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Abstract. We show here an updated estimate of the net landlL Introduction
carbon sink (NLS) as a function of time from 1960 to 2007

calculated from the difference between fossil fuel emiSSionSBetween 1960 and 2007, the increase in atmospherig CO
the qbserved atmospheric growth rate, a_nd the ocean_Uptalf?oncentration is equivalent to 56% of the cumulative fossil
obtained by recent ocean model simulations forced with re¥,el and cement emissions of 257 Pg C (Boden et al., 2009)

analysis wind stress and heat and water fluxes. Except for inénd oceanic uptake of GQas estimated by models forced
terannual variability, the net land carbon sink appears to haV%vith the observed atmospheric 6@ equivalent to~33%

i 1
been relatively constant at a mean value-6t.27 Pg Cyr The remaining~11% of the fossil fuel and cement emissions

between 1960 and 1988, at which time itincreased 'abruptlyare generally assumed to have been taken up by the terrestrial
by —0.88 (~0.77 to —1.04) PgCyr~ to a new relatively

1 biosphere (the net land carbon sink or NLS), with various
constant mean o+1.15Pg Cyr~ between 1989 and 2003/7 ;' mechanisms (the land carbon sink or LS) presumed to

(the sign convention is negative out of the atmosphere). Thi xceed the sources due to land use changes such as tropical
result is detectable at the 99% level using a t-test. The Iar‘%eforestation. Estimates of these numbers and their trends
use source (LU) is relatively constant over this entire tirnein time have remained remarkably consistent over time (e.g.,
interval. While the LU estimate is highly uncertain, this does g, jacker et al., 1979) although our confidence in them, par-
imply that most of the change in the net land carbon sinkyje, a1y in estimates of the oceanic uptake (cf. Gruber et al.,
must b_e due to an abrupt increase in the land sink, _LS = NL 009) has greatly improved. By contrast, pinning down the
_.LU’ In response to some as ye_t unknown.combmauon ,Ofnet terrestrial biosphere contribution to the carbon budget,
biogeochemical and climate forcing. A regional synthesisy g - LS+LU (where LU is land use sources), and deter-

and assessment of the_ land carbon sources and sinks 0Vﬁ'{ining the causes of LS and developing the ability to predict
the post 1988/1989 period reveals broad agreement that thg,, | 5 (and the ocean carbon sink) will behave in the future,
Northern Hemisphere land is a major sink of atmospheric

; e , ) are among the enduring problems in carbon cycle research.
COy, but there remain major discrepancies with regard to the ] ) ] )
This study is motivated by two results from the literature

sign and magnitude of the net flux to and from tropical land. > S ) > 3

that raise important questions regarding the atmospherjc CO
growth rate and the land carbon sink. The first is the evi-
dence from land carbon models that LS may already be de-
creasing in response to climate change (see the recent review
by Le Quere et al., 2009). Although the decrease is small,
and there is great disagreement between models, &€Qu
et al. (2009), suggest that the increase in the observed air-
borne fraction (the ratio of the annual atmospheric growth

Correspondence tal. L. Sarmiento rate to the annual fossil fuel plus land use emissions) over the
BY

(ls@princeton.edu) past decades may in fact be a signal that climate is already
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beginning to negatively impact the land (and ocean) car2 Global carbon budget, 1960 to 2007
bon sinks (cf. Canadell et al., 2007). We show in Gloor et
al. (2010) that although the changes in the airborne fractiorSee Appendix A for a description of the data sources and
that would be expected from the model based estimates ohnalysis methods used in preparing the figures and tables
the impact of climate on LS are detectable at the 90% levelpresented in this section. By convention, a sink of,G©
it is not possible to determine with any confidence whetherreported as negative (removing g@om the atmosphere)
the observed changes in this quantity are due to a change iand a source as positive (adding £10 the atmosphere)
the efficiency of the carbon sinks (which Gloor et al. define
as the fraction of the excess €@ the atmosphere that is 2.1 Fossil fuel emissions
removed per unit time) or if it rather reflects changes in the
sources over time. In this paper, we provide an alternativeFigure 1a shows the fossil fuel and cement production emis-
view of the temporal behavior of the land carbon sink basedsions estimates that we use for our carbon budget (Boden et
on an analysis of NLS as estimated from the difference be-al., 2009; updated through 2008 by Marland, personal com-
tween estimated fossil fuel emissions minus observations ofmunication, 2009). Fossil fuel burning increased at a rate of
the atmospheric C&growth rate and model/data based esti- 4.0% per year for two decades between 1960 and 1979, be-
mates of oceanic uptake, and then of LS = NLS - LU. fore dropping to 1.0% per year for the next two decades. The
The second result that motivated this study was the find-growth rate surged to 3.8% per year over the past six years
ing by Phillips et al. (1998), Chave et al. (2008), Phillips et from 2002 to the end of the data set in 2008 (cf. Raupach et
al. (2009), and Lewis et al. (2009), based on regular forestl., 2007), but is expected to level off or decrease in 2009 be-
censuses, that there appears to be a very large contempoause of the economic recession (Leg@Let al., 2009). The
rary terrestrial carbon sink in mature tropical forests, largeuncertainty of the fossil fuel emissions is considered to be
enough indeed to approximately balance the estimated tropiabout+6% (Marland, 2008). Of particular concern for our
cal deforestation source. While the net zero flux in the tropi-trend analysis are systematic errors, such as the recent re-
cal land regions implied by these results is within the range ofduction in the liquid fuel emission estimates starting in 1977
uncertainty of many atmospheric inversion studies (cf. Den-(Boden et al., 2009). However, this particular revision turned
man et al., 2007; and further discussion below), such inverseut to be too small to impact our results in a significant man-
studies also obtain estimates of the air-sea flux that are inner.
consistent with our best knowledge of the ocean carbon cy-
cle (cf. Gruber et al., 2009). Jacobson et al. (2007a,b) wer.2 Atmospheric CO; increase
able to reconcile the atmospheric constraints with the oceanic
observations in a joint atmosphere-ocean inverse. HowevelModel simulations and comparisons between observations
when they did this, they found a large net carbon loss to theat various locations around the world show that the annual
atmosphere in tropical land regions that was approximatelygrowth rate of atmospheric COneasured at Mauna Loa is
equal to the deforestation source. This implied that there wasepresentative of the global growth rate with an estimated
no significant CQ tropical carbon sink outside the areas im- standard deviation of:0.26 ppmyr! (+0.55PgCyr’;
pacted by deforestation, contrary to the results from in situDr. Pieter Tans, NOAA/ESRL www.esrl.noaa.gov/gmd/
measurements. In this study, we revisit the regional carborccgg/trend9l The longest nearly continuous record of this
flux estimates, examining “bottom-up” estimates of land car-concentration is that of Keeling et al. (2001). Figure la
bon fluxes, that is those based on ecosystem measuremergsows the deseasonalized monthly rate of increase of atmo-
and process-based models; and “top-down” estimates, that ispheric CQ from that data set through 2008. Given the
those based on atmospheric and joint atmosphere-ocean imajor influence of fossil fuel emissions on the atmosphere,
verse studies; and the consistency of these with the resultsne would expect the atmospheric £@rowth rate to in-
obtained from our analysis of the global carbon budget. crease in conjunction with the increase in fossil fuel emis-
We begin in the next section by summarizing the globalsions, as it does. However, the growth rate of atmospheric
carbon budget for the period between 1960 and 2007, con€O;, has been exceedingly variable (Fig. 1a). This variability
sidering first the best-known components of the carbon cy-s highly correlated with the El Nio/Southern Oscillation,
cle, which are the atmospheric @@rowth rate and fossil which is the globally dominant mode of climate variability.
fuel emissions. We then show five model-based estimate#énalysis of atmospheric transport models and observations
of the next best-known component of the carbon budgetsuggests that the variability results primarily from terrestrial
oceanic uptake, and finally estimate the net land carbon sinkrocesses (Peylin et al., 2005; Baker et al., 2006), with the
by subtracting the atmospheric ¢@rowth rate and esti- greater part attributed to the tropics, split evenly between
mated oceanic uptake from the fossil fuel emissions. Asia and the combined Africa/South America land region
(Baker et al., 2006). In general, the land biosphere loses car-
bon to the atmosphere during warm climate Efidlievents
and increases carbon uptake during cold climate Lfsaind
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Fig. 1. Monthly deseasonalized carbon fluxes in Pg C]yr(a) Fossil fuel emissions and annual atmospheric growth rate calculated with
Mauna Loa data (see Appendix A for data sources and methods). Major volcanic eruptions and ENSO events are identified by their dates.
(b) Net atmosphere-ocean fluxes of €& simulated by ocean models. The solid black line labeled Mikaloff Fletcher et al. (2006) represents

