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We thankthe ExecutiveEditor andthe Reviewerdor their helpfu andsupportivecomments.
Theirthoroughanalysis critical commentsandsuggestionfiavehelpedusto improveand
sharperthe manuscript.

Dear Astrid Kerkweg, Executive Editor,
Generakomment

Please add the acronym CTDAS plus a unique version identifier of the exact version of the in this article
described assimilation system in the title of your article in your revised submission to GMD.

Authors: We changed the title of the manuscriptThe CarbonTracker Data Assimilation
Systen for CO, and! **C (CTDAS-C13 v1.0: retrievinginformation on laneatmosphere
exchange processes

Dear Reviewer #1,

Generakomments:

Figures 10 and 11 show large (>0.5 permil) changes in the optimized plant 13C discrimination rate from
the prior value, indicating that Eq. 2 for estimating the prior values does not perform well at least under
drought conditions. The equation is based on Suits et al. (2005) and includes full discrimination processes
from free air to the photosynthetic site inside chloroplasts. However, there are various ways to implement
the equation. It is not clear how Ci and Cc in the equation are estimated. Usually, stomatal conductance
and mesophyll conductance are used to estimate them. In previous research, mesophyll conductance is
often simply scaled to stomatal conductance.

Authors: We thankthe Reviewerfor makingus awarethatsomepartsof the SIBCASA® model
descriptionwereunclear.We improvedits descriptionfrom page8 line 24 throughpage9 line 8
in the new manuscriptHowever,we choosenot to provideall the equationghatareinvolvedin
the photosynthesigalculations.The main focus of this manuscripts to describeour first dual
speciesnversemodelingframeworkof CTDAS. Therefore adetaileddescriptionof theprior flux
estimdesis lessrelevanthere.Instead we give the necessaryeferencego the importantpapers
thatdescribehemin detail.

Chen et al. (2017, GMD) used a mesophyll model of Harley et al. (1992, Plant Physiology), and found it to
be effective in improving the sensitivity of the modeled 13C discrimination rate to environmental conditions
and in removing abnormal values caused by scaling mesophyll conductance to stomatal conductance. I am
not requesting the authors to further develop their prior model for this paper, but they should make it clear
how the equation is implemented and discuss issues associated with photosynthetic discrimination
modeling.



Authors: The CO, concentrationcloseto the chloroplasts(C,) is derivedwith the mesophyll
conductancegm) estimate(C. = C; B A/gm). Mesophyll conductancenside SiBCASA is not
scaledo stomatalkconductancéutis derivedwith thefollowing function (Suitsetal. 2005):

9m = 4000 - vmax0-I1- (3,

where4000is a constanusedto achievea dropof CO, partialpressuref 8 PabetweerC; andC,
whenassimilationrateis high, vmaxO0is the maximumpotentialphotosyntheticate at the top of
canopy,’ is afactorthatexpressetheintegratedohotosyntheticateoverthe entirecanopyand
8§ is the soil moisturestresparameternywhichis afunctionof the plantavailablewaterin the soils.
That meanswater stresslimits not only the assimilationrate by scalingdown Vmax but also
increaseshe mesophyllresistancemaking it harderfor CO, moleculesto diffuse to the leaf
chloroplasts.This gives a CO, ratio C/C, that scaleswith the carboxylationdiscrimination
paramete(#) usedto predictthetotal discrimination(Eq. 2 in manuscript)Neglectingmesophyll
conductancevould meanC; equalsC; eventhough C. can be significantly lower. This would
requireanoften-usedsimplified versionof thediscriminationmodelwhere#; scaledinearly with
CilC, andthereforerisking anoverestimatiorof discrimination. A previouscomparisorbetween
observedandsimulated °C demonstratethe ability of SIBCASA to fit the datawithin 1 & for
aselectionof sitesof the BASIN network(vanderVeldeetal.,2014).

We makereferenceo themesophyliconductancéormulationby Suitsetal. (2005)on page8 line

31. We also makethe importanceof mesophyllconductancen relation to photosynthesisand
discriminationmore explicitly clearin the manuscript(page9 line 1). The implementationof

alternativemesophyliconductancenodelsis certainlysomethingve wantto explorein thefuture.
However,we did not find abnormallargeor smallvaluesin discriminationcausedoy mesophyll
conductancasclaimedby Chenetal. (2017).0n the contrary,the currentphotosynthesisnodel
in SIBCASA conservesliscriminationto anextremedueto lack of soil moisturesensitivity.But

onceagain,a detaileddiscussiorof the prior flux/discriminationuncertaintiess out of scopeof

this manuscriptandis eitheralreadydoneelsewherge.g. Suitset al. 2005,vander Velde et al.

2013,vanderVeldeetal. 2014)or is currentlyin preparatioras a separatenanuscript.

[ appreciate very much that both land and ocean discrimination rates are optimized in their data
assimilation systems, and it is interesting to see that it is possible that these rates can be optimized with
currently available measurements.

Authors: We want to emphasizethat oceandiscriminationis not optimized. Only terrestrial
discrimination,andthe netoceanandland carbonexchangdluxes. The mainreasoris thatocean
discriminationis muchsmallerin magnitule thanterrestrialdiscrimination,andspatiotempor&y

muchmorehomogeneouage5 line 17). Thisis furthermorementioredon page6 line 15, and
pagelOline 11.



The authors also make it clear that these optimizations are based on the assumption that the prior
disequilibrium fluxes of land and ocean have no bias errors. We understand that these disequilibrium fluxes
are large and nearly equivalent to discrimination fluxes in size and that their estimates are quite involved
and inaccurate. I wonder what is the justification to optimize discrimination but not disequilibrium. Since
the disequilibrium rates over both land and ocean are difficult to estimate accurately, I wonder what are
the impacts of their errors on the optimized fluxes and discrimination rates. The authors qualitatively
discussed these impacts in Discussion, but the discussion is not useful for assessing the reliability of
optimized results of their data assimilation systems. It would be useful to do a quantitative assessment of
these impacts.

Authors: Althoughwe did notjointly optimizedisequilibriuminsideCTDAS-C13,we optimized
it offline to matchthe 11-yeartrendin observed **C. We found that the prior disequilibrium
estimatesunderestimatethe ! *3C trend substantiallyby 20 %. These bottom-up estimates were
scaled by a factor of 1.2 for use in CTDAS-C13. This gave us an acceptable 11-year mean fit for
most of the ! °C sites in the Northern and Southern Hemispheres with a RMSD of 0.079 & and
the mean bias of -0.01 & (at!**C measuremenprecision).This procedures describedn the
manuscripton page12, line 18. We believe however that the choice of 1.2 will not have a
significant impact on our conclusions, because we focused only on interannual variability in fluxes
and discrimination. The scaling assured that land and ocean CO, flux magnitudes remained close
to the results of the traditional CO,-only inversion.

The extentdisequilibriumfluxeswill changeyearto yearis a matterof debatan theliterature.lt
has beensuggestedhat at least the gross flux component of the disequilibriumbetween the
atmosphere and ocean or terrestrial biosphere are mostly controlled by large-scale thermodynamic
influences and are expected to change little on interannual time scales (e.g. Rayner et al. 1999),
but other studies suggest this is not necessarily be true (e.g. Alden et al. 2010). Given the short
assimilation window of 5 weeks that is used in CTDAS-C13 it is doubtful whether we can capture
such effects that are dampened by their large reservoir size.

To quantify the influence of errors in the disequilibrium flux we performed an additional
experiment with SIBCASA where we allowed extra variability in respiration and discrimination
to drive throughthe disequilibriumisoflux. For a detailedexplanatiorof this experimentyou can
readour reply to Reviewer #2 (Prof. Rayner). We would indeedgenerateextravariability in the
terrestrialdisequilbrium budgetterm,necessitatind 0 % lessvariability in discriminationto keep
the 1 1°C budget closed. It indicates that allowing for errors in the disequilibrium fluxes the
variations in discrimination could in reality be slightly larger or smaller than estimated in the paper,
but are nonetheless still much larger than in SIBCASA (twice as large standard deviation). We
make reference to this experiment in the manuscript on page 18, line 1.

The word “multi-species” in the title is a bit misleading because there are only two gas species, CO2 and
13CO2, considered in their data assimilation systems, while multi-species would imply at least three
species. Although the systems are intended for more than two species, the cur- rent study only uses two
species. I suggest changing it to duel-species or some other phrases.

Authors: We changedhetitle of themanuscripto The CarbonTracker Data Assimilation
System for CO, and V> C (CTDAS-C13 v1.0): retrieving information on land-atmosphere
exchange processes. Otherreferenceso multi-species in the maintextarechangedo dual-
species.



Dear Prof. Rayner, Reviewer #2,

1% concern:

The first is a bit more detail on posterior uncertainties. This is more difficult in the NKF formalism of
CarbonTracker than for the classical synthesis inversion but, especially in the nonlinear case, some sense
of ensemble correlations among fractionations and fluxes would be useful. Perhaps these are the
correlations already quoted, it seemed from the text these were signal correlations.

Authors: Interpretingthe ensemblecorrelationsbetween# (fractionation)and fluxesis indeed
difficult with CTDAS, specificallybecausave cannotcalculatecovariancestructure®overscales
beyondthe currentassimilationwindow of 5 weeks.So our shorttime window preventsus from
derivingreliableseasonabr annuaimeanuncertaintiegandcorrelationgrom its covariancenatrix.
Within the 5-weekwindows,we canlook atthesecovariationghoughandas we showherebelow
in Figurel, themonthly posteriorensemblecorrelationdN=150)betweerNEE and# aggregated
for TransComregionsare, besidesthe diagonal,just small (between-0.3 and 0.3). However,
betweerthelinear2-stepinversionandthenonlineaiinversiontheposteriorensemblecorrelations
aremarkedlysimilar, which suggest sharedccommonalityof theinternalerror estimatebetween
thetwo methodsin themanuscriphoweverwe showthe high degreeof similarity of posterior#
betweerthetwo inversionmethoddy calculatingtheirtemporakorrelationovera 11-yearperiod
(Figure 9 in the manuscript).Table 3, asthe Reviewerhad deducedjndeedpresentsa signal
correlationratherthana spatiotemporatovariance.

