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ABSTRACT OF DISSERTATION

TOWARDS ROBUST REGIONAL ESTIMATES OF

CARBON SOURCES AND SINKS

USING ATMOSPHERIC TRANSPORT MODELS

Characterizing the sources and sinks of atmospheic CO; has emerged as one of the most
important problems facing the scientific and policy aspects of future atmospheric CO,
levels. Distinct from measurement of carbon stocks and flows within the biosphere and
oceans, information about regional carbon sources and sinks can be inferred from
variations in observed atmospheric CO; concentrations through tracer transport inversion.
However, inverse estimates of regional carbon fluxes over the last decade differ due to a
number of factors including the transport model used. The impact of the transport model
differences on inversion estimates has been difficult to assess since studies to date have
employed one or few models. The TransCom 3 international experiment was constructed
to explore the reasons why inverse estimates have differed with particular emphasis on
the atmospheric transport aspect of the inverse problem. With nearly every active CO,
inverse modeling group in the world, inverse estimates were generated for long-term
annual mean, seasonal, and interannual carbon exchange for sub-continental sized regions
in the oceans and land. In the course of characterizing the estimation errors due to the
many sensitivities of the carbon inverse problem, the model mean central estimates have
emerged as surprisingly robust. At every opportunity, interpretation of the control results
are made, connecting them to their biogeochemical implications.

Kevin Robert Gurney
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Colorado State University
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Summer 2004
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CHAPTER 1

letters to nature

supported metal clusters from extended metal surfaces. These
effects (and thus opportunities for tuning catalytic properties by
choice of the support) are most pronounced for the smallest
clusters, and may be negligible for large supported metal particles
for which only a small fraction of the metal atoms are bonded to the
support,

Purely geometric effects can also distinguish the catalytic activity
seen with small metal clusters from that seen with bulk metal or
larger supported particles, by limiting the structures that can bond
to a very small cluster and subsequently react on it. For example,
propylidyne is stable on Iry/y-Al,O; when treated in He or H; at
temperatures up to 523 K (ref. 8), whereas propylidyne on extended
metal surfaces'™” decomposes thermally under vacuum at 403-
433X and is largely hydrogenated in the presence of H, at room
temperature. This qualitative difference in reactivity is attributed to
the presence of neighbouring metal centres that facilitate reaction
on the extended surfaces, and the lack of such centres on isolated
Iry (ref. 8). Thus, propylidyne on Pt(111) undergoes catalytic
hydrogenation®® whereas propylidyne at saturation concentration
on Iry/y-Al;0, does not react, rendering the clusters almost inactive
for propene hydrogenation (Table 1).
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Information about regloml carbon sources and sinks can be
derived from variations in observed
tions via inverse modelling with
models. A consensus has not yet been renched regnrding the
size and distribution of regional carbon fluxes obtained using
this approach, partly owing to the use of several different atmos-
pheric transport models'-*. Here we report estimates of surface-
atmosphere CO, fluxes from an i parison of

CO, inversion models (the TransCom 3 project), which mcludes
16 transport models and model variants. We find an uptake of CO,

ra-
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in the southern extratropical ocean less than that estimated from
ocean measurements, a result that is not sensitive to transport
models or methodological approaches. We also find a northern
land carbon sink that is distributed relatively evenly among the
continents of the Northern Hemisphere, but these results show
some sensitivity to transport differences among models, espe-
cially in how they respond to seasonal terrestrial exchange of CO,.
Overall, carbon fluxes integrated over latitudinal zones are
strongly constrained by observations in the middle to high
latitudes. Further significant constraints to our understanding
of regional carbon fluxes will therefore require improvements in
transport models and ion of the CO, observation network
within the tropics.

We estimate annual average fluxes for the 1992-96 period using
each transport model and a common inversion set-up (sec
Methods). Methodological choices for this ‘control’ inversion
have been selected on the basis of knowledge gained from a wide
range of sensitivity tests (to be reported elsewhere), Performing the
inversion with multiple transport models gives mean estimated
fluxes that are relatively insensitive to reasonable variations in the
set-up—and cstimated uncertainties that represent a more com-
plete estimate of the true uncertainty. The maximum number of
regions in our inversion and the spatial distributions of fluxes
within each region are fixed, precluding sensitivity tests of these
inversion components.

Figure 1 shows the mean flux estimates {left-hand cross in each
box) and two uncertainty measures for the control inversion. The
first uncertainty measure is the mean of the individual model flux
uncertainties (circles} which we designate the ‘within-model’ uncer-
tainty, For any region, this estimated flux uncertainty must be
smaller than the prior flux uncertainty (outer bounds of the boxes).
The magnitude of the decrease indicates the degree to which the
final flux estimate is constrained by the measurements. Figure 1
shows that the northern land regions and Australia are better
constrained by the measurements than are the remaining land
regions. The Southern Ocean region is well constrained by the
atmospheric measurements, in part because it is treated as a single
large region. The Atlantic regions are constrained more by their
prior flux uncertainties, which are relatively small due to better
coverage of ocean measurements in these regions.

The second uncertainty measure is the standard deviation of the
flux estimates over the ensemble of models (error bars in Fig. 1}. We
call this the ‘between-model’ uncertainty. This measure indicates
the degree to which transport model differences contribute to the
range of flux estimates, Large between-model uncertainties are
found for northern Africa, tropical America, temperate Asia and
boreal Asia (all greater than 0.5 Gt Cyr").

For most regions, the between-model uncertainties are of
similar or smaller magnitude than the within-model uncertain-
tics. This suggests that the choice of transport model is not the
critical determinant of the inferred fluxes. Comparing the uncer-
tainties between regions indicates where the inversion would
benefit most from new observations, and where model improve-
ments are most needed. In this particular inversion, new measure-
ments would be most useful over tropical continents and in the
South America and South Atlantic regions, while the focus for
resolving transport differences would be the northern and tropical
land regions.