the expected temporal evolution of the ocean uptake if there is no change in ocean circulation and transport. By construction, this goes througkh
our best data and model based estimates of ocearuptake of~2.2+0.2 Pg C yr? for the 1990s and early 2000s (cf. Gruber et al., 2009).

The Le Queré et al. (2007), Lovenduski et al. (2008), Rodgers et al. (2008) and Wetzel et al. (2005) results are from ocean “hindcast”
simulations, where an ocean carbon cycle model is forced with re-analyzed variations of wind, and freshwater and heat fluxes over the last
few decades. The Le @€ et al., Rodgers et al., and the Lovenduski et al. simulations all overlap the Mikaloff Fletcher et al. result during
the 1990s. The Wetzel et al. ocean carbon sink estimate is somewhat on the low side, though its behavior in time, which is the aspect of these
models that we emphasize in the discussion, is similar to that of the ofbeMet atmosphere-land fluxes of G@stimated by subtracting

three model estimates of the ocean sink from panel (b) and the atmospherigr@@h rate from panel (a) from the fossil fuel emissions

shown in panel (a). The smooth lines are from a Butterworth filter with a five year smoothing time scale.
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volcanic eruption events, particularly during and after the Mt. servations in the Equatorial Pacific of an increase in the out-
Pinatubo eruption of June 1991 (Jones and Cox, 2001; Rodgassing flux of 0.020.16 Pg C yr? after the Pacific Decadal
erick et al., 2001; Gu et al., 2003; Peylin et al., 2005;). TheOscillation regime shift of 1997-1998 (Feely et al., 2006).
ocean usually has an opposite impact on the observed atmd-here is also evidence of a decline of (11 PgCyr?!
spheric CQ growth rate due to the suppression of Equato-in CO, uptake in the North Atlantic between 28 and

rial CO, outgassing during El Nio resulting from reduced 65°N sometime during the period between 1994/1995 and
upwelling of carbon, with the opposite occurring during La 2002—-2005 (Schuster and Watson, 2007). By contrast, in the
Nifia events (Feely et al., 2006). However, this effect is muchNorth Pacific, the observed rate of increase of surface ocean

smaller than the land effect. pCOy over a 35 year period lags the atmospheric growth rate
slightly (though the difference in growth rates is not statis-
2.3 Oceanic CQ uptake tically significant), and in the Bering Sea and periphery of

the Sea of Okhotsk, the surface ocgd®O, has actually de-

A recent set of ocean carbon cycle models has been devetreased over time (Takahashi et al., 2006), suggesting that in
oped with the goal of simulating the time-varying nature of this region the uptake may have increased over time. Fur-
ocean circulation over the last few decades by forcing withthermore, observations from the Hawaii Ocean Time series
wind and heat and water fluxes from reanalysis of observeqHOT) and Bermuda-Atlantic Time series (BATS) stations
meteorological fields (Wetzel et al., 2005; Le & et al.,  show little evidence of a long-term trend in the air-sea gra-
2007, 2009; Lovenduski et al., 2008; Rodgers et al., 2008)dient of CQ (e.g. Gruber et al., 2002; Keeling et al., 2004;
The subset of these simulations shown in Fig. 1b suggest thagates, 2007; Dore et al., 2009). The observational analy-
starting in the mid to late-1980’s there was a leveling off of ses and model results thus suggest that the decline in oceanic
oceanic CQ uptake (Fig. 1b). This came as something of uptake, if it stands up to continued investigation, is likely a
a surprise, since previous simulations with both steady-statgomplex global scale phenomenon that alters the current dis-
ocean models and coupled climate models forced with theribution of oceanic sources and sinks, and that it involves
observed C@ had predicted that ocean uptake should havechanges in both the “natural” carbon cycle that existed be-
increased over this time period. As an example of such modfore the Anthropocene as well as to the rate of uptake of the
els, we show in Fig. 1b the results of a ten-model ocean in-anthropogenic perturbation per se.
version designed to estimate surface carbon fluxes consistent
with ocean interior data from the global ocean carbon survey2.4 Net land sink
of the 1990s (Mikaloff Fletcher et al., 2006). As the models
underlying this inversion were forced with a climatic aver- Figure 1c shows our global carbon budget estimate of the an-
age of seasonally varying winds and heat and water fluxespual net fluxes of C@between the atmosphere and the land
the estimated surface carbon fluxes reflect a climatologicalPiosphere calculated by taking the difference between fossil
mean uptake and vary only in response to the increase in aft€l emissions and the annual atmospheric growth rate and
mospheric CQ. oceanic uptake. Since these land fluxes are computed by dif-

As regards the location and mechanisms of the reducederence, it is important to have in mind that they also reflect
oceanic C@ uptake simulated by the models, a large portion €OrS inthe compo_nent sources and sinks that go into the cal-
of it occurs in the Southern Ocean, where an intensificatiorfulation. Three estimates are shown based on the ocean mod-
of winds over time leads to increased upwelling of waters€ls from Fig. 1b. The estimate using the Mikaloff Fletcher et
rich in pre-anthropogenic dissolved inorganic carbon (DIC)&l- (2006) results are representative of the expected behav-
that is then released to the atmosphere as Q@etzel et 10 of the net land flux if the ocean circulation had remained
al., 2005; Le Q&ére et al., 2007: Lovenduski et al., 2007, constant over time, while the other two estimates represent an
2008). The enhanced upwelling also accelerates the uptakdPPer (Le Qeére etal., 2007) and lower (Wetzel et al., 2005)
of anthropogenic C§) but this effect is smaller (Lovenduski limit of the inferred increase in pet land fluxes |f the ocean-
et al., 2008). Taken together, these changes in wind forcingitmosphere Cofluxes change in response to time-varying
reduce the Southern Ocean net sink for atmospherig. CO 0c€an circulation and biogeochemistry.
Climate model simulations are able to reproduce a similar_ 1€ predominant signal in the inferred net land flux of
intensification of the winds resulting from a combination of Fig- 1C is the very large interannual variability. A compar-
increased greenhouse gases and stratospheric ozone depfRen Of Fig. 1a, b, and ¢ shows that most of this interannual
tion (cf. Thompson and Solomon, 2002; Chen and He|d,yar|abll|ty carries over _from th_e atmospherl_c growth rate,
2007; Lenton et al., 2009). Ongoing studies are analyzing thé-€- much of it is associated with ENSO variability. In ad-
trends in ocean model regions outside the Southern Ocean &4fion, it has been shown that cooler than normal episodes
well as the sensitivity of ocean models to forcing with other 8sociated with explosive volcanic eruptions, such as the
reanalysis products. Pma‘gubo eruption in 1991 tend to lead to a negative net land