As arguedby Peterset al. (2005),the formal uncertaintyestimate cannotbe basedon ensemble
correlationsbut should insteadbe basedon a numberof different inversions,with different
assumptiongind model setups As mentionedin the manuscript(pagel7, line 21) the reported
correlationdbetweerNEE and#, andthedroughtindexand# remainrobustandsignificantif we

changethe atmospheridransportcharacteristicsthe optimizationmethod(linear vs. nonlinear),
or theassigneanodetldataerrorin CTDAS. Not only robustfor the NorthernHemispherdoutalso
for smallersubregiondike Europeandpartsof Eurasia.Theseadditionalexperimentandresults
arein preparatiorfor a secondoublicationanddemonstratén moredetail atmospherid$% asa
newobservationatonstrainof theimpactof droughtson thewateruseefficiencyusingCTDAS-

C13.

As a side-note, the p-values attached to the correlations are not relevant here. We are interested in the
strength of a relationship while the p-value shows the chance of giving such a correlation if the population
value was zero.

Authors: Thep-valuesin the maintext of themanuscripteferto the hypothesigestfor slopes;
canwe rejectthe null hypothesighatthe slopeparameters zero,i.e., s therea significantslope
betweerNEE (or droughtindex)and# overal11l-yearperiod?All slopesof the curvefits in the
manuscripiveretestedusingtwo-tailed distributionsanda 95% confidencdevel for N-2
degree®f freedom.We improvedthe descriptionin the maintext.



Linear 2-step inversion Nonlinear inversion
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Figure 1: Posterior NEE and A ensemble-correlation matrix for July 2002 where we aggregated the ecoregions to 11
TransCom regions (see Figure 2 in manuscript). The matrix on the left is derived from the linear 2-step inversion
and the matrix on the right from the nonlinear inversion. In each matrix, the first 11x11 element block contains the
NEE correlations between the TransCom regions, and the second 11x11 element block along the diagonal contains
A correlations between the TransCom regions. The two off-diagonal 11x11 element blocks contain the correlations
between NEE and A. In both matrices the diagonal correlations are 1.0, but the color scale limits values between -0.5
and 0.5.

2™ concern:

My secondconcernis raised by the authorsin the discussiorbut is not really dealtwith. It could affect
someof the conclusionsTheauthorsnote (P17) thatimpactsof changingnetflux or fractionationon the
isofluxare neglectedtheycorrectlydiagnosehatthe problemarisesbecauseheisofluxis notincludedin

the optimisation.they suggestone solution, the partition of net flux into its grosscomponentsThereis

anotherapproximatesolution. The main result of this processis a dilution of C13 signalsby the isoflux

Thiscanbe parameterisedsa responsdunctionfor the C13 signalfrom a netflux. thiswashowRayner
etal., 1999approachedheproblem takingresponsdunctionsfrom Trudingeretal. 1999.Thetime-scales
for this responseare long cf the assimilaion windowusedin CarbonTrackerso |Ommot surewhetherone
canevencapturethe effectbut we did find it had an impacton interannualvariability. Theproblemmay
be lessseverefor the current paper becausethe prior signal for this responseshould be capturedby
SIBCASATo quantifythe effectl recommendhat the authorstakethe differencebetweertheir prior and
posteriorflux andtransportits C13signaturewith and withoutthe dilution responseThis shouldat least
givea sensef the significarce of the problem.

Authors: Prof. Rayner makes a valid point that our current optimization framework lacks C13
signal dilution that could result in an over- or underestimation of the A variability. The A variability
would in reality drive through the disequilibrium isoflux and generate additional variability, but
this was ignored in our framework. We found by analyzing the variability in the net flux and isoflux
components of the CO2*513C mass balance that such ‘dilution effects’ of the C13 signals were in
fact quite minimal. Variability in A with dilution response was about 10% smaller in comparison
to the A estimate without dilution response. However, both solutions still contained significantly
more (two times more in standard deviation) variability in A than predicted by SIBCASA.



To demonstrate this, consider the following formulation for rate of change of atmospheric 8'°C
only due to terrestrial C13 exchange:

dCab,
Cat
The first term on the right-hand side represents a net isoflux: the product of net terrestrial carbon
uptake (Np) and isotopic signature in carbon assimilation (&), where &, is the sum of §,
(atmospheric 8'°C) and A (photosynthetic fractionation). The second term represents the
disequilibrium isoflux: the product of total respiration (F,,) and the difference in isotopic
signatures of the total respiration and photosynthesis (8,4, — 8,5). To account for dilution effect,
extra A variability should go into 6, and §,,. There is an immediate effect in §,;, because 6,;, =
6, — A. For §,, the response time is more complex, because the A variations return quickly via
autotrophic respiration (perhaps ~1-7 days), while there is a much more dampened effect of A
variations in the heterotrophic component of §,, because the multiple carbon pools with different
turnover rates homogenize the isotopic signature of carbon released from the soils (Alden et al.,
2010). For this analysis, we took monthly 1x1 degree N;, Fpq, 845 and &, from SIBCASA for the
North American domain over a total time period of 11 years. We introduced for each year a spatial
uncertainty parameter 8 of +/-1%o (1o standard deviation) and a covariance length scale of 300
km to mimic increased correlated interannual variability in &,;, and §,,. Because 40% of the
North American respiration is heterotrophic (according to SIBCASA), and rather insensitive to
changes in A, we scaled down the  parameter applied on §,, by a factor of 0.6. A second
uncertainty parameter y was introduced to mimic 20% more variability in Fj, using a covariance
length scale of 300 km.

= Npbap + Fpa(8pa — San)

We rewrite the rate of change equations for two different cases: (1) with dilution response and (2)
without dilution response, which is similar to the scenario portrait in the manuscript.

%with ditution - No (Bap + B) + (Fpa +¥) " [(Bpg + B - 0.6) = (Sap + B)] (1)
SCada = Ny(8ap + B) + Fya(8pa — Sap) 2

dt without dilution

How much variability in &, in eq. (2) do we need to match the more realistic ‘with dilution’
scenario? Answer can be deduced after some substitution between eq. (1) and eq. (2):

dCabq
dt with dilution
Np

_Fba(gba_sab)

~

Oap =

~

O4p estimation is analogous with the A estimation in the manuscript using atmospheric constraints
and a fixed terrestrial disequilibrium flux without dilution effects. Figure 2 below shows that
variability of the North American annual mean &, is overestimated (10% larger standard
deviation) in comparison to the ‘correct’ estimate of (&,;, + ). More importantly, variations in
both (8,, + ) and 8, are significantly larger than SiBCASA’s estimate for &, (two times
larger standard deviation) and highly correlated (r=0.97). It suggests the possibility that variations
in A may be overestimated in the manuscript, however, the dilution response introduced via the
gross fluxes and isotopic signatures is not large enough to believe our current A estimates from
CTDAS-C13 are unrealistic. We make a reference to this experiment on page 18, line 1.
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Figure 2: North American mean estimates of 6, from SIBCASA (cyan), 6,;, with extra g variability (blue), and the

top-down estimate Sab that excludes dilution effects (red). Both (6., + 8) and 3ab are significantly larger than
SiBCASA’s estimate for §,, (more than 100% larger standard deviation) and highly correlated (r=0.97).
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Abstract. To improve our understanding of the global carbon balance and its representation in terrestrial biosphere models
we present here a brstulti-speeiesdual-speciesipplication of the CarbonTracker Data Assimilation System (CTDAS). The
systemOs modular design allows for assimilating multiple atmospheric trace gases simultaneously to infer exchange Buxes
the Earth surface. In the prototype discussed here we interpret signals recorded in observed carborCdeXidertg with

observed ratios of its stable isotopologd@€0,/*2CO, (! *3C). The latter is in particular a valuable tracer to untar@@,

exchange from land and oceans. Potentially, it can also be used as a proxy for continent-wide drought stress in plants, largely
because the ratio 8 CO, and*?CO, molecules removed from the atmosphere by plants is dependent on moisture conditions.

The multi-speciesdual-specieCTDAS system varies the net exchange Ruxes of Bdtt0, and CO, in ocean and ter-
restrial biosphere models to create an ensemblé @0, andCO, RBuxes that propagates through an atmospheric transport
model. Based on differences between observed and simdf&@&a, andCO, mole fractions (and thus'3C) our Bayesian
minimization approach solves for weekly adjustments to both net Ruxes and isotopic terrestrial discrimination that minimizes
the difference between observed and estimated mole fractions.

