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Land-use changes until the beginning of the 20 century made the terrestrial biosphere a net
source of atmospheric carbon. Later, burning of fossil fuel surpassed land use changes as the major
anthropogenic source of carbon. The terrestrial biosphere is at present suggested to be a carbon
sink, but the distribution of excess anthropogenic carbon to the ocean and biosphere sinks is highly
uncertain. Our modeling suggest that land-use changes can be tracked quite well by the carbon
isotopes until mid-20t" century, whereas burning of fossil fuel dominates the present-day observed
changes in the isotope signature. The modeling indicates that the global carbon isotope fractionation
has not changed significantly during the last 150 years. Furthermore, increased uptake of carbon
by the ocean and increasing temperatures does not yet appear to have resulted in increasing the
global gross ocean-to-atmosphere carbon fluxes. This may however change in the future when the
excess carbon will emerge in the ocean upwelling zones, possibly reducing the net-uptake of carbon
compared to the present-day ocean.

It is beyond doubt that anthropogenic emissions (from burning of fossil fuel, energy intensive industry
. and land-use changes) are the cause of the exponentially increasing atmosphere CO, as observed since
. the onset of the industrial revolution'~. The increasing atmospheric CO, concentration is a key factor for
climate changes, and this has placed knowledge about the global carbon cycle in the forefront of policy
. debates and climate research. To implement effective carbon-related policies and to develop future car-
© bon emission trading, a good understanding is required of the carbon sinks and sources and the human
impacts on them.
The relative contribution of the emissions and the efficiency of the biosphere and the ocean to miti-
gate the increase in atmospheric CO,-concentrations, remain highly uncertain®>-%. This is demonstrated
in chapter six of the latest IPCC report®, where we can read that the net land-atmosphere carbon flux
* in the 1980s was estimated to —0.1 4 0.8 Gt C/a (negative numbers denote net uptake). These numbers
. were partly based on estimates of net CO, releases caused by land use changes (+1.4%0.8Gt C/a),
. and a residual terrestrial sink estimated to —1.5=+ 1.1 Gt C/a. There are globally much data supporting

increased uptake of carbon by the ocean mixed layer (shallow surface water)®!* but the global gross
: ocean-atmosphere fluxes, partly influenced by annual and inter-annual processes, such as El Nino/La
- Nifa events'*'®, are nevertheless not easy to estimate. Obtaining global values of the carbon fluxes are
. further complicated by large local and regional variations in carbon releases and uptake by the terrestrial
* biosphere>®1617. Because of the close coupling between oxygen and carbon fluxes during photosynthesis

and respiration, the tracer APO (Atmospheric Potential Oxygen), in combination with atmospheric CO,

data, is used to obtain the net amount of CO, being taken up by the oceanic sink'. The net amount
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Figure 1. Measured stable carbon isotopes (§3¢(4) from 1860 to 2010. Data are from Friedli et al.*
(F86), Etheridge et al.*! (DE08, Law Dome Ice Core) and the recent series (South Pole, Point Barrow and
Mauna Loa) from Keeling et al.®.

of carbon being taken up by the terrestrial biosphere can then be found from the residual (difference
between carbon accumulated in the atmosphere and amount taken up by the global oceans)'®!!. APO
values are however not straightforward to estimate, and a recent study suggests that the strength of the
terrestrial sink may be significantly lower than found earlier’®. Moreover, current measurements of the
atmospheric O,/N, ratio and CO, concentrations may suggest that the amount of oxygen is dropping at
a faster rate than calculated from the APO tracer values®.

Biomass burning and conversion from forest to agricultural land, contribute at present approximately
10% of the total anthropogenic emissions®?'. Such land-use changes are driven by the increasing demand
for fertile farm land, leading to large scale soil degradation??-?°. In the 18" and 19* centuries and until
the first half of the 20" century, rapid expansions of farming and deforestation were the main sources of
anthropogenic CO, to the atmosphere?®?”. Deforestation and soil degradation are however still ongoing
at alarming rates®. At present, burning of fossil fuel and cement production contribute about 10Gt/a
of carbon emissions, whereas land-use changes are estimated to provide about 0.9Gt C/a’. The stable
carbon isotopes (*>C and *C) and their isotope ratio (R=13C/"2C) reflect the processes distributing car-
bon between the various reservoirs (photosynthesis, respiration, ocean dissolution etc.) and the related
isotope fractionation. For convenience, values are compared to a standard value and the $"*C notation,
also referred to as the “carbon isotope signature” is used:

§C = [i — 1] +1000
std ( 1 )

The value of the standard ratio R, is by convention that of the Vienna Pee Dee Belemnite (VPDB)¥.
In the terrestrial biosphere, photosynthesis preferentially takes up the light carbon isotope (**C) in plants,
and the terrestrial biosphere therefore has a negative §”°C value, on average —25.0%"%. Photosynthesis
in the surface ocean water removes the light carbon isotopes from the water, giving the water a slightly
positive 6°C value (at present about +1 to +2%)'%.

The carbon isotope signature (6”°C) of the atmosphere is affected by carbon exchanges with the bio-
sphere and ocean mixed layer, and from anthropogenic carbon emissions. Because of the changes in these
fluxes with time, and most importantly anthropogenic contributions to the fluxes, the atmospheric 6"*C
has changed significantly since the 19 century, from a value of about —6.5 to a present-day value below
—8.0 (Fig. 1)*-*. This is caused by the depletion of atmospheric *C by the addition of '?C-enriched
carbon from fossil fuel and land-use changes (the so called Suess effect). The rate of change has increased
considerably during the 20™ century, presumably due to the accelerating input from fossil fuel burning
which releases carbon with a strongly negative "*C (at present about —28)*.