Time series observations of air-sea £@uxes are ex- flux, i.e., enhance the net uptake by the land (Jones and Cox,

tremely limited, but there is evidence from 23 years of ob- 2001).

Biogeosciences, 7, 2352367, 2010 www.biogeosciences.net/7/2351/2010/
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Table 1. The mean of net land uptakes for the periods 1960-1988 and 1989-2003/7 and the differd®&9—-2003/7 minus 1960—
1988 using each of the ocean models shown in Fig. 1b. The net land uptake numbers are calculated from the annual means to remove th
autocorrelation.

1960-1988 1989-2003/7 A pb
Reference ocean model -0.32 —-0.96 —0.64+0.30 0.02
Le Quere et al. (2007) 0.04 -1.01 —1.04+0.31 0.00*
Lovenduski et al. (2008) —-0.45 -1.34 —0.89:0.32 0.00*
Rodgers et al. (2008) -0.13 —0.90 —-0.774+0.32 0.0%*
Wetzel et al. (2005) —-0.54 -1.36 —0.83+0.34 0.01*
MEAN -0.27 -1.15 -0.88

2 Reference ocean model is the ocean uptake and net land uptake calculated using the constant climate ocean inverse model result of Mikaloff Fletcher et al. (2006).

b p is the p-value. The null hypothesis that the 1960-1988 mean is equal to the 1989-2003/7 mean is tested against the alternative that the 1960-1988 mean is smaller than the
1989-2003/7 mean using a t-test. Thealue is the probability, under the null hypothesis, of observing a value at least as extreme as the observed test statistic. The smaller the
p-value, the more significant the test is.

* Significant at 5% critical level (or 95% confidence level).

** Significant at 1% critical level (or 99% confidence level).

Despite the magnitude of the variability, it is possible to 10 -
note a tendency for the net land fluxes to be more negative ]
after 1988/1989 than before, reflecting a stronger sink. We © |
show in Fig. 2 the cumulative net land uptake estimated from &
1960 onwards. Cumulative distribution plots such as this are f 101
a useful way of low-pass filtering observations, provided one 1
has in mind that the smoothing is progressively greater as one
goes from the early part of the record when the cumulative .
flux is small to the latter part of the record where it becomes
much larger. In a diagram such as this, a line with a constant 3
slope implies a constant land flux. If the land carbon sink . e o0t
were increasing with time, as might be expected if the land 40 ~— e T T —
uptake were due to C{ertilization, the cumulative land in- 1960 1970 1980 1990 2000 2010
ventory would be concave downwards, unless the fertiliza- Year
tion effect became saturated. This view of the data suggests
that the net land flux varied about a relatively constant mearfig. 2. Cumulative net land uptake starting from 1960 calculated
before 1988/1989, and that it varied about a higher mean affrom the results in Fig. 1c.
ter 1988/1989. The climate impact of the Pinatubo eruption
led to a large increase in the net land carbon inventory be- i ) . i
tween 1991 and 1993, after which the cumulative land car/mpactin 1991-1993, thellncrease is still quite larg®, 72
bon inventory settled back again, but continued to increase gt 0-26 10 ~0.92)PgCyr= (p-value = 0.00 to 0.05). An

crease in the net land carbon sink such as we observe

a faster pace (steeper slope) than before 1988/1989. In oth
P ( P pe) ad been noted previously for the 1990s relative to the

words, not only does the CQuptake of the Pinatubo era ap- himel | vsi
pear to have been retained by the land, but it also appea 980s (Schimel et al., 2001). However, our ana ySIS Sug-
that the land shifted to a higher overall uptake rate than bedests that there may have been a much greater persistence

fore, possibly beginning in 1988/1989, before the Pinatubo'” time of this signal, including that the major Pinatubo
eruption. anomaly of 1991 to 1993 can account for orl9.17 (—0.12

to —0.21) Pg Cyr! of the —0.88 Pg Cyr? increase in our
The net land sink estimated using the four time-varyinglong-term averages.

ocean models of Fig. 1b increases by an average(88

(—0.77 to—1.04) PgCyr?! (p-value = 0.00 to 0.01) from

—0.27 (0.04 to—0.54) Pg C yr* before the 1988/1989 bend

in the cumulative uptake te-1.15 (—0.90 to—1.36) there-

after (see Table 1). Without the years of maximum Pinatubo

20 1

mulative Net Lan

using Le Quéré et al. (2007)
using Wetzel et al. (2005)

-30 :

using Lovenduski et al. (2008)
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Table 2. Mean of ocean uptakes in the ocean models in Fig. 1b for the periods 1960-1988 and 1989-2003/7 and the difé83%:e

2003/7 minus 1960-1988. Only the reference model and L&x&at al. (2007) models were run out to 2007, The Wetzel et al. (2005) model

was run out to 2003, and the Rodgers et al. (2008) and Lovenduski et al. (2008) models were run out to 2004 (see Appendix A). Also shown is
AModel X—Reference=1989-2003/7 average minus 1960—1988 average of the year-by-year difference between each model (Model X) minus
the reference constant climate model of Mikaloff Fletcher et al. (2006). The mean ocean uptakes are calculated using the annual mean ocea
uptake to remove the autocorrelation.

b b
1960-1988 1989-2003/7 A p AK/IodeI X_Reference P

Reference ocean model —1.41 —2.36 —0.95+-0.08 0.00
Le Quere et al. (2007) -1.77 —-2.20 —0.44+:0.07 0.00 0.49+0.07 0.00
Lovenduski et al. (2008) —1.28 -1.80 —0.514-0.10 0.00¢ 0.34:0.09 0.00
Rodgers et al. (2008) —1.60 —-2.16 —0.57+0.07 0.00 0.26+:0.05 0.00
Wetzel et al. (2005) -1.19 -1.70 —0.514+-0.08 0.00¢ 0.32:0.08 0.00
MEAN —1.46 —1.97 -0.51 - 0.35 -

2 Reference ocean model is the ocean uptake and net land uptake calculated using the constant climate ocean inverse model result of Mikaloff Fletcher et al. (2006).

b 1 is the p-value. The null hypothesis that the 19601988 mean is equal to the 1989-2003/7 mean is tested against the alternative that the 1960—1988 mean is smaller than the
1989-2003/7 mean using a t-test. Thealue is the probability, under the null hypothesis, of observing a value at least as extreme as the observed test statistic. The smaller the
p-value, the more significant the test is.

