation between O,and CO, in burning of
fossil fuels of about -1.4:1 and approxi-
mately-1.1:1 with respect to photosynthe-
sis and respiration of organic carbon. More
importantly it reflects also the fact that
oxygen is not buffered by the ocean. The
observations of the global trends in CO,
and O, provide two budget equations,
which permit the determination of the
oceanic and biospheric contributions in
the global CO, balance.

The quantitative analysis using the
longer O, record from La Jolla yields an
average oceanic CO, uptake of 1.940.8
GtCyr! (the error is the estimated 90%
confidence interval) over the time period
1989-1994. With an increasing length of
the record and provided that there are no
problems with long-term stability of the

standards, the uncertainty of the oxygen
based ocean uptake rate is expected to
decrease further. The oxygen analysis
yields also an estimate of the global net
terrestrial balance over the 1989-1994 time
period amounting to 1.8+1.1 GtCyr. This
is much larger than the base period adopt-
cd by the IPCC as given in Table 1. The
reason is that during the early 1990’s the
atmospheric CO, growth rate was much
smaller than during the 1980’s.

Observations of the isotopic composi-
tion of oceanic carbon, cither of the tem-
poral changes in the vertical C or of the
surface C/"*C distribution also allow an
independent determination of the oceanic
uptake of excess CO,. Because of the pres-
ently insufficient database of oceanic PC
measurements, together with uncertain-
ties in some of the other isotopic budget
terms, the current estimates based on the
BC technique are subject to considerable
uncertainties, yielding 2.0+1.5 GtCyr'over
the time period 1970-1990 [Heimann and
Maier-Reimer, 1996].

It is reassuring that both the oxygen
and the "“C based approaches confirm the
model based ocean CO, uptake rates, al-
beit with considerable uncertainties. It is
also important to note, though, that both
the PC/"*C and O,/N, based estimates of
the oceanic CO, uptake refer to different
timeperiods than the 1Pec 1994 budget.

Spatial constraints

Figure 1 also demonstrates the gradi-
entin the CO,and the oxygen mixing ratio
which exists on annual average between
the northernand the southern hemisphere.
‘I'he primary cause of this gradient are the
emissions of CO, and the corresponding
losses of oxygen from the burning of fossil
fuels raking place predominantly in the
northern hemisphere.

A quantitative assessment of these in-

terthemispheric mixing ratio differences
and of the more detailed spatio-temporal
structures as revealed in the CO, records
from the global monitoring station net-
works since the late 1970’s requires mod-
els that accurately describe the mixing of
air in the global troposphere. The most
conspicuous result from atmospheric mod-
elling studies was the inference of astrong,
presumably natural, CO, sink in the north-
ern hemisphere, offsetting about 40% of
the gradient induced from the fossil fuel
source. Whilst this finding is thought to be
rather robust, there remain substantial
uncertainties related to modelling of the
atmospheric transport as witnessed by a
recent model intercomparison. Further-
more, scasonal terrestrial biosphere ex-
changes also impact the mean annual mix-
ing ratio gradient between the
hemispheres. A continuation of the atmos-
pheric transport model intercomparison
and validation by means of observations of
long-lived atmospheric tracers such as sul-
phur hexafluoride (SF) is currently con-
ducted within the TRANSCOM project of
IGRP-GAIM.

The nature of the northern hemisphere
sink, whether of oceanic or terrestrial ori-
gin has been controversial. Again, analyses
based on measurements of O,/N, and of
BC/'C provide new insights. The oxygen
observations allow a separation between
oceanic and biospheric components in the
north-south gradient. Assuming that the
southern hemisphere biosphere plays a
negligible role, the gradient information
together with the global budget allows the
determination of the net terrestrial
biospheric contributions from the tropics
and from the northern temperate and high
latitudes. 'The analysis of the data for the
time period 1991-1994 yiclds a biospheric
sink of about 1.9+1.5 GtCyr'in the extra-
tropical northern northern hemisphere.
"This value, together with the global net
biospheric balance of 2.0 GtCyr'for the
same time period, implies that the terres-
trial equatorial regions must have been
almost in balance during 1991-1994. If so,
any net CO, releases from these regions
due e.g. to deforestation must have been
balanced by corresponding CO, uptake at
other locations in the tropics. The picture
provided by the oxygen measurements for
the carly 1990’ is grossly in accordance
with a recent analysis of the interhemi-
spheric gradient in the atmospheric *C/
2 ratio, which, however, refers to a short-
er time period.