In this study, we propose a new simple box model solved in forward mode to evaluate the sensitivity
of the atmospheric carbon isotope signature on natural and anthropogenically induced carbon fluxes (see
Methods). Natural here refers to atmosphere-biosphere and atmosphere-ocean carbon fluxes prior to sig-
nificant input from land-use changes (pre-19% century fluxes). A forward model is a numerical algorithm
where fossil fuel emissions, carbon-emissions from land-use changes, base (at time zero) natural fluxes,
isotope fractionation, and partitioning of excess carbon is used as input, and the carbon isotope signature
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of the atmosphere is calculated. The aim is to extend earlier forward models including input data of the
atmospheric carbon isotope inventory, land-use changes, fossil-fuel emissions, and isotope signatures of
fossil fuel to 2010. Some datasets, e.g., ice core data from the Law Dome and South Pole, have recently
been modified and extended® and is compared to the modeling results. One main aim is to tune the
global natural carbon fluxes, but the forward model also allows us to see if the main human sources of
carbon emissions; fossil fuel burning and land-use changes, can be observed in the recent data of the
atmosphere carbon isotopes. The forward modeling approach can furthermore be used to explicitly test
to what extent some of the natural fluxes (e.g., the ocean-atmosphere carbon flux) is changing, or if the
isotope fractionation factors can be regarded as constant with time. The model (eq. 2) used in this work
is essential the same as the forward model used by Tans et al®® and the derivation of the model can be
found there. The model is simplified, and does not take into account isotope mixing between shallow
and deep ocean waters, but instead calculate the shallow-water carbon isotope inventory as a linear
function of changes in the atmosphere inventory (eq. 6 provided in Methods). This reduces the number
of uncertain input parameters, but preserves the full capability of the model to predict changes in the
atmosphere carbon isotope inventory. The isotope fractionation factors were also simplified from three to
two parameters here, but this does not affect the modeling (both here and in Tans et al.*® constant frac-
tionation factors were used for the entire simulated time span, and this is suggested to be valid from the
comparison between modeling results and measured data). The way the model was solved also differed
slightly. Tans et al.® solved the model explicitly for the fluxes given the isotope disequilibria as input,
whereas we varied carbon cycle parameters (fluxes, ocean/terrestrial biosphere sink/source strengths,
etc.) and compared the model fit to the measured atmospheric carbon inventory. Finally, Tans et al.%
model was used successfully for a narrow time interval between 1970 and 1990, whereas this work has
expanded the timeframe to 1860 to 2010. Other models used to constrain global carbon fluxes, are based
on the Tans et al.*® equations, but run in inverse mode***%*’ (e.g., using measured atmospheric 6*°C and
CO, pressures to estimate fluxes) rather than in forward mode as used in this work (Trudinger et al.¥”
uses forward calculations but they are only implicitly given in the inverse model results). The inverse
models have a much larger number of input parameters, and smoothening of the input 6**C and CO,
pressures is required. Some further discussion on challenges using the results from the inverse models is
provided at the end of the results section.

Results

In order to use the forward model to constrain parameters of the global carbon cycle, such as the major
natural carbon fluxes, the airborne fraction (amount of anthropogenic CO, that accumulate in the
atmosphere), and amount of excess carbon being stored in the ocean and terrestrial biosphere, we per-
formed a sensitivity study where we changed parameters one by one (while fixing the other parameters)
and observed the effect on the modelled carbon isotope signatures. Table 1 summarizes the base-case
parameters used, and the background for these values is explained in the texts below.

Base-case parameterization. See table 1 for an overview of variables used in the model, including
their base-case and/or initial values and their literature sources. The remaining of this section is devoted
to explain the background for the chosen values. Further details on the model equations with explana-
tions are given in the Method section.

To obtain a set of parameters to use for the base case, we used initial ocean-atmosphere (J°?) and
biosphere-atmosphere (J*) fluxes of 78.0 and 60.0 Gt/a respectively. The remaining input parameter, the
isotope fractionation factor ¢, (with ¢,= 0), was found by the requirement of a steady-state atmospheric
isotope signature (shortened 6i(“)) for the initial time after 1860. With this base-case setup, we found that
a value for ¢, of —7.0% provided the best fit. Simulated 61.(“) values are generally within the range of
measurements for the entire simulated time, except for the period from 1962 to 1978 where the modelled
6i(“)is slightly lower than the Law Dome DEO08 ice core data set (Fig. 2a). In our comparison however, the
DEO08 ice core provides the only time series for this period, and we would expect also a range of 6i(“)
values here if we take into account regional variations comparable to the data recorded during the later
years (approximately £0.15%). A variation in &, of £0.5% illustrates the sensitivity of the model to this
parameter (Fig. 2a). Notice how the three curves are close to parallel after initial steady-states have been
reached, and also parallel to the measured data recording the accelerated changes that have pertained
since the middle of the 20th century.

The change in surface ocean §*°C is modelled as a fraction of the change in 6i(“), and therefore adopts
the same slopes. With the starting 6°C value of +2.5 and a o (see eq. 6) of 0.5, we obtain a present-day
value of about +1.55, which is in good agreement with recent observations (Fig. 2b)*'*!2 It is interesting
to see that, due to the relatively large seawater-atmosphere carbon fluxes, even modest changes in ocean
813C have a significant impact on §* (Fig. 2b).

