LETTERS TO NATURE

Radiocarbon evidence for a
smaller oceanic carbon dioxide
sink than previously believed

Vago Hesshaimer®, Martin Heimannt
& Ingeborg Levin™*

* Institut fir Umweltphysik, University of Heidelberg,

Im Neuenheimer Feld 366, D-69120 Heidelberg, Germany
T Max-Planck-Institut fir Meterologie, Bundesstrasse 55,
D-20146 Hamburg, Germany

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 atmosphere'™ and the mixing
parameters within the ocean itself*”. 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 CO, concentration® and radiocarbon
composition®'%, the bomb '*C inventory in the stratosphere'*'
and a compilation of bomb detonation dates and strengths's, We
find that to balance the budget, we must invoke an extra source
to account for 25% of the generally accepted uptake of bomb '*C
by the oceans®. 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 “C by
the biosphere can both be ruled out by observational constraints.
We therefore conclude that the global oceanic bomb "C inventory
should be revised downwards. A smaller oceanic bomb '“C inven-
tory also implies a smaller oceanic radiocarbon penetration
depth'®, which in turn implies that the oceans take up 25% less
anthropogenic CO, than had previously been believed.

The atmospheric '*CO, activity has undergone large excur-
sions since the beginning of nuclear bomb tests (Fig. 1a and b,
solid lines). After the Test Ban treaty in 1962 the bomb '*C
signal in the atmosphere is declining because of "*CO, exchange
with the ocean and the other carbon reservoirs. The behaviour
of these '*C exchange fluxes over time depends mainly on the
total carbon fluxes between the reservoirs, and on the internal
circulation dynamics within these reservoirs.
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The temporal variation of the tropospheric radiocarbon inven-
tory Nyop is determined by the net exchange fluxes with the
ocean Fg, the terrestrial biosphere Fg, and the stratosphere Fg,
by input from anthropogenic sources Qrop, and the radioactive
decay ("*C has a mean lifetime 1~'=8,275 yr) as follows

d(Ntrop)/dt =Fo+Fg+Fs+ Qtrop_lNlmp

Only the global response on the interannual timescale to a major
atmospheric perturbation is examined in this study. We can
therefore use relatively simple models to determine the respective
radiocarbon fluxes. For the ocean, a type of robust Oeschger
and Siegenthaler box diffusion model*” was adopted using a
vertical eddy diffusion coefficient K=7,685m’yr ' coupled to
7.8 yr residence time of atmospheric CO, with respect to air/sea
gas exchange. The flux Fo, calculated according to our tropo-
spheric boundary conditions, matches the integrated oceanic
bomb "*C uptake (until 1 January 1974) of 300 x 10°® atoms
(Fig. 2a) derived from oceanic measurements during
GEOSECS?, and compares well with results of the most recent
version of the HILDA'” ocean model.

The model biosphere is divided into three boxes where the
input carbon is decomposed exponentially with an e-folding
constant given by the turnover time 7. Box | has a mass of
105 Gt-C (gigatonnes carbon; 1Gt=10"g), t=3yr, and
accounts for fine roots, twigs and leaves. Box 2 has a mass of
675 Gt-C, t=27yr, and represents big roots, stems and
branches. Boxes 1 and 2 couple directly to the troposphere, and
the sum of their input fluxes, determining the net primary pro-
ductivity, is set to 60 Gt-C yr™'. Box 3, the ‘old carbon reservoir’
has a mass of 1,420 Gt-C and 7 =375 yr. Box 3 contains the
slowly decomposing material of boxes 1 and 2, gets its carbon
input equally distributed from these boxes, and is needed to
account for the low A'C values measured in soil organic
carbon'®. These settings correspond to previously published esti-
mates for the terrestrial biosphere'”. We did not account for
fertilisation and destruction fluxes when calculating Fj from the
tropospheric boundary conditions.

Our model stratosphere consists of one box with the same
CO, concentration as the model troposphere, and a turnover
time of 2.5 yr with respect to the troposphere. The total mass
of the stratosphere box corresponds to 15% of the total atmos-
phere air mass. Fs was calculated from the bomb input scenario
and the measured tropospheric boundary conditions.

