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Abstract. We discuss the spatial and temporal resolu- prior flux estimates for these regions. We show that many of
tion of monthly carbon flux estimates for the period 1983—the TransCom 3 source regions are distinguishable through-
2002 using a fixed-lag Kalman Smoother technique with aout the period over which estimates are produced. Examples
global chemical transport model, and the GLOBALVIEW are Boreal and Temperate North America. The resolution of
data product. The observational network has expanded sulfluxes from Europe and Australia has greatly improved since
stantially over this period, and the flux estimates are bettethe 1990’s. Other regions, notably Tropical South America

constrained provided by observations for the 1990’s in com-and the Equatorial Atlantic remain practically unresolved.

parison to the 1980's. The estimated uncertainties also de- comparisons of the average seasonal cycle of the esti-
crease as observational coverage expands. In this study, Wgated carbon fluxes with the seasonal cycle of the prior flux
use the Globalview data product for a network that changegstimates reveals a large adjustment of the summertime up-
every Syr, rather than using a small number of continually-take of carbon for Boreal Eurasia, and an earlier onset of
operating sites (fewer observational constraints) or a larg&pringtime uptake for Temperate North America. In addition,
number of sites, some of which may consist almost entirelysjgnificantly larger seasonal cycles are obtained for some
of extrapolated data. We show that the discontinuities resultpcean regions, such as the Northern Ocean, North Pacific,
ing from network changes reflect uncertainty due to a spars@orth Atlantic and Western Equatorial Pacific, regions that
and variable network. This uncertainty effectively limits the gppear to be well-resolved by the inversion.
resolution of trends in carbon fluxes, and is a potentially
significant source of noise in assimilation systems that al-
low changes in observation distribution between assimilation
time steps.

The ability of the inversion to distinguish, or resolve, car-
bon fluxes at various spatial scales is examined using a diag-
nostic known as the resolution kernel. We find that the globalAtmospheric carbon dioxide has increased over the indus-
partition between land and ocean fluxes is well-resolved evertirial period by about 100 ppm, and is expected to double by
for the very sparse network of the 1980's, although prior approximately the middle of this centurfAgughton et al.
information makes a significant contribution to the resolu- 2001). Since the start of high precision G@easurements
tion. The ability to distinguish zonal average fluxes has im-in the mid-20th century, it has become apparent that, thus far,
proved significantly since the 1980’s, especially for the trop-only about 60 % of emissions from fossil fuel burning have
ics, where the zonal ocean and land biosphere fluxes can bemained in the atmosphere, the rest having been taken up by
distinguished. Care must be taken when interpreting zonathe oceans and the terrestrial biosphere. Long-term network
average fluxes, however, since the lack of air samples foobservations of carbon dioxide have suggested considerable
some regions in a zone may result in a large influence frominterannual variability in the fluxes of carbon, especially for
land ecosystems (e.feeling and ShertzZ1992 Tans et al.
1989 Conway et al.1994. Quantifying and locating car-
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possible feedbacks involving carbon that may play out in thesolution. As we will demonstrate, the ability of the inversion
future oceans and biosphere. to resolve source regions improves for many regions using re-
The information available from global network observa- cent networks. In this study, we therefore adopt the approach
tions has increased dramatically over time. In the 1980's, aof using a variable network, and we argue that the discon-
limited number of network sites were able to reveal an up-tinuities due to changes in the network are symptomatic of
ward trend, large seasonal cycles and significant interannuadampling uncertainty that effectively limits the retrieval of in-
variability (e.g.Keeling et al, 1995 Conway et al. 1994). formation about long-term changes in the global carbon bud-
As the number of sites increased, it became possible to obget. We also point out that currently, quasi-operational as-
tain information about the latitudinal gradients of £Qhis similation schemes, such the NOAA's CarbonTracketp}
led to the deduction of a carbon sink at temperate latitudeg/www.esrl.noaa.gov/gmd/ccgg/carbontracketfiat assimi-
of the Northern Hemisphere since the observed gradient wakate observations as they are available are likely to pro-
found to be smaller than that expected from the latitudinalduce unrealistic variability in flux estimates due to network
distribution of fossil fuel emissions. Further analysis led to changes and this noise is currently not quantified. Although
the conclusion that this carbon sink is predominantly locatedthe subject of changing networks as been addressed in past
in the northern hemispheric terrestrial biosphdians et al. studies (e.gRodenbeck et al.2003h Gurney et al. 2008
1990. among others), we take the approach in this study of high-
The focus of much recent research has been on determirighting how the ability to obtain spatially explicit source in-
ing carbon fluxes at continental and ocean basin scales, dormation has changed over time, and which source regions
even regional scales, using inverse techniques Ragner  and aggregations become more reliable.
and Law 1999 Bousquet et al.200Q Gurney et al.2002 Relatively little is understood quantitatively about the
Kaminski et al, 1999 Rodenbeck et al2003a Baker et al. specific biases in transport models, but observations are
2006 Michalak et al, 2004. These methods use transport weighted by estimates of these errors (model-data mis-
models to predict the spatial and temporal behavior of atmo-match errors) in inversions and the resulting solution is
spheric CQ, which is then compared with network obser- sensitive to the values chosen. Differing answers may be
vations. The resulting differences are used to deduce carfound in the literature due to varying methodologies and
bon fluxes. Because of the relatively sparse and uneven disshoices for input parameters. For example, the study of
tribution of network sites and because of the diffusive andFan et al.(1998 estimated fluxes for a few regions using
ill-constrainted nature of atmospheric transport, the flux esti-hard constraints on other regions, and obtained a large up-
mation problem is usually well-constrained for some sourcetake (1.7 GtCyr! + 0.5 GtC yr'1) for North America and a
regions and minimally constrained for others. In order to small uptake for Eurasia (0.1 GtCyr=+ 0.7 GtC yr1). Sub-
avoid physically unrealistic solutions for unconstrained re- sequent studies found larger sinks over Eurasia, or fluxes that
gions, Bayesian estimation techniques have been employedre more evenly distributed over land regions (&gyner
wherein the solution is constrained by a weighted combina-and Law 1999 Bousquet et a].200Q Gurney et al.2002
tion of observations and prior flux estimates or prior assump-2003 2004 Peylin et al, 2002. The sizes of the networks
tions about the spatial and temporal correlation of fluxesused for these studies ranges from only 13 sites to 77 and
(Enting et al, 1995 Michalak et al, 2004. The extentto the number of regions solved for varied from 7 to 22 regions.
which the inversion is pulled toward observational relative The time periods over which fluxes are estimated or aver-
to prior constraints is determined by the balance between inaged also varies from study to study, making direct compar-
put observational and transport model uncertainties and prioisons somewhat difficult. Some studies, suchraters et al.
flux uncertainties. It should be noted that the transport mode{2005, Kaminski et al(1999, Rodenbeck et a(20033 and
uncertainties described here also includes the possible inabiMichalak et al.(2004), have taken the approach of solving
ity of the transport model to simulate variability arising from for fluxes of CQ at very fine spatial resolution, followed by
local sources not resolved by the model. Accurate determiaggregation to larger regions with smaller estimated errors.
nation of these uncertainties is problematic and the flux esti-This strategy has the advantage of reducing aggregation er-
mates are sensitive to choices of these quantitiesgoha- rors (Kaminski et al, 2001). The use of prior information,
lak et al, 2005. either in the form of assumptions about the fluxes themselves
The observational network has changed over time, expander the spatial or temporal covariance of the fluxes, are essen-
ing from about 25 sites in the early 1980'’s to well over 100 tial to the success of these methods.
more recently. This presents a challenge for inverse calcu- The extent to which the global observational network is
lations, since flux estimates are sensitive to the compositiorable to resolve flux information at various spatial and tempo-
of the network due to sparse coverage even for current netral scales is the topic of this study. In particular, how well
works. One is generally forced to choose either a few sitesand where can longitudinal variations in carbon fluxes be
with long, continuous data records, to use many sites and ineonstrained? Can continental fluxes be distinguished from
clude significant amounts of extrapolated data, or to use dluxes from neighboring ocean regions? Does the observa-
variable network which may produce abrupt changes in thetional network even constrain the global partition between
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land and ocean fluxes? Can trends and interannual variabilitfields used to calculate mass fluxes in this study are the Na-
in fluxes be extracted reliably from multi-decadal inversions?tional Center for Environmental Prediction (NCEP) reanaly-
In the next section, we briefly describe the transport modelsis products from 1983 through 2001.
and inversion technique used for this study. This is followed The inversion technique we use for this study is the
by a short discussion of the rationales for choices of prior fluxKalman Smoother described Hruhwiler et al. (2005.
estimates and uncertainties, model-data mismatch error, antlhis computationally efficient method for estimating carbon
observational networks used for the inversions. In Sect. 4fluxes over multiple decades makes use of the fact that the
we describe a useful diagnostic, the resolution kernel, whictobservations that most strongly constrain monthly fluxes are
may be used to interpret the flux estimates. Inversion resultshose within about a half a year of emission, since basis func-
at various spatial scales are described in Sect. 5, along wittions (calculated as unit pulses emitted over a month from a
flux estimates at the underlying inversion resolution of 22 particular source region) have the most structure and largest
source regions. In each case we consider the results in lighgpatial gradients within a few months of emission. The
of what the resolution kernel implies we should be able topulses are rapidly dispersed by atmospheric transport, even-
resolve at the various spatial scales. We also use the resadally reaching a steady background value. Therefore the ba-
lution kernel to show how our ability to distinguish source sis functions need only be transported for a limited amount of
regions has improved with the addition of more observationtime (6 months in this study) compared to several years (with
sites over time. Finally, we discuss how the average seasonaixtrapolation beyond this over the entire inversion period)
cycle for each region diverges from the prior. for the commonly used Bayesian synthesis inversion tech-
nigue. Results using the fixed-lag Kalman Smoother yield
excellent agreement with the Bayesian synthesis technique
2 The transport model and flux estimation technique (Bruhwiler et al, 2005. Furthermore, the sizes of the ma-
trices used in the inversion are significantly smaller, thus re-
The transport model used for this study is the coarse gricducing computation cost. The numerical efficiencies of the
Tracer Model version 3 (TM3). The horizontal resolution is Kalman smoother in turn make it possible to perform large
roughly 75° x 10°, with 9 vertical levels spanning the sur- numbers of multi-decadal inversions in order to test sensitiv-
face to 10hPa. The TM3 global transport model may beities to parameters and networks.
driven by either analyzed meteorological fields or those cal-
culated by a general circulation model. The transport model
is described in detail bideimann and Koerng2003. TM3 3 Method
integrates the tracer continuity equation with a 3 h time step
for an arbitrary number of tracers using the slopes advecMultiple studies have demonstrated the sensitivity of atmo-
tion scheme oRussell and Lerngi1981). Also included are  spheric inversions to input parameters and solution strategies
stability-dependent vertical diffusion using the parameteriza-(e.g. Peylin et al, 2002 Rodenbeck et al.2003a Micha-
tion of Louis (1979, and a detailed convective mass transportlak et al, 2004 Krakauer et al.2004. As these studies
scheme byliedke(1989. As noted byDenning et al(1999 have shown, assumptions about the model-data mismatch
in a model intercomparison study of the inert atmosphericand prior flux uncertainties have a significant impact on esti-
tracer (Sk), TM3 lies within the group of models that tend mates of fluxes and uncertainties. The size and composition
to have weak vertical mixing. This has implications for flux of the observational network also has a large impact on the
estimation and could produce biases. For example, weak verstimated fluxes, and in some cases, the addition of a single
tical mixing during autumn, when respiration of g@om  site can drastically alter the partitioning of fluxes between ad-
the biosphere is high, may result in a calculated overabunjacent regionsYuen et al, 2005. The latter problem arises
dance of CQ in the atmospheric boundary layer relative to because the current distribution of observational sites is still
observations. This will lead to flux estimates with artificially very sparse and does not adequately sample the source vari-
low estimates of C@emission. During the summer, con- ability.
vection that is too weak may result in lower than observed |n this section, we describe the input parameters and net-
predicted CQ, and underestimated carbon uptake. work compositions for the calculations presented in this
Use of coarse resolution transport allows us to do manystudy. In the sections that follow, we discuss our flux esti-
calculations quickly. In this study, we are interested in esti-mates for the underlying spatial resolution: the TransCom 3
mating monthly average fluxes using monthly average obsersource regions (shown in Fig. 1), and results aggregated to
vations. Use of higher resolution transport fields are thereglobal and zonal scales.
fore not likely to impact the results discussed here signifi-
cantly, except that some observation sites may be exclude8.1 Prior flux estimates and uncertainties
from our inversions because the transport at these sites can-
not be adequately simulated with a coarse resolution modelHere we describe the a priori flux estimates used in this study
This will be discussed in more detail in Sect. 3. The wind and their uncertainties. A diagonal a priori covariance matrix
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Fig. 1. The TransCom 3 flux regions (source: Kevin Gurrteyp://www.purdue.edu/transcom/