Regarding the model mean flux estimates, two results deserve
attention. First, we find consistency between the ocean fluxes
predicted in this study and those based on a global database’ of
CO, partial pressure (pco ), except in the Southern Ocean where the
carbon uptake estimated here is roughly half that based on the peo,
database. "This shift in uptake from south to north is required to
match simultaneously large-scale concentration gradients (Fig, 2)
and growth rates.

The mismatch between atmospheric and ocean estimates of the

NATURE[VOL 415 7 FEBRUARY 2002 | w:
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Southern Ocean fluxes had been noted a decade ago'’. Our sensi-
tivity tests find that the near-uniformity of observed concentration
in the Southern Hemispherce and the small uncertainty associated
with those measurements make this result robust to the choice of
observing network, prior flux estimates, global ocean constraint,
and transport (see Fig. 2 in Supplementary Information). The
discrepancy also cannot be explained by a systematic bias in
transport models, as the north-south transport has been investi-
gated in a recent intercomparison'’ where successful simulations of
the observed meridional gradient in SFq suggested reasonable
veracity in gross interhemispheric transport,

One possible reconciliation between the pco, database and the
inverse result presented here is suggested by recent ocean measure-
ments taken during January and August 2000 in the Indian

72 © 2002 Macmillan Magazines Ltd
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Antarctic sector of the Southern Ocean'’. The peo, values south of
50°S showed seasonal variations that require CO, uptake in
summer and emission in winter. If the seasonality exhibited in
this campaign is true for other parts of the Southern Ocean, this
would result in a reduction of the Southern Ocean flux uptake in the
database, which is currently determined predominantly by suinmer
measurements. This seasonality-driven explanation is also consis-
tent with forthcoming results from the second stage of the Trans-
Com 3 comparison in which we estimate seasonal cycles (K.R.G.
et al., manuscript in preparation).

Second, we find carbon uptake over the continents of the North-
ern Hemisphere to be distributed relatively evenly across North
America, Europe and Asia, in contrast to the distribution found in
an carlier, widely cited inverse study’. We find a temperate North
American sink approximately 60% of that found in the earlier study,
a small boreal North American source rather than small uptake, and
a large sink for Eurasia rather than an approximately neutral flux.
Estimated uncertainties are moderate (0.4-0.7 Gt Cyr™'), indicat-
ing that regional partitioning remains difficult, but the flux differ-
ences between the two studies lie at the edge of (or outside) the
unCenalﬂ‘y ranges.

Although previous studies have challenged the possibility of a
large North American sink'”, little systematic exploration has been
performed as to how such a result was achieved. The differences are
not due to the choice of transport model, because the two models
used in the earlier study are included here and lie in the middle of
our range. Extensive sensitivity tests (sce Tables 3 and 4 in Supple-
mentary Information) indicate that the Eurasian flux estimate is
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Figure 2 CO, concentrations input to, and as htted by, the inversion. a, Mendional
gradient of observational CO, vaiues and the uncertainty assigned to them in the
inversion. b, Model mean concentrations for the sum of the three background fiuxes
munus the observational CO, values (circles) and the model mean concentrations after
inverting for regional fluxes minus the observational CO, values (crosses). Concentrations
are 1992 to 1996 means Note that the adjustment to the background fluxes requires
additional uptake in the Northern Hermsphere and lessened uptake in the Southern
Hermisphere for alf models.
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very sensitive to the pattern of background fluxes used in the
inversion, especially that representing the seasonal terrestrial bio-
sphere. The difference in North American uptake results from a
combination of methodological choices as well as differences in
time period and observational stations used.

There are three methodological differences that together appear
to be critical. First, recent work'* suggests that the larger the region
size in an inversion, the greater the potential for producing biased
flux estimates. Second, the potential bias can be reduced by
increasing the data uncertainty for sites in regions with spatially
heterogeneous fluxes. The earlier study’ inverted for larger regions
than used here, and used relatively small (0.6 p.p.m.), spatially
invariant uncertaintics compared to the generally larger, variable
uncertainties used in this study. The third factor is the uncertainty
assigned to prior estimates of ocean fluxes, which were zero in the
earlier study. Thus the flux adjustment required to match the
atmospheric data was applied only to land regions, Together these
three factors suggest that the earlier study had greater potential for
biased and more sensitive flux estimates than the control results
presented here.

Although transport uncertaintics do not overwhelm our flux
estimates, one factor appears to be responsible for a significant
portion of the model spread; the ‘rectifier’ produced by the
covariance between the seasonal biospheric background flux and
atmospheric transport’®, The effect of the rectifier can be seen by
performing the inversion without the background biospheric fluxes
(Fig. 1, right-hand symbols within cach box). The between-model
uncertainty is reduced for almost all regions, and in some regions
there are substantial changes to the estimated fluxes. An increase of
L1GtCyr™ in boreal Asia changes it from a moderate sink to a
moderate source, because rectification produces the strongest con-
centrations downwind of this region in many of the models. Sink
strengths increase by 0.35-0.55GtCyr™' for temperate North
America, temperate Asia and northern Africa, to maintain the
required global source. Measurements indicating the strength of
the covariance effect in nature are needed to assess this aspect of
maodel transport.