The simulated changes in CO, pressure and a comparison with data by Etheridge et al.>' based
on Antarctic ice-core measurements (Law Dome, DE08), and recent direct measurements reported
by Keeling et al.*? is shown in Fig. 3. The comparison suggests that the anthropogenic fluxes and the
assumption of 46% airborne CO, provide good estimates for the changes in atmospheric CO, mass and
corresponding CO, pressure. The significant difference between simulated and measured data in the early
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Base terrestrial-atmosphere fluxes’ Jba) . jab) 60Gt Clél()lg)al f of the 5,38
Base-case initial (1860) ocean-atmosphere fluxes Jloa), jlao) 78Gt C/a 5
. (fa) Time series, at present
Fossil fuel fluxes ] ~9Gt Cla 48
" Time series, at present
R ba*) > at p:
Carbon fluxes from land-use changes J 15Ct Cla 49
Airborne fraction y 46% 5, 50, 51
Relative contributions of the x(), x(®) 50/50 Starting
ocean and terrestrial biosphere sinks™ x4 xO =1 point for sensitivity
Factor relating change in ocean (mixed zone) 5'*C .
relative to changes in the atmosphere §'*C. 7 0.5 This model
Isotope composition of fossil fuel 5 Time seerfsz,saBpresent 30
Isotope composition of the terrestrial biosphere 5 —25.0 5
Initial (1860) isotope composition of the ocean (mixed 5@ 125
zone)
Initial (1860) isotope composition of the atmosphere 5@ —6.48
Table 1. Summary and explanation of input parameters used in the model.
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Figure 2. (a) Optimizing the 3 parameter (correcting for isotope fractionation upon photosynthesis) to
provide initial steady-state atmospheric 6'°C values. The 3 value depends on the choice of terrestrial (J¢)
and ocean (J©®¥) carbon fluxes to the atmosphere, and a value of —7.0% was found for the base case

(J® =60 Gt C/a, J©9=78 Gt C/a and a:=0.0%). (b) Sensitivity of the model to &, providing the change in
surface ocean §'°C as a fraction of the change in the atmosphere §*C (Eq. 5).

part of the comparison (1860 to 1950) is however not understood. Some studies have suggested higher
values for the fraction of anthropogenic carbon accumulating in the atmosphere. For example, Rafelski
et al.*® assumed an airborne fraction of 57%, which also gave good predictions of the CO, pressures.
They, however, did not include excess fluxes from land-use changes, as was done in the present study.

Sensitivity of model to the terrestrial biosphere-atmosphere carbon flux. In our model car-
bon fluxes between the terrestrial biosphere and atmosphere were divided into two distinct parts; one
large component representing fluxes prior to human influences by land-use changes and fossil-fuel
burning (hereafter referred to as the base terrestrial-atmosphere carbon flux), and one smaller but
increasing component including the contributions from human perturbations of the system (including
the increasing net uptake of carbon by land-plants caused by increasing atmospheric CO,). The base
terrestrial-atmosphere carbon fluxes were held constant from 1860 to 2010. We first attempted using
fluxes of 60 Gt C/a, in accordance with the use of a net primary production (NPP) of about half the
gross primary production (GPP)*, and with GPP typical estimated to 120Gt C/a>*. Exact values of
gross fluxes are hard to estimate, and they are generally quoted with uncertainties greater than +20%5.
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Figure 3. Comparison of simulated and measured atmospheric CO, partial pressures. The measured data
are from the Law Dome DEO08 ice core (red triangles)®!, and from the Mauna Loa sampling station (green
circles)* respectively.
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Figure 4. (a) Sensitivity of the model to the non-anhtropogenic part of the biosphere-atmosphere flux
(J®). The simulations were done with a fixed value of x©=0.5, implying that the ocean takes up 50% of
the residual carbon being stored in the terrestrial biosphere-ocean system. (b) Sensitivity of the model to the
fraction of excess carbon being stored in the ocean relative to the terrestrial biosphere. The simulations were
done with a fixed non-anthropogenic biosphere-atmosphere flux of 60 Gt C/a.

Simulations using base terrestrial-atmosphere fluxes of 50 and 70 Gt C/a were therefore also performed,
roughly covering the entire range in uncertainty. This range also covers the somewhat lower estimates
by Ito*® and Runnin*!, suggesting NPP of 56 and 54 Gt C/a respectively. The results are shown in Fig. 4a.
The modeling shows that the difference between the models is small prior to about 1960. From thereon,
however, using a base flux of 50 Gt C/a apparently overestimates the rate of reduction of the atmosphere
d13C, giving estimates on the lower side of the data assemblage, whereas the opposite is true using 70 Gt
C/a. The base-case value of 60 Gt C/a gives the overall best fit to the measured data points, further sup-
porting the use of such a value in the global carbon cycle models.

Despite the general good fit between the simulated and measured data, there is apparently a mis-
match between the updated ice core data from Rubino et al.*’, and the recent firn data (Fig. 4a). The fit
between the model and measured recent data is very good, but it is impossible to obtain this fit with
a 63C starting point (1860) of about —6.65%, required for the shifted ice-core data. Instead, using the
old un-shifted ice-core data (6"3C starting point (1860) of about —6.48%) provides excellent fit between
model and measured data for the entire period from 1860 to present. As will be discussed further below,
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Figure 5. Carbon fluxes from the biosphere to the atmosphere (J t(:ta) =70 4 7 (red curve)
compared to the simulated counter-fluxes from the atmosphere to the biosphere (J©?). Three scenarios
are simulated varying the fraction of excess carbon being taken up by the ocean (x(?): the base-case scenario
with x(?= 0.5 (blue curve); one with lower oceanic carbon uptake (x{)=0.3) (upper grey curve); and one

with a higher uptake (x= 0.7) (lower grey curve). The biosphere is a net carbon sink when ]t(ﬁ“) > (ab),

this has consequences for the inverse modeling and estimated natural fluxes®, especially for transition
period from ice- to firn data.