The initial conditions in 1945 for all reservoirs were computed
starting at preindustrial equilibrium in Ap 1750 (atmospheric
concentrations: 280 p.p.m.v. CO,, A"“C=-4.5%0). Usin
observed atmospheric CO, concentrations® and '*CO, data’ '
(Fig. 3b) as prescribed input data in all scenarios, we auto-
matically account for the dilution of '*CO, by input of "*C free
carbon from fossil fuel consumption (Suess effect™). All natural
"4C production (Pp,,=2.3 % 10°° atoms yr ', assumed to be con-
stant) occurred in the stratosphere.

The anthropogenic input of “CO, by the nuclear industry,
contributing significantly to the tropospheric inventory only
from about 1970 onwards, was calculated for different reactor
types using the normalized '*CO, emission data per generated
electrical energy reported by Bonka®' and in UNSCEAR®. The
latter was estimated for the period of 1970 to 1990 from the
installed plants worldwide, assuming a capacity utilization of
60% for all reactor types. '*CO, emissions from reprocessing
plants were also taken from UNSCEAR™. The '*CO, release
from the nuclear industry in 1990 was estimated to be less than
0.5 x 10%® '*C-atoms yr™', increasing almost linearly from 1970
onwards (compare Fig. 2b).

"C input from the atmospheric bomb tests was estimated
based on the compilation of bomb strength data'® (Fig. 1b),
and, depending on the respective scenario, adjusting the specific
'“C production per megatonne (Mt) TNT to the tropospheric
and stratospheric observations during the time period of the
major '“C rises. The uncertainty of this adjustment is small as
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FIG. 1 a-d, Comparison between results from two 14C model
scenarios (dotted 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 Tans'® 400
and Telegadas (according to Tans™?, the original observa-
tions are corrected by —20%; a further adjustment of +3.5% 300,
was made to correct for the NBS oxalic acid standard activity
value used by Telegadas®). Mean tropospheric **C invento- 200+
ries are calculated from long-term tropospheric observations 100

in both hemispheres® 2. For the early period of 1950-59, we
use tree ring **C data®. 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 | {a and b), the bomb **C input is estimated using
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pared to the bomb input, is small until 1963. As the observa-
tional data in the troposphere show a systematic delay between
the date when the stronger bombs were fused, and the date
when the respective signal showed up in the troposphere, we
introduced all bomb '*C production directly into the strato-
sphere. The results reported in Fig. la and b show clearly that
the '“C production calculated with the standard "*C yield Pyana=
1.75 x 10? atoms per Mt-TNT (ref. 23) was overestimated. In
fact, estimates of Py.na are in the range (1-2) x 10** atoms per
Mt-TNT) (refs 21, 24).

Figure lc and d (scenario 11) shows the results obtained when
reducing the value of Py.na by 40%. The model inventory fits
well with the data in the stratosphere and in the troposphere
until 1963, as long as the bomb production is the dominant
flux term. In the post-bomb period, the model troposphere is
influenced by a much too strong sink term. The fictive tropo-
spheric source needed to adjust the model and data turns out to
be similar in time-dependence and strength to 25% of:the oceanic
or, equivalently, to 80% of the biospheric net bomb '“C uptake
flux (Fig. 26). The magnitude of the missing source can be in
error by at most one-third. This is mainly due to the strong
constraint on the coupling constants between the reservoirs given
by the >40-yr record of tropospheric '*CO, observations. The
strength of the missing source should decrease with an e-folding
time similar to the ocean uptake, that is, ~8 yr. Neither the
nuclear industry nor the natural cosmic ray production can
account for this source. The variation of cosmic ray production
is ~40% between solar minimum and solar maximum?*, and thus
at least one order of magnitude too small. The '*C production
by nuclear industry is only a few per mil of the needed '*C source
in the 1970s, while increasing instead of declining (Fig. 25).