€ AModel X—Referencediffers slightly from Apodel x—AReferencefor the Lovenduski et al. (2008), Rodgers et al. (2008) and Wetzel et al. (2005) simulations because
AModel X—ReferencdS calculated only over the period covered by the Model X simulations (2003 for Wetzel et al. and Rodgers et al.; 2004 for Lovenduski et al.).

* Significant at 1% critical level (or 99% confidence level).

2.5 Uncertainties and implications of global carbon —0.95 than the mean sink between 1960 and 1988. As Fig. 3
budget analysis and Table 2 show, the average increase in the oceanic sink
for the 1989-2003/7 period versus the 1960-1988 period by

We emphasize that our estimate of the net land uptake i§h(e) énlOd_T_E ﬂ:j"?‘ftf are subée}:\:vto tlThe-varylng forcmg IIS onl);t
calculated as the difference between fossil fuel emissions,, == € dierence between these ocean model resufts

the atmospheric growth rate, and the oceanic uptake. Thgho(\)/vstSha(t), ;gtavfzagg% thCe in;ne-vacrylr:)g :A(/:ean 1mgggels(';ake
requirement for an increase in the net land carbon sink o p 0.35 (0.26 t0 0.49) Pg Cyt less CQ between an

—0.88 (-0.77 to—1.04) Pg Cyr® after ~1988/1989 arises 2003/7 than they would have if ocean circulation and bio-

from the fact that the atmosphere and ocean in combinatiorsi]emh_e misiry had remained constant. T?e charjges that we
are taking up a smaller portion of the fossil fuel emissionsShOW in Table 2 are defnectable at the 9E.M’ conﬂ_dence level
than they were prior to 1988/1989, which means that the IanJc.)r each model simulation. However, this statistical analy-

must account for more. The range in these estimates come S dt:;l:es |n_tob§:|§;n3|derat|§n toglig the s:‘rengctjh Io_f :jhe dS|g|r|1aI
just from the range in ocean model simulations, not inclug-2nd the variabiiity as predicted by €ach model individually

ing uncertainties in fossil fuel emissions and the atmosphericas cpmpared to the M'kaIOﬁ Fletcher et a_\l. (200?5) ocean in-
growth rate. We noted earlier that the uncertainty in fossil VErs1on- Other potential sources of error include:

fuel emissions is estimated &€%, which puts it in the same

ballpark as the uncertainty in the atmospheric growth rate of 1. The use of different ocean circulation and biogeochemi-
+0.55PgCyrl. We present here the average of the fossil cal models. The range in our four model results, 0.26 to
fuel emissions and atmospheric growth rate estimates over a ~ 0.49 Pg Cyr?, gives some idea of how large this source
period of 14 to 28 years. Treating each year of data as in-  Of uncertainty is likely to be.

dependent gives an uncertainty of the mean fossil fuel emis-
sions and atmospheric growth rate that is a factoy/a# to 2
/28 ~ 4 to 5 smaller than the error of the individual mea-
surements, i.e50.1 PgCyr?, which is comparable to the
range obtained by the ocean models.

. The baseline constant climate scenario. A more appro-
priate way to simulate the baseline constant climate sce-
nario would be to do this separately for each model.
This has now been done for a set of 4 models as summa-

What can we say about the uncertainty in the ocean carbon  rized by Le Q@ré et al. (2009) and the post-1988/1989
sink and its change over time? We can estimate the reduction = minus pre-1988/1989 difference that we calculate from
in the oceanic carbon sink after 1988/1989 as follows: the the average of their 4 models is 0:26.05 Pg C yr? de-

1989-2003/7 mean sink estimated by the constant climate tectable at the 99% confidence level. This is within the

ocean inversion shown in Fig. 1b and Table 2 is higher by range of our estimates.
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Fig. 3. Global flux estimates for 1960 to 1988 and 1989 to 2003/7 obtained by averaging the fluxes shown in Fig. 1 and Table 2. The shaded
region on the right summarizes the post-1988/1989 bottom-up land source and sink components discussed in the text.

3. Sensitivity to the reanalysis product used to force theestimated reduction in the atmospheric growth rate 053
ocean models and whether the atmospheric forcing(—0.51 to—0.55)PgCyr!. The uncertainty in these esti-
fields represent skillfully decadal variations in the state mates is large, particularly when one considers the additional
of the atmosphere. The Le @@ et al. (2009) supple- uncertainty of ordef-0.1 Pg C yr! contributed by the fossil
mentary material shows a series of ocean model simfuel emissions and atmospheric growth rate. However, if they
ulations with different reanalysis products that appearhold up to further scrutiny, the implications for the land car-
to indicate only minor differences, but this issue needsbon sink are dramatic given that they represent more than a
further examination. guadrupling of the net land carbon sink and a 50% increase in

the absolute magnitude of the total annual land carbon sink

4. Whether the models are simulating oceanic variability gince 1960 (see discussion in Sect. 4). The implied reduc-
correctly. While observational constraints on this are tjgn in atmospheric growth rate would be a challenge to de-

limited, there are some observations discussed abovegect, because it is relatively small compared to the observed
and model studies such as those referenced earliegrowth rate and its interannual variability.

(cf. also Doney et al., 2009) tend to show that models
overall do a reasonable job of simulating observed vari-
ability.

How consistent is this ocean model-based partitioning be-
tween the land and ocean with other, independent constraints,
such as those based on measurements of carbon-13 in the

5. Whether the models have all the correct physical pro-0cean and atmosphere or of the atmosphert\@ ratio

cesses. In particular additional model studies are needetf-9: Battle et al., 2000; Bender et al., 2005; Manning and
to examine the extent to which eddy transfer in the Keeling, 2006)? Given the uncertainties in our knowledge of

ocean may in fact cancel some of the effects of in- carbon isotope fractionations and the small magnitude of the

creased wind-driven Ekman divergence in the SoutherrFhange in the net land carbon sink relative to the interannual
Ocean (cf. Hallberg and Gnanadesikan, 2006nieg  Variability, it is unlikely that the signal resulting from such a
etal., 2008). It is currently an area of active research tochange in the land carbon sink could be detected in carbon
determine whether the mesoscale parameterization usggotope measurements. The/R; tracer is more promising,

in the global models represented in Fig. 1b is adequatd®Ut measurements were not initiated until after the change
to represent the effect of eddy transfer found in higherin the net land carbon sink occurred and the uncertainties

resolution models. in the land uptake estimates based on this tracer are very
large. Our post-1988/1989 net land uptake estimatelol5