is used such that the spatial and temporal covariances be- For the terrestrial biosphere, annually-balanced carbon
tween the estimated parameters is initially zero. fluxes calculated using the Carnegie-Ames-Stanford Ap-
The prior flux estimates for the oceans adopted in thisproach (CASA) model were use®R@nderson et gl1997)
study are those ofakahashi et al(1999, who used ship- as prior flux estimates. The CASA model consists of a
board measurements @fCO, in surface waters collected simulation of net primary productivity (NPP) and a sub-
since 1960 (approximately 2.5 million data points) to calcu- model that calculates heterotrophic respiration. Inputs to the
late the sea-aipCO; difference on a Z4latitude by 3 longi- CASA model include normalized difference vegetation index
tude grid. Horizontal advection and diffusion fields from an (NDVI) from satellite observations, surface solar insolation,
ocean general circulation model were used to interpolate valelimatological temperature and precipitation, soil texture and
ues for grid boxes where no observations exist. The net airland cover classification derived from NDVI. The steady-
sea CQ flux was estimated by using monthly mean winds state net ecosystem production (NEP), which is intended to
and theWanninkhof(1992 formulation of the effect of wind  represent 1990, was calculated by running the model for
speed on the gas transfer coefficient. Since for any particulab000 yr in order to allow the plant, litter and soil carbon pools
year the data coverage is sparse, the entire data set was us@dequilibrate. Due to the fact that the biosphere is in equi-

to construct CQ@ fluxes for one composite non-El i\ year,  librium for this CASA simulation, the annual net global land
1995, by correcting for the atmospheric £€@end. The es-  biospheric uptake of C&is approximately zero.

timate of_the annual global ocean net uptake obE@ this Estimating the uncertainty of the CASA G@uxes is dif-
data setis 2.2 GIC yr. ficult. Potential sources of uncertainty are errors in the in-

; An |_mpr(1)rtant. source of unce][talnty f'fn the airseaCO . fields, and errors and biases in both the NPP and het-
uxes is the estimated gas transfer coefficient and its depery oo phic respiration model components. The global spatial
dence on wind speed. Interpolation of the relatively sparsg,, iapijity of NPP is captured quite well since satellite ob-
data set in space and time is also a source of effaka- o1 ations are used. Note that atmospheric data used in the
hash| etal(2002 estlmgte that th(.a.error due to mterpqlatlon inversion have also been used to evaluate the CASA model,
is as large as 50 %, with an additional 20 % uncertainty aSyyerefore the prior fluxes and observations may not be strictly
sociated with the wind speed dependence of the gas transfehyenendent. In this study, we have chosen to use a nominal
coefficient. In this study, we have chosen to use a nomina|;cerainty of 100 % of the monthly NEP with a lower limit
uncertainty of 100 % of the monthly prior flux for each ocean of 1GtCyr! for land regions. We also assume normally-
el O h .
region with a lower limit of 0:2 GtCyr (notg that the flux distributed prior flux uncertainties, althoughevallier et al.
umts are always expressed in GtCyreven if they are ap- (2006 have suggested based on comparison of a prognos-
plied only over 1 month). tic terrestrial biosphere model with flux tower observations
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that the prior flux errors may be better represented by a nonef a hard constraint on the solution with possible resulting
normal distribution. The treatment of non-normal error dis- biases as described Bngelen et al(2002.

tributions is beyond the scope of the present study. The posterior fits to the observations have also been used
] to infer which sites the transport model may be unable to
3.2 Model-data mismatch error simulate well. In particular, the contribution of each site to

) B the cost function may be calculated to determine how well
The model-data mismatch error represents the ability of the,5ch site was fit by the inversion (eReylin et al, 2002).

transport model to accurately represent transport processs ihis parameter for a particular site is significantly larger

and local source variability at each measurement site. Thig,an, for typical sites that are relatively easy to model, then
type of error is significantly Iarggr than the pbservatlonal er-that site may be de-weighted in the inversion. We found that
rors of the flask network. Choosing appropriate values for thegjes that the inversion had trouble fitting were also sites with

model-data mismatch error is difficult because there are iny,own modeling complications, such as those sites close to
sufficient independent data available for detailed model eval1oca| sources, or those subject to small-scale transport fea-
uation at each measurement site. Furthermore, errors in thﬁjres such as sea and mountain-valley breezes. Examples

transport model can cause covariance in the model-data misy.e Grifton. North Carolina and Sary Taukum, Kazakhstan.
match error which ideally also ought to be taken into accountzy |, ded sités are pinpointed in red in Fig. 2. '

Chevallier(2007). It is likely that the spatially sparse and
low frequency observations used here will help limit the im-
portance of observational error covariance. ;Giofile ob-
servations from tall towers and aircraft were aggregated and

de-weighted in the inversion to correspond with the model’sThe observations used in this study are those of the Co-
relatively coarse vertical resolution. Most of the aircraft ob- operative Air Sampling Network, which is coordinated by
servations are obtained in the free troposphere where horithe National Oceanic and Atmospheric Administration Earth
zontal transport dominates, hopefully limiting the effect of System Research Laboratory Global Monitoring Division
vertical transport error covariance. (NOAA-ESRL/GMD, formerly the NOAA Climate Monitor-