With this system we are able to estimate changes in terrestial exchange on seasonal and continental scales in the
Northernhemispherddemispheravhere the observational network is most dense. Our results indicate a decrease in stomatal
conductance on a continent-wide scale during a severe drought. These changes could only be detected after applying combine
atmosphericCO, and! *3C constraints as done in this work. The additional constraints on suff@seexchange from3C
observations neither affected the estimated carbon Buxes, nor compromised our ability to match él8emariations. The
prototype presented here can be of great benebt not only to study the global carbon balance but potentially also to function as
a data driven diagnostic to assess multiple leaf-level exchange parameterizations in carbon-climate models that inBuence the
CO,, water, isotope, and energy balance.
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1 Introduction

The terrestrial biosphere has absorbed about 25 % of global fossil fuel carbon diGXddE €missions over the last several
decades but the future of this sink is highly uncertain in a warming wdtmbth et al, 2012; Rowlands et a).2012). It
depends on the small difference between two large Ruxes of the terrestrial carbon cycle: photosynthetic uptake or gross primary
production (GPP) and terrestrial ecosystem respiration (TER), and is here referred to as the net ecosystem exchange (NEE :
TER! GPP+ pbre disturbances and land use change and harvesting of crops). All these Bux terms respond to changes in local
temperature, precipitation, nutrient availability and other key environmental varidiiedlingstein et al. 2006). Extreme
climate events such as droughts can decrease GPP and increase TER and Pre disturbances to a point where regional NEE
turned into a temporary carbon sour€ds et al, 2005;Gatti et al, 2014;Van der Laan-Luijkx et al.2015). These dynamic
responses (and positive feedbacks whereby incre@sedmay lead to more droughts) are now an integral part of climate
models that include fully coupled carbon cyclir§opth et al, 2012;Dai et al, 2012). Such models give rise to a wide range
of climate projections primarily as a result of different simulations of terrestrial carbon excharegi(igstein et al. 2006). It
is therefore important to test and improve the representation of the terrestrial biosphere in carbon-climate models. Uncertainty
in climate projections can be reduced by evaluating present day performance of these models to obsétoéftivens ¢t al.
2014). This paper presents a data assimilation system that can be used to evaluate existing terrestrial biosphere models by usir
an extensive number of atmosphe@i©, observations in tandem with other trace gases.

Measurements of atmosphe@©, have been used to infer carbon Buxes at the EarthOs surface using a variety of inversion
techniques (e.gKeeling and Revellel985; Keeling et al, 1989; Tans et al. 1993;Ciais et al, 1995;Rayner et al. 2008;
Alden et al, 2010). Unfortunately, a limited number 60, observations, errors in atmospheric transport modeling, and the
realism of bottom-up carbon RBux estimates are limiting the utility of these techniques. For instance, the representation of
subgrid scale vertical motion in (and through the top of) the planetary boundary layer is one of the most uncertain aspects in
atmospheric tracer modeling and can hinder the accuraGQaf transport Kretschmer et a).2012;Miller et al., 2015). In
addition, atmospheri€0O, as a tracer has its own limitations as it only rel3ebtsa small residual of different sources and
sinks, such as wild bres, anthropogenic sources, ocean in- and outgassing, and terrestrial GPP and TER.

The CarbonTracker Data Assimilation System (CTDAS) has been developed to estimate global net ocean and terrestrial
carbon exchange Ruxes, with a focus on North America and Euigter§ et al. 2005, 2007, 2010yan der Laan-Luijkx
etal, 2017). This application uses the Ensemble Kalman Filter (EnKF) as a Bayesian minimization approach for the estimation
of weekly ocean and terrestrial carbon Buxes dii'al degree horizontal grid to improve the agreement between modeled
and measured atmosphe@©,. The versatile object-oriented design of CTDAS allows Rexible implementation of different
components of the data assimilation systa&fan(der Laan-Luijkx et al.2017). Such modibcations include but are not limited
to, (1) the conbguration of the state vector, (2) the expansion of the monitoring network, such as for the Araaziber (
Laan-Luijkx et al, 2015) and ChinaZhang et al. 2014), (3) the use of Lagrangian atmospheric transptetdt al., in prep.
2017), and (4) to monitor other tracer gases like methBnghiwiler et al, 2014;Tsuruta et al, 2016).
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One aspect that has not yet been explored in CTDAS is the monitoring of multiple trace gases in the atmosphere that are
strongly related (i.e., gases with a common chemical or metabolic pathway in the ocean and/or terrestrial biosphere). The
main purpose of such an application is to improve the estimation of carbon RBuxes and to retrieve new information on the
underlying Bux exchange processes that would otherwise remain undetected. We are in particular interested in the use of the
stable isotopé3C (in atmospheri€CO,) as an additional tracer alongside taBD, to estimate carbon sources and sinks and
their variability. In earlier studie$*C was used to distinguish oceanic from terrestrial carbon exchange, as oceans take up
13C0, more efbciently than land surfaces relativé360,. In so-called double-deconvolution methods this particular trait is
used to untangle the global land carbon budget from ocean carbon bdegéin( et al, 1989;Tans et al. 1993;Ciais et al,

1995). More recently*C isotope was used to study the diurnal cycle of GPP and Tleh( et al, 2016) and was used as
a tracer of water use efpciency to study long-term responsé®©joincreases in tree-ring&/én der Sleen et 312015), and
attempts are underway to do the same based on atmospheric records. On regional scales variations in (i€ @4id*6 0,
(typically reported a$13C in & relative to the VPDB reference ratio) reRect changes in discrimination processes associated
with photosynthetic uptake of carbon by plants (eFguquhar et al, 1989;Fung et al, 1997;Scholze et al.2003;Rayner

et al, 2008). Plants generally take up the hea#&€0, molecules less efbciently thdACO, molecules, increasing the
13C0,/*2C0, ratio of CO, remaining in the atmosphere. This kind of discrimination agdif6tis much stronger for &
plants than for ¢ plants, but also varies as a function of moisture conditions in the canopy air anBasqgiiliar et al, 1980,
1989; Ekblad and HSgberg2001;Ometto et al. 2002; Suits et al, 2005). That implies that under the right circumstances,
measured atmospheti&3C can be used to recognize land usage, suchs&3,photosynthesis, and changes in photosynthetic
activity resulting from droughts stresB4llantyne et al.2010;Raczka et a).2016).

Such an application could also be benebcial to explore other facets of carbon exchange. Any errors in the fossil fuel emission
inventories (although relatively small) are in the current CTDAS releases aliased erroneously on the natural ocean and terrestria
Ruxes. Assimilation of the fraction of the radioactive isotép@0, in the atmosphere would allow independent veribcation of
the fossil fuel emissions as its old organic carbon is radiocarbonB@zh{nova et a).2014;Basu et al.2016). Other chemical
constituents like carbonyl sulPd@®CS) and solar induced chlorophyll Buorescence (SIF) could also be important additions in
CTDAS. Inclusion of these tracers in the assimilation could enhance our understanding of carbon exchange, because variation:
in photosynthetic carbon uptake are recorded in atmospleis and satellite SIF dataCommane et al2015;Yang et al.

2014).

Before we can interpret signals derived from these additional tracers, our aim for this paper is (1) to explain how the brst
muiti-speeiegiyal-specig€TDAS application works, with speciPc focus on the usedC andCO,, henceforth the system
named as CTDAS-C13 versiéf.0, (2) to demonstrate its accuracy in solving the targeted optimization problem in comparison
to observations, (3) to test the sensitivity of the system to the introduced nonlinearity arising from simultaneous optimization
of terrestrial totalCO, and**CO, Ruxes, and (4) to verify our new estimates of carbon and isotope exchange with independent
drought index data.
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2 Methodology

We present the atmospheti€C budget (Section 2.1) before proceeding to describe the integratibl¥ Gfwithin our new
muiti-speeieglygl-speciedata assimilation framework CTDAS-C13 (Section 2.2). We then brie3y describe the prior estimates
and the observational network used (Section 2.3). Finally, we give a brief description of the different inversion experiments
(Section 2.4). The methodology presented here is based on Section 4.2 of the lead authorOs PhD dissertiovie{de

2015).
2.1 Atmospheric! *3C budget

The use ofl 13C observations alongsidéO, observations constitute a useful change to the traditi@@d-only CTDAS
application, as it provide an additional constraint on carbon surface Buxes and isotope exchange processes in plants. The
rationale behind this is that tH€ CO, and*?>CO, contents in the atmosphere are affected through the €epathways

from land and ocean surfaces. There are, however, specibc processes that chid@f@.tlexchange Ruxes slightly differently

from 12CO, Ruxes. We can write a global mass balance for atmosph&ie (! ;) so that the different isotopic processes are
explicitly debned and dependent on tatD, Buxes (sedans et al. 1993, for the derivation of Eq. 1). We can then identify

the (1) emission forcing terms, (2) net exchange isotope forcing terms, and (3) gross-Rux isodisequilibrium forcing terms:

Cad%! a = F (0 —1) + Fpelpe—!a) [emission forcing terms]
+  Np"pn + No"ao [net exchange isotope terms] "
+ Fpa(lp—'g") [terrestrial isodisequilibrium forcing terms]
+ Foa(189-1,) [ocean isodisequilibrium forcing term]

whereC, is the total carbon content [unitol or masg in the atmosphere (in the form &O,). The subscripts ba and oa
denote the direction of the one-way gross Buxes [omdt or massper unittime]. For examplefy, refers to the respiratory
release ofCO, from terrestrial biosphere to atmosphere. The isotopic ratioS ©f 12C are expressed ds, [&], where
the subscripts refer to the signature in biosphere vegetation and soils (b), in biomass burning Bux (Pre), or in the fossil fuel
emission RBux (ff). The signatuf€? depicts the isotopic ratio dEO; that is in equilibrium with the ocean surface a!rfd
depicts the ratio in the terrestrial biosphere that would be in isotopic equilibrium with the current atmosphere, which is more
depleted int*CO, than when the biomass was formed years &pandN, refer to net exchange Buxes (gross release minus
gross uptake) o€0,, andF, andFy. are the fossil fuel and biomass burni@@, emissions, respectively.