Relative contributions of the ocean and terrestrial biosphere sources/sinks. In the model
base-case we assumed that equal amounts of the excess atmospheric CO, would be taken up by the ocean
(through increased dissolution following Henry’s law) and the terrestrial biosphere (through increased
plant growth) respectively, and we further assumed that this have not change significantly between 1860
and present. The true fraction of carbon taken up by the terrestrial biosphere is however lower, because
of carbon emissions from land-use changes (treated as a separate input parameter in the model). The
terrestrial biosphere has therefore for most of the periode 1860 to present been a net source of carbon.
The total amount of excess carbon taken up by the two systems was estimated using an airborne fraction
of 0.46, implying that a residual of 54% of the anthropogenic carbon emissions each year have been taken
up by the two sinks. To understand how changes in the individual contributions of the two sinks affect
the carbon isotope signature, we compared simulations using ocean uptake of 30, 50 and 70% of the
residual 54% excess carbon. The sensitivity study suggest that modelled atmospheric §°C is little sensitive
to changes in the relative contributions of the ocean and biosphere to take up the anthropogenic CO,
(Fig. 4b). As already mentioned, values can be constrained by the APO tracer, and a range of studies
suggests that the terrestrial biosphere has been a net sink since the second half of the 20th century, and
that the ocean and biosphere sinks recently have made quite similar contributions®. The time when the
biosphere became a net sink can also be found in the present modeling, by comparing the natural and
anthropogenic biosphere emissions to the simulated counter flux. If we use the base-case values, the
biosphere has been a net sink since 1970 and the net uptake at present (2010 value) is about 1.3Gt C/a
(Fig. 5) (compared to a present-day ocean uptake of about 3.6 Gt C/a). These values are in the range of
earlier estimates™'”*%, but the timing is later and the size of the flux is on the lower end of earlier esti-
mates. If the fraction of excess anthropogenic carbon being stored in the biosphere is changed to 70 and
30%, the time at which the biosphere becomes a net sink is shifted to the years 1950 and 2000, respec-
tively. The corresponding net 2010 uptakes then change to 2.4 and 0.2 Gt C/a. The present-day net land
surface uptake is estimated to approximately 1.4 to 3.8 Gt C/a (mean about 2.6-2.9 Gt C/a)>*, indicating
that the fertilization of land plants are more effective than ocean uptake in taking up excess atmospheric
carbon, but keep in mind that much of this effect is lost by the human induced carbon emissions from
land-use changes.

Model constraints on temporal changes in the ocean-air CO, flux. The ocean-air flux has been
proposed to have increased from 60 to 78 Gt C/a since 1750 following the textbook analysis of Sarmiento
and Gruber®>®. The background for the increase is a complex response of surface ocean temperature, CO,
solubility, and biogenic carbon uptake on increased atmospheric CO,. In the present model, isotope frac-
tionation factors (¢, and €, see Methods) were used to tune the model to provide a good match between
simulated and measured values for the atmosphere carbon isotope signature at the onset of the simula-
tions (1860). Our forward model suggests that using constant values for the estimated isotope fractiona-
tion factors result in a good match between measured and simulated data for the entire period from 1860
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Figure 6. Individual contributions of anthropogenic emissions (land-use changes and fossil-fuel
burning) to the modelled temporal changes in the atmospheric §"°C. Both fluxes are needed to get good
fits between measured values (and slopes) for the entire time frame, despite a decent fit if only the
contribution from fossil-fuel burning is taken into account.

to 2010. Constant fractionation factors have also been used by other forward and inverse models®***>%,

supported by the general idea that the large dominance of C3 plants, dominating in the temperate for-
ests, has not changed very much over the last 150 years. The increases in the atmospheric CO, result
in moderate increases also for the atmosphere-ocean and atmosphere-terrestrial fluxes. If we now use a
large increase in the ocean-atmosphere carbon fluxes from 1860 to present, as suggested by Sarmiento
and Gruber®, and still utilize fixed values for the isotope fractionation factors, the modelled atmospheric
61C plots very far from the measured values. This indicate that only modest changes in the ocean-air
fluxes have occurred over the last 150 years. The possibility that the isotope fractionation factors have
changed significantly and with a magnitude that perfects balances the changes in the ocean-atmosphere
flux, is very unlikely. The reason why the ocean-air flux is not very sensitive to increasing atmospheric
CO, levels over time-scales of less than 150 years, is that ocean upwelling of old waters to a large degree
dictates the ocean-atmosphere carbon flux', with the upwelling waters being on average much older than
150 years*. Increased ocean-atmosphere fluxes are therefore expected in the future, and this may lead to
decreasing net carbon uptake and a corresponding increasing airborne fraction.

Individual contributions of land-use changes and fossil fuel to changes in §3C-1860 to
2010. If we try to simulate the changes in the isotopes without taking into account any anthropogenic
emissions, or with only fossil fuel burning or changes in land-use, we cannot obtain the slopes d6"*C/ dt
as observed in the measured data (Fig. 6). It is also indicated that fossil fuel burning alone is not sufficient
to explain the slopes. Only the combined contributions of the two sources can fully explain the atmos-
pheric 6°C over the simulated time from 1860 to 2010. There are also no other natural carbon sources
with §'*C < — 8.5 (about present day value) that can be imposed instead to get the slopes. Magmatic
(mantle) degassing has a 6*C of about 0.0, and there are limits for how much the net carbon fluxes to
the ocean can be increased. We also know that the terrestrial biosphere cannot have been a large net
source of carbon over the last 50 years®. Claims by ‘climate sceptics’ that the build-up of carbon since the
industrial revolution is mostly natural, using the argument that the residence time of carbon in the
atmosphere is short and that little anthropogenic carbon is left, can therefore be easily refuted by study-
ing the carbon isotope changes.