One way to reduce the large uncertainties in our full calculation is
to aggregate our regions after performing the inversion. Figure 3
shows the flux estimates for the land and ocean separately in the
southern extratropics, tropics, northern extratropics and for the
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Figure 3 Mean sources and uncertainties for six aggregated regions and global land and
ocean. Symhoisas i Fig. 1 with e regional aggregation as follows: northern iand (oreal
North America, temperate North America, Europe, temperate Asia, boreal Asia). tropical
land {tropical America, northern Africa, tropical Asia), southern land (South America,
southem Africa, Australia), northem ocean (North Paific, Northern Ocean, North Atlantic)
tropical ocean (tropical west Pacific, tropical east Pacific, tropical Atlantic, tropical Indian),
southem ocean (Southern Ocean, South Atiantic, South indian).
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globe as a whole. Within-model uncertainties are reduced relative to
simply summing from constituent regions, because much of the
uncertainty occurs at the scale of the original regions, There is also a
reduction in the between-model uncertainty for this aggregation, as
some of the model spread involves details of regional transport. At
this larger scale, the decrease in the sink in the Southern Ocean and
the enhanced sinks over the Northern Hemisphere appear more
significant. The uncertainty on the tropical land region is large; lack
of atmospheric data in this region means that inversion methods
cannot reliably comment on the extent to which sources due to
tropical land-use change are balanced by enhanced growth.

This first stage of the TransCom 3 intercomparison has explored
many aspects of annual mean inversions more comprehensively
than previous work, By incorporating a range of transport models,
the fluxes and their uncertainties represent progress towards more
robust inverse estimates of regional carbon exchange. Carbon
exchange with the ocean is well constrained in this study and, in
the case of the Southern Ocean region, is different from fluxes
suggested by p.;, measurements. This result is consistent across the
16 transport models used here, and is insensitive to many aspects of
the inversion set-up. Flux estimates in the northern cxtratropical
land regions are reasonably robust as zonal means, but are difficult
to distinguish in the longitudinal direction, and can be biased owing
to key methodological aspects of the inversion construction. Sea-
sonal exchange with the terrestrial biosphere is responsible for much
of the model spread over these regions. Realistic characterization of
this aspect of model transport is essential if this uncertainty is to be
reduced in the future,

Flux estimates in the tropical land regions remain very uncertain,
owing to few CQ, observations and the limited influence of
extratropical observations on the tropical land flux estimates.
New observations that can be represented by global-scale transport
models are needed in these regions. Future TransCom analysis wilt
focus on the effect of transport model differences on flux estimates
at seasonal and interannual timescales.

Methods

We use a bayesian synthesis inversion formalism'” that specifies prior estimates of both the
fluxes and their uncertainty, and opti with respect to pheric observations that
arealso uncertain, We estimate fluxes for 11 land and 11 ocean regions (sec Supplementary
Enformation) as differences from "background’ fluxes that are run sepnra‘ely through each
transport model and rep fossil-fuel emissions®", Ny varying sir—sea gas
exchange'” and an annually balanced, seasonally varying flux due to terrestrial photo-
synthesis and respiration™. The use of seasonally varying background fluxes allows the
annual mean inversion to include contributions Lo annual mean concentrations duc to the
covariance of atmospheric transport and seasonal fluxes.

We invert 5-year mean measurements for [992-96 at 76 sites taken from the
GLOBALVIEW-2000 data set ™ (see Supplamentary Information). GLOBALVIEW 1s a daw
product that interpolates CO; measurements to a common time interval. Gaps in the data
are filled by extrapolation from marine boundary layer measurements. We have chosen to
use sites where the extrapolated data accounts for less than 30% of the 1992-96 period.
The measurements are weighted inversely by the degree to which the predicted concen-
trations are required by the inverse process to match the observations, which we refer to as
"data uncertainty’ In addition to measurement precision, this uncertainty incorporates the
inability of coarse-grid models to adequately represent discrete measurements, The
relative uncertainty of one site to another was based on the mean residual standard
deviations for 199296 from GLOBALVIEW. The absolute magnitudes were chosen 10
produce a mean square normalized residual out of the inversion of about 1.0, ensuring that
the estimated fluxes were optimized to the data only to an appropriate level commensurate
with our ability to model them. A minimum uncertainty was also specified. This gave
uncertainties ranging from 0.25 p.p.m. for remote, “cean air” sites to 2.2 p.p.am. for
continental, ‘noisy’ sites (Fig. 2).

The 1 fand basis region boundaries were constructed to enclose vegetation of similar
seasonal structure and carbon exchange based on vegetation classification”. Ocean basis
regions were <hosen to approxim, ate urculaunn features such as gyres and upwelling
! were specified from each region. Subregional-scale
variations in emissions rates were prescribed for land regions according 1o simulated net
primary production from the CASA model”. This assumes that carbon fluxes folfow the
distribution of vegetation productivity. Emissions from ocean regions were prescribed as
spnliallv uniform. exeept that sea-ice was masked out using scasonally varying fractional
ice cover distributions”. The inversion requires prior flux and uncertainty estimates. Qur
choices have been guided by ocean and terrestrial flux models and observations ™, and are
shown in Fig. | (also see Table 2 in Supplementary Information). The land region prior
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flux estimates incorporate recent inventory estimates™ ™. Where more than one estimate
for a given region was cansidered, 3 mid-point of the estimate spread was used, The prior
flux uncertainty was chosen to be large enough (o encompass all estimates, Prior flux
uncertainties reflect one standard deviation,