The terrestrial (photosynthetic) isotopic discrimination in Eq. 1 is expressg &s( ! Sq —13) = —! pn [d], and can be
derived from aCO, gradient-weighted average of different isotope fractionation effects during the tran§férnaholecules
from the canopy air until their reaction with the enzyme Ribulose-1,5-bisphosphate (Rubisco) in the chloroplasts of the plant
leaf. There are two main fractioning effects along this pathway; the plant fractionates with .44 when CO, diffuses
from leaf boundary through leaf stomata, and with= 28 & during carboxylation. Smaller fractionation effects occur during
diffusion between canopy air and leaf bounddry, (= 2.94a), and during dissolution ofCO, in mesophyll water!( giss =
1.1&) and transport to chloroplastd (aq = 0.7 &). The parameterization of ,, for Cz plants has been describedfgrquhar
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et al. (1982) takes the following form as in Suits et al. (2005):

| | e 1
Aph:Ab<Ca. CS)+AS (CS. Cl)"’(Adiss"’Aaq)(Cl. CC>+Af <Cc>’ @)
Ca Ca Ca Ca

where c, s i, represent CO3 partial pressures in canopy air space, leaf boundary layer, stomatal cavity and in the chloroplasts,

respectively. The overall discrimination Ay}, value reflects mostly the fractionation step with the highest resistivity (O’leary,
1988). For example, during a drought when the leaf’s stomatal conductance is lowered in an attempt to prevent evaporative
water loss, the diffusive A, is the most limiting factor, resulting in a lower overall Apy,. The opposite happens under more
favorable environmental conditions when stomatal aperture is higher and carboxylation is the limiting factor, resulting in
a higher overall Ay,.

The overall discrimination leaves the atmosphere relatively enriched and plants relatively depleted in 13C. C3 plants are de-
pleted in 13C by approximately ! 20 %o relative to the atmosphere and C4 by approximately ! 4 %o as they can assimilate 13CO,
more efficiently with Rubisco. C4 photosynthesis is essentially a more complex form of carbon fixation than Cg photosynthesis
as it shields Rubisco in the bundle sheath cells from wastefully binding with oxygen rather than carbon dioxide.

In addition to discrimination effects during photosynthetic uptake, we also need to account for isotopic enrichment of the
atmosphere through respiratory release of carbon with a heavier isotopic signature after spending from one year to several
decades or more in the plant and soil organic matter. This respiratory part will still enrich the atmosphere with 1>CO, even if
net CO5 uptake equals zero (Ciais et al., 1995), and we refer to it as the terrestrial isodisequilibrium flux in Eq. 1.

Discrimination associated with the dissolution of CO3 in ocean water (Zhang et al., 1995) is much smaller and spatially
spatiotemporally homogeneous (€5, =! 2%o) than in the terrestrial biosphere. The difference between ocean and land dis-
crimination provide an additional constraint on the net fluxes has already been demonstrated in previous studies (e.g., Keeling
et al., 1989; Tans et al., 1993; Ciais et al., 1995; Fung et al., 1997; Rayner et al., 2008). We also have to account for isotopic
disequilibrium that exists between the atmosphere and oceans. This isodisequilibrium flux is associated with the out-gassing
of CO5 from the ocean waters, and has globally an enriching tendency on the 4, signatures.

Besides the land and ocean discrimination and disequilibrium forcing terms we have two additional terms in Eq. 1. Firstly,
there are CO4 emissions due to combustion of fossil fuels, which have a distinct isotopic signature depending on the organic
fuel type, but globally its signature is approximately g =! 30 %o. Secondly, there are CO2 emissions due to biomass burning,
where dg, bears the signature of the *CO, and 2CO, fluxes of Fj,., which is typically the signature of burnt leaf foliage,

woody tissue and the aboveground litter (Van der Velde et al., 2014).
2.2 CTDAS-C13

We followed the method presented by Peters et al. (2005) for designing the joint CO5 and §, data assimilation arehiteeture-
Stmitar-system. The architecture is similar to the CarbonTracker Data Assimilation Shell (CTDAS) v1.0 discussed in detail by
Van der Laan-Luijkx et al. (2017). Just like the traditional CO»-only inversions, we aim to close the CO5 budget through fluxes
from fossil fuel combustion, biomass burning, and net exchange fluxes from the terrestrial biosphere and oceans. In addition, we

also intend to simultaneously close the 13CO, (*3C,) budget using the same set of CO,, fluxes. Isotopic signatures themselves
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are not conserved quantities, therefore we calculate conserved mole fract®ds ahd*3CO, in our transport model, which
we can sample at designated locations and time to caldylaiéne combined set of balance equations [umil per unittime]
takes the following form:

d

aca = Fy + Fpre+ "pNp+ "Ny, (3
d

ali?m(:a - 13F! + lstre"' 13Nb+ lSNO- (4)
After some manipulation of Eq. 3 and 4, by followifigns et al(1993), we obtain:

d

algca = I:! I:2! + I:breRbre +" bNb (" discr #ph/ 1000+ 1)Ra +" oNo (#ao/ 1000 + 1)Ra

+ Dp+ Do. (5)

The 13C, balance equation is now a close analog of Eq. 1, becki@gis a function of discriminationN, andN,, and
isodisequilibrium Ruxes. ThR values depict the isotopic ratio 8#CO,/CO, in the atmosphereRy), in fossil fuel R; )
and biomass burning emissiori®4.), and their values are approximately 0.011. The isodisequilibrium RBuxes from land and
ocean surfaces are here simply showrDasandD,, respectively. The tern{" giscr #n/ 1000 + 1) represents the optimized
ratio between the isotopic signature in the photosynthetic Bux and atmosphglR4), and ranges between 0.980 and 0.996
depending on the prighy and discrimination scaléryiscr . The term(#,,/ 1000 + 1) represents the ocean Bux ratio and is held
each week and ecosystem region (ecoregion) to adjust the net carbon exchange over land and ocean surfaces, respectively. F
land, the scaling factor is associated with one scalar per ecoregion based@adh£1985) land use classibcation following
Peters et al(2005, 2007) (Fig. 1). The terrestrial biosphere is further divided into 11 larger geographical areas also known
as TransCom regionss{rney et al. 2002). Like in the early CT releases, each of the 11 TransCom land regions contains
a maximum of 19 ecoregion types (Fig. 2) and the ocean is divided into 30 large basins encompassing large-scale ocear
circulation features. This gives a maximum of 239 (&®H30) different scaling factors each wedeters et al.2007). The
new parameter i8 giscr , Which is used to scale a maximum of 209 terrestrial discrimination parameters per week. They are
associated with the same"11 degree ecoregions as the terrestrial Buxes. Note that the maximum number of scalable land
parameters is in realit¢ 130, and not 209, because not each land region contains all 19 ecoregion types.

The terrestrial net exchange term in Eq'$Np (" giscr #n/ 1000 + 1) R,) includes two multiplicative scaling factors, mak-
ing the required solution nonlinear. This poses a potential problem where variations in net exchange and discrimination are
cancelling each other out to such a degree that it leads to low signal-to-noise, especially in discrimination. This is further
investigated in Section 3.2. The fossil fuel combustion, biomass burning, and terrestrial and ocean isodisequilibrium RBuxes all
remain bxed a priori estimates. We describe in Section 3.1 the tuning of the latter disequilibrium RBuxes to close the long-term
mean balance df!3C in our system.

The scaling factor§y,, " 5, and" giser are the unknowns that are combined in state vectgvith dimension s), for which

we will try to Pnd an optimal solution by minimizing a quadratic cost function. In this function there is a balance between
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information drawn from the observation vectofwith dimension m) with a covariand® (m! m) and prior knowledge from
the state vectax, (s) with a covarianc® (s! s):

I=(y" HE) TR " HOO)*+ (X" %) PHE(X" xp). ©)

The observation operatét (m) represents the atmospheric transport model that propagates the surface Buxes from Egs. 3
and 5 and samples accordingly the mole fraction€© and**CO, at the same location and moment as the observagions
The solution forx that minimizes J isTarantola 2005):

X =Xp+ KE&y" H(xp)], (7)

whereK represents the Kalman gain matrBeters et al.2005). Eq. 7 can be expressed in terms ¢bosterior scaling factor),

!'p (prior scaling factor) and separate measuremen@®f (c) and"3C (") with dimensions (j) and (k), respectively:

v $ *
- & b, B
! bio1 " Pbio1 n & ? * Pbio1 +
" ? :: 1 . ? :: Ca :: I : ? +
" ! bio2og w  Phio20g f no f wo | Pbio209 B&I
w  !oce210 % v D pocearo ({0 "o f " " !poceato 0})+
R S §+Ka y :uf H. : fi- ®)
# ! oce239 é " ! Poce239 é - f " ! Poce239 o+
! disct240 # ! P discr240 ;‘# ,,i é # ! P discr240 +

! giser | ) | )
* discr448 * Pdiscraas W * Pdiscra48

In state vectors andx, the scaling factors for terrestrial discrimination are appended after the Bux scaling factors. Similarly, in
the observation vectogsandH (x) the" 13C observations are appended after@®, observations. Th& matrix determines
how much a scaling factor needs to change given a se®afand” 13C measurements. The matridesindP modulate whether
observations or bottom-up estimates are given more weight to the solution.

The P matrix contains 448 448 elements in total and is shown in Fig. 3. The brst 2GB09 element block contains the
land Bux uncertainties per ecoregion and their spatial correlations. The secbnd®8lement block contains the ocean Rux
uncertainties per ocean basin. We gave the land scalars and the ocean scalars a maximum uncertainty of 80 % and 100 % alor
the diagonal, respectively as in earlier CarbonTracker releases. The thitd 209 element block contains the terrestrial
discrimination scalars with a maximum uncertainty of 20 % along the diagonal with an identical spatial correlation structure
as applied to the terrestrial Bux uncertainty scalars. This implies that we carfigcélg a factor of1.0+ 0.2, and thus for
a typical G plant ¢n=" 20 &) the mean and uncertainty lies aroufid20+ 44&. Furthermore, there is covariation between
ecoregions of nearby TransCom regions, e.g., between North America boreal and temperate regions, and between Europ
and Eurasian regions. We did not allow covariances between net exchange and discrimination in order to give the parameters
enough freedom in the solution.