Our analysis suggests that the oceanic carbon uptake laggde-0.90 to—1.36) Pg C yr! is consistent within uncertainty,
the growth that would have been expected if ocean circulathough at the upper limit of the atmospheric oxygen based
tion and biogeochemistry had remained constant by abouéstimate of-0.51+0.74 Pg C yr? obtained for the period of
0.35 (0.26 to 0.49) Pg C yt after 1988/1989. Summing our 1993 to 2003 by Manning and Keeling (2006). A possible
estimated reduction in oceanic uptake to the increase in namplication of our result is that Manning and Keeling may
land uptake of-0.88 (-0.77 to—1.04) PgCyr?! gives an  have overestimated the magnitude of the correction for the
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outgassing of oxygen due to warming of the ocean. Withoutman activities such as construction of dams, the practices
this degassing, their estimate of the land carbon sink wouldf the forest products and waste disposal industries, and ac-
be—0.99PgCyrl. cumulation of carbon in wood products and landfills, reser-
voirs, pasture lands and wetlands. Research is mixed on
the role that fertilization by nitrogen or Gplays in the
3 Regional land carbon flux distribution after North American carbon sink (Pacala et al., 2007). Inven-
1988/1989 tories from Eurasia are less complete, but by augmenting the
estimates for the temperate and boreal Eurasian forest sector
We turn now to a discussion of the regional distribution of (—0.3+0.1; Goodale et al., 2002) with the non-forest sec-
the land carbon source and sink components to examine thetor implied by the North American inventory, we arrive at
consistency with our global carbon budget estimates of thean estimate of-1.0+0.5Pg Cyr?! for the combined north
net carbon flux and see what clues such estimates may offéemperate and boreal zones. Both this estimate and its uncer-
as to the cause of the acceleration in the net terrestrial uptakiinty must be viewed as tentative. Although estimates from
and its spatial distribution (see gray area in Fig. 3). We begineddy-covariance studies have provided useful local confirma-
with bottom-up estimates based on in situ measurements antibn of the inventory methods (Barford et al., 2001; Pacala
models, then proceed to a discussion of top-down estimatest al., 2007), they cannot be used yet to determine average

based on inverse models. fluxes over large regions (though see Jung et al., 2009). This
is because the network of such sites is too small to average
3.1 Bottom-up estimates accurately over heterogeneity in the physical environment

and terrestrial land use, and there continue to be concerns

The main terrestrial source of G@ the atmosphere is trop- of bias due to the inability to retrieve fluxes during periods
ical land use change (mainly deforestation), which has var-of stratification, which occur primarily at night when ecosys-
iously been estimated as eitherl.1+£0.3PgCyr! based tems are a net source of GO
on analyses of satellite observations (Achard et al., 2002, Carbon inventory measurements in mature tropical forests
2004; DefFries et al., 2002) for the 1980s and 1990s, orare far less extensive than temperate inventory estimates.
~2.240.6 Pg Cyr? from “bookkeeping” methods based on Measurements of a 60 000-tree network across Amazonia in-
FAO expert opinion and official governmental estimates fromdicates that primary forest gained carbon during the 1990’s
the 1990s (Houghton, 2003; cf., Food and Agriculture Or-at an average rate 0£0.8+0.3PgCyr! (Phillips et al.,
ganization, 2001; Fearnside, 2000). (Bookkeeping method2009). Using similar data from fewer but much larger plots
track the amount of carbon released to the atmosphere frorfrom Southeast Asia (6 plots) and Africa (2 plots) (Chave
clearing and decay of plant material, plus the amount of caret al., 2008) and the same reasoning as in the Amazonian
bon accumulated as vegetation grows back.) However, morgtudy by Phillips et al. (1998) to extrapolate these studies
recently, Houghton (2007) revised his bookkeeping estimatespatially, we obtain a total tropical mature forest sink esti-
down to~1.5+0.8 PgCyr! for the period between 1960 mate of—1.4+0.8 Pg Cyrl. This number is consistent with
and 2006. This includes an estimate of non-tropical landthe just published study of Lewis et al. (2009) which reports
use change, but the non-tropical componenk#% after  results from 79 plots of-1 ha area in Africa, which were
1988/1989. The reduction in uptake is due primarily to re- combined with growth trends estimated from South Amer-
vised FAO tropical land use change estimates (R. Houghtonican and Asian tropical plots, to obtain a pantropical sink
personal communication, 2009; note, however, that the reestimate in old-growth forests ef1.3 Pg C yr! (confidence
liability of FAO inventories is unclear; Grainger, 2008). In interval =—0.8 to—1.6) over the last decades. Whether or
addition, there are some new estimates by Shevliakova etot these measurements are sufficiently broad in scope to be
al. (2009) that combine the bookkeeping and satellite methrepresentative is being hotly debated in the literature, as is the
ods, giving estimates that are as low as 1.1Pg€ywver  mechanism (e.g., Malhi et al., 2008). Some have suggested
this time interval. In what follows, we will use for our es- that the pantropical sink is due to growth stimulation in re-
timate of the tropical land use change source the mediasponse to a changing environment including elevated,CO
of these new estimates, 1.3Pg Cymwith a nominal uncer-  changes in temperature and precipitation, modified insola-
tainty of+0.8 PgCyr?. tion or diffuse radiation; while others have argued that it is

Bottom-up estimates of land carbon sinks are only avail-rather a response to a changing disturbance regime or pos-
able for the post-1988/1989 period. The most complete insibly recovery from a large scale mega-disturbance event or
ventory of land carbon sinks is for North America for circa even simply a measurement artifact.
2003 (Pacala et al., 2007). This shows a net carbon sink Summing up our bottom-up estimates of the north tem-
of —0.5+0.3PgCyr?! with ~60% from the forest sector perate and boreal terrestrial carbon sinks together with our
due to increases in the mean age of forest stands becausstimate of the tropical sink, we arrive at a global terres-
of relaxed rates of harvest, agricultural abandonment, andrial carbon sink estimate 0f-2.4+0.9PgCyr?! for the
fire suppression. The remaining sink is due to other hu-post-1988/1989 period. Given our tropical land use source
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Fig. 4. Regional flux estimates for the land and ocean. The bottom-up land inventory estimates are as described in the text and shown in
Fig. 3. The oceapCO, based estimates are from Takahashi et al. (2009), the atmosphere inverse results are from the Transcom-3 study
of Gurney et al. (2004), the “Atmosphere Inverse Stephens Subset” is from a new atmospheric inverse calculation we did as part of this
study using a subset of three of the Transcom-3 atmospheric transport models that provide a better fit to certain criteria based on observe
vertical profiles of CQ in the atmosphere (Stephens et al., 2007), the joint inverse is from Jacobson et al. (2007a), and the “Joint Inverse
Stephens Subset” is from a new calculation we did using the Stephens subset of Transcom-3 models. Note that the oceanic data constrain tt
air-sea flux so strongly that the results of ocean-only inverse studies (e.g., Gruber et al., 2009), i.e., those that do not include the atmospheric
constraint used in the joint inverse, give virtually the same answer as the joint inverse. The latitude boundaries used to calculate the ocear
uptake are 44S, 18 S and 18 N.