‘The inversion is run separately for 16 transport malels or model variants. The models
used (and the initials of the modetlers) are CSU general circufation mode! (K.R.G.,
D.), Goddard Institute for Space Stadies off-line model —UCB(LY.E, L1), VCECTM
with GISS-IE fields (M.P, B.C.P. 3 model variants), Japan Meteorological Agency—
CDTM (T.M.}, MATCH/CCM3 winds (L.B.), MATCH/NCEP winds (Y.H.C.), MATCEl/
MA( CM2 winds (R.M.L.J, NIES (.M.}, Nahnnal Institute for Resources and
E; (8.T.}, Recherche en Prevision N que (C.W.Y. ), SKYHE (8.2, TM2
(BB, PC. PP} TM3 (M.H.), GUTM (D.B.). The inversion praduces estimated fluxesand
their uncertainties for each region individually and for some groups of regions in addition
to a background concentration. lere our analysis focuses on fluxes and uncertaintics
that are averaged actoss models, We also specify two measures of uncertainty as
described in the main text. We show the "between” model uncertainty as a ane standard
deviation confidence interval for meamngiul comparison with the within mode!
uncertainty. The obvious alternative, showing a full range, would alo produce a
confidence interval that would widen as more models were included. Inspection of the
individual flux estimates showed them to be close to narmally distributed abont the
mean flux for most regions.
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Unsuspected divaslty among marine
aercohic anoxygenic phototrophs

Oded Béja*t, Marcelino T. Suzuki*, John F. Heldelberg?,
William C. Nelson:, Christina M. Preston”, Tohwu Hamadas,
Jonathan A. Eisen:, Clalre M. Fraseri & Edward F. Delong”

* Monterey Bay Aquarinn Research Institute, Moss Landing,

California 95039-0628, USA

¥ The Institute for Genomic Research, Rockville, Maryland 20850, USA
§ Marine Biotechnology 1 Kamaishi Lab fes, Kamaishi City,
Twate 026-0001, Japan

Aerobic, anoxygenic, phototrophic bacteria containing bacterio-
chlorophyll a (Bchla) require oxygen for both growth and Bchla
synthesis' ®. Recent reports suggest that these bacteria are widely
distributed in marine plnnkton, and that they may account for up
to 5% of surface ocean p tic electron port’ and
119% of the total mm-obnl oommumtr‘ Known planktonic
anoxygenic phatotrophs belong to only a few restricted groups
within the Proteobacteria a-subclass. Here we report genomic
lyses of the ph hetic gene content and operon organiza-
tion in naturally occurring marine bacteria. These photosynthetic
gene clusters included some that most closely resembled those of
Proteobacteria from the B-subclass, which have never before been
observed in marine environments. Furthermore, these photosyn-
thetic genes were broadly dlstrlbmed m marine plankton, and

actively expressed in neritic bacteriopl indi-
cating that the newly identified ph ophs were ph heti-
cally Our data d ate that plan) bacterial

assemblages are not simply composed of one uniform, widespread
class of anoxygenic phototrophs, as previously proposed®; rather,
these assemblages contain multiple, distantly related, photo-
synthetically active bacterial gr including some 1

to known and cultivated typ&s.

Most of the genes required for the formation of bacteriochloro-
phyll-containing photosystems in aerobic, anoxygenic, photo-
trophic (AAP) bacteria are clustered in a contiguous, 45-kilobase
(kb) chromosomal region (superoperon)®. These include beh and crt
genes coding for the enzymes of the bacteriochlorophyll and
carotenoid biosynthetic pathways, and the puf genes coding for
the subunits of the light-harvesting complex (pufB and pufA) and
the reaction centre complex (pufL and pufM). To better describe the
nature and diversity of planktonic, anoxygenic, photosynthetic
bacteria, we screened a surface-water bacterial artificial chromo-
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Figure 1 Phylogenetic relationships of pu/M gene (a) and rRNA (b} sequences of AAP
bactena. a, b, Evolubonary distances for the pufM genes (@) were determined from an
ahgnmem of 600 nucteotide positions, and for rRNA genes {b) from an ahgnment of 860

positions. Evolutionary were by neighbour-
joining analysis {see Methods). The green non- sulphur bactenum Chiorofiexus
aurantiacus was used as an outgroup. pufM genes that were amplified by PCR in this
study are indicated by the env prefix, with ‘m" indicating Monterey, ang HOT indicating
Hawan ocean time serigs. Cultivated agrobes are marked in hght blus, bacteria cultured
from sea water are marked with an asteris, and environmental cONAS are marked in red.
Photosynthetic «t-, B- and y-f groups are indi by the vertical bars to
the right of the tree. Bootstrap values greater than 50% are indicated above the branches
The scale bar represents number of substitutions per site.
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Figure 1: Regions used in the inversion and the locations of the 76 CO, observational records used. Multiple records
exist at some locations.

Table 1: Latitude, longitude, 1992-1996 mean concentration and data uncertainty for the 76 GLOBALVIEW-CO2
(2000)" records used in the inversion. The uncertainty is the mean of the 1992 to 1996 residual standard deviations
divided by the square root of 8, a scaling factor employed to achieve a mean square normalized residual of about 1.0
(see Methods section of main paper for elaboration). Any sites with uncertainties less than 0.25 ppm were increased to
this minimum. In addition, where records were co-located, uncertainties were increased by multiplying by the square
root of the number of sites within 4 degrees iatitude and longitude and 1000m altitude.