We have evaluated the agreement between observatiorigd and Diagnostics Laboratory). This network consists of
and forward simulations of C£n order to estimate how well ~ Sites from multiple international collaborators, and includes
each site is simulated. Forward simulations were done usindigh frequency measurements from the 5 NOAA Baseline
the fossil fuel inventory ofAndres et al(1996) andBrenkert ~ Observatories (Mauna Loa, Point Barrow, Trinidad Head,
(1998 along with the biospheric and ocean fluxes describedSamoa and the South Pole), weekly aircraft profiles, regu-
above and later used as prior flux estimates in the inversionl@r shipboard observations, measurements from tall towers
We first calculate long-term means and average seasonal cgnd weekly duplicate air samples from fixed points around
cles for both the modeled and observed,Gite series. Dif-  the globe. Samples are analyzed at NOAA-ESRL/GMD, and
ferences in the long-term means and average seasonal cycl#e process is subject to careful calibration and data quality
likely arise from differences between the prior fluxes and thecontrols. The observations are freely available on the inter-
actual fluxes, while differences between the short period denet (vww.esrl.noaa.gov/gmd/dv/d3gtaThe observations are
viations from the long-term mean and annual cycle betweerflescribed in detail bfonway et al(1994.
the observed and modeled g@me series likely arise from In order to provide uninterrupted records of £@bun-
misrepresentation of local sources and transport processeafance for use in atmospheric inversiodMasarie and Tans
(i.e., model-data mismatch errors). These residual deviation§1995 devised a technique to extrapolate and interpolate
are used to obtain a relative measure of how well the modetime series of observations over periods for which measure-
is able to reproduce the monthly G@me series at each site. ments at a particular site do not exist. Application of this data
Model-data mismatch errors are estimated by weighting theextension procedure for the network results in the data prod-
scaled residual deviations to give chi-squared values closect known as “GLOBALVIEW?”, the construction of which
to 1 in the inversion. This method of constructing a set ofinvolves application of the analysis tools described’hpn-
model-data mismatch errors is similar to weighting sites ac-ing et al.(1989. Information such as long-term trends, aver-
cording to observed variability, however, it allows for the fact age seasonal cycles and filtered residuals from nearby mea-
that at least some of the observed variability, that occurringsurement sites are used to fill in missing data, extrapolating
on seasonal timescales, is actually resolved by the transpotfack to 1979 if necessary. In extreme cases, such as recently
model and that this information can be used to revise the prioestablished sites, the GLOBALVIEW product may consist
flux estimates. almost entirely of extrapolated observations; however, infor-

We also point out that the framework used for the calcula-mation is provided on whether actual observations are used
tions described here uses basis functions that have imposead produce the smoothed data. Strictly speaking, the use of
within-region spatial patterns calculated from the prior flux this data product results in multiple use of data, since nearby
distributions. Strictly speaking, this results in the imposition sites are used to fill in the missing data before being used

3.3 Selection of observation sites

www.biogeosciences.net/8/1309/2011/ Biogeosciences, 8, 13632011
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Fig. 2. Changes in the observational networks over time. The dark blue circles show the locations where flask samples are routinely taken
and the large light blue squares show the locations of CMDL observatories where high frequency measurements are also available. Rec
circles are measurement sites that were not used because the transport model could not simulate them well. Aircraft sampling sites are show
as dark blue stars.

again in the flux estimation. The net result is that some data When first conceived, the observational network was in-
have effectively more weight in the inversions. tended to make weekly long-term measurements of long-
One strategy that is often employed to deal with significantlived atmospheric species at remote locations in order to
gaps in data records is to use sites that have nearly continunonitor the composition of the “background” atmosphere.
ous observations over the entire period for which fluxes areHence, sites were located in remote locations where predom-
being estimated. Hence, if the carbon fluxes over the peinantly pristine marine boundary layer air could be sampled.
riod 1980 to 2000 are being estimated, then only those site®ver time, the realization that continental air must be sam-
that have a high percentage of actual measurements over thiged in order to adequately constrain terrestrial biospheric
time span are used. As Fig. 2 shows, however, during thdluxes at continental scales has led to an increase in the num-
mid-1980's, the observing network was very sparse. Theber of sites that sample air influenced directly by terrestrial
number of sites has increased significantly over time, withprocesses. Unfortunately, these sites are also the most diffi-
the largest network expansion occurring in the early 1990’s.cult for the transport models to simulate well, and many of
As we will show, even for this period large and potentially these sites are not currently used in global atmospheric in-
important regions remain only indirectly constrained by ob- versions. As models improve, it will become possible to use
servations. Although using a small network consisting of more of these sites.
sites with nearly continuous data avoids multiple use of ob- In this study, we have adopted a compromise between us-
servations, the results of the inversion are inevitably moreing only existing observations (a sparse network) and us-
dependent on prior flux estimates since less data is used timng a large number of sites with extrapolated/interpolated
constrain the inversion. data, a strategy similar tRodenbeck et al(20039 and

Biogeosciences, 8, 1309331 2011 www.biogeosciences.net/8/1309/2011/
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Peylin et al(20095. We define four networks representing Individual rows of R show the relative extent to which each
the 1980's (29 sites), 1990-1995 (48 sites), 1995-2000 (10parameter may be distinguished from the other estimated pa-
sites) and 2000—2002 (120 sites). A list of these sites, andametersR quantifies the ability to retrieve the true param-
time periods over which each is used is given in Table 1. Theeters, with limitations due to transport errors, non-resolved
last column of Table 1 gives the model-data mismatch errodocal source variability and the sparseness of observations.
chosen for each site. Sites that are not well-simulated by

the transport model were excluded from each network as de4.1  Limiting behavior of R and dependence on input
scribed in the previous section and are shown as red symbols  parameters

in Fig. 2. Use of these changing networks results in abrupt

adjustments in the flux estimates at the transitions betweef js instructive to consider the resolution kernel in terms
the networks, and reflects the uncertainty due to sparse angf idealized limiting cases that show how the ability to re-
variable networks which effectively limits the ability to char-  go|ve fluxes is affected by uncertainties in prior fluxes and the
acterize any flux trends. model-data mismatch error. A related issue is the sparse ob-
servation network which also affects resolution through pop-
ulation of the response function matrk,

In the limit thatH is a square, non-singular matrix (a
A useful diagnostic of flux estimation frameworks is the reso- singular matrix would be unphysical) arl approaches 0
lution kernel (e.gBackus and Gilbert.97Q Tarantola1987 (perfect transport and no observational errét)approaches
Menke 1989 Rodgers 2000. This quantity indicates the QHT(HT)~1Q tH='H =1. In this case, the estimated pa-
degree to which the estimated parameters can be resolved ifiameters are perfectly distinguishable. From Egs. (3) and (6),
dependently, and is equivalent to the averaging kernel matrixt is clear that ifR =1 then we obtain the true values of the
used in satellite retrievals. The resolution kernel may be ob-estimated parameters with zero uncertainty, the ideal situa-
tained by assuming that the true, but unknown, values of thdion. Each row of the resolution kernel gives a value of 1.0
parameter being estimates e, are related to (error-free) for the element corresponding to the estimated parameter,

4  The resolution kernel

observationsz, by and 0.0 elsewhere, indicating no confusion of the solution
with those of other estimated parameters.
2= Hsie @ On the other hand, iR > Q (Q ~0.0), then R goes

whereH in this context is a matrix of the responses at eachto 0.0. The estimated parameters are not resolved for this
measurement site from unit pulses emitted from each sourc€ase, and the estimated fluxes and their uncertainties are un-

region. changed from prior values and uncertainties. No new infor-
The discrete Kalman filter update equation for the esti-mation is obtained about the estimated parameters. This may
mated source vector iKalman 196Q Gelb, 1974 also be seen from Eq. (6).
, T 1 The dependence of parameter resolution on the density of
S =%+QH"[R+HQH |7 (z—Hs) (2)  observations influenceR through the products involving,

which is generally not square or non-singular. Source regions
not well-sampled by the observational network will have cor-
responding small elements k. In the limit thatH actually

goes to zeroR will also go to zero, and the estimated pa-
rameters are not resolved and the parameters and uncertain-

whereQ andR are prior flux and model-data mismatch error
covariance matrices, is a vector of prior flux estimates, and
s’ is a vector of posterior flux estimates.

Equations (1) and (2) may be combined as

S—s= R(&rue— sp) (3) tiesremain at_ thelr prior values. _
Atmospheric inversion problems tend to have a mixture of
where the resolution kernel is identified as parameters that are well-constrained by observations, and pa-

AT Ta—1yy _ rameters for which the estimates and uncertainties do not de-
R=QH [R+HQH"]"H =KH 4) viate significantly from the prior value®R is therefore com-
andK is the Kalman gain matrix. The resolution kernel is a Posed of some rows for which the element corresponding to
square matrix with rank equal to the number of parametertn estimated parameter is nearly 1.0 with small off-diagonal

estimated. values, and some rows for which there are numerous peaks,

Note also that using the update equation for the covari-2nd some rows for which all values are nearly zero.
ance, Note that computation of the resolution kernel uses quanti-

, T 1 ties that are pre-calculated or input into the inversion, there-
Q' =Q—-QH [R+HQH"]"HQ () fore, the full parameter estimation need not be done to as-
implies sess how well parameters will be resolved by a particular

framework. In subsequent sections, we show how the appli-
Q=01-R)Q (6) cation of the resolution kernel leads to useful and important

www.biogeosciences.net/8/1309/2011/ Biogeosciences, 8, 13632011



1316 L. M. P. Bruhwiler et al.: Resolution of carbon flux estimates

Table 1. Observation Sites. Table 1. Continued.
Site Code 1985 1990 1995 2000 Model-Data Site Code 1985 1990 1995 2000 Model-Data
Mismatch Error Mismatch Error