The covariance structure Bfis similar toCO,-only CTDAS, but is extended with additional uncertaintie$%#C observa-
tions. These expected uncertainties quantify our ability to simulate observations given the uncertainty in atmospheric transport
modeling and measurement errors. Section 2.3.5 gives an overview of the used uncertainties for each observation category.
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With this inversion framework in place CTDAS-C13 progresses in a similar manner as the tradit@sanly CTDAS.
For each week the set of unknowns in the state vector are updated in a cycle that contains two steps. First there is a forecas
step, which is driven by our Ruxes and current background state vegtorforecast an ensemble 600, and**CO, mole
fractions 5 weeks ahead in time. This is followed by an analysis step to determine the new state of the system with Eq. 8
such that it is consistent with the observations for the current week of the cycle. The analyzed state is propagated to the next
cycle using the same model Baters et al. (2007, Eq. 1 of Supp. Material), and with this new state a new cycle begins with
another forecast step to forecast a new ensemble of the background state 5 weeks ahead in time, now with an additional se
of observations from a new week. The ensemble for each tracer is created from 150 ensemble members to provide a Gaussia
probability density function of the state vector.

The simulation of atmospheric transport is provided by the two-way nested global transport model TM5 reféage:3 (
al., 2005). This application simulates the atmospheric transp@afand*CO, ataglobal 6x 4 degree resolution, with no
nesting. It is driven by 3-hourly meteorological output from ECMWF ERA-interim reanalyzis ¢t al., 2011). All theCO,
and'3CO, Rux belds provided to the model are in unitsnadl CO, m—2 s~ andmol 3CO, m—2s71, respectively. Atmo-
spheric concentrations 6fO, and*3CO, are calculated as mole fractionsrirol mol~*. Signatures 0'3C are computed to

the relative per mil value using the following conversion formulation in order to facilitate comparison with observations:

A (1
sB3C = (Rf1>-1000 )

re

whereR, is the VPDB reference ratio adopted fS1ICO,/(*2CO, + 13C0O;), which is 0.011112%ans et al., 1993).R is
the ratio of simulated mole fractiod8C0O,/CO..

2.3 Prior estimates and observations
2.3.1 Terrestrial biosphere fluxes

The terrestrial brst-guess M@0, exchange ) and bre ) estimates were calculated in the Simple-Biosphere Carnegie-
Ames Stanford Approach model (SIBCAS$haefer et al., 2008) on a Ix 1 degree grid on a 1fin time resolution and were

further processed into 3-hourly mean 3uxes to serve as input for CTDAS-C13. SIBCASA is a biogeochemical model that calcu-
lates carbon, isotope, water, and energy exchange Riixesrivenby-dataThe modelinheritedthe aerodynami@ndsurface
resistancenodelsfrom SiB (Sellers et al., 1996) tosolvefor CO, partial pressuresn aniterativeloop to acquirea balance
betweennet assimilationrate, stomatalconductancemesophyliconductancend CO, partial pressuresThe aerodynamic
resistancenodelsdescribethe pathwayof CO, (but alsowater and heat)throughthe leaf boundary,the leaf stomataand
ultimatelytheleafchloroplastsTheBall-Berry-Collatzmodelis usedo estimatestomatatonductancéBall, 1988;Collatz et al., 1991) al
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chloroplasts. Mesophyll conductance is suggested to be as important as stomatal conductance in terms of magnitude and
variability, and it is shown that §3C correlate more precisely with c./c, than with ¢;/c. (Flexas et al., 2008) . It is parameterized

as a function of the cano hotosynthetic rate and soil water stress factor. SIBCASA is driven by 3-hourly ECMWF ERA-
interim meteorology, designed with a semi prognostic leaf pool to track seasonal plant phenology, and it uses GFED4 daily

burned area disturbances to calculate fire fluxes at a fine temporal resolution (Van der Velde et al., 2013, 2014). The model in-

corporates €; s 12 different aggregated ecosystems according
to Olson (1985) to calculate photosynthesis. Respiratory COs release from the plant and soil is calculated in the CASA part of

the model using 13 biogeochemical pools with environment-influenced turnover rates (Schaefer et al., 2008).
2.3.2 Ocean fluxes

The ocean first-guess net CO> exchange (IN,) estimates derive from ocean inversions from Jacobson et al. (2007). These
long term estimates are combined with the quadratic gas-transfer velocity from 3-hourly ECMWF ERA-interim wind fields
(Wanninkhof, 1992) to create fluxesona 1! 1 degree grid at a 3-hourly temporal resolution. An additional trend was applied
to the fluxes to ensure that increases in anthropogenic uptake are proportional to increases to atmospheric CO4 levels. (see:

http://www.esrl.noaa.gov/gmd/ccgg/carbontracker)
2.3.3 Fossil fuel emissions

Fossil fuel CO2 emissions (Fir) were made available on 1! 1 degree grid at a monthly temporal resolution. They are de-
rived from a combination of databases: EDGAR4.2, CDIAC, and BP statistics. (see: http://www.esrl.noaa.gov/gmd/ccgg/

carbontracker)
2.3.4 Isotope and disequilibrium fluxes

To calculate the fluxes of *CO, from land surfaces we used the photosynthetic discrimination parameterization (Eq. 2) for
C; plants in the SIBCASA model (Van der Velde et al., 2014). The weighted leaf level value for Cg discrimination is typically
19.0 %o, and given the more efficient CO2 bonding with the Rubisco enzyme C, discrimination is 4.4 %o (Still et al., 2003; Suits
et al., 2005). Given the dominance of Cz plant growth (70 % of global GPP) the global mean discrimination in SIBCASA has
been estimated at App, = 15.2 %o. SIBCASA’s spatial heterogeneity of land discrimination is shown in Fig. 4. It reflects the land
use distribution and the environmental forcing. Large discrimination values can be found in the temperate regions, the boreal
forests, and in the humid environments such as the tropical rain forests in South America, Africa and South East Asia. Small
discrimination values can be found in the United States corn belt and in the dry climate regions such as the African savannas
and Australian grasslands, where there is abundance of C4 plant growth. More subtle variations in Ay}, in C3 dominant regions
are driven by differences in environmental conditions (e.g., humidity, groundwater availability, and light intensity). Weekly 1

I' 1 degree fields for A, were used to map the regular 3-hourly net CO5 fluxes to **COx fluxes:

[terrestrial net 'C exchange term] = A, Ny, (Adiser€pn/1000 + 1) R, (10)


http://www.esrl.noaa.gov/gmd/ccgg/carbontracker
http://www.esrl.noaa.gov/gmd/ccgg/carbontracker
http://www.esrl.noaa.gov/gmd/ccgg/carbontracker
http://www.esrl.noaa.gov/gmd/ccgg/carbontracker
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where e, is derived from SiBCASA’s Ay, output. Their relation is straightforward:
€ph = —Apn (11)

For the calculation of *CO, biomass burning flux we assumed Rg.. to be very close to the signature of newly assimilated

photosynthates, i.e.:
' Fove = Fiire (Adiscrépn /1000 +1) Ra. (12)

The 3CO, fossil fuel emissions are calculated with Rg = 0.0107786, given that the global mean value of &g is equal to
—30 %o:

BFy = FgRg. (13)

Note that we did not vary dg for different fuel types in this version of CTDAS-C13, but such variability could be included in
the future based on the work of Andres et al. (2000).

The ocean discrimination parameter €, is assumed to be constant at —2 %o -as in many comparable studies (e.g., Tans et al.,
1993; Ciais et al., 1995; Alden et al., 2010), and is not optimized. The regular 3-hourly net CO fluxes were mapped to *CO,

fluxes:
[ocean net 3C exchange term] = A\, N, (€40/1000 + 1) R,,, (14)

The isodisequilibrium fluxes (D, and D,,, in mol '3CO, m' 2s' 1) were made available on a monthly 1 x 1 degree reso-
lution. Dy, is calculated using SIBCASA’s gross natural respiratory flux scaled with isotopic disequilibrium of the terrestrial
biosphere with the current atmosphere, i.e., Fy,a (01, — d;."). Because fossil fuel emissions add isotopically depleted COs to the
atmosphere, the biosphere signature J;, follows with a time lag dependent on the residence time of carbon in the vegetation
and soils. That implies &y, is larger than &; 9, which is the biosphere signature that is in equilibrium with the current atmosphere
(Tans et al., 1993). Dy, has a positive tendency on atmospheric §'3C as carbon originating from different SiIBCASA pools is
older and more enriched in 3C than the isotopic signature of recently fixed photosynthates. The SiIBCASA pool configuration
is described in detail in Van der Velde et al. (2014).

D, is calculated from the out-gassing flux of CO4 scaled with the isotopic disequilibrium of the ocean surface with the
current atmosphere, i.e., Fy, (659 — &, ). The 624 term is determined from a global network of §'3C measurements in dissolved
inorganic carbon (Gruber et al., 1999). F,, is parameterized as a function of surface ocean partial pressure of CO5 and wind-
speed after Takahashi et al. (2009). Windspeed and solubility are assumed to remain constant year-to-year. The disequilibrium

fluxes are positive from the equator to approximately 60 degrees of latitude in both directions and are negative beyond that.
2.3.5 Observations

Observations of CO4 from a wide range of research laboratories are bundled in Observation Package (ObsPack) version 1.0.3
and observations of §13C from the INSTAAR Stable Isotope Lab are bundled in version 1.0.0. These are data products that

include the provider’s original data and metadata reformatted into the ObsPack framework (Masarie et al., 2014).

10
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From the availabl€0O, observations, approximately 24,000 weekly Bask measurements were used in the assimilation from
a bxed network of 58 surface sites. Another large set of 174,000 measurements came from 23 semi-continuous in-situ sites
Most CO, measurements are obtained with a nominal precisian®1f ppm. The remainder of sites and measurements (in-
cluding from aircraft or shipboard) were not used because of double records, and some measurements were kept for independet
checks. A small fraction was omitted as our model could not resolve certain locations at a coarse resolution.