estimate of 1.30.8 Pg Cyr!, we obtain a total bottom-up data for the period between 1992 and 1996 (Gurney et al.,
net land sink estimate of approximateil.1+1.2 Pg Cyr?. 2004; cf. Denman et al., 2007). While this period includes
This is in very good agreement with our global carbon bud-the tail end of the Pinatubo anomaly, the average net land
get post-1988/1989 net land sink estimate-df.15 (—0.90  carbon sink over the period is similar to that over the entire
to —1.36) PgCyr! (Table 1 and Fig. 3). These bottom-up period from 1988/1989 to 2007 (cf. Fig. 1c). The Transcom-
estimates of the land carbon sinks and land-use chang® inversions obtained a net source of carbon in the tropical
sources also provide a picture of the regional distributionand Southern Hemisphere land and a large net sink for car-
of carbon sources and sinks, with an estimated net sink obon in the Northern Hemisphere land (orange bars in Fig. 4).
—1.0+:0.5Pg Cyrl in the temperate and boreal Northern o . o
Hemisphere and a tiny net sink e0.14-1.1 Pg C yr! in the The uncertainties in the Transcom-3 atmospheric in-
tropics (uptake of-1.4+0.8 Pg C yrl minus land use source Versé land uptake estimates and the bottom-up land up-
of 1.3+0.8 Pg C yrY). take estimates overlap, but there is a rather large offset

~ 1 i ic in-

We note that while the global carbon budget estimate of®f ~1PgCyr= between them, with the atmospheric in
Fig. 1c shows that interannual variability of the net land car- V'S¢ showing a large tropical source where the b°“°,m'!‘p
bon sink is very large£3 Pg C yr1), the measurements un- estimates show a near zero flux and the atmospheric in-
derlying the bottom-up estimates mostly span a long period’€S€ showing a much larger sink in the extratropics than

of time so that the appropriate global carbon budget estimatd'® Pottom-up estimates. Furthermore, there is a large dis-
to compare them with is the long-term average, as we havé&repancy between the air-sea flux estimates obtained by the
done (see Fig. 4). Transcom-3 atmospheric inversions and independent air-sea

flux estimates obtained both by air-s2@0; difference mea-
3.2 Top-down estimates surements combined with a gas exchange model (blue bars

in Fig. 4; Takahashi et al., 2009), and by ocean inverse es-
Another method to estimate the regional distribution of car-timates (light green bars; Gruber et al.,, 2009). The dis-
bon sources and sinks is the top-down atmospheric inversioagreement is particularly striking in the tropical ocean, where
method, where a set of regionally resolved ocean-atmospherhe Transcom-3 atmospheric inverse models tend to underes-
and land-atmosphere carbon fluxes are adjusted to be opttimate the degassing flux relative to the ocean observation
mally consistent with the observed atmospheric,@i3tri- based estimates; in the Southern Hemisphere temperate lat-
bution. One of the most prominent of such studies is theitudes, where atmospheric inverse models tend to underesti-
Transcom-3 inversion intercomparison, which used averagenate the uptake relative to the observation based estimates;
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and in the Southern Ocean, where the atmospheric inversé Discussion and conclusions
models tend to overestimate the oceanic sink relative to the
observation based estimates (cf. Gruber et al., 2009). We have examined the atmospheric growth rate (AGR),
The use of ocean interior constraints on air-sea fluxes iroceanic uptake (OS), and net land carbon sink (NLS), the
a joint atmosphere-ocean inversion ensures that the solutiodum of which is required to equal the fossil fuel emissions
obtained is consistent with the air-sea flux estimates of Ja{i.e., FF = AGR + OS + NLS). Observational and model
cobson et al. (2007b). However, the land carbon flux solu-based estimates enable us to determine three of these four
tion obtained in this way (light green bar in the upper part of variables with reasonable confidence, namely AGR, OS, and
Fig. 4) differs from the terrestrial bottom-up estimates by al- FF, from which we are able to estimate the fourth, NLS. As
most 2 Pg C yr!, with the joint inverse giving a much larger regards the ocean carbon sink, our comparison of the ocean
source in the tropics and Southern Hemisphere, and a muctptake in four models with reanalysis climate forcing versus
larger sink in the northern extra tropics than the bottom-upmodels with constant climate forcing led to the conclusion
estimates. These are large differences, but unfortunately ththat oceanic uptake may have slowed relative to expectation,
uncertainties on the terrestrial flux estimates are so large than agreement with previous studies (Canadell et al., 2007; Le
the differences are statistically significant at the one standar@uéré et al., 2007; Lovenduski et al., 2007; cf. Le &iet
deviation level only for the Northern Hemisphere extratrop- al., 2009).
ics. As regards the net land carbon sink NLS, our analysis
An important source of error in atmospheric inversions is shows that it appears to have been small between 1960 un-
the uncertainty in atmospheric transport, which needs to bdil ~1988/1989 (Figs. 1c and 3), with the longer-term record
specified from an atmospheric transport model in order toshown in Fig. 5 suggesting that it may have been at or near
determine how atmospheric G@hanges at a particular lo- zero (the cumulative flux was nearly constant) from as early
cation in response to fluxes at the surface. The uncertainty ims ~1930. The net land carbon sink appears to have in-
this transport is difficult to quantify and is usually assessedcreased after 1988/1989. The nature of the increase is ex-
by model intercomparison, as in the Transcom-3 study. Intremely difficult to detect given the short time scale of the
a recent study that made use of new vertical,Qitofiles  record, the huge variability of the net land uptake estimate,
in the atmosphere (Stephens et al., 2007), only three of thand the differences between the land uptake estimates ob-
Transcom-3 atmospheric transport models were found to béained with the different ocean models. Thus it is difficult for
consistent with the annual mean observed vertical gradientss to say whether the increase represents an abrupt shift to a
of CO; in the annual mean (though this was due to a cancelhigher uptake or a more gradual increase, though the cumu-
lation of errors in the seasonal profiles). However, while thislative NLS in Fig. 2 and LS in Fig. 6b suggest an abrupt shift
subset of models did change the land fluxes somewhat, in fads more likely.
bringing them into better agreement with the bottom-up land What might have caused the net land carbon sink to in-
flux estimates, they compare poorly with the ocean-basedrease after 1988/1989? The net land carbon sink NLS, is
flux estimates (Fig. 4). Using these three atmospheric transequal to the difference between the land sink LS and the land
port models in the joint inverse gives results shown in theuse source LU, i.e., with the sign convention being negative
dark green bars in Fig. 4 that are similar to the full Transcom-for removal from the atmosphere, NLS = LS + LU. Thus,
3 model suite for air-sea fluxes, with slight changes on landan increase in the absolute magnitude of NLS could have
tending to give fluxes that are in slightly better agreementbeen caused either by an increase in the absolute magnitude
with the bottom-up estimates. of the land sink LS or a decrease in the magnitude of the
Solving the inconsistencies between the bottom-up andand use LU or some combination of these. Up to now we
top-down estimates of the regional distribution of land have avoided separating the time history of the net land car-
sources and sinks for atmospheric £as to comprise all  bon sink into its components because of the low confidence
four of the following: (1) improved bottom-up land carbon level in the land use estimates. However, as Fig. 6a shows,
flux estimates including particularly carbon inventory mea- the land use source LU as presented in Houghton (2007) and
surements with improved measurements of soil carbon in-Canadell et al. (2007) has, if anything, increased slightly in
ventory; (2) incorporating the new oceanic constraints intotime, which implies that the increase in the absolute magni-
atmospheric analyses and exploring the extent to which it igude of the net land carbon sink NLS must be due primarily
possible to fit both these and the bottom-up land flux esti-to an increase in the absolute magnitude of the land carbon
mates simultaneously; (3) improved atmospheric transporsink LS (Figs. 5¢ and 6a and b). The only estimates of LU
models; and (4) improved atmospheric observational condiscussed in the review by Le @@ et al. (2009) that extend
straints, of which vertical profiles and the possibility of ob- beyond our change point of 1988/1989 are the Shevliakova
taining atmospheric C&data from satellite observations are et al. (2009) and Houghton estimates, and neither of these
significant developments. shows a significant drop in the sources at anywhere near
1989, in agreement with Houghton (2007). The McGuire
et al. (2001) and Van Minnen et al. (2009) results show a
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Fig. 5. Atmospheric CQ and the cumulative carbon budget starting from 1750. Sources for data are as described in Appendix A with
additional sources given in the captiofa) Atmospheric CQ variations over the last 1000 years. The data until 1958 stem from a series