AIA005 X X 0.4 HUNOO 1.0
AIA015 X X 0.4 HUNO10 1.1
AIA025 X X 0.4 HUNO048 1.1
AIA035 X X 0.4 HUNO082 1.1
AlA045 X X 0.4 HUN115 1.4
AIA055 X X 0.4 ICE X X 0.6
AIA065 X X 0.4 ITN 0.8
ALT X X X X 0.6 ITNO51 0.7
AMS X 0.4 ITN123 0.8
ASC X X X X 0.5 1ZO X X 0.5
ASK X X 0.5 JBN X X 0.4
AVI X 0.5 KEY X X X X 0.6
AZR X X X X 0.6 KUM X X X X 0.5
BAL X X 1.0 KZD 0.9
BGU X X 1.1 KZM 0.8
BHD X X X X 0.4 LEF 1.4
BME X X X 0.6 LEFO11 0.9
BMW X X X 0.6 LEF030 0.7
BRW X X X X 0.6 LEFO76 0.8
BSC 1.0 LEF122 0.7
CARO030 X X 0.5 LEF244 0.7
CARO040 X X 0.4 LJO X X X 0.7
CARO050 X X 0.4 LMP X 0.6
CARO060 X X 0.4 MAA X X 0.4
CARO070 X X 0.4 MBC X X 0.6
CARO080 X X 0.4 MHD X X 0.6
CBA X X X X 0.6 MID X X X X 0.6
CFA X X 0.5 MLO X X X X 0.4
CGO X X X X 0.4 MNM X X 0.4
CHR X X X X 0.4 MQA X X 0.4
CMN 0.7 NWR X X X X 0.5
CMO X X X 0.6 OPW X 0.6
Col X X 0.6 ORLO005 X 0.9
CPT X X 0.4 ORLO15 X 0.6
CRI 0.8 ORLO025 X 0.5
CRz X X 0.4 ORLO035 X 0.7
CSJ X X X X 0.6 PALCBC 1.1
DAA 0.6 PFA015 X 0.9
EIC X 0.4 PFA025 X 0.7
ESP X X 0.7 PFA035 X 0.7
FRD X X 1.1 PFA045 X 0.7
GMI X X X X 0.4 PFA055 X 0.7
GOz 0.6 PFA065 X 0.8
GSN 0.8 PFAO075 X 0.7
HAAOQ05 X 0.7 POCS35 X X X 0.5
HAAO015 X 0.6 POCS30 X X X 0.4
HAA025 X 0.6 POCS25 X X X 0.5
HAAOQ35 X 0.6 POCS20 X X X 0.6
HAA045 X 0.6 POCS15 X X X 0.5
HAAO055 X 0.6 POCS10 X X X 0.6
HAAOQ065 X 0.6 POCS05 X X X 0.6
HAAQ75 X 0.6 POCO00 X X X 0.7
HAT X X 0.7 POCNO5 X X X 0.6
HBA X X X X 0.4 POCN10 X X X 0.4
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Table 1. Continued. Table 1. Continued.
Site Code 1985 1990 1995 2000 Model-Data Site Code 1985 1990 1995 2000 Model-Data
Mismatch Error Mismatch Error

POCN15 X X X 0.5 STP X X X X 0.4
POCN20 X X X 0.4 SUM X 1.1
POCN25 X X X 0.4 SYO X X 0.4
POCN30 X X X 0.4 TAP 0.7
POCN35 X X 0.4 TDF X X 0.4
POCN40 X X 0.4 TRM X 0.6
POCN45 X X 0.4 UTA X X 0.6
PRS 0.6 UuM X X 0.6
PSA X X X X 0.4 WES 0.8
RPB X X X 0.5 WIS X X 0.8
RTAO005 X 0.4 WKTO00 1.1
RTA015 X 0.4 WKTO030 1.1
RTA025 X 0.4 WKT061 1.1
RTAO035 X 0.4 WKT122 1.1
RTA045 X 0.4 WKT244 1.1
RYO 0.7 WKT457 1.1
SBL X X X X 0.8 WLG X X X 0.6
SCH 0.6 WPON30 X X 0.6
SCSNO03 X 0.5 WPON25 X X 0.6
SCSNO06 X 0.5 WPON20 X X 0.4
SCSNO09 X 0.4 WPON15 X X 0.4
SCSN12 X 0.5 WPON10 X X 0.4
SCSN15 X 0.5 WPONO5 X X 0.5
SCSN18 X 0.5 WPOO00 X X 0.5
SCSN21 X 0.7 WPOSO05 X X 0.5
SEY X X X X 0.4 WPOS10 X X 0.5
SHM X X X X 0.8 WPQOS15 X X 0.5
SIS 0.7 WPOS20 X X 0.6
SMO X X X X 0.4 WPOS25 X X 0.6
SPO X X X X 0.4 YON X 0.7
ST™M X X X X 0.6 ZEP X X 0.5

insights, however, we first provide more details aboutthe res- rherefore, the posterior correlations between estimated
olution kernel and its properties. parameters for a diagonal prior error covariance matrix are
related to the variance of one parameter multiplied by the
corresponding cross term from the resolution kernel. The
For the special case whe@gyior is a diagonal matrix, the di- latter gives a measure of how distinguishable the estimated
agonal elements of the posterior covariance matrix are givefarameter, is fromm.

by

4.2 Relation of R to Q

q;;n =A~=7u)qun (7) 5 Results

whereg, , andg,, are diagonal elements of the posterior and

prior error covariance matrices, ang, is the correspond- In this section we describe inversions for carbon fluxes us-

ing diagonal element of the resolution kernel matrix. From "9 the Fixed-Lag Kalman Smoother framework discussed
this equation we can see that the prior parameter variance &Y Bruhwiler et al. (2009, observations from the NOAA
reduced more as the resolution of the parameter increaseESRL GMD Cooperative Air Sampling Network for 1983

Similarly, it may be shown that the off-diagonal elements of through 2002, and the input uncertainties and prior flux es-
the posterior error covariance are timates as described above. The underlying source resolu-

tion of the atmospheric inversions is 22 continental and ocean
Gnm = Fnmqmm (8) basin scale regions (TransCom 3 Model Intercomparison Ex-
periment,Gurney et al.2000. The results we show do not
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MTotal Clobal Flox 1 due to network configuration are small and well within the
4 teta obal miux ] estimated errors. Theslconfidence interval decreases sub-
i ] stantially as the network size increases over time, ranging
. 2r . ] from just under 1.0 GtC yr* to about 0.5 GtC yrl. The net
Q a ] global fluxes vary considerably, ranging from nearly zero up-
< 0 i take in 1987 and 1998 to uptake of more than 3.0 GtCyr
© oL ] during the early 1990's. Previous studies have suggested a
i ] connection between ElI Ro/ENSO and reductions in car-
_af ] bon uptake by the biosphere and oceans @anway et al.
[ . ‘ ] 1994 Feely et al. 1999 2002 Keeling et al, 1995 Rayner
and Law 1999 Rodenbeck et 8120033 Patra et a].2005.
As shown in Fig. 3, the estimated global uptake of s
SR ] nearly zero during the strong El filb’s of 1987 and 1998.
41 __ Global Ocean ] The early 1990's were also a period of positive ENSO index
oL 1 (Wolter and Timlin 1993 1998; however, cooler and wetter
s i N ] conditions due to the major Pinatubo volcanic eruption likely
5 ok ] caused the increased uptake during the early 1990’s, and may
& i M ] have also affected the response of the carbon cycle to the El
_oL ] Nifio during this period @onway et al. 1994 Ciais et al,
1999. The flux anomalies associated with the 1997/1998 El
—4r b Nifio shown in this study agree well with thoseRifdenbeck
et al. (20033, Bousquet et al(2000, Gurney et al(2008,
0 85 90 95 00 05 andRayner et al(1999 although they are smaller than those
Year reported byPatra et al(2005.

Figure 3 also shows global total fluxes calculated with the
Fig. 3. _(Top) The estimateq annual total globgl carbon flux and zonal average model described Bgns et al.(1989 (red
uncertainty. The yellow region shows the tonfidence bounds, crosses, upper panel). This flux estimation procedure does
and the red crosses show the estimated global carbon flux from thg ot se prior flux estimates. The zonal average model uses
zogalTa(\éerage mggel dfans et aI.(1982 (Cclt']rtesly g’f J.ﬁ’\)/lvl\l/ltf]r only zonally averaged observations and transport to infer the
and T. Conway) The green crosses show the globaj g __carbon fluxes. The agreement between the flux estimates
rate estimated from the observed concentrations at network Slte%'rom this study and the zonal average technique is very good

(Bottom) Estimated global total land and ocean fluxes. The thick™ =" . .
red line and yellow shaded area shows the global total estimate§/Nich is expected since both calculations use the same obser-

land flux and the estimatedriconfidence bounds, the thick dark Vvations, and therefore must recover the same global growth
blue line and light blue shaded area shows the global total oceafiate. However, comparing the two different calculations pro-
flux estimates anddl confidence bounds. vides a useful check on the overall consistency of the flux
estimates. Flux estimates can fail to match the zonal aver-
age model global total fluxes if, for example, the solution
include the first year of the estimates since about a half yeajs very tightly constrained to match the prior flux estimates.
is required for the inversion to adjust from initial conditions. Also shown are the global growth rates of £@stimated
We also integrate our discussion of the flux estimates withdirectly from the observed concentrations at network sites.
the resolution kernel, since we consider the latter to be a usewith the exception of a few years, the agreement is quite
ful tool in the interpretation of the flux estimates. The reso-good, even though there are errors associated with calcu-
lution kernel will be shown row by row, where the diagonal lating the global growth rate directly from observations that
element of each row indicates how well the parameter is re-are mostly at the surface. A comparison to observed global
solved, and the off diagonal elements give an indication ofgrowth of atmospheric COwas also done bfRayner et al.
the degree to which parameters may be distinguished fron{2005 for their assimilation system that optimizes terres-
each other. We consider values greater than 0.75 to be largérial biosphere model parameters. They found general agree-

and less than 0.4 to be small in the discussion below. ment with the timing of estimated growth anomalies with
differences in magnitudes that they attributed to the lack of
5.1 Carbon flux estimates at global scales biomass burning in their terrestrial biosphere model. Com-

parisons to global growth of atmospheric flux can be a valu-
The upper panel of Fig. 3 shows the estimated annual averable diagnostic for atmospheric inversions.
age global net carbon fluxes aggregated from 22 source re- The global partition between the annual ocean and terres-
gions. Although we have used the time-dependent networkrial biosphere flux estimates is shown in the lower part of
construction described in the previous section, differenced=ig. 3. With the exception of large anomalies, such as the
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Tt ——2000 Network covariance and model-data mismatch error have been removed by
oer 1995 Network setting each matrix to the Identity matrix. Note that the resolution
0.4 1985 Network™] is dependent on the relative sizes of each a priori error, and this
0ol figure is intended to suggest the importance of a priori information

r in determining the resolution. Note that the black line represents

oor — , the resolution kernel for the 2000 network from Fig. 4.
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mospheric inversions to distinguish between global land and
ocean fluxes was also noted Bpdenbeck et al(20031.