Estimated natural fluxes: Forward vs inverse models. The present work is done using a forward
model, largely based on the same equations as in Tans et al.®*, but utilizing recent and updated data up
to 2010 and also extending the simulations back to 1860. Tans work was shown to successfully model
the effect of fossil fuel combustion on the atmospheric and ocean carbon isotope evolution, but did
not include the contribution of land-use changes, estimated to contribute between ~20 and 40% of the
total human carbon emissions during the time interval 1970-1990 (see Fig. 7). Hence, the natural and
estimated induced carbon fluxes (especially the atmosphere-ocean fluxes) must have been shifted accord-
ingly to ensure fit between model and measured isotope data.

Inverse models are based on single or double deconvolution algorithms, and with various extended
methods (e.g., the Kalman Filter double deconvolution)*** to quantify uncertainties in estimated fluxes.
These models have been utilized to estimate natural and induced carbon fluxes over much of the same
time interval as in this study, 1860 to present, and the most recent one extended simulations to 2010%.
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Figure 7. Carbon fluxes from fossil fuel burning from Boden et al.*’ compared to fluxes from land-use
changes from Houghton et al.*®.

The Kalman Filter double inversion methods are very good to quantify uncertainties, and much of our
understanding of the uncertainties comes from these studies. The forward modeling approach offers
no such quantitative method to assess uncertainties, but could potential be extended using statistical
modeling such as adding a Monte Carlo algorithm, but this was outside the scope of this work. Despite
the superiority in obtaining uncertainties, inverse models also have some clear limitations. First, de
deconvolution methods require continuous data series, and uses smoothed curves fitted to the longer
time series where data are few. Estimated fluxes will therefore, to some extent, depend on the choice of
moving average. Second, the longer time series contains a mixture of data from different sources (e.g.,
measurements of ice air bubbles followed by direct measurements from atmospheric air), and these may
not be well correlated. This implies that data (and the smoothed curves) may be shifted and this may
have large impacts on the estimated fluxes. One example is the combination of ice core CO, pressure
data from the Law Dome (E08)*' and direct measurements at Hawaii*?> (shown in Fig. 3) used in the
inversion by Trudinger et al.*” Their model (and any other inversion using these data sets) would suggest
that the flattening (actually slight drop) in CO, pressures during the 1930s to 40s must be caused by a
large increase in the net uptake of CO, in the ocean. There is however no physical mechanism to explain
this increased uptake during this time. Changes in the natural ocean carbon uptake is closely connected
to strengthening and weakening of the downwelling/upwelling currents mixing deep and shallow ocean
water masses, which is further connected to El Nifio/La Nifia events'*'>. There are no indications of
specific decrease in upwelling or increase in downwelling by particularly strong and frequent El Nifio
events during this time*. Also increased biogenic growth that would depend on a period of increased
nutrient supply is not likely. Lacking any other plausible explanation for the increased carbon uptake
during this time, the flattening of the data may just be an artifact. The inverse models do however not
distinguishing between physical and unphysical background of trends in data and the estimated fluxes
may therefore also be unphysical.

Conclusions

The forward modeling approach offers an explicit way of testing how various parameters affect the iso-
tope signature of the atmosphere. In this study we extended the work by Tans ef al.*® in time. We found
that the forward modeling approach, and even for the very simplified models, can be used to successfully
model the temporal evolution of the atmospheric carbon isotope signature over extended times, here
the 150 years between 1860 and 2010. This does however rely on input data on fossil fuel combustion,
land-use changes, and the assumption that the isotope fractionation factors between the atmosphere and
terrestrial biosphere and ocean are known (in this work successfully treated as constants). The mod-
eling also suggests that outgassing of carbon from the ocean (mainly at ocean upwelling zones) has
not increased significantly since 1860. This contrasts to the general consensus based on Sarmiento and
Gruber®, and also used by IPCC?, that ocean-atmosphere carbon fluxes have increased from 60 to 78 Gt
C/a since 1750. Finally, the simplified forward modeling approach used here does not offer the powerful
capability of Kalman Filter Double Deconvolution to yield uncertainty estimates of fluxes***’”. On the
other hand, the forward model is explicit and does not need any smoothening of data, and can be used
as a complimentary method to constrain natural and induced global carbon fluxes.

Methods

The §'3C of the atmosphere was calculated for each year from 1860 to 2010 by using a three-box-model
representing the terrestrial biosphere, ocean mixed layer, and atmosphere carbon reservoirs, and anthro-
pogenic carbon fluxes from fossil fuel burning and land-use changes (Fig. 8). In the model, the carbon
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Atmohere
1860 5°C=—64
JOY |2010 5FC=—384

Terrestrial biosphere

§°C =-25

Natural sources/sinks

Figure 8. Box model representing atmospheric carbon stable isotope mixing by taking into account
fossil fuel burning, and fluxes of carbon to and from the terrestrial biosphere and surface ocean water
and the atmosphere.

isotope signature of the atmosphere is updated for each year after a simple balance between carbon fluxes
into and out of the atmosphere.