1992-1996 mean 1992-1996 mean "data

Abbreviated station concentration uncertainty”
name Latitude Longitude {(ppm) (ppm)
aia005_02D2 -40.53 144.30 356.770 0.500
aia015_02D2 -40.53 144.30 356.879 0.433
aia025_02D2 -40.53 144.30 357.026 0.433
2ia035_02D2 -40.53 144.30 357.156 0.433
aia045_02D2 -40.53 144.30 357.279 0.354
2ia065_02D2 -40.53 144.30 357.363 0.250
alt_00D0 82.45 -62.52 360.065 0.512
alt_02D0 82.45 -62.52 360.325 0.500
alt_06Co 82.45 -62.52 360.058 0.522
alt 06D0 82.45 -62.52 360.152 0.625
ams_11C0 -37.95 77.53 356.937 0.250
asc_00D0 -7.92 -14.42 357.646 0.250
bal_00D0 55.50 16.67 362.572 1.411
bhd _15C0 -41.41 174.87 356.762 0.250
bme_00D0 32.37 -64.65 359.483 0.584
bmw_00D0 32.27 -64.88 359.554 0.626
brw_00C0 71.32 -156.6 360.271 0.535
brw_00D0 71.32 -156.6 360.330 0.484
car030_00D2 40.90 -104.8 359.204 0.671
car040_00D2 40.90 -104.8 358.752 0.741
car050_00D2 40.90 -104.8 358.607 0.495
cba_00D0 55.20 -162.72 359.818 0.381
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cfa_02D0 -19.28 147.06 357.511 0.266
| cgo_00D0 -40.68 144.68 356.435 0.433
cgo_02D0 -40.68 144.68 356.686 0.433
cmn_17C0 44.18 10.70 359.443 0.008
cmo_00D0 45.48 -123.97 360.313 0.978
cri_02D0 15.08 73.83 360.016 0.840
crz_00D0 -46.45 51.85 356.938 0.250
daa_02D0 -12.42 130.57 360.792 0.697
esp_06D0 49.38 -126.55 360.316 0.902
gmi_00D0 13.43 144.78 358.932 0.250
hba_00D0 -75.67 -25.50 356.828 0.250
hun_00DO 46.95 16.65 364.161 1.856
ice_00DO 63.25 -20.15 350.245 0.261
itn496_00C3 35.35 -77.38 361.257 1.846
itn_00D0 35.35 -77.38 362.399 2.232
izo_00DO 28.30 -16.48 3590.416 0.354
izo_27C0 28.30 -16.48 350.076 0.370
key_00DO 25.67 -80.20 360.090 0.282
kum_00D0 19.52 -154.82 359.204 0.263
maa_02D0 -67.62 62.87 356.598 0.250
mbc_00D0 76.25 -119.35 360.180 0.280
mhd_00D0 53.33 -9.90 350.112 0.439
mid_00DO0 28.22 -177.37 359.504 0.274
mio_00C0O 19.53 -155.58 358.953 0.433
mio_00D0 19.53 -155.58 359.016 0.433
mio_02D0 19.53 -155.58 359.010 0.433
mnm_19C0 24.30 153.97 360.016 0.347
mga_02D0 -54.48 158.97 356.484 0.250
poc000_00D1 0.00 -163.00 359.266 0.250
pocni5_00D1 15.00 -147.00 359.345 0.250
pocn20_00D1 20.00 -140.00 359.469 0.264
pocn25_00D1 25.00 -134.00 359.662 0.376
pocn30_00D1 30.00 -126.00 359.653 0.384
pocs05_00D1 -5.00 -168.00 358.978 0.250
pocs10_00D1 -10.00 -174.00 358.491 0.250
pocs15_00D1 -15.00 -178.00 358.018 0.250
prs_21C0 45.93 7.70 358.708 0.432
prs_21D0 45.93 7.70 358.962 0.449
psa_00D0 -64.92 -64.00 356.745 0.250
rpb_00D0 13.17 -59.43 358.654 0.250
ryo_19C0 39.03 141.83 361.902 0.732
sch_23C0 48.00 8.00 360.285 1.057
sey_00DO -4.67 55.17 357.188 0.321
shm_00DO 52.72 174.10 359.984 0.300
smo_00C0 -14.25 -170.57 357.638 0.354
smo_00D0 -14.25 -170.57 357.680 0.354
spo_00CO0 -89.98 -24.80 356.795 0.433
spo_00D0 -89.98 -24.80 356.613 0.433
spo_02D0 -89.98 -24.80 356.710 0.433
stm_00D0 66.00 2.00 359.504 0.336
syo_00D0 -69.00 39.58 356.624 0.250
tap_00D0 36.73 126.13 362.555 0.921
uta_00DO 39.90 -113.72 360.292 0.769
uum_00D0 44 .45 111.10 359.540 0.472
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Table 2: Prior and posterior fluxes and uncertainties for the land and ocean regions from the control inversion. Note that these are deviations from the global background

(fossil*?

Figure 1 shows non-fossil land fluxes (column 5) and total ocean fluxes (the sum of columns 4 and 5).

, neutral biosphere* and ocean®) fluxes. The regional contributions of these fluxes are listed in column 5 (positive fluxes are into the atmosphere). The main text

The prior flux uncertainties for land were chosen to be equivalent to the growing season net flux (the sum of carbon uptake for all months in which this is a positive number)
as provided by the CASA model of net ecosystem production®. The prior flux uncertainties for the ocean were chosen to be proportional to the area of the region and the

proportion of sample gridpoints in the region. Their magnitudes were set so that the global ocean uncertainty was 140% of the total oceanic exchange. The Southern Ocean
uncertainty was capped at £1.5 GtCyr .