Fig. 4. The resolution kernel for the global land and oceans in July They obtained similar land/ocean partitioning even when dif-
calculated by aggregating monthly average basis functions, prioferent prior fluxes were used.

flux uncertainties, and mismatch error to global scales. Note that |t is important to recognize that the relative sizes of the
the resolution kernel shows how well the global land and oceans argylobal land and ocean prior flux uncertainties and the larger
resolved relative to gach other_within a partic_ular month, as wellmodel-data mismatch errors for continental sites play an im-
as the degree to which the estimate for July is confused with the, 3t role in the ability to distinguish global land and ocean

estimates for global ocean and land regions from previous and su . f
cessive months. The “L” and “O” on the horizontal axis denote Iandcﬂuxes' This may be seen from Fig. 5, where land-sea asym

and ocean regions for the month of interest and for adjacent timé“emes |n.these quantities are ellmlnatgd from both the prior
steps. flux covariance and the model-data mismatch errors by us-

ing the same values for both ocean and land. Although the

resolution of global ocean and land fluxes is also dependent
1998 El Niio, the I confidence intervals for the annual ter- on the relative sizes of the prior flux covariance and model-
restrial biosphere and ocean fluxes overlap. It is questiondata mismatch error, this figure illustrates the importance of
able whether there is enough spatial information such thag priori information and how it contributes to the spatial dis-
the inversion can tell global land and ocean sources aparﬂ’ibution of estimated fluxes. The a priori error estimates of
Although the appropriate cross terms of the covariance maocean carbon fluxes are usually much smaller than prior ter-
trix could provide insight, we show the average resolutionrestrial flux error estimates, and this plays a significant role
kernel (Fig. 4), obtained by calculating the resolution ker- in constraining the optimization.
nel using aggregated response function, prior flux uncertainty As for the global net flux, the d confidence interval
and model-data mismatch error matrices. Figure 4 shows thdor the global annual terrestrial biosphere flux estimate de-
the global partitioning between land and ocean fluxes is recreases from a maximum of about 1.5GtCYro about
solvable using even early networks (implying the latter pos-1.0 GtC yr! with increasing network coverage (Fig. 3b). In
sibility) where values of the diagonal element reach at leastontrast, the uncertainty for the global annual ocean fluxes
0.7. There is little tendency for the solutions for the global is only slightly reduced over time. This is because many re-
oceans and biosphere to be confused either within a particueently added sites sample continental regions, while the num-
lar month, or between adjacent months since the off-diagonaber of observations constraining the oceans has increased
elements of the resolution kernel are very small; less tharmore slowly. Also, since the terrestrial fluxes are often much
0.2. The inversion is able to better distinguish the globallarger than the ocean fluxes, continental sites cannot pro-
total ocean and land fluxes as the network expands, espesde reliable information on ocean fluxes. Differences in the
cially for Northern Continental regions. The ability of at- global annual land and ocean fluxes due to changes in the

DEC NOV OCT SEP AUG JUL JUN MAY APR MAR FEB JAN
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Table 2. Comparison of 1992-1996 Average Carbon Fluxes Estimated by This Study and Tigzep€t al(2006, Gurney et al(2004),
Jacobson et a(2007) andRodenbeck et al20033. The numbers in the parentheses are estimated uncertainties.

This Study Baker Gurney Jacobson Rodenbeck
Global —-26(0.6) -33(0.2) -28(0) -—-28(0.1 -35(0.1)
Global Prior -17(19) -12(2.8) -1.2(2.8) NA —-2.3(2.9)
Land -0.7(1.1) -23(0.5 -15(1.0) —-11(0.2) -1.8(0.4)
Land Prior —-0.1(1.9) 0.9 (2.6) 0.9 (2.6) NA —-0.5(2.7)
Ocean -19(1.4) -10(05 -13(1.0) —-1.7(0.2) -1.7(0.3)
Ocean Prior -16(0.4) -2.1(0.9) -2.1(0.9) NA -1.8(1.0)

Northern Land -2.3(0.7) —-27(0.3) —-24(1.1) -29(1.00 -05(0.2
Northern Oceans —1.0(0.7) -1.0(0.2) -0.9(0.6) -1.1(0.1) -1.6(0.2)

Tropical Land 0.6 (1.1) 1.6 (0.7) 1.8(1.8) 4.2(2.7)-1.2(0.3)
Tropical Oceans 0.3(0.7) 0.6 (0.3) 0.0 (0.6) 0.8(0.1) 0.9(0.2)
Southern Land 1.0(1.1) -1.2(0.6) -0.8(1.2) —2.4(2.0)0 -0.1(0.2

Southern Oceans —1.6 (0.7) —-0.6(0.3) -0.5(0.6) —-1.4(0.1) -1.0(0.1)

network are slightly larger than for the global total annual and this along with slightly larger fossil fuel emissions ac-
fluxes, but are still well within the estimated onfidence counts for the difference in the global fluxes. It is interesting
intervals. The results shown here are consistent with thos¢hat even for the global total flux, there can be significant
found byGurney et al(2008 andPatra et al(2005 for the differences between the flux estimates, and we note that all
Transcom 3 ensemble of transport models. In their studiesstudies shown used the same fossil fuel inputs, albeit with
they estimated fluxes for a variety of networks and found thatsmall differences that my arise through interpolation.
global aggregated land and ocean fluxes are not very sensi- The average global ocean fluxes shown in Table 2 may
tive to network changes, a result that we confirm here. be grouped into two Categories, wilaker et a|(200@ and

The global land and ocean fluxes over the period 1994 tdGurney et al. (2004 showing much less uptake by oceans
2001 are in good agreement with estimates obtained usinghan the other three studies. Not surprisingly, these studies
measurements of N, over the period 1994-2003 obtained show more uptake by the global terrestrial biosphere. Note
by Bender et al(2005. They find an average terrestrial up- that the joint inversion adacobson et a{2007) and the study
take of 0.8-1.6: 0.6 GtCyr! and an average ocean uptake by Rodenbeck et a[20033 use ocean carbon measurements
of 1.7-2.1+ 0.5, while aggregated estimates for this studyto constrain ocean fluxes, making the agreement between
are 07+£1.0GtCyr! and—1.9+1.2GtCyr!. The inter- these calculations of ocean uptake very good.
annual variability of the carbon fluxes estimated in this study,
including the large terrestrial response to the 1998 EloNi 5.2 Zonal average carbon flux estimates
are also comparable to the resultsBdnder et al(2005,
although we find less interannual variability for the oceanThe resolution kernel for the TransCom 3 source regions
fluxes. (grouped as shown in Table 3) aggregated to approximately

Table 2 shows a comparison of our global total, land andzonal land regions is shown in Fig. 6. From this figure, it is
ocean fluxes with those published recently. The studies bylear that the zonal land regions are well resolved for the re-
Gurney et al(2004 andJacobson et a{2007) use a global  cent two networks (1995 and 2000) with diagonal elements
mass constraint derived from observations, and therefor@f 0.8 or greater, but not as well for the earlier networks.
agree with the observed global g@rowth rate shown in  Due to increased observational coverage in the 2000 net-
Fig. 3 averaged over 1992 to 1996 (2.8 GtCY)r Our av-  work, the resolution of the High Northern Land regions is
erage global flux is slightly less than the observed value andignificantly increased and the fluxes for this region are well-
this is consistent with the influence of the global prior flux, resolved. The same is true in general for the other terres-
which is considerably smaller than the observed value due tdrial regions as well, with steady improvement in resolution
a neutral biosphere. The results®dker et al. (200§ and  from adjacent ocean regions as the network expands. For
Rodenbeck et ak20033 show a much larger than observed the 1985 network, the Tropical Lands are unresolved with a
global uptake of carbonBaker et al.(200§ note that the diagonal elements of less than 0.4. For the Temperate South-
global growth obtained from the observations they used wereern Lands, the fluxes from the land and adjacent ocean re-
0.3GtCyr ! smaller than that used Wyurney et al(2004), gions cannot be distinguished for the early networks since
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Table 3. Definition of Land and Ocean Zones (Numbers correspond to those used in the Figures).