Looking for a candidate in the atmosphere itself, we divided
the stratosphere into two boxes. The high box contains <1.5%
of the atmospheric mass (lower boundary corresponding to
25 km a.s.l.) and has a turnover time 7 of 5 yr exchanging with
the low box (t=2.5 yr with respect to the troposphere). In Fig.
3a and b the results obtained with such a two-box stratosphere
(scenario I1I) are shown. In this scenario, 15% of the adjusted
bomb production (in this case 70% of Pyana) is injected into the
high stratosphere, the rest into the low stratosphere. Scenario
I11 now leads to a nearly perfect agreement between the model
and the observations in the lower stratosphere and in the tropo-
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FIG. 2 Bomb “C inventories (a) and missing source flux (b). a, The
standard bomb **C inventories are calculated as the difference to the
respective 1*C inventory in 1940. The standard inventories for the ocean
(dotted line) and the biosphere {A) are as calculated for scenarios |, Il
and Il with prescribed tropospheric values. The standard ocean bomb
13 inventory on January 1974 matches the value of 300 x 10 atoms
(®) given by Broecker et al.%. b, The missing ““C flux to the troposphere
(6 year running means, thick solid line) is as calculated in scenario
Il (Fig. 1d). This missing flux is compared to the net supplementary
contributions from (1) a high stratosphere (%, scenario lll), (2) a 80%
reduction of the standard biospheric uptake {A, scenario V), 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. However, scenario 1[I demands very high A'C values in
the remote high stratosphere (Fig. 3a) which is inconsistent with
recent '“CO, observations®® up to 30 km height. Also the old
data from Telegadas'* obtained in the early 1960s suggest a A"C
decrease rather than an increase to higher stratospheric levels.
Moreover, the observed decrease from intermediate to high stra-
tospheric levels has also been obtained by recent high-resolution
stratospheric model calculations®. Therefore even a supposed
remote stratosphere with still very high '*CO. can most probably
not close the bomb '*C budget.

On the other hand, assuming almost no bomb "*C uptake by
the terrestrial biosphere (scenario 1V, Fig. 3¢ and d) would also
match the bomb radiocarbon constraints. In our scenario this
reduced uptake is simply obtained by multiplying the standard
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In scenario IV, the bomb *“C uptake by the biosphere has been reduced
by 80%, and in scenario V, bomb *“C uptake by the oceans has been
reduced by 25% with respect to the standard case given in scenario |I.
Scenarios IV and V satisfactorily match the **CO, observations, both in

uptake of the biosphere by 0.2. In reality, such a strong reduction
is only achieved if, for example, the net primary productivity is
reduced by a factor of 5 and the reservoir sizes are modified
accordingly. This, however, would so seriously contradict our
understanding of mass, cycling and turnover times in the
biosphere®® that scenario IV appears highly improbable.

The most tempting solution to the problem would be an ~25%
reduction of the '*C uptake by the oceans (scenario V, Fig. 3¢
and ¢) leading to an oceanic bomb '*C inventory reduced by the
same amount. This means only a correction to known processes
(for example, gas exchange rate and vertical mixing) rather than
introducing, for example, still unconsidered sub-reservoirs as in
the biospheric or stratospheric scenarios. However, a 25% reduc-
tion of the bomb '*C inventory of the oceans lies outside the
error bars generally accepted for this quantity (20%, ref. 3). The
contradiction gets even larger when taking into account the very
recent upward revision of the oceanic bomb '*C inventory, eval-
uated on the basis of more observations and an improved estima-
tion of the pre-bomb natural oceanic radiocarbon distribution®.
This problem needs to be resolved.

A 25% reduction of bomb '*C uptake by the ocean models
would have significant implications for our understanding of
the global carbon cycle. First, the radiocarbon-derived CO, gas
exchange coefficient has to be reduced by the same amount,
then being almost in agreement with the estimates of Liss and
Merlivat®, which were based on direct measurements in wind
tunnels and over lakes and open ocean®'. Second, if we believe
the '“C observations in surface water performed during the past
30 years, the estimated bomb '“C penetration depth®? has to be
reduced. Furthermore, if it is assumed that the CO, uptake by
the oceans scales directly with the bomb '*C penetration depth'®,
a downward revision of the latter would imply a corresponding
reduction by ~25% of the inferred oceanic sink for anthropo-
genic CO,.
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