of Antarctic ice cores (Barnola, 1999), while the data from 1958 onward are from the Mauna Loa Observatory in Hawaii. The inset shows
the monthly Mauna Loa measurements, whereas the main plot depicts the annual (ime@nsaulative carbon fluxes from 1750 onwards

of the main sources and sinks of the global carbon cycle including fossil fuel emissions, the atmosphdricr€ase, ocean uptake, and

net land flux. The atmospheric increase is calculated from a spline fit to the ice core and Maunajd.dat€®om (a), the ocean uptake

is based on the ocean inversion of Mikaloff Fletcher et al. (2006) scaled to the respective year assuming a linear relationship between ocear
uptake and atmospheric GQ@see Appendix A) and the net land flux is computed by the difference Net land flux = fossil fuel emissions —
atmospheric C@increase — ocean uptake. The symbols are estimates from Sabine et al. (2004) for the period from 1800 to 1994 summed
to the 1790 to 1810 average of our estimate$The cumulative net land flux from panel (b) (solid blue line) plus two additional scenarios

for the net land flux based on the oceanic uptake estimates of Ee2@tal. (2007; Scenario A) and Wetzel et al. (2005; Scenario B) which
represent upper and lower limits of the ocean uptake estimates from Fig. 1b, respectively. Also shown in the figure is the cumulative land
use source of Houghton (2007) for the period 1850 to 2005, which is summed in this figure to the 1850 net land flux. The total area under
this curve including the vertically hatched green area and the solid light green area is our best estimate of the total land use change source
of CO, to the atmosphere. The solid green area is that portion of the source that can be accounted for by the carbon budget in panel (b). The
vertically hatched area thus must be balanced by the additional sinks shown in the lower part of this diagram.
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presumably because the models have been tuned to fit such

estimates. The land models also show a big jump in the land

l carbon sink, but the timing of the jump is inconsistent with
ours, occurring more than a decade earlier in the mid-1970s.

Moreover, the jump is attributed by Le @@ et al. (2009)

to a model error due to the overestimation of the land carbon

sink response to the cool/wet Lafi-like climate conditions
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Fig. 6. (a) The annual land use change source of Houghton (2007)
and the annual land carbon sink calculated as in Fig. 5 and shown
from 1960 onwards.(b) The cumulative land carbon sink. The
annual land carbon sink also shows smoothed lines filtered with a
5 year Butterworth filter. The straight lines in (b) are drawn in by
hand to provide a guide to the eye showing that the slope increases
after 1988/1989.

decrease in the land carbon sink starting ten years earlier
around 1980, but the estimates endc~ih992, too early to
be of use for this analysis.

What can observations and/or models tell us about the na-
ture of the terrestrial carbon sink LS and the causes of its
changes? The bottom-up carbon sink estimates of the land-
atmosphere carbon fluxes for the post-1988/1989 period sup-
port the results obtained by our global carbon budget esti-
mate. A next step would be to determine if such changes
can be simulated in land models that are forced with land
use changes as well as reanalysis climate; and to determine
if there are bottom-up observations that can tell us what was
different prior to 1988/1989 and where and how the transition
to a higher land uptake occurred. There are in fact several
land model simulations that have been forced with reanaly-

3.

in the mid 1970s.

Candidates for what could be responsible for an increase

in the net land carbon sink that we find include:

1. An error in the calculation of net land use due to an
underestimate of pre-1988/1989 fossil fuel emissions
or an overestimate of post 1988/1989 fossil fuel emis-
sions or an error in the ocean carbon sink. The re-
cent revisions to the fossil fuel estimates that we use
in our calculations (cf. Boden et al., 2009) lowered the
fossil fuel emissions by-0.2 Pg Cyr?! after 2004 and
~0.1Pg Cyr? after 1993, which reduced our estimate
of the increase in the land flux. Furthermore, the lev-
eling off of the oceanic carbon sink that we showed in
Fig. 1b is estimated directly from ocean model simu-
lations forced with reanalyzed meteorological observa-
tions, and supported by a modest number of observa-
tions, all of which have uncertainties as discussed in
Sect. 2.3. If, for example, the post-1988/1989 leveling
of ocean uptake were shown to be wrong, this would re-
duce our estimate of the change in the land carbon sink
from —0.88 to—0.64 Pg C yr! with p=0.02.

2. A decrease in land use emissions, which is not sup-

ported by existing publications, as we have shown in
Fig. 6.

A change in the land carbon sink LS due to (a) a
fertilization effect such as the cumulative impact of
CO;, fertilization (cf. Schimel et al., 2004); (b) growth
stimulation by climate variability such as the Atlantic
Multidecadal Oscillation shift in 1996 and/or the Pa-
cific Decadal Oscillation shift in 1998, both of which
come at an opportune time following the June 1991
Pinatubo eruption; (c) climate change such as the im-
pact of the increased incidence of droughts after the
mid-1980s (Trenberth et al., 2007; Buermann et al.,
2007); (d) changes in solar irradiance reaching the
Earth’s surface, which began to increase about 20 years
ago after undergoing a long period of dimming due to
the impact of aerosols (Romanou et al., 2007; Weilicki
etal., 2002; Trenberth et al., 2002); or (e) an increase in
the growing season length due to global warming (e.g.,
Keeling et al., 1996).

sis climate, though not including land use change (cf. SitchWe note that the net land carbon uptake NLS shown in Fig. 1c
et al., 2008). The average of five such simulations summaand the land carbon sink LS shown in Fig. 6a are highly vari-
rized by Le Qére et al. (2009) has a similar cumulative land able in time. With such a short record, it is difficult to know

carbon sink as our data based estimates. However, this i the increase in the land uptake is due to a change in the
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baseline behavior, or if it may in fact be related to changesedu/data/insitu_.co2/monthlymlo.csv(Keeling et al., 2001).
in the variability resulting from known nonlinearities in the The annual growth rate of CQn Pg C shown in Fig. lais
response of the hydrological cycle to ENSO variability in calculated month by month for timein months using the
conjunction with nonlinearities in the terrestrial carbon re- equation
sponse to variations in hydrological or other climate forcing. ;co,