Input data, the experimental protocol®, and other information related to the TransCom 3 experiment can be found at

http://dendrus.atmos.colostate.edu/transcom/TransCom_3/

Background Mean Posterior “Within-model” “Between-model”
Prior Fiux Prior Uncertainty Fossil Flux Flux uncertainty uncertainty
Land region {GtCyr™) (GtCyr™" (GtCyr") (GtCyr™) (GtCyr™) (GtCyr"
Boreal N America 0.00 0.73 0.01 0.26 0.39 0.33
Temp N America -0.54 1.50 1.60 -0.83 0.52 0.44
Europe -0.10 1.42 1.64 -0.61 0.43 0.47
Boreal Asia -0.40 1.51 0.17 -0.52 0.51 0.52
Temperate Asia 0.30 1.73 1.80 -0.62 0.66 0.59
Tropical America 0.55 1.41 0.13 0.63 1.06 0.63
Northern Africa 0.15 1.33 0.11 -0.17 0.98 0.66
Tropical Asia 0.80 0.87 0.35 0.68 0.74 0.45
South America 0.00 1.23 0.12 -0.16 0.93 0.42
Southern Africa 0.15 1.41 0.10 -0.32 0.93 0.52
Australia 0.00 0.60 0.08 0.32 0.27 0.25
Mean Posterior “Within-model” “Between-model”
Prior Flux Prior Uncertainty |Background Ocean Flux Uncertainty uncertainty (GtCyr")

Ocean Region (GtCyr") (GtCyr™) Flux (GtCyr™) (GtCyr'™) (GtCyr™")

North Pacific 0.00 0.82 -0.51 0.20 0.29 0.42
Northern Ocean 0.00 0.26 -0.44 0.14 0.15 0.32

North Atlantic 0.00 0.40 -0.29 -0.15 0.29 0.81
Tropical W Pacific 0.00 0.50 0.15 -0.27 0.31 0.48
Tropical E Pacific 0.00 0.56 0.47 0.18 0.33 0.51
Tropical Atlantic 0.00 0.40 0.13 -0.17 0.32 0.61

Trop Indian Ocean 0.00 0.74 0.12 -0.22 0.37 0.44
South Pacific 0.00 1.22 -0.23 0.27 0.53 0.57
South Atlantic 0.00 0.48 0.13 0.09 0.42 0.74
South Indian Ocean 0.00 0.54 -0.56 0.22 0.33 0.42
Southern Ocean 0.00 1.50 -0.88 0.42 0.27 0.34
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Figure 2: Prior sources and uncertainties (boxes), mean estimated sources (x), ‘within-model’ uncertainties (o) and
‘between-model’ uncertainties (error bars) for 4 example sensitivity tests. The results from the control experiment (lefthand
symbols in Figure 1, main text) are repeated in the leftmost set of symbols. Second from the left is an inversion run
without the background ocean fluxes. Second from the right is an inversion run with prior source uncertainties on all ocean
regions of + 2 GtC yr’". Third from the left is an inversion run using only half the data records south of 45°S (HBA_00DO,
MQA_02D0, SPO_00C0, SPO_02D0). Far right is an inversion in which the total global oceanic uptake is constrained to —
2.540.5 GtC yr''. In each inversion there is littie change to the southern ocean estimated flux.
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Northern land sink sensitivity

Table 3: Summary of differences between the TransCom 3 inversion set-up and that of Fan et al., 1998 (F98Y’.

Element of inversion

Transcom3 control

Fan et al 98

Data and data uncertainties

1992-1996 at 76 sites, 3.274 GtCyr growth rate, variable
uncertainty (0.25-2.20 ppm)

1988-1992 at 63 sites, 2.8 GtCyr ' growth rate,
constant uncertainty (0.6 ppm)

Prior sources and prior source
uncertainties

Land: land-use change prior and moderate uncertainty
(0.60-1.73 GtC yr')

Ocean: zero prior fluxes with moderate uncertainty (0.26-
1.50 GtC yr")

Land: no prior information for regions

Ocean: fixed to background fluxes

Regions solved for

11 land, 11 ocean

3or4land

Global CO, offset

Calculated in inversion

Set using South Pole values

Global background fluxes

0.2*1990 fossil + 0.8*1995 fossil, CASA model NEP,
Takahashi 99 ocean

1990 fossil, CASA model (earlier version) NEP,
Takahashi 97 or ocean model (OBM)
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Table 4: Mean estimated sources, ‘within-model’ and ‘between-model’ uncertainties for northern extratropical land regions under different
inversion conditions. The first row is the TransCom 3 contro! inversion, the second row is the F98 4-region inversion. The third row is an
inversion using all TransCom 3 models but with the inversion set-up reconfigured as in F98, with the exception of the global background fluxes.
For the reconfigured case (3"1 row), the temperate North American sink is substantially larger than the TransCom 3 control inversion ( 1% row)
and ‘between-model’ uncertainty is increased indicating that this set-up is more sensitive to transport differences. The Eurasian sink remains
larger than F98 and again uncertainty is increased relative to the TransCom 3 contro! inversion. The fourth row takes the reconfigured inversion
and replaces the TransCom 3 NEP and ocean background fluxes with the ocean mode! and earlier CASA background fluxes used in F98.
These are only available for the SKYHI model version used in F98 but we have applied them to all the TransCom 3 models. While this does not
provide an ideal test case, it is sufficient to indicate that the Eurasian flux estimates are sensitive to the choice of background flux. The
remaining rows are for a series of inversions where each element of the reconfigured inversion was individually changed back to the control
inversion. The cases are “release oceans” - TransCom 3 ocean uncertainties are used; “tighten iand” - TransCom 3 land uncertainties are used,;
“release SPO” - global CO; offset is solved for “22 region” - all TransCom regions are solved for; “time period and growth” - 1992-1996 data and
growth rate are used. All but ‘release SPO” reduces the temperate North American sink but no single element can account for the difference
between the TransCom 3 control and the reconfigured inversion. By implication a combination of factors is required as was found in a similar
exploration of inversion method sensitivity®.