The interhemispheric CO, mixing ra-
tio gradient in the 1980’s (at least 1980-87)
was similar in magnitude as during the




early 1990's (Figure 1), despite the fact
thatthe atmosphericincrease was substan-
tially smaller in the later period. Unfortu-
nately there exist no observations of the
O,/N, interhemispheric gradient for the
1980’s. If one assumes, in accordance with
ocean model calculations, that the oceanic
contributions to the meridional gradient
were similar in the 1980’s than in the early
1990’s, then one can postulate a large scale
scenario of land-sea partitioning of the
surface sources and sinks also for the 1980’s.
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Accordingly, the tropical terrestrial regions
must have been a net source of almost 1
GtCyr'in the 1980’s which subsequently
decreased to the balanced conditions dur-
ing the 1991-1994 period. It remains to be
scen, whether shifting patterns of land-
use or other factors, such as climate driven
fluctuations are responsible for this trend.
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Therc is a need to connect the efforts of
the research community working to un-
derstand ourchanging planct with the day-
to-day concerns of the public and policy
makers worldwide. In spite of substantial
public interest in environmental issues,
and significant media attention, there is a
widespread lack of appreciation of the sig-
nificance of the changes under way.

Itis not just that scientists often find it
difficult to explain themselves in plain
language, but they have a tendency to
assume that the relevance of research is
self evident, when it is not.

How canwe improve our effectiveness
at getting the message across?

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

Are we being poisoned?

Poisons involve more than eating or
drinking things that make us ill or kill us.
We are adding poisons to the air that we
breathe. 'T'he sources include emissions
from vehicles, from industry and from ag-
riculture, Although some emissions are
beingcontrolled in some nations, the over-
all levels continue to increase because of
growing populations and expanding econ-
omies. The problem is global. Even re-
mote arcas over the tropical ocean are found
to be polluted by the products of agricul-
tural burning on distant continents.

We can also be harmed by radiation.
The Earth’s outer ozone layer protects us
and our crops from damage by ultraviolet
radiation. "T'he ozone layer has been thin-
ning for several decades due to the emis-
sions of certain man-made chemicals. In

spite of international agreements which
seek to eliminate the problem, ultraviolet
radiation levels are not expected to de-
cline significantly for some years yet.

Are we damaging our life
support system?

The Earth’s ecosystems provide a vari-
ety of services essential to our well-being -
services for which we do not pay and which
we take for granted. These include the
purification of water and air, the recycling
of nutrients, the generation and preserva-
tion of soils, the pollination of crops, and
even the regulation of the atmosphere’s
oxygen content.

Ecosystems are being damaged by
human activities. We know about the ef-
feets of acid rain on forests and lakes, of
toxic chemicals on fish and wildlife, of
increases in ultraviolet radiation onall forms
of life, and of the major impacts of changes
in land use. In the longer term, shifts in
rainfall and temperature patterns, result-
ing from climate change, will also become
important.

The Earth’s ecosystems are being
strained to the point where their capacity
to provide services upon which we rely
may be seriously impaired.

Is there a future for my children?

There isa tradition amongst some soci-
ctics to “tread lightly on the Earth” - that
we are only here as carctakers for our chil-
dren, and that our actions must take into
accountthe interests of future generations.

In practice the uncertainties are so great
that we cannot predict the kind of future
that our children will face. However, it is

likely that they will 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 diversity, we
know that we are depriving our children of
future resources. And yet we do not know
enough at the moment to choose which
resources to save and which to let go.

What can science contribute?

Nations, communities and individuals
with the greatest understanding of global
change and its consequences will be in a
stronger position to take advantage of new
opportunitics and to adapt to the prob-
lems. Scientific rescarch provides the best
means of obtaining such understanding.
Given the vast size and complexity of the
Earth system, we cannot rely on the tradi-
tional methods of science. An unprece-
dented degree of interdisciplinary and in-
ternational co-operation is necessary. To
succeed will be science’s greatest chal-
lenge, but progress will depend on a wide
acceptance of the importance of the goal.
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