We conclude that the net land carbon sink NLS appears to—— =¥ [pCO2(t + 6) — pCO( — 6)]
have increased abruptly around 1988/1989 due primarily to
an increase in the land carbon sink LS. We also confirm &, — 2.1276@
small reduction in the oceanic sink in models forced with re-
analysis climate versus those forced with a constant climatewhere pCO; is the atmospheric partial pressure of £i@
The difference between the increased land carbon sink angpm. The growth rate is then smoothed with a 3-months
reduced ocean sink is small and uncertain, but the increaspoxcar filter to remove short time scale variability. The con-
in the land uptake is larger than the reduction in the ocearversion factow is calculated as follows: atmospheric carbon
uptake, implying that the atmospheric growth rate decreasedioxide is reported as the dry air molar mixing ratio in ppm
over time with respect to what would have happened if theunits per year. This is converted to Pg C of £i®the atmo-
land carbon sink had continued at its pre-1988/1989 magnisphere using the relationships:
tude and the ocean had not changed in response to climate. Matm
Our analysis suggests that fundamental changes in the caffair = —
bon cycle may be underway in both the oceans and terrestrial Vair
biosphere that pose important challenges to our mechanigair=0.0289644+0.012011 (xco, —0.0004)
tic understanding of controls on carbon flux variability and

Nco, = xco, * Nair

trends.
mco, = uc - Nco,
Appendix A where Nyjr is the number of moles in the atmosphergm
is the total dry mass of the atmosphere for which we use
Data sources and methods the estimate of 5.13520.0003« 10*8kg from Trenberth and
Smith (2005), g is the molar mass of air in kg ot for
Al Fossil fuel emissions which we use the relationship given by &lffa et al. (2007),

xco, is the dry air molar mixing ratio of carbon dioxide
Annual fossil fuel emissions from 1750 through 2006 are obtained by measurements, ang=fi2 g mol?! is the mo-
from Boden et al., 2009 supplemented by Marland (personalar mass of carbon. The conversion factor we obtain is
communication, 2009), who provided slightly updated 20062.12760 Pg C per ppm of dry air in January 1960, decreasing
emissions and estimates of the 2007 and 2008 emissiongo 2.12754 by December of 2008. We thus use a conversion
These annual data were used directly in the analysis showfactory of 2.1276 Pg C per ppm of dry air.
in Tables 1 and 2 as well as Figs. 2 and 5. The monthly data The annual atmospheric G@rowth rate used in Tables 1
shown in Fig. 1a and used in producing Figs. 3 and 6 wereand 2 and Figs. 2 and 5 is calculated by taking the difference
interpolated from the annual data using the mass conservingetween the December and January mean at the end of the
method of Rasmussen (1991). We calculate the long-ternyear minus the December and January mean at the start of
average annual growth rate of emissions over a time interthe year multiplied by the conversion facter
val from¢=0 toz=T following the annual mortality concept
used in the ecological literature (Sheil et al., 1995). The al-A3 Ocean uptake
gebraic formulation for the long-term average annual growth

rate approach is The Le Qwré et al. (2007), Lovenduski et al. (2008),

Rodgers et al. (2008) and Wetzel et al. (2005) monthly up-
FR(T) =FF0) - (1 + growth rat¢” take results are from “hindcast” simulations using the daily
mean (except Lovenduski et al., who use 6-h mean) NCEP-
1 Kalnay et al. (1996) reanalysis winds, and freshwater and
heat fluxes as described in each of the papers. All models in-
FR(T) i clude .seasonality. .Annual means used in Fhe Tables 1 and 2
?(O)) - and Fig. 3 calculations are obtained by taking the average of
the monthly results. The monthly ocean uptake results shown
A2 Atmospheric growth rate in Fig. 1b and used for the net land uptakes in Fig. 1c have
been deseasonalized and smoothed with a 3 month boxcar fil-
The monthly atmospheric CQdata are obtained from the ter using the same approach as with the atmospheric growth
filled data set given in column 9 dfttp://scrippsco2.ucsd. rate.

where FF is fossil fuel emissions for a given yeainverting
the above equation gives the growth rate as

growth rate= (

www.biogeosciences.net/7/2351/2010/ Biogeosciences, 7, 23672010
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The Mikaloff Fletcher et al. (2006) ocean uptake is esti- H., Ciais, P., Fung, I. Y., Heimann, M., John, J., Maki, T.,

mated using their equation Maksyutov, S., Masarie, K., Prather, M., Pak, B., Taguchi, S.,
and Zhu, Z.: TransCom 3 inversion intercomparison: Impact

0S- _215. pCOy — 2779514 ppm PgCyrt of transport model errors on the interannual variability of re-
3596619 ppm— 277.9514 ppm gional CQ fluxes, 1988-2003, Global Biogeochem. Cy., 20,

doi:10.1029/2004GB002439, GB1002, 2006.

. . . Barford, C. C., Wofsy, S. C., Goulden, M. L., Munger, J. W., Pyle,
annual oceanic uptake is calculated using the annual average c ' rpanski S. P Hutyra, L., Saleska, S. R., Fitzjarrald, D

atmOSpheriC Mauna LopCO;, an_d the monthly uptake is and Moore, K.: Factors controlling long- and short-term seques-
estimated using the deseasonalized and smoothed monthly traion of atmospheric Coin a mid-latitude forest, Science, 294,
Mauna Loa atmospherigCO, data. 1688-1691, 2001.
Only the Le Qé&ré et al. (2007) model has been run out to Barnola, J. M.: Status of the atmospheric £@construction from
the full length of time of our analysis in 2007. The Wetzel ice core analyses, Tellus B, 51, 151-155, 1999.
et al. (2005) and Rodgers et al. (2008) simulations were rurBates, N. R.. Interannual variability of the oceanic £0
out to 2003, and the Lovenduski et al. (2008) simulation was Sink in the subtropical gyre of the North Atlantic Ocean
run out to 2004. Because the oceanic uptake is relatively flat Over the last 2 decades, J. Geophys. Res., 112, C09013,
after 1990, the post-1988/1989 ocean uptake averages giveErJ (:Itc|>|.1('\)/i10§9/2dOO6Jl\ACOIE)37T59, 2037|'3 White. J. W. C... Ellis. J
in Table 2 are relatively insensitive to the averaging interval atie, ., bender, M. ©., 1ans, o e, . W, %oy EBS, I
. T., Conway, T., and Francey, R. J.: Global carbon sinks and their
used. We present the average of all models until the most

; _ _ _ variability inferred from atmospheric£ands13C, Science, 287,
recent full year of each simulation, which varies from 2003 5467_2470. 2000.

to 2007. Bender, M. L., Ho, D. T., Hendricks, M. B., Mika, R., Battle, M.
None of the ocean or net land uptake calculations shownin o, Tans, P. P., Conway, T. J., Sturtevant, B., and Cassar, N.: At-

this paper include the weathering and river flux contribution  mospheric @/N, changes, 1993-2002: Implications for the par-

of ~0.45 Pg C yrl, which should be subtracted from the net titioning of fossil fuel CQ sequestration, Global Biogeochem.

land uptake (thereby increasing the land uptake) and added Cy., 19, GB4017, doi:10.1029/2004GB002410, 2005.

to the ocean uptake (thereby decreasing the ocean uptake) f&eden, T. A, Marland, G., and Andres, R. J.: Global, regional, and

comparison with observations (cf. Jacobson et al., 2007a) national CQ emissions, in: http://cdiac.ornl.gov/trends/emis/
tre_glob.htmllast access: July 2009, Carbon Dioxide Information
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