Inversion Case T3 Model Mean
Boreal NA Temperate NA Eurasia
This study 0.24 + 0.40 +£0.27 -0.85+0.52+0.42 -4.78 +0.58 + 0.78
Fan et al., 1998 0.20+04 -4.40+ 0.5 -0.20+0.7
T3 reconfigured 0.61 +0.50 + 0.80 -1.85 + 0.57 + 0.69 .56+ 070+ 1.2
Include OBM+Fan CASA 0.33+0.50+0.92 -2.23+0.57+0.83 -0.69 +0.70 + 1.17
Methodological adjustments
Time period & growth 0.61+0.34 £0.52 -1.32+0.32 +0.41 -1.62 +0.38 + 0.87
Variable data unc. 0.70 +0.33 + 0.67 -1.53+0.39+0.79 -1.87 + 0.54 + 0.86
Release oceans 0.81 +0.59 + 0.65 -1.77 £ 0.76 £ 0.39 -2.51 +0.96 + 1.18
Tighten land 0.43 +0.38+0.58 -1.67 + 0.51 £ 0.57 -1.50 + 0.60 + 0.90
22 regions 0.59 +0.81 + 0.74 -1.44 +0.82 +0.49 -1.69 + 0.99 +0.75
Release SPO 0.78 + 0.51 + 0.77 -2.04 + 0.58 + 0.58 -1.81+0.72+1.18
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Time period sensitivity
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Figure 3: Prior sources and uncertainties (boxes), mean estimated sources (x), ‘within-model’ uncertainties (0) and
‘between-model’ uncertainties (error bars) for six 5-year periods. Only the CO, observational data is changed in each of
these six periods. The time periods are displayed from left to right as: 1988-1992, 1989-1993, 1990-1994, 1991-1995,
1992-1996 (control, red symbols), and 1993-1997. The same 76 sites are used for all inversions even though this means
that some sites have more than 30% extrapolated data. Growth rates and fossil emissions are adjusted to be appropriate
to each period. For most regions, the change in time period does not move the mean estimated source outside the control
uncertainty range.
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ABSTRACT

Spatial and temporal vagiations of atmaspheric CO» concentrations contain information about surface
sourves and sinks. which cun be quantiatisely inteepreted through tracer transport imeision, Previous
COy inversion caleufations obtaned differing restifts due to different dati. methods and transpornt
mwdels psed. To isolate the sources of uncertanty, we have conducted i set of annual mean imversion
experenienty in which 17 difterent transport models or model variants were used 1o caleulate regional
carbon sources and siaks from the same data with o stndardized method Simulated fransport is
i <ignifi sounee of ity i these caleud particularly in the respoise to proveribed
“buchground™ Auxes due to tosail fuel combustion, o balanced uestrial biosphere, and ait—wea gas
exchange  Individual model-estimated fuxes are often a direer retlection of their response 1o these
background fluxes. Models that generate strong surface maxima near backgrosnd exchange lovations
tend o require farger uptihe near those focations. Models wath weak serface maxing tend to have less
uptake in those s regions but may infer small sougees downwingd, T some cases. individual model
flux estimites cannot be anaky 2cd through simple refationships to background Bux responses but are
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s due to Jocal trapsport diftercnces o partivulae respeises at individual CO» observing locations

The response to the backgrownd biosphere exehange generates the greatest variation in the estimated
funes. particularty over Jand i the Nonlern Hemisphiene, Mose observational duta in the topical
regrans may help m both fowering the uncertain tropieal fand Qux uncertamties and constrainng the
northern fand estimates hecatise of compensation between these two broad regions in the inversion,

Mare optimistically, examing

on of the model-mean regreved Huses indicates o general 1nsensitivity

to the prior fluses and the prior flus uncestaintics, Luss uptake in the Southern Ocean than implicd by
oceanographic observations, and an exenty distributed northern land sink, remain in spite of changes

in this aspect of the inversion setup.

1. Introduction

A quantitative understanding of the sources and
sinks of atmospheric CO; is of vital importance for re-
liably predicting future CO- levels. The estimution of
CO: sources and sinks can be approached in a variety
ol ways (Schimel et al.. 20013 One approach is to use
atmospheric CO: measurements o infer COL fluxes
through tracer transport inversion. This approach ud-
justs a series of regionally explicit “trial™ fluxes to
best match vbserved CO, concertrations to those sim-
ulated by an atmospheric transport model. Early inver-
sions used two-dimensional transport models to cal-
culute the latitudinal distribution of fluxes (e.g. Tans
etab. F90; Enting and Mansbridge, 1989: Ciais et al..
1995). Recent inversions have used thrce-dimensional
maodels to estimate the longitudinal distribution of
(fuxes (e.g. Bnting et alo 1995 Fan ot al.. 1998:
Bousquet et al.. 1999a:b: Kaminski ct al.. 1999). In-
terannual variations in fluxes have also been estimated
(e.g. Rayner et al.. 1999: Law, 1999: Bousquet ¢t al..
2000 Baker. 2001).

A general concern with inversions is the sensitiv-
ily of the results to the atmospheric transport model
used. This sensitivity is difficult to assess because the
resulls to date have employed only one or two (rans-
port models ina given study. A goal of the TransCom
series of experiments has been to assess the influence
of dilterent transport algorithms on the CO;, inversion
prablem. The initial phases of TransCom conducted
forward simulations of fossil and biospheric emissions
of CQ; (TransCom £ (Law ¢t al., 1996) and ol SF,
¢CTransCom 2) (Denning et al.. 1999} to characterize
muodel behaviour. The fossil CO; experiment indicated
ditferences in simulated surface interhemispheric con-
centration gradients among the models of up to a factor
ol two. However. with no (ossil-CQ; - observations
o compare against. it was not possible to determine
which simulated transport, il any., was correct. The SF,
experiment, with relatively well known sources and
observations, was intended 1o evalvate atmoespheric

21

transport and W identity which processes led to difter-
ent madel behuviour. Most of the madels were reason-
ably successlul in reproducing the marine boundary-
laver observations of SF,,, but tended o overestimate
the SF. at cominenal locations near sources. Those
muodels that underestimated marine boundary-tayer
values due 1o excessive vertical convective transport
teaded 1o give better continental concenteations than
the maodels with less convective transport,

Model differences were atso large tor the anmat
mean response Lo sedasoml biosphieric CO; exchange.
Almost all models simulated elevated CO; concenera-
tions at the surface in the northern middle latitudes due
to the covariance between seasonal exchange and sea-
sonal transport, the so-called seasonal rectitier effect
(e.g.. Keeling et al. 19892 Denning et al.. 19935). but
somal mean surface concentrations varied vver 3 ppm
among the models.