Zone TransCom 3 Region

High N. Land (1) Boreal N America (1) Boreal Eurasia (7)

Temperate N. Land (2)  Temp. N America (2) Temp. Asia (8) Europe (11)
Tropical Land (3) Amazonia (3) N. Africa (5) SE Asia (9)
Temperate S. Land (4)  Temp. S America (4) S Africa (6) Australia (10)

High N. Oce. (5) Northern Oce. (16)

Temperate N. Oce. (6) N Pacific (12) N Atlantic (17)

Tropical Oce. (7) WI/E Egq. Pacific (13,14) Eq. Atlantic (18) Eqg. Ind. Oce. (21)
Temperate S. Oce. (8) S Pacific (15) S Atlantic (19) Temp.Ind. Oce. (22)

High Southern Oce. (9) Southern Oce. (20)

they have corresponding peaks of less than 0.2. For the remore recently, shipboard observations and other sites have
cent networks, the resolution of these regions is significantlybeen added at low latitudes.

improved. For the less well-sampled Tropical and Southern The resolution kernel for the zonal ocean regions (Fig. 8)
Hemisphere zones much of the inversion’s ability to separateshows that the Northern Hemisphere ocean zones are rela-
land and ocean fluxes comes from land-ocean asymmetrietively well-resolved (diagonal elements greater than about
in prior flux uncertainty (as for the global land-sea flux par- 0.75) for the most recent networks, however, the diagonal
titioning). elements for the Southern Hemisphere Ocean regions are

The aggregated zonal land flux estimates and uncertaintiegloser to 0.6. It is interesting that the inability to distinguish
are shown in Fig. 7. Effects of changes in network config- between the solution for a particular ocean region and an ad-
uration are evident at this spatial scale, particularly for thejacentland region seems to be smaller than that between land
Temperate Northern Hemisphere Land where the number ond neighboring ocean regions. This is likely a result of the
observing sites has increased significantly with time. In Con-hiStOfiC&' preference for Iocating network sites in the marine
trast, the jumps are not as large for the Temperate Southboundary layer in order to sample background atmospheric
ern Hemisphere and Southern Ocean zones, where the nurf-O2 abundances.
ber of observing sites has increased less. Note the decreasesFigures 6 and 8 suggest that for the 2000 network, and to a
in the 1o confidence intervals for the Northern Hemisphere lesser extent, the 1995 network, the Equatorial and Southern
Land zones, and the small decrease in the tropical land zond€mperate Ocean and Land zones are fairly well-resolved.
As the size of the network increases and the estimated errdf is important to keep in mind, however, that the zonal es-

decreases, the estimates for ocean and land regions becorfigates reflect the fluxes near to the (mostly surface) mea-

more distinguishable. surements. The zonal average flux for tropical land regions
As the number of sampling sites constraining the Temper—for example, does not include direct measurements of Trop-
ifcal South America, and hence the response of the zonal av-

ate Land regions increases, the estimated carbon uptake i ical land fi f ability d di
creases significantly. This may imply that the earlier, sparsef'29€ Tropical land fluxes to climate variability does not di-

networks produce biases towards underestimation of uptaké,eCtIy |rr]1f0rm or;)th_e respgnselof thg e?osy;stems of Ar_nazoma
but it is also possible that there are model biases relating {40 such perturbations. Zona (and global) aggregations are

vertical mixing influence the inversion increasingly as more Prone to errors and biases arising from the sparse underlying

sites directly sample continental air. The increased uptake ir;@mPling distribution.

the Northern temperate land zone occurs at the expense cfggséble 2 shov;/ls a comlpa;lsolr\} W'thh rec?rnt sFud;es gfslggﬁ—
uptake over the less well-constrained tropical land regions. average flux results for Northern, Tropical and South-

Fi 7 ts that the | t0 the 1998 Egrn land and ocean regions. All of the flux estimates show
.N'gure suggests that the farge response fo the consistent uptake over Northern land regions of more than
Nifio event occurred in tropical land regions where carbon

itted to the at h ta rate of about 2.0 GIE 2 GtC yr-1 except for the results dddenbeck et a(20033
was emitiedlo the atmosphere at a rate ot about . YI' \which are much smaller. The latter estimates use only 16
This agrees well with the flux estimatesRédenbeck et al.

. stations, and this may account for the differences from the
(20033, Peylin et al (2009, Rayner et al(2(_)08, Patra et al. other calculations. The fluxes for tropical and southern land
(2009 andvan der Werf ?t. al(2004, and W'th analyses that- regions vary much more, and this is a result of fewer obser-
suggest warm, d_ry condmpns over the.tr0p|cs resulteq "N 1N ational constraints and more sensitivity to network choices
creased respiration and biomass burnidgrng 1999. It is and prior fluxes,
interesting that for the 1987 El No no comparably large sig-
nal is found for the tropical land zone, however, there were
fewer observations in the tropics during the 1980’s, while
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Fig. 7. Aggregated estimates of quasi-zonal land (red) and ocean
(blue) fluxes. The shaded areas indicate the estimatedoh-
fidence bounds for the estimated land fluxes (yellow) and ocean

_F'g' 6. The resolution kernel f‘?r approximately zonal Ia_nd reglons g, ,ves (light blue). The jumps in the solution are the results of using
in July, calculated by aggregating monthly average basis funCt'onStime-varying networks as described in the text
prior flux uncertainties, and mismatch error for the TransCom 3 re- '

gions. Note that the resolution kernel shows how well the zonal land

regions are resolved within the month of July, as well as the degre?j:1 1) GtC yrl for the Tropical lands are not necessarily in-
to which the solutions for July are confused with solutions for zonal " .
onsistent with the results &tephens et a(2007), however

oceans and land from previous and successive months. The nun® ion bv South land and . |
bers on the horizontal axis indicate the zonal regions as follows: icompensation by Southern land and ocean regions must also

— High Northern Land, 2 — Temperate Northern Land, 3 — Tropical P& considered.
Land, 4 — Temperate Southern Land, 5 — High Northern Ocean, 6 The flux estimates for the Northern Oceans are similar
— Temperate Northern Oceans, 7 — Tropical Oceans, 8 — Temperaf®r all of the studies in Table 2 except fRbdenbeck et al.
Southern Oceans, 9 — High Southern Ocean. Note also that the re§2003g which shows more uptake, perhaps to compensate
olution kernel for the different networks as described in the text arefor less Northern land uptake. The range of the tropical
shown: 2000 (black), 1995 (red), 1990 (green) and 1985 (purple). ocean fluxes is quite large, with emissions ranging from 0
to 0.9 GtCyrL. All flux estimates, except for those &ur-
ney et al(2004) agree to within the estimated errors with the
It has recently been suggested $tephens et a(2007), estimate oflacobson et a(2007) which are constrained by
using aircraft observations independent of flux inversions,ocean observations. On the other hand, only the estimates
that many of the models used to estimated carbon fluxes havieom this study agree with those d&cobson et a(2007) for
transport biases that result in overestimated uptake by the tethe Southern oceans.
restrial Northern Hemisphere and a corresponding overesti-
mate of emissions by the terrestrial Tropics. They point out5.3 Continental and ocean basin-scale carbon flux
that the Transcom 3 Level 2 models that most closely match estimates
the annual observed G@rofiles obtain flux estimates for the ] ) ) . .
Northern Extra-Tropics and Tropical fluxes ofL.5 (0.6) In this sectllon, we discuss flux esnmates at contmgntal and
and 0.1 £0.8) GtCyrL. Figure 3 ofStephens et a{2007) ocean basm-;cales for the' underlying source spanal resolu-
suggests that larger Northern uptake and Tropical emissioffon of 22 regions. As we will show, the ability to discern the
are also (non-unique) solutions that agree with the Observegpat!ote_mporal _dlstrlbutlon_ of carbon flux_es is limited by the
vertical profile. In light of this, our average estimated up- distribution of air samples in space and time.
take of—2.3 (+0.7) GtC yr ! for the Northern lands and 0.6

AUG JUL JUN
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Fig. 8. The resolution kernel for approximately zonal ocean regions e L N

in July, calculated by aggregating monthly average basis functions,

prior flux uncertainties, and mismatch error for the TransCom 3 re-

gions. The numbers on the horizontal axis relate to the zonal regiong'g' Qa, The resolution kernel for TrgnsCom 3 terrestrial regions
as follows: 1 — High North Land, 2 — Temperate North Land, 3 — 1-6 in July. The numbers on the horizontal axis correspond to the

Tropical Land, 4 — Temperate South Land, 5 — High North Ocean individual TransCom regions as follows: 1 — Boreal North America,
6 — Temperate North Oceans, 7 — Tropical Oceans, 8 — Temperatg — Temperate Nor:tth_merlca, 3- f;m?_zonla, 4 ‘Il'em;:t)}erathe South
South Oceans, 9 — High South Ocean. Note also that the resolutioﬁ‘mer'ca’ 5 —North Africa, 6 — South Africa. Note also that the res-

kernel for the different networks as described in the text are ShoWn.olution kernel for the different networks as described in the text are

2000 (black), 1995 (red), 1990 (green) and 1985 (purple). shown: 2000 (black), 1995 (red), 1990 (green) and 1985 (purple).

The resolution kernel for the terrestrial TransCom 3 re-lantic ocean regions since the diagonal values and the peak
gions is shown in Fig. 9. Carbon fluxes estimated for Bo- corresponding to the South Atlantic are both about 0.4 and
real and Temperate North America are readily distinguish—Of compara_ble size. The ability_ to resolve Boreal Eurasian
able from the adjacent Northern Ocean and North Atlanticfluxes has increased slowly (going from 0.3 to 0.6), but the
regions, although the diagonal elements have increased witRolution for this region is not entirely distinguishable from
network expansions from 0.6 or less to values of 0.8. Forthe adjacent Northern Ocean and North Pacific and Atlantic

many regions, the resolution has substantially increased a€9ions since there are corresponding peaks for these regions
the network has expanded. This is especially true for Aus-Of about 0.2.

tralia, Europe and Southeast Asia where the diagonal values There is an interesting contradiction between the reso-
were initially 0.2 or less and have reached 0.75 or more forution kernel calculated for zonal average source regions
recent networks. On the other hand, source regions in Soutfshown in Fig. 6) and the resolution kernel calculated for in-
America, Africa and Boreal Eurasia are less well-resolved.dividual tropical land regions. The zonal average resolution
In particular, South America is not resolved at all having di- kernel suggests that the tropical land regions may be dis-
agonal values less than 0.2, while North Africa is resolved totinguished from tropical ocean regions. On the other hand,
some extent for the 1995 and 2000 networks (diagonal valthe resolution kernel calculated for continental scales implies
ues increasing from about 0.2 to 0.5), due to the addition ofthat Amazonia and Northern Africa are not well-resolved.
sites in Algeria and the Middle East. Southern Africa is gen- Southeast Asia is well-resolved however, and this accounts
erally not distinguishable from the Equatorial and South At- for the good resolution of zonal aggregations. The estimated

www.biogeosciences.net/8/1309/2011/ Biogeosciences, 8, 13632011
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Fig. 9b. The resolution kernel for TransCom 3 terrestrial regions
7-11 in July. The numbers on the horizontal axis correspond to
the individual TransCom regions as follows: 7 — Boreal Eurasia, 8 — 85 90 95 00 05 85 90 95 00 05 85 90 95 00 05
Temperate Eurasia, 9 — Southeast Asia, 10 — Australia, 11 — Europe.
Note also that the resolution kernel for the different networks asFig. 10. Estimates of annual average terrestrial fluxes for the 11
described in the text are shown: 2000 (black), 1995 (red), 1990TransCom 3 terrestrial source regions. The shaded yellow areas in-
(green) and 1985 (purple). dicate the estimateds1confidence bounds for the estimated fluxes.
The blue curve show the flux estimates calculated using the 2000
network for the entire period.