For themutti-specieg]ljal-speciesnversions we also used 22,000 Rask measuremerits’6ffrom 53 different surface
sites. A further 5,600 measurements from pve different sites were obtained using programmable Rask packages (PFP), whicl
measurel 13C at a daily resolution. The isotope ratios are measured by dual inlet mass-spectrometry with a precision of
+0.014&.

We determined observation uncertainties (model-data mismatch, or MDM) for each bttBemeasurement sites in
a heuristic manner based on earlier test inversions. These values are added to the diaBoratad small error would
give an unrealistic amount of conbdence how well the model is expected to represent the measurement location during sam:
pling but a too large error we would give very little conbdence to the measurement representation.

The ! 3C measurement sites were divided into different categories each with their own MDM value. A€ @stlthese
categories were: land, mixed conditions, marine boundary layer (MBL), deep Soativeispherkemisphereand a special
category for problem sites where forecast performance is poor. For each site we determined the innovatioh%taistic is
ameasure for how apt our applied uncertainty level is given the model-data Pwalue of 1.0 indicates that the simulated and
expected total uncertainty are equal, lower values indicate overestimation of the uncertainty, and higher values underestimation
Table 1 gives a summary of the site categories used, together with the assigned MDMGoand the category-average
innovation" 2 determined from an inversion experiment. For the majority of sites the innovation values are between 0.7 and
1.3, i.e., around the ideal value of 1.0. For t8®, measurement sites we used a similar set of MDM values as in previous

CarbonTracker releases.
2.4 Experiments

We performed four inversion experiments as summarized in Table 2. The simulation period covered the years 2000 through
2011, but our analyses focused on the period 2001-2011, i.e., we omitted the spinup year. As a benchmark we performed
a traditional inversion to estimate the net carbon exchange Ruxes of the ocean and land usi@.oolservations, which

we callTRAD ! CO2. For the second inversion we addedC observations alongsid@O, to constrain only the exchange

Buxes, therefore we call this experim@RAD ! CO2C13 The experiment in which we estimated discrimination and Buxes
simultaneously is calleNlIEW! CO2C13 This inversion is nonlinear because the discrimination scaling parameter is in the
same multiplication term as the net 3ux scaling parameter. The fourth experiment was a linear inversion experiment where we
estimated only the land discrimination parameter usti@ data. We call this experimeNMEW ! 2STEP because discrimi-

nation was solved in a second step after optimization of the net exchange Buxes. That means that ocean and land RBuxes wel
derived from the optimized state vector and its covariance fronTB®D ! CO2 inversion.

11
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3 Results
3.1 Comparison to observations o£0 , and ! 13 C from the global network

We brst evaluate the glob@lO, and!'3C budgets simulated by our combination of Buxes as described in Section 2, to
assess where we expect the largest changes in the optimization. As shown in Fig. 5a, the prior net exchange Bux estimates an
unscaled disequilibrium Ruxes were not large enough to close the gap with the observed@@gensd! 13C. The sum of the

Rux arrows overestimated the ann@, growth rate along the-axis and overestimated3C depletion along thg-axis. In
atraditionalTRAD ! CO2 inversion the estimated ocean and land Ruxes closed@ebudget along th&-axis. The leverage

in the net exchange Ruxes was however not large enough to closE@eudget along thg-axis as well. In an inversion that
includes! 13C observations, the gap if®C would adjust theCO, RBux magnitudes and ocean/land partitioning to unrealistic
magpnitudes in an effort to overcome the large offset between the simulated and ob3&6/gdowth rate. Instead we chose to

use scaled disequilibrium RBuxes in our inversions in order to estimate land and@@gdfux magnitudes that remain close

to the results of other traditional carbon cycle budgeting studitee( et al, 2010;Van der Velde et al2013). We chose the
disequilibrium RBuxes to adjust because (1) the exact magnitudes of these terms are still unknown due to uncertainties in the
carbon pool turnover, gross carbon Buxes and isotopic discrimination, and (2) these terms do not &@gtrtiess balance.

It assured a closed meah®C budget of our inversions without creating unrealistic carbon sinks over land and oceans (Fig.
5b). Most importantly, closing the climatological (11-year) budget allowed us to focus our study on interannual changes in the
net Buxes and photosynthetic discrimination.

We obtained the best bt with*C data when the land and ocean disequilibrium Bux were scaled by a factor of 1.2 without
changing either their spatial patterns or time trends. This is consistent with recent double deconvolution studies where the
global ! 13C balance was closed with a factor of 1.3 in land and ocean disequilibrderf et al, 2010). Our value was
determined after assessing an ensemble of different sets of scaling numbers (ranging from 1.1 to 1.5) in a forward TM5
simulation, which was driven by the optimized net land and ocean Rux estimates frofRA2 ! CO2 experiment. This
assured a closed multi-yeat>C budget together with a closed multi-ye@0, budget. As selection criteria we used (1)
the 11-year mean Root-Mean-Square-Difference (RMSD) of a large selectidA®fites and (2) the average bias between
simulated and observed values. In the non-scaled disequilibrium simulation we obtained a RMSD of 0.165 & and a bias of
1 0.110 & averaged over all sites. The optimal result was obtained with a scaling factor of 1.2, which reduced the RMSD to
0.079 & and the mean bias tb 0.010 4. Note that these scaling factors cannot be applied to other inversion studies because
the disequilibrium scaling factors are tuned for this particular system and time period.

To demonstrate our procedure in terms of individual data sets, we refer to Fig. 6. After scaling the disequilibrium Ruxes
and using optimized net carbon exchange fromTRAD ! CO2 inversion, time series df'3C at 32 of the 46 Northern

the residuals from the trend lines were within or close to the MDM specibed fometi-specieg]yal-speciesnversions.

Some of the sites with remaining trends are located at great distances from large continental carbon sources and sinks, an

exert little inBuence on the posteridgiscr parameter (e.g., CHR, GMI). Some of the other sites were assigned a large MDM
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(e.g., BAL, NWR, TAP) giving them less weight in the estimation of the postérigr, parameter. The collection of sites
with remaining trends do not seem to have a systematic geographic pattern and are likely ref3ecting a change in local oceanic
or biospheric isotope exchange, such as must be the case for the Bermuda West (BMW, non-signiPcant positive trend) anc
Bermuda East (BME, signibcant downward trend) site.

With the long-term trend of'3C appropriately captured, we proceeded to optimize NEE! agdwith our new framework
(NEW! CO2C13). We show that this inversion further reduce€dC residuals (Fig. 7a), without compromising (nor strongly
improving) the bt taCO, (Fig. 7b) that we attained from tHERAD ! CO2 inversion. In Fig. 7a the ratio df**C RMSD
of NEW! CO2C13to "*¥C RMSD of theTRAD | CO2 inversions was at most sites smaller or equal to 0.95 (indicating
a signibcantly higher accuracy NEW! CO2C13in form of bias and noise reduction):

"13C RMSD (NEW! CO2C13
"I3C RMSD (TRAD ! CO2)

In Fig. 7b, the ratio oCO, RMSD of NEW! CO2C13to CO, RMSD of TRAD ! CO2 was at most locations between
0.95 and 1.05. This suggests that the two atmospheric constraints applied are complementary, and there is no indication tha

< 0.95

the TRAD | CO2 results from CarbonTracker were inconsistent WithC measurements. This is an important prerequisite

for a credible estimate of discrimination in our system. Furthermore, Fig. 7a shows a notable latitudinal divide in the reduction
of "13C RMSD, indicating the utility oNEW! CO2C13in the Northerrhemispherdjemispherelue to the large availability

of measurements and scalable discrimination parameters.

At sites like Alert (Nunavut, Canada) théEW! CO2C13inversion provided a better bt to the measured data than the
TRAD! CO2inversion (Fig. 8). The 11-year averagedC residuals were close to zero for both inversions, as the disequilib-
rium Rux was tuned specibcally to prevent large residuals in a-priori simul&t€das described in Section 3.1. Thi gtan-
dard deviation of th&3C residuals at Alert were smaller in tiNEW! CO2C13inversion in comparison tdRAD | CO2,
due to the additional optimization &f,, alongside net exchange Ruxes. T0®, residuals for Alert in Fig. 8 were for both

inversions almost identical.
3.2 Linear and nonlinear estimates of net carbon uptake and land discrimination

Simultaneously optimizing bothgisc; and! i is inherently nonlinear and thus possibly problematic for our assimilation
system, therefore we tested the validity of our approach irN&/! CO2C13inversion. We hypothesized that a regionOs

net carbon uptake and discrimination would change in a similar fashion in the nonlinear inversion, as it would for a linear
inversion. The linear inversion experiment consisted of two consecutive steps: (1) the optimization of the net exchange RBuxes
using onlyCO, observationsTRAD ! CO2) followed by (2) the estimation of the land discrimination parameter using only
"13C observationsNEW! 2STEP). In the nonlineaNEW! CO2C13inversion the optimization of Buxes and discrimination

was done simultaneously. For net carbon uptake by vegetation we refer to Net Ecosystem Exchange, or NEE, debned as positiv
whenCO: is taken up from the atmosphere. For plant isotope discrimination we refegitan per mil, which is debned as
positive.
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As shown in Fig. 9 the 11-year mean NEE for the 11 land TransCom regions are very similar in the ndiiéarCO2C13
and linearTRAD ! CO2 inversions. Deviations are in the order of tens of teragrams, and withgtandard deviation of the
RBux interannual variability (IAV). Fig. 9 also shows the impact af ghotosynthesis on the mean TransCom aggredaad
values. In the boreal regions, where there is very litjeptaint growth, the discrimination is at its maximum (approximately
204, 5 a above the global average), but in regions where there isflant growth (e.g., due to agriculture in the United States
or savannas in Africa) the mean,, values are lower (approximately 12-15&). These regional patterns gf imposed by
SiBCASA (see also Fig. 4) are maintained by MW ! CO2C13inversion framework. Because we aimed to retrieve robust
temporal patterns of 1AV, the most relevant indicators for the robustness of our nonlinear inversion approach are given by the
correlation coefpcients | between the two types of inversions. We calculatéor NEE and! ,, between the linear and non-
linear inversions. As the seasonal cycles in uptake and discrimination are largely dictated by the prior estimates, we removed
them using a 3-month boxcar mean smooth curve btting to obtain the anomalies relative to the seasonal trend. The NEE in
NEW! CO2C13is very similar to the NEE iTRAD ! CO2, as indicated by the high-values (>0.96 for N=54.1 weeks)
correlation is particularly high over North America Boreal, North America Temperate, and European regions. Smaller corre-
lations are obtained in Tropical and Temperate South America and Tropical Asia. This is expected, however, as these regions
typically suffer from a lack of observational constraints.