51'(“) — 51'11)1
At

1 a oa [ a a*
= L [0 4 g8+ (109 4 1)
m

x 6O — (8% + eI — (61 + &)y, (2)

In equation (2) J denotes fluxes (Gt C/year), m denotes mass (Gt C), t denotes time (years), and
superscripts a, f, b, and o denote the four carbon reservoirs: atmosphere, fossil fuel, terrestrial biosphere,
and ocean mixed layer. The double superscripts denote the direction of the flux, i.e. ‘a0’ indicates the flux
of carbon from the atmosphere to the ocean mixed layer. Subscript i, indicates the initial time. The
changes caused by uptake of carbon by the ocean and biosphere sinks were modified by adding ¢, and
€y (units %). These two parameters correct for the global isotope fractionation between the atmosphere
and the ocean and terrestrial biospheres. Because the isotope fractionation is affected by a range of pro-
cesses and exact values are difficult to obtain, values were found by regression, fitting the initial (1860)
modelled 6°C to the measured data. Since it is the carbon in the terrestrial biosphere rather than in the
ocean mixed layer that dominates in biogenic uptake, we chose to use ¢,=0.0%, and to estimate ¢, by a
regression analysis giving a satisfactory steady state isotope value at the beginning of the forward model
(i.e. 1860). Because of the interdependency of €, and ¢, other values of €, would lead to a different ¢,,
but modelled results after 1860 were found to not differ significantly. Values for the flux of carbon from
burning of fossil fuel (J O(")) and the excess flux of carbon from changes in land use (J <b"*)) were obtained
from Boden et al.¥’ and Houghton et al.*® respectively (Fig. 7). The remaining fluxes were estimated (J**)
and J“) or assumed constant with time (J©°” and J*¥). Out of the total (gross) fluxes of carbon
between the atmosphere and biosphere, we used the Net Primary Productivity (NPP) to represent carbon
fluxes that modify 6i<”). We assumed the NPP is about half of the Gross Primary Productivity (GPP),
following Beer et al.*’, and used an initial pre-industrial value for the GPP and NPP fluxes of 120 and
60 Gt/a respectively®. The J (%9) flux was then kept constant over the simulated time, with the model (Eq.
2) taking explicitly into account the changes in net fluxes from land-use changes.

(7**)) Fluxes from the atmosphere to the biosphere were updated with time, taking into account the
CO, fertilization effect on the biosphere following the increased levels of atmospheric CO, (see Eq. 4
below). The carbon fluxes from the atmosphere to the ocean and terrestrial biosphere were estimated by
assuming that a fraction of the excess carbon provided to the atmosphere from burning of fossil fuel and
changes in land use has been accommodated by the ocean and terrestrial biosphere sinks:

1 =150 + xg, ©)
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and

J =750 + xg, (4)

where

g= 1=y g+, (5)

where y denotes the airborne fraction of CO,, i.e. the anthropogenic carbon being left in the atmosphere,
and x and x® the fractions of residual carbon being stored in the ocean and terrestrial biosphere sinks
respectively (x®) +x© = 1). A value of 0.46 was chosen for airborne fraction and assumed constant from
1860 to 2010, in accordance with estimates by e.g., Sabine et al.*, Knorr®, and IPCC®. The fractions
of excess carbon being stored in the ocean and terrestrial biospheres are uncertain, and we therefore
included a sensitivity study varying this fraction. Finally, the §*C of fossil fuel emissions was taken from
estimates by Andres et al.**, changing from about —24 in 1860 to about —28 at present.

Estimating the surface ocean 6*C and changes in this value with time is complicated by mixing of
carbon from the atmosphere, terrestrial input, mixing of deep-ocean and surface-ocean water masses,
and preferential removal of 2C over *C by the oceanic biosphere. The sum of these processes leads to a
positive §1°C. The effect of increasing atmosphere CO, on the biogenic removal of carbon from the sur-
face ocean water is not well understood and the surface ocean §'°C was therefore modified as a fraction
o of the change in the atmospheric §'*C:

8 =6+ o (6 — 82)). (6)

1

The exact value of o is not known, but values close to 0.5 has been indicated!!, and we used this
value in the base case and then varied from 0.3 to 0.7 to illustrate the sensitivity of the model to this
parameter. As will be demonstrated, using o= 0.5 provides a drop in surface ocean §*C of 0.95% that
compares reasonably with other, more sophisticated, models that predict a drop of approximately 1%
from 1800 to 1980™.

The mass of atmospheric carbon was updated with the assumption that the airborne fraction of CO,
was 46%, in accordance with estimates by e.g., Sabine et al.®. The corresponding changes in the CO,
pressure were estimated by:

PCO i PCO Jio )
. ml) (7)

with an 1860 CO, pressure value (P, ;,) of 281 ppm.

References

1. Andres, R. J. et al. Carbon dioxide emissions from fossil-fuel use, 1751-1950. Tellus B 51, 759-765, doi: 10.1034/j.1600-0889.1999.
t01-3-00002.x (1999).

2. Keeling, C. D,, Piper, S. C., Whorf, T. P. & Keeling, R. . Evolution of natural and anthropogenic fluxes of atmospheric CO, from
1957 to 2003. Tellus, Series B: Chemical and Physical Meteorology 63, 1-22 (2011).

3. Canadell, J. G. et al. Contributions to accelerating atmospheric CO, growth from economic activity, carbon intensity, and
efficiency of natural sinks. Proceedings of the National Academy of Sciences 104, 18866-18870, doi: 10.1073/pnas.0702737104
(2007).

4. Vitousek, P. M., Mooney, H. A., Lubchenco, J. & Melillo, J. M. Human Domination of Earth’s Ecosystems. Science 277, 494-499,
doi: 10.1126/science.277.5325.494 (1997).

5. Ciais, P. et al. Carbon and Other Biogeochemical Cycles, (Cambridge, United Kingdom and New York, NY, USA, 2013).

6. Le Quere, C. et al. Trends in the sources and sinks of carbon dioxide. Nature Geoscience 2, 831-836, doi: 10.1038/ngeo689 (2009).

7. Sarmiento, J. L. & Sundquist, E. T. Revised budget for the oceanic uptake of anthropogenic carbon dioxide. Nature 356, 589-593
(1992).

8. Manning, A. C. & Keeling, R. E. Global oceanic and land biotic carbon sinks from the scripps atmospheric oxygen flask sampling
network. Tellus, Series B: Chemical and Physical Meteorology 58, 95-116 (2006).