zonal average fluxes for the Tropical Land regions are a
weighted combination of the observational constraints forappears to be a net source of non-fossil fuel carbon, how-
Southeast Asia, and the prior flux estimates for other Tropicakyer, the sites that most strongly constrain Europe (Baltic,
regions. Itis therefore difficult to draw conclusions about re- 5 aans and Bulgaria, for example) are likely located near
sponses of individual trop|cgl Iand regions to large perturba-,c4) sources of fossil fuel emissions that are not correctly ac-
tions, such as the 1998 EI i\ using even current networks. o, nted for by the inversioPa. One strategy to deal with this
Figure 10 shows the resulting annual average flux and unsituation is to de-weight these data in the inversion, meaning
certainty estimates for the 11 TransCom terrestrial regionsin practice, that the newer continental observations are of less
At High Northern latitudes, the abrupt changes in estimateduse in constraining fluxes. They should be used with care at
fluxes due to changes in the network are evident, especiallyhe very least. Since Boreal Eurasia has the largest a priori
for Europe where the coverage has increased significantly irfilux uncertainty (and few observations to constrain it), this
recent years. The estimated flux uncertainties decrease for alegion is adjusted to compensatPatra et al(2006 also
three High Northern latitude regions as the network expandgound sensitivity of estimated fluxes, particularly Europe, to
in time. Note that although the estimated flux for Boreal use of continental sites, although they found increased up-
North America remains relatively constant, ranging betweentake with inclusion of terrestrial sites rather than ocean sites
about 0.0 and 0.5 GtC y#, there is a large rebalancing of up- only. Gurney et al(2008 noted significant changes in flux
take from Europe to Boreal Eurasia. The uptake of carbon forestimates with changing networks, including a decrease in
Europe decreases from greater than about 2GtE o an  the European uptake for their 1995-2005 network. The de-
emission averaging about 0.5 GtCyrfrom the late 1980’s tails of how flux is distributed among source regions varies
to the late 1990’s, while the estimates for fluxes over Bo-between the present study and previous work. These differ-
real Eurasia change from nearly a 1 GtC¥source to about  ences are determined by the relative weighting of model-data
a 1GtCyr? sink. It is somewhat surprising that Europe mismatch and prior flux uncertainties, as well as how the

Biogeosciences, 8, 1309331 2011 www.biogeosciences.net/8/1309/2011/
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observations are used (e.g. time averaging or missing data
criteria applied). However, the conclusion is that changing
networks are likely to be a source of “noise” and uncertainty
that must be considered when long time series of flux esti-
mates are computed for the evaluation of trends. Further-
more, the unrealistic change in estimated fluxes underscore
the care that must be taken when using difficult to model con-
tinental sites. It is possible to control fluctuations of flux es-
timates by tuning the model-data mismatch errors to dampen
variations. The result would be greater influence of prior flux é
estimates and/or reduced spatial resolution of flux estimates%
The best solution, as always, is better transport models ando.
increased observational coverage. °
Carbon flux estimates for Temperate North America have
remained relatively constant over time at abedtGtC yr-1,
however, the uptake of carbon for the 2000 network was
greatly reduced by over half. Carbon uptake appears to
be increasing towards 1 GtCyr again during 2001 and
2002. Flux estimates calculated using the 2000 network
(blue curve) shows smaller uptake over the entire period.
These figures illustrate a fundamental difficulty in dealing
with a sparse network that increases in resolution unevenly in
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space and slowly in time; it is difficult to attribute changes in 8 =
estimated fluxes solely to biophysical processes unless seng‘ 2
sitivity to network changes is considered as well. 00F

As shown above, of the tropical land regions, only South- ~ *3 7 11 15 19 13 7 111519 13 7 11 15 19
east Asia is well-resolved, although the tonfidence inter- AUG Jub JUN

val for North Africa is significantly reduced after the addi- . .

tion of a site in Northern Africa and one in the Middle East Fig- 11a. The resolution kernel for TransCom 3 ocean regions 12—
(namely ASK and WIS). Southeast Asia appears to be a si g17 in July. The numbers on the horlzontal axis correspond to the
ifcant sk of carbon excep o he perod durng th late Pl o 0o o oiows, 12 tort Pere -
1990’s when shipboard observations in the South China Se

luded h he shioboard ob ?’acmc 16 — Northern Ocean 17 — North Atlantic. Note also that
were included in the estimation (the shipboard o Servatmn%he resolution kernel for the different networks as described in the

were discontinued and not included in the 2000 network).text are shown: 2000 (black), 1995 (red), 1990 (green) and 1985
Although the quality of these shipboard data does not seengurple).
to be in question (Conway, personal communication), either
their inclusion or exclusion appears to introduce a large bias
in the calculation. It has been suggestedAgllano et al.  Estimated fluxes for Southern Africa and Temperate South
(2004 andPetron et al(2002 that the anthropogenic carbon America appear to roughly balance each other after 1995.
monoxide (CO) emissions from Southeast Asia have been As shown in Fig. 11, the Pacific is generally well-resolved.
significantly underestimated, and this may be an explanatiohe resolution is best for the North Pacific (diagonal ele-
for why the biosphere in this region seems to become a largenents of about 0.8), and has improved substantially for the
source when the South China Sea observations are includedropical and South Pacific for the two most recent networks
It is interesting that all tropical land regions show small (going from about 0.5 to greater than 0.75). The situation is
decreases in uptake for 1998. The variations are small comquite different for the Atlantic Ocean. Although the North
pared to changes due to network composition, and they ardtlantic is well-resolved by all networks (diagonal elements
small compared to theslconfidence intervals as well. Since of about 0.75) , the Equatorial and South Atlantic are not
Tropical Africa, Tropical South America, and sometimes, well-resolved (diagonal elements less than 0.6). The res-
Southeast Asia cannot be distinguished from each other (andlution of the South Atlantic is somewhat better than for
from adjacent ocean regions), it is likely that the 1998 El the Equatorial Atlantic due to the sensitivity of the site at
Nifio response is distributed in a somewhat even fashion oveAscension Island to air originating over the South Atlantic
the tropical land regions. (even though Ascension Island is geographically located in
Of the Temperate Southern Land regions, only Australiathe Equatorial Atlantic).
is well-resolved after about 1995. The flux estimates sug-
gest that Australia is a small source of atmospheric carbon.

www.biogeosciences.net/8/1309/2011/ Biogeosciences, 8, 13632011
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Fig. 11b. The resolution kernel for TransCom 3 ocean regions 18— }g

22 in July. The numbers on the horizontal axis correspond to the
individual TransCom regions as follows: 18 — Equatorial Atlantic,

19 - South Atlantic, 20 — Southern Ocean, 21 — Tropical Indian Fig. 12. Estimates of annual average ocean fluxes for the 11

Ocean, 22 — Tgmperate Indian Ocean. Npte glso that the resomtlo,[flransCom 3 ocean source regions. The shaded yellow areas indicate
kernel for the different networks as described in the text are shown : y ’
2000 (black), 1995 (red), 1990 (green) and 1985 (purple). the estimated & confidence bounds for the estimated fluxes.The

' ' blue curve show the flux estimates calculated using the 2000 net-

work for the entire period.

85 90 95 00 05 85 90 95 00 05 85 90 95 00 05

At high latitudes, the Southern Ocean is fairly well-
resolved (with diagonal values greater than 0.75 for all net- Significant estimated uptake occurs over the Northern
works) while the solution for the Northern Ocean has a di- Ocean, North Atlantic and the Southern Ocedans et al.
agonal element between 0.7 and 0.75 for all networks, with(1990 and, more recentlyGurney et al(2002 have pointed
small (0.2) peaks indicating that the ability to distinguish the out that all of the models used in the TransCom 3 model
Northern Ocean from Boreal North America and Eurasia isintercomparison suggested that thakahashi et al(1999
somewhat limited. Note that there is a noticeable amount ofocean flux data used as a prior for the inversions are too high
“leakage” of signal between Boreal North America, Eurasiafor the Southern Ocean by a factor of two, possibly due to a
and the Northern Ocean as evidenced by peaks in the res@easonal bias in the delggCO, measurements. Our results
lution kernels among these regions. On the other hand, thare consistent with their findings, showing uptake of about
solutions for Temperate North America and Eurasia, and the.5 GtC yr-! for the Southern Ocean.
Northern Atlantic and Pacific Oceans are more distinguish- The largest estimated oceanic source of atmospheric car-
able. bon is found over the Eastern Equatorial Pacific and appears

Estimated fluxes and uncertainties for the TransCom oceato be about 0.5 GtCyrt +0.5GtCyr!. It is noteworthy
regions are shown in Fig. 12. The results are consistent withhat the flux from this region is at a minimum during 1997
the idea that high latitude oceans are sinks of atmospheriand 1998, the time of a particularly strong Elfidi The re-
carbon dioxide, while the tropical oceans are sources. Not&ults ofRayner et al(2008 also show negative flux anomaly
that most ocean regions are sensitive to changes in networiq the Tropical Pacific during this period, however, they note
configuration. Regions with sparse observational coveragehat the correlation between the Southern Oscillation Index
over the entire period are less sensitive to network changeand their estimated fluxes is not very robust. On the other
over time. Examples are the Equatorial and South Atlantichand, it is not clear that a similar feature exists for the El
and the Equatorial and Temperate Indian Oceans. Nifio of the late 1980's, although the network may have been

too sparse in the late 1980’s to resolve any perturbation.
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Boreal N. America Europe Boreal Eurasia our use of more observation sites, since the partitioning of
5 flux between these two regions is very dependent on network
0 *‘\f composition. Model transport biases may also play a role in
5 4 the adjustment towards less summer uptake for Europe.