The lineaNEW! 2STEP inversion estimated the same large increase in discrimination IAV as in the norliB®éi CO2C13

crimination), implying that stomata have partially closed, and vice versa. This correlation did not emergeRAhé CO2
estimate based on atmospheZi®, observations alone, and it also did not emergéit observations were additionally used
intheTRAD ! CO2C13estimate, to estimate NEE but ot . The SIBCASA terrestrial biosphere model that provides the
brst-guess NEE and ,, of our data assimilation framework based on commonly used drought response parameterizations,
simulated neither the large IAV in NEE ahd,, nor their strong correlation. It is evident from tNEW ! 2STEP inversion

that changes ih ,, and the correlation with NEE were driven bY2C observations, and were not a symptom of the systems
inability to separately estimate NEE ahgy, variations. This suggests that the estimated IAV g§ in the nonlinear inversion

is truly a signal retrieved fromi*3C that would otherwise be aliased erroneously into the carbon Ruxes or not retrieved at all.

3.3 Independent veribcation with drought indices

3 could indicate a moisture driven response at ecosystem level. We identibed several moments of severe to extreme drough
as characterized by a Standardized Precipitation and Evaporation Index {&Ete-Serrano et gl2010) below -1.0 that

covered an extensive area of more thamiion km 2 in United States. These droughts are described in literature as the droughts
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(or heat waves) of summer 2002dager2010;Schwalm et a).2012) and 2011L(ong et al, 2013). The annual averaged maps

of SPEI for 2001-2011 are shown in the top panel of Fig. 10 calculated for the Northern American Temperate TransCom
domain. Independent of the SPEI drought index, we estimated changeg iand NEE over the same American domain

with the NEW! CO2C13inversion using atmospher20, and! 13C data (Fig. 10, middle and lower panels). A correlation
between ., and SPEI could only be established by applying an area weighting function to the SPEI index to give years that
experienced large and severe droughts the strongest association with redudtigns\e used the following function for the
Weighted Drought Index (WDI):

! iz1 (SPEI[i]aGridcell-areali)

WDI =
Total-area

In words, we sum over the product of the SPEI index and the grid cell surface area where SPEI is below -1.0 and subsequently
we divide it by the total area of the TransCom domain. Hence, the WDI is an expression the drought in terms of the surface

area that is affected. A larger drought surface area will result in a more negative WDI. Using this function we see that the lower

a two-sided distribution with 9 degrees of freedgm0-008;+=+0-75. The two largest anomalies (1" of 11-year IAV) in

annual mear p, correspond with low SPEI in 2002 and in 2011. A third notable drought as recorded in SPEI happened in
2006, and although carbon uptake was reduced, it did not amount to a signibcant slgpal 8imilar correlations do exist
Europe (2003) and Russia (2010) lowered the discrimination Bi~EOand exceeded more than'lstandard deviation of its
11-year IAV (not shown).

In addition, in years wheh p, is low, the annual mean NEE tends to be low too, possibly as a result of reduced GPP. This
implies that leaf stomata have partially closed and therefore affecting! bgtrand carbon uptake from photosynthesis. The
reduction of the optimized net carbon sink for North America is 100G yr' * during the drought years of 2002, 2006
and 2011 (in comparison to their surrounding years).

These correlations that are averaged over continent sized areas do however breakdown on smaller scales. At regional scale
we observed a partial misallocation of the model adjustments of NEE gpdn comparison to SPEI. This is largely a con-
sequence of our limited capacity to monit60, and!*3C. For example, for North America Temperate 2002, where the
drought index was negative over the mountain states, the impact on the carbon cycle was strongest over the eastern forests ¢
the United States. In these forest ecosyst&@s exchange is much stronger than over the mountains, and hence their impact
on atmospherit13C as well.

Notice that the prior net carbon sink is underestimated in comparison to the optimization because SIBCASA assumes a heat
steady state between between GPP and TER (Fig. 10). SiIBCASA was in fact able to simulate small carbon uptake anomalies
during the reported droughts using its own environmental response parameterizations. However, it lacked substantial amount of
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interannual variability in NEE anH p, nor a strong correlation df ,n with SPEI (Fig. 11). This suggests a potential absence
of an important coupling between the hydrology and carbon discrimination processes in the model.

4 Discussion and conclusions

We developed a new application of the CarbonTracker data assimilation system that simulates two atmospheric tracers simul-
taneouslyCO, and the! *3C isotope signature a£0,. We used measurements of both tracers to optimize the net ocean and
land carbon exchange RBuxes and the land discrimination paramgieThe annual reductions iny, were up 0.75& and
exceeded the"lstandard deviation of the IAV over 11 years in the North American domain£1%638). We interpret these
negative anomalies ih pn as possible reductions of the intercellu2®, levels and relative increases of the intercellular
13C0,/*?C0; ratio, resulting from stomatal closure due to drought stress at the leaf level. This is the most plausible explana-
tion as most other factors that affécp, either (a) are included a-priori in SIBCASA biosphere model, such as the effects of
IAV in strength of photosynthesis over@nd G, vegetation, or the variations in mesophyll conductance are (b) not expected
to vary much from year-to-year, such as ecosystem composition, or (c) would enhance the inte@8ijullevels (and thus
! pn) rather than reduce it, such as increased radiance of the leaves under reduced cloud cover. This suggest the possibilit)
that the impact of environmental stress on stomatal conductance and carbon uptake is much larger than currently simulatec
by the widely used drought parameterizations in terrestrial biosphere models. These parameterizations are often derived frorn
laboratory observations or plot-scale observations that often aggregate poorly over much larger scales. Our brst results sugge:
that a data assimilation system that uses the global atmospA&@aecord, in concert with th€0, record, can offer new
insights on large-scale drought dynamics of the coupled vegetation-atmosphere system.

It is unlikely our terrestrial biosphere model will reproduce the new large-scale atmospheric constraints on NEj and
with a simple adjustment of the currently used drought response parameterizations (such as stomatal conductance and so
water stress inhibition functions). We experimented with a different stomatal conductance model based on vapor pressure
debcit (VPD Leuning 1995) rather than relative humidity as it was shown to better predict changes of the isotopic compaosition
in tree rings Ballantyne et al.2010). This modiPcation however did not change the annual covariation between NEEand
in SIBCASA. In addition, modibcations in the soil water stress function of SIBCASA, which impagtshrough mesophyll
conductanceJeibt et al.2008) also had little impact on annual variations ig, . Instead, SIBCASA shows minimal dynamic
range in the hydrological drivers of drought stress. [

with-yyas
alsqgancludegysing satellite observed soil moistuje SiBCASA over Boreal EurAS|a\(an der Molen et a. 2016}and

moisture stress, as was also dlagnosed for the Amazdddoger et al.(2010) for the closely related SiB modg]or (e)
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There is also evidence that the conventlonal use of land cover types in b|osphere models does not adequately describe the spati
variations of carbon exchangBlpom et al, 2016).

As with any data assimilation system, the number of available observations largely determines the assimilation systemO:
ability to retrieve meaningful signals. Our current method relies on atmospghé@eanomalies that affect multiple monitoring
sites at the same time due to low signal-to-noise at each site, but the network coverage over many parts of the world is
still sparse. The increase of number of measurement sites, and the additibfCao many existing ones, particularly in
sparsely populated areas could benebt CTDAS-C13 greatly. New measurement efforts are currently underway to improve our
observational coverage in these sparsely sampled areas. Regular measurer@@ydrom aircraft vertical probles have
recently commenced at four different sites above the Amazon. These data have provided new insights on the carbon cycle
under drought conditiong=atti et al, 2014). These new measurements were successfully used in an application of CTDAS
(Van der Laan-Luijkx et al.2015) and conbrmed that the Amazon@@, uptake by vegetation was indeed reduced during
the severe 2010 drought. Furthermore, some coauthors are currently involved in a new collaborative effort to provide the prst
high-precision measurements!af C and other isotopes iBO, from a large number of air samples collected over the Amazon
basin. Using an assimilation system similar to that described here, these data would bolster our ability to quantify seasonal to
interannual changes in the Amazonian carbon balance and better understand the inBuence of drought stress on NEE.

atmosphere coupling of water and carbon on continental and hemispheric scales. The unconstrained SiIBCASA model does
not show a large enough response to drought both in terms of NEE gndThe correlation between droughts angp
over the North American Temperate domain (Fig. 10) can only be demonstrated after optimizing NEB,aog applying
atmospherid 3C and CO, constraints together. We emphasize that the reported correlations remain robust and signibcant
even when changing the atmospheric transport characteristics (i.e., convection belds from ECMWF ERA-Interim meteorology
vs. default TM5 convection scheme), the optimization method (nonlinear vs. linear 2-step), and when changing the assumed
model-data errors of our data assimilation system.