9. Schmittner, A. et al. Biology and air-sea gas exchange controls on the distribution of carbon isotope ratios (613C) in the ocean.
Biogeosciences 10, 5793-5816, doi: 10.5194/bg-10-5793-2013 (2013).

10. Lynch-Stieglitz, J., Stocker, T. E, Broecker, W. S. & Fairbanks, R. G. The influence of air-sea exchange on the isotopic composition
of oceanic carbon: Observations and modeling. Global Biogeochemical Cycles 9, 653665, doi: 10.1029/95GB02574 (1995).

11. Gruber, N. et al. Spatiotemporal patterns of carbon-13 in the global surface oceans and the oceanic suess effect. Global
Biogeochemical Cycles 13, 307-335, doi: 10.1029/1999GB900019 (1999).

12. Broecker, W. S. & Maier-Reimer, E. The influence of air and sea exchange on the carbon isotope distribution in the sea. Global
Biogeochemical Cycles 6, 315-320, doi: 10.1029/92GB01672 (1992).

13. Heimann, M. & Maier-Reimer, E. On the relations between the oceanic uptake of CO, and its carbon isotopes. Global
Biogeochemical Cycles 10, 89-110 (1996).

14. Burke, A. & Robinson, L. F. The Southern Ocean’s Role in Carbon Exchange During the Last Deglaciation. Science 335, 557-561,
doi: 10.1126/science.1208163 (2012).

15. Bacastow, R. B. Modulation of atmospheric carbon-dioxide by southern oscillation. Nature 261, 116-118, doi: 10.1038/261116a0
(1976).

16. Battle, M. et al. Atmospheric potential oxygen: New observations and their implications for some atmospheric and oceanic
models. Global Biogeochemical Cycles 20, GB1010, doi: 10.1029/2005GB002534 (2006).

SCIENTIFIC REPORTS | 5:17352 | DOI: 10.1038/srep17352 10



www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.
50.

Joos, E & Bruno, M. Long-term variability of the terrestrial and oceanic carbon sinks and the budgets of the carbon isotopes
13C and 14C. Global Biogeochemical Cycles 12, 277-295 (1998).

Keeling, R. E Measuring correlations between atmospheric oxygen and carbon dioxide mole fractions: A preliminary study in
urban air. Journal of Atmospheric Chemistry 7, 153-176, doi: 10.1007/bf00048044 (1988).

Joos, E, Plattner, G.-K., Stocker, T. F, Kértzinger, A. & Wallace, D. W. R. Trends in marine dissolved oxygen: Implications for
ocean circulation changes and the carbon budget. Eos, Transactions American Geophysical Union 84, 197-201, doi:
10.1029/2003E0210001 (2003).

Valentino, E. L., Leuenberger, M., Uglietti, C. & Sturm, P. Measurements and trend analysis of 02, CO, and 813C of CO, from
the high altitude research station Junfgraujoch, Switzerland—A comparison with the observations from the remote site Puy de
Dome, France. Science of The Total Environment 391, 203-210, doi: http://dx.doi.org/10.1016/j.scitotenv.2007.10.009 (2008).
Houghton, R. A. et al. Carbon emissions from land use and land-cover change. Biogeosciences 9, 5125-5142 (2012).

van der Werf, G. R. et al. CO, emissions from forest loss. Nature Geosci 2, 737-738, doi: http://www.nature.com/ngeo/journal/
v2/n11/suppinfo/ngeo671_S1.html (2009).

Strassmann, K. M., Joos, E. & Fischer, G. Simulating effects of land use changes on carbon fluxes: past contributions to atmospheric
CO, increases and future commitments due to losses of terrestrial sink capacity. Tellus B 60, 583-603, doi:
10.1111/§.1600-0889.2008.00340.x (2008).

Brovkin, V. et al. Role of land cover changes for atmospheric CO, increase and climate change during the last 150 years. Global
Change Biology 10, 1253-1266, doi: 10.1111/j.1365-2486.2004.00812.x (2004).

Plevin, R. J., O’'Hare, M., Jones, A. D., Torn, M. S. & Gibbs, H. K. Greenhouse Gas Emissions from Biofuels’ Indirect Land Use
Change Are Uncertain but May Be Much Greater than Previously Estimated. Environmental Science & Technology 44, 8015-8021,
doi: 10.1021/es101946t (2010).

Houghton, R. A., Hackler, J. L. & Lawrence, K. T. The U.S. Carbon Budget: Contributions from Land-Use Change. Science 285,
574-578, doi: 10.1126/science.285.5427.574 (1999).

Houghton, R. A. Revised estimates of the annual net flux of carbon to the atmosphere from changes in land use and land
management 1850-2000. Tellus, Series B: Chemical and Physical Meteorology 55, 378-390 (2003).

Fearnside, P. M. Deforestation in Brazilian Amazonia: History, Rates, and Consequences. Conservation Biology 19, 680-688, doi:
10.1111/§.1523-1739.2005.00697.x (2005).

Coplen, T. B. Reporting of stable hydrogen, carbon, and oxygen isotopic abundances. Pure and Applied Chemistry 66, 273-276
(1994).

Friedli, H., Lotscher, H., Oeschger, H., Siegenthaler, U. & Stauffer, B. Ice core record of the 13C/12C ratio of atmospheric CO,
in the past two centuries. Nature 324, 237-238 (1986).

Etheridge, D. M. et al. In Trends: A Compendium of Data on Global Change. (Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tenn., USA, 1998).