In the Temperate Northern Hemisphere, the flux estimates
suggest that the summer uptake occurs earlier than it does for
Temp. N. America  Temp. Eurasia the prior fluxes by about a month for the mo§t recent network.

For the more sparse 1990 network, the timing of the summer

\(/& uptake occurs later than for the prior. In the case of Tem-

/\ perate Eurasia, the timing of the summertime uptake is also

shifted earlier, especially for the more recent network. Less

-10 carbon emission during the Northern Hemisphere winter is

15 : estimated for both Temperate North America and Temperate

Australia JMMJSN Y JMMJSN Y Eurasia (for the 2000 network), and the latter is a carbon sink
throughout most of the year.

The only tropical terrestrial source region that is well-
resolved is Southeast Asia, where the inverse flux estimates

-10 for the 2000 network suggest considerable seasonality while
-15 the prior flux estimate is rather flat. A peak in emissions oc-
JMMJ SNJ curs during the Northern Hemisphere summer, and the sea-
sonality of the flux estimates is likely related to the Asian
Fig. 13. Average seasonal cycles of estimated flux and uncertaintysymmer monsoon cycle.
for the WeII-rgsoIveq Trf’;\nsCom 3 terrestrial source regipns (plus Temperate South American flux estimates are not signifi-
Boreal Eurasia, wh|(_:h is not weII-r_esoIved).The black_llnes and cantly changed from the prior flux estimate due to the lack of
shaded ye'.low areas indicate the estimated ﬂuxgs ambm.'dence observations to constrain this region. On the other hand, the
bounds using the 2000 network. The red line is the prior flux es- . - -
timate taken from the CASA model and the blue line shows flux season_allty suggested by the pr_lor flu_x estlm_ates for South-
estimates calculated using the 1990 network. ern Africa are discarded by the inversion, Whlch_ produces a
rather flat seasonal cycle centered around zero instead. Note
that the resolution kernel for this region suggest some confu-
sion with the estimated flux for the adjacent South Atlantic.

The average seasonal cycles of estimated and prior terre§-he flux estimates for Australia (which is well-resolved for
trial fluxes using the 2000 network are shown in Fig. 13. Forthe 2000 network and not resolved for the 1990 network) are
Boreal North America, the estimates suggest a more shallovalso interesting, since they imply a net positive flux of carbon
summertime uptake than the prior flux estimates, with a moredioxide to the atmosphere, with a peak in emissions occur-
gradual onset of summertime uptake. For Europe, the fluxing during Austral Autumn for the recent network. The prior
estimates suggest more emission to the atmosphere durirgnd 1990 network flux estimates, on the other hand, show
the winter and slightly more uptake than the prior flux esti- small uptake of carbon over the Austral winter that peaks in
mate. The flux estimates for Boreal Eurasia revise the priorearly Austral spring.
flux significantly, increasing the uptake during the growing Figure 14, the average annual cycles for well-resolved
season by almost a factor of two. Note that the prior flux es-ocean regions, shows that the amplitude of the seasonal cy-
timate is balanced annually and may underestimate the truele for the Northern Ocean, North Pacific, North Atlantic,
uptake. Although the results @urney et al. (2004 also  and Western Equatorial Pacific are all significantly increased
show a larger estimated summertime uptake for Boreal Eurarelative to the prior ocean flux estimatéurney et al(2004
sia than the prior flux estimate, the results shown in Figure 13andPeylin et al.(2005 have suggested that these results are
differ from the results oGurney et al(2004) in that the win-  due to the inability of the transport model and flux estima-
ter respiration fluxes are little changed from the prior, while tion procedure to distinguish between signals coming from
the uptake during the growing season is significantly largeradjacent ocean and land regions. The resolution kernel, to
than the prior estimates. Figures 9 and 11 suggest that Boredhe contrary, shows that, with the exception of the North-
Eurasia is the least distinguishable region at high Northerrern Ocean, these ocean regions are distinguishable. Only the
latitudes, and the large increases in uptake are likely the reseasonality of the North Atlantic tends to be roughly in phase
sult of the high prior flux uncertainty for this region. Itis also with the adjacent upstream continental region. The sites con-
interesting that the peak carbon uptake estimate@lmney  straining this region are all marine sites such as the Canary
et al. (2009 is distributed more evenly between Europe and Islands, Bermuda and the Azores. These sites sit within the
Boreal Eurasia, whereas our results show less European ugummertime high pressure that forms over the Atlantic. A
take and more for Boreal Eurasia. This difference is due toarger estimated uptake of carbon over this region implies
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Northern Ocean N. Pacific N. Atlantic mated uncertainties, but still are large enough to mask small
2 trends over the period of these calculations.

Changes in the distribution of inferred zonal fluxes due
to observational network expansion are significant and can
exceed estimated flux uncertainties. In particular, a re-
distribution of carbon flux occurs between the Temperate and
W.E o Tropical land zones with time, with increases in uptake for

. Eq. Pacific .

5 the Temperate land zone and decreases for the Tropical land
zone. Spatial resolution increases as the network expands,
> . = =~ and even in the tropics, the zonal land and oceans may be
v distinguished for recent networks, although the zonal fluxes
may not represent the true zonal averages due to uneven
2 distribution of samples. Tropical Asia is well-constrained
S. Pacific Temp. Indian Ocean S. Ocean by observations, for example, while Tropical South Amer-
ica is essentially unconstrained. The zonal average in this
case reflects the influence of the prior flux estimates for un-

GtClyr

GtClyr
o

5

& =_7 Py F:onstramed tropical I_and regions, a_nd mterannuall vqr[ab|l—

-1 Nzl — N ity may be underestimated and misallocated. Significant

2 interannual variability is estimated for the well-constrained
JMMJSNJ JMMJSNJ JMMJ SNJ Northern land regions.

The attribution of long-term trends among the various

Fig. 14. Average seasonal cycles of estimated flux and uncertaintyzones and analysis of interannual variability is problematic
for the well-resolved TransCom 3 ocean source regions.The blaclye to network changes. Evaluation of the resolution ker-
lines and shaded yellow areas indicate the estimated fluxescand 1 g suggests that consideration of only a small set of sites
confidence bounds for the 2000 network. The red line is the priof, «,niinual operation over the entire time period results in
flux estimate taken frorifakahashi et a1999, and the blue line reduced spatial resolution. The inversion is unable to dis-
shows the flux estimates using the 1990 network. Note the Chang%nguish between High Lat.itude land and ocean regions or
in scale from Fig. 13.

g between Tropical lands and oceans. The ability to detect

changes in carbon fluxes over the last 25 yr is effectively lim-

. : : . jted to significant changes in the global total land and ocean
that the predicted carbon abundance is systematically hlgheﬁuxes duge o the s arsgeness an dgchan ing distribution of the
than observed. This could arise as a result of a bias toward . P ging

observational network. Furthermore, use of extremely sparse

unrealistically weak vertical mixing over continents, which works with | ds will likel tbe able t tall
would result in higher carbon abundance aloft and in theEtWOrks with fong records will fikély not be able to spatially
attribute atmospheric trends very well.

air subsiding from the mid-troposphere over the summertime . .
Flux estimates at continental and zonal scales appear to be

Atlantic. Similar transport biases likely produce the large " .
seasonal variations over other ocean regions. very se'nsn.lve to network changes', and in SOME Cases large
re-distributions occur between regions over time. An exam-
ple is the large decrease of carbon uptake over time for Eu-
rope and the concurrent large increase for Boreal Eurasia.
6 Conclusions Changes in estimated fluxes over multiple decades are there-
fore difficult to interpret, and the ability to detect and track
This study has explored the extent to which ESRL-GMD's [ong-term trends in fluxes at regional scales is likely limited
current global observational network may be used to charpy network changes. On the other hand, spatial resolution
acterize carbon fluxes at various spatial and temporal scalesor many regions has significantly increased over time, espe-
Spatial and temporal resolution was evaluated using the rescially for Australia, Europe and Southeast Asia. A caveat is
olution kernel, while bias due to limited sampling coverage that the new, mostly continental sites must be used with care
was considered by allowing the network to change over timepy possibly de-weighting them in the inversions due to the
as more sites were added. Inversions were performed usingossibility of unresolved local sources. Even though the esti-
the TM3 atmospheric tracer model, and a fixed-lag Kalmanmates have tighter confidence bounds, the solution may still
smoother technique. be biased. Tropical and Temperate regions in South Amer-
At global spatial scales, the partition between ocean andca and Africa remain relatively unresolved, as does Boreal
land fluxes is distinguishable, even for the extremely sparséNorth America and the Equatorial and South Atlantic. How-
network of the late 1980’s. Shifts in the estimated fluxes forever, the partition of carbon fluxes between land and adjacent
the global oceans and terrestrial biosphere due to the expamcean regions is possible for well-sampled regions such as
sion of the observational network are well within the esti- Temperate North America and Europe.
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