A potential problem with the current framework is that we cannot account for changes in the terrestrial isodisequilibrium
RBux. In Eg. 1, we forced all missing isotopic variability into teidy "y, without considering additional variability from
the isodisequilibrium term. Photosynthetic discrimination is also responsible for a portion of the variability in the terrestrial
isodisequilibrium RBux Yan der Velde et al.2013), but the extent is hard to quantify. Tlf,'@ signature (i.e., the biosphere
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signature that is in equilibrium with the atmosphere) is a function of the curgemtd! py, two quantities that ultimately exert
inBuence ony, as the isotopic signal carries through the series of carbon reservoirs (i.e., leaves, stems, roots, and ultimately
the soils). The absence of direct adjustments to the disequilibrium Bux could mean we aliased erroneously isotopic signals only
onto the net Bux term of the budget. In light of recent observational evidence, the variability of disequilibrium term might be
of more importance than recently thoungwIing et al.(2014) showed with ; measurements that the disequilibrium Bux

Eh%ﬂ_iﬁi’?‘qU"'b”um_!ﬁ_OBU)ﬂWe_T_QU”q_iﬂdeeq_f""]_iﬂcreaSﬁ” h_{_@ii'ab'“tlﬁ |r)”_1heg_iﬁggumbnumggrm ﬂﬁﬁess'ta“ﬂgoi%ui_essm. ph

Buxes (GPP and TER) to express the rate of chandg wbuld eliminate the need for a disequilibrium term. This would on
the other hand complicate the closing of 8@, budget as it necessitates a way to effectively separate these two gross Buxes.

It is worth mentioning that the carbon residence time in land ecosystems is highly uncertain, and therefore B®gross
exchange as wellVelp et al(2011) suggested that the current popular estimate of global GPP &H12@r' 1, which is also
predicted by SIBCASA, may be a lower limit and could in reality be as large a®dTByr' * to reRect faster turnover of
carbon in the vegetation and soils. Such uncertainties were also underlit@Gahmlhais et al(2014) who found that higher
precipitation rates are associated with faster carbon turnover, but that global modeled turnover is in fact often underestimated.
We make a cautious conjecture that if GPP is in fact as large as claiméklipyet al.(2011), and heterotrophic respiration is
large too, it will partly explain the current underestimation in the modeled disequilibrium Buxes, which are a function of TER
and ocearCO, outgassing. In this study we closed the gap with a predetermined scaling factor of 1.2 on the disequilibrium
RBuxes for oceans and land without assuming actual changes in GPP, TER oWe could therefore benebt from a more
integrated assimilation system where we are using atmospheric data to simultaneously optimize for terrestrial model parameter:
that exert inRuence on GPP, TER, carbon turnover. The CTDAS modular dé&sigriér Laan-Luijkx et al.2017) makes it
now more straightforward to develop and implement such additional improvements.

To conclude, this study showed there is signibcant potential to use atmospferand! 13C data as constraints on plant
NEE and isotopic discrimination usingreutti-speciegjyjal-specieassimilation platform. Signals that would otherwise be lost
in a single tracer data assimilation system, such as the possibility of a drought driven covariation between isotope discrimi-
nation and NEE or the separation of GPP from NEE, can potentially be detected in the deserbegbecieg]|jal-species
application of CTDAS. Continued and additional measurements of atmosph&@iandCO,, especially in future assimila-
tion systems where biosphere model parameters are directly optimized, should help us better understand the hydrological an

biogeochemical interactions between the atmosphere and vegetation.
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Table 1. Summary of assigned® C model-data mismatch (MDM), the category-averaged Endtandard deviation of the innovatiet?,

and number of sites per category.

Site category MDM (&) #2 # sites
land 0.13 0.920.52 10
mixed 0.080 0.860.34 11
marine boundary layer 0.03 129.70 15
deep Southerhemispherd]gmisphey 0.03 1.220.44 7
problem 0.4 0.680.48 10
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Figure 5. Annual mean carborxfaxis) and! *C (y-axis) growth rates for (a) the prior estimates and for (b)NE&V ! CO2C13 experi-
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Figure 6. Summer (JJA) residuals of*C [4] in CO, for 46 sites (excluding aircraft and ships) situated in the Northern
hemisphetplemisphereThese sites are ordered based on the their latitudinal location; most Northern site is placed at the top left (Alert,
Canada) and the site nearest to the equator at the bottom left on the next page (Christmas Island, Republic of Kiribati). All residuals (sim-
ulated minus observed) are calculated from a traditid@AD ! CO2 inversion with scaled disequilibrium Ruxes. Assuming a closed
long-term mean budget in'*C we tested the Ho hypothesis the slope of the linear regression line is zero. Sites with a trend where the p-
value is smaller than the signibcance level of 5% are shown in red, whereas the remaining sites without signibcant trend are shown in green
The sample uncertainty (model-data mismatch) used foNtBd/! CO2C13 andNEW ! 2STEP inversions is displayed by transparent

gray areas. Sites marked with ** were not included in the inversions but were used for independent veribcation. For detailed information of

the sites and their location we refer to the NOAA website: http:/%ﬁ\/vw.esrl.noaa.gov/gmd/ccgg/carbontracker/observations.php.
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(a) 8**C RMSD
NEW-CO2C13 vs. TRAD-CO2

= p B~

Figure 7. A comparison of the relative performance of inversion techniques for the period 2001 through 2006 based on the ratio of the
model-data (a) "> C Root-Mean-Square-Difference (RMSD) of NEW —CO2C13to §**C RMSD of TRAD —CO2, and (b) CO2 RMSD of
NEW —CO2C13to CO, RMSD of the TRAD —CO2 inversion. A ratio lower than 1.0 indicates a higher accuracy of the NEW —C0O2C13
inversion technique: green sites indicate a ratio < 0.95, red sites indicate a ratio > 1.05, and sites where the difference in respective RMSD’s
is less than 0.05 are given in black. The size of the each symbol is a measure of the relative performance of NEW —CO2C13 in comparison

to TRAD —CO2. The larger the symbol, the more the ratio of RMSDs differs from 1.0.
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Alert, Nunavut, Canada [82 27'N, 62 30'W, 200.0 masl] Garoore
surface-flask, Stable Isotope Lab, Institute of Arctic and Alpine Research (INSTAAR), United States
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Figure 8. Comparison of two different inversion experiments at Alert (ALT, Canada). The top panel displ&@ebservations (black circles)
together with simulated®®C from NEW ! CO2C13 (green circles). The top right panel displays the probability density functions (PDF)
of the residuals betweedEW ! CO2C13 and observed (green) and betwdddAD ! CO2 and observed (blue). The lower panel displays
independent Rask measurements (not used in the assimilati@® o{black circles) at Alert with simulate@O, from NEW! CO2C13
(green circles). Notice the almost identical distribution of the residual PDFs betME#h! CO2C13 andTRAD ! CO2 inversion tech-
niques.
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inversion methods. Lower panel: the 3-month box car mean anomaligs ifor the North America Temperate TransCom region to illustrate
the high degree of similarity between both inversion methods 0.86).
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Figure 10.Top panels: the annual averaged Standardized Precipitation and Evaporation Index (SPEI) estimated for the North American Tem-
perate domain (map inserts). Middle panel: the annual GPP weighted avérgagéil of vegetation against'* CO, from NEW —CO2C13

(red) and SiIBCASA (blue) estimated for the same domain. It illustrates the summertime isofor6ti@ abwards the atmosphere (as win-

tertime! pn has no impact on atmosphedit® C). Lower panel: net carbon uptake [TgC yi] from NEW —CO2C13 (red) and SiBCASA

(blue) estimated for the same domain. The yellow shaded years (2002 and 2011) indicate signiPcant drought conditions as recorded in SPE
and other independent reports (&Senger, 2010;Schwalm et al., 2012;Long et al., 2013). These droughts correlate with reductions in annual

mean! ,n, and reductions in the estimated carbon sinks as reporteders et al. (2007).

Table 2. Summary of the four inversion experiments, the observations used, the optimized items (ocean and land Buxgs), amnd

their linearity. The prePXRAD — refers to traditional, i.e., experiments that have been performed in the past in any way, shape or form.
The prebXNEW — refers to a new type of inversions used in this publicatidBW —CO2C13 used the defaultruiti-speciesSFBAS
CTPAS-C13model setup as described in the Methodology, wNEEW —2STEP solved for! o, using onlys™C data.

Experiment Observations  Optimization Linear?
TRAD —CO2 CO» Bux only yes
TRAD —C0O2C13 CO;, andé**C Rux only yes
NEW —CO2C13 CO; andé**C  Ruxand' pp no
NEW —2STEP §3c I o only yes
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Figure 11.Weighted SPEI drought index (WDI) versus annual mean isotopic discrimiriatjerintegrated over North American Temperate
domain. Results from the SIBCASA biosphere model (blue circles) show no signibcant correlation detywesmd large scale droughts,

while the simultaneous optimization of carbon sinks hng with atmospheri€O; and! **C observations (red triangles) suggests a highly
signiPcant correlation can be derived. The slope of the red regression line is 1.61a/@¢DI008,95% conbdence interval of a two-

sided distribution with 9 degrees of freedgp¥0-009. The SIBCASA slope is however not signibcantly different from zero (pE0.05). The
integrated pn values are GPP-weighted per grid box as in Fig. 10. WDI is based on the SPEI index but area weighted to give years with

large serried areas that experienced severe droughts (with SPEI smaller than -1.2) more leverage.

estimates, and IAV{ 1" standard deviation) from SIBCASA (prior) and the four inversion experiments. The last line gives the correlation

coefbcient between 11 annual mean NEE dngy values.

Prior TRAD! CO2 TRAD! CO2C13 NEW! CO2C13 NEW! 2STEP

NEE 0.220.28 2.440.46 2.6%30.49 2.58 0.46 2.440.46
!'pn 18.1x0.02 18.%0.02 18.%0.02 18.20.17 18.30.17
r 1 0.26 10.14 1 0.18 0.79 0.78
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