Keeling, R. E, Piper, S. C., Bollenbacher, A. F. & Walker, S. J. In Trends: A Compendium of Data on Global Change. (Carbon
Dioxide Information Analysis Center, Oak Ridge National Laboratory, US Department of Energy., Oak Ridge, Tenn., USA, 2010).
Rubino, M. et al. A revised 1000 year atmospheric delta C-13-CO, record from Law Dome and South Pole, Antarctica. Journal
of Geophysical Research-Atmospheres 118, 8482-8499, doi: 10.1002/jgrd.50668 (2013).

Andres, R. ], Boden, T. A. & Marland, G. Annual fossil fuel CO, emissions: Global stable carbon isotope signature, (Carbon
Dioxide Information Analysis Center, Oak Ridge National Laboratory, US Department of Energy, Oak Ridge, Tenn., USA, 2013).
Tans, P. P, Berry, J. A. & Keeling, R. F. Oceanic C-13/C-12 observations-a new window on ocean CO, uptake. Global Biogeochemical
Cycles 7, 353-368, doi: 10.1029/93gb00053 (1993).

Joos, E. & Bruno, M. Long-term variability of the terrestrial and oceanic carbon sinks and the budgets of the carbon isotopes
C-13 and C-14. Global Biogeochemical Cycles 12, 277-295, doi: 10.1029/98gb00746 (1998).

Trudinger, C. M., Enting, I. G., Rayner, P. J. & Francey, R. J. Kalman filter analysis of ice core data —2. Double deconvolution of
CO, and delta C-13 measurements. Journal of Geophysical Research-Atmospheres 107, 24, doi: 10.1029/2001jd001112 (2002).
Rafelski, L. E., Piper, S. C. & Keeling, R. E Climate effects on atmospheric carbon dioxide over the last century. Tellus, Series B:
Chemical and Physical Meteorology 61, 718-731 (2009).

Beer, C. et al. Terrestrial Gross Carbon Dioxide Uptake: Global Distribution and Covariation with Climate. Science 329, 834-838,
doi: 10.1126/science.1184984 (2010).

Ito, A. A historical meta-analysis of global terrestrial net primary productivity: are estimates converging? Global Change Biology
17, 3161-3175, doi: 10.1111/j.1365-2486.2011.02450.x (2011).

Running, S. W. A Measurable Planetary Boundary for the Biosphere. Science 337, 1458-1459, doi: 10.1126/science.1227620
(2012).

Le Quéré, C. et al. Global carbon budget 2014. Earth Syst. Sci. Data Discuss. 7, 521-610, doi: 10.5194/essdd-7-521-2014 (2014).
Sarmiento, J. L. & Gruber, N. In Ocean biogeochemical dynamics (Princeton University Press, 2004).

Stuiver, M., Quay, P. D. & Ostlund, H. G. Abyssal water C-14 distribution and the age of the world oceans. Science 219, 849-851,
doi: 10.1126/science.219.4586.849 (1983).

Trudinger, C. M., Enting, I. G., Rayner, P. ]. & Francey, R. J. Kalman filter analysis of ice core data-2. Double deconvolution of
CO, and delta C-13 measurements. Journal of Geophysical Research-Atmospheres 107, doi: 10.1029/2001jd001112 (2002).
Quinn, W. H., Neal, V. T. & De Mayolo, S. E. A. El Nifio occurrences over the past four and a half centuries. Journal of Geophysical
Research-Oceans 92, 14449-14461 (1987).

Boden, T. A., Marland, G. & Andres, R. J. (Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, US
Department of Energy, Oak Ridge, Tenn., USA, 2010).

Houghton, R. A. In TRENDS: A Compendium of Data on Global Change. (Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, US Department of Energy, Oak Ridge, Tenn., USA, 2008).

Sabine, C. L. et al. The Oceanic Sink for Anthropogenic CO,. Science 305, 367-371, doi: 10.1126/science.1097403 (2004).
Knorr, W. Is the airborne fraction of anthropogenic CO, emissions increasing? Geophysical Research Letters 36, doi:
10.1029/2009GL040613 (2009).

Acknowledgements

We thank A. Read for editing the English. This work has been partially funded by the FME SUCCESS
centre for CO, storage under grant 193825/560 from Research Council of Norway (RCN). FME SUCCESS
is a consortium with partners from industry and science, hosted by Christian Michelsen Research A.S.

Author Contributions
H.H. designed the model and conducted the simulations and analyses. P.A. analyzed the results and co-
wrote the paper.

SCIENTIFIC REPORTS | 5:17352 | DOI: 10.1038/srep17352 11



www.nature.com/scientificreports/

Additional Information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Hellevang, H. and Aagaard, P. Constraints on natural global atmospheric CO,
fluxes from 1860 to 2010 using a simplified explicit forward model. Sci. Rep. 5, 17352; doi: 10.1038/
srepl7352 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:17352 | DOI: 10.1038/srep17352 12


http://creativecommons.org/licenses/by/4.0/

	Constraints on natural global atmospheric CO2 fluxes from 1860 to 2010 using a simplified explicit forward model
	Introduction
	Results
	Base-case parameterization
	Sensitivity of model to the terrestrial biosphere-atmosphere carbon flux
	Relative contributions of the ocean and terrestrial biosphere sources/sinks
	Model constraints on temporal changes in the ocean-air CO2 flux
	Individual contributions of land-use changes and fossil fuel to changes in δ13C–1860 to 2010
	Estimated natural fluxes: Forward vs inverse models

	Conclusions
	Methods
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Constraints on natural global atmospheric CO2 fluxes from 1860 to 2010 using a simplified explicit forward model
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17352
            
         
          
             
                Helge Hellevang
                Per Aagaard
            
         
          doi:10.1038/srep17352
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep17352
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep17352
            
         
      
       
          
          
          
             
                doi:10.1038/srep17352
            
         
          
             
                srep ,  (2015). doi:10.1038/srep17352
            
         
          
          
      
       
       
          True
      
   