While these experiments provided usetul insights
into madet behaviour. they did not direetly address the
sensitivity of inversion results to transport, This is the
role of the current TransCom experiment {TransCom
By the aim is to assess the comtribation of uncertain-
ties in transport to the uncertainties in flux cstinmates
tor annual mean, seasonal cycle and interannual inver-
sions. The experiment can also contribute to our un-
derstanding of other sensitivities in the inversion pro-
coss (. inversion set-up, observational data choices).
since more reliable reaults are expected by examining
the sensitivity with a range ol transport models than
with just one or two models.

The first results from TransCom 3 were presented
by Gurney et al, (2002). They showed mean inversion
results for o control inversion in which annual mean
fluxes were estimated using 19921996 data. Here we
present results from that same control inversion but
Tor individual models. We also present results trom a
number of sensitivity tesls related to the specification
of prior flux information. A companion paper (Law
et al.. 2003) presents sensitivity tests related to CO;
dataissues including network choice. time period. data

Tellus 558 (2003, 2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO2 INVIERSTON INTEFRCOMPARISON

selection and data uncertainty. Seasonal and interan-
nual inversions will be presented elsewhere,

2. Method

2.1, Iversion formalism

The control inversion uses a Bayesian synthesis
method (Enting. 2002). The first step iy 1o choose aset
of flux patterns, or basis functions (V, ). from which
solutions will be constructed; V = L 3,\“’,. The in-
version procedure reduces (o solving for the scaling
tactor, »,. With a set of concentration obscrvations 1)
the lincarity of transport can be used 10 yield

IS IEN (A

th

where T is the atmospherie transport. I we have pre-
detined times and places for our concentration obser-
vations {obvious in a diagnostic or inverse study) then
we can repeatedly run the transport madel on each
basis function and sample the output at the observa-
tion locations. The concentration tield generated from
each basis tunction is referred to as its corresponding
response function, [ we sample the response function
at our chosen obsenvation locations, and write the re-
sult as i columa vector. we produce a matrix M for
which we can easily show

D=N )

The regional Quxes. . can now he solved for us-
ing conventional least-squares technigues. These tech-
nigues rely on minimizing the mismateh between mod-
elled concentrations, MS. and observed concentra-
tions, D. Adding prior information wbout the fluxes
acknowledges the under-determinacy of the system
due to the limitation of few observations 1o constrain

fluxes from all regions. It also allows those aspeets of

the llux distribution that are reasonably well known to
he specified.

With the addition of prior information. the solution
for § now imvolves minimizing the difference between
modelled and observed concenirations and between
predicted fluxes and their prior estimates. A cost fune-
tion Jf can be defined as

[(M..\ - DY CA) MS - D

|
7

+15 -

S CeS 1S - S‘.nJ (3
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where Ci.) embodies confidence in the form of un
error or uncertainty covariance. Since C appears in-
verted. quantitics with large uncertainty confer fess
influence. Deviations from this prior estimate will
penalize the cost function severely, and hence be
restricted. Alternatively. fluxes that are poorly un-
derstood can be assigned lurge uncertainties and.
henee. wllowed to deviate significantly from the prior
estimes.

The measurements are similarly weighted imversely
by the degree to which the predicted concentrations
are required by the inverse process o mateh the obser-
vations. This weighting termy, €( ). has traditionally
been called the “data uncertainty”™, The name is mis-
feading. since the term must also account tor the in-
ability of muodels with imperteet transport and coarse
spatial and temporal resolution 10 match point obser-
vations. Furthermore, the chosen flux shape or “foot-
print” assumed for the basis functions may not rep-
resent the distribution of the true source tield, and
henee may add to the inabitity of the predicted con-
centrations to match observations (Kaminski et al..
2001: Engelen et al.. 2002). It would be inappropri-
ate in the inversion (o attlempt to it the data better
than the sum of all of these errors. vet objectively
quantifying this overall model-data mismateh remains
difficult.

Following Taramola (1987) we minimize og. (3) to
yield

i

S+ M -

4

where M' U, the generalized inverse of M. is given by

M= [M‘CJ)) M+ CEo ] MICdn
)

Anestimate of the uncertainty inthe predicted fluxes
can also be produced. This depends on the uncertainty
in the prior fluxes. the data uncertainty and the re-
sponse functions embadied in M. The refation is:

§) = (c(.‘s‘,.» Ly MG ‘M] 6)

This always represents a reduction in uncertainty
on the prior eshimate, with the amount of reduction
depending on the data uncertainty and how well the
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available observing locations sample the chosen flux
patlerns.

The mean of the individual mode! flux uncertaintics
can be computed as:

LYTRN
Y oesy
\ 1

where the individual model posterior uncertainty esti-
mates are taken from the dingonal of the posterior co-
variance matrix, We designate this mean uncertainty
the within-model uncertainty. The spread of Aux es-
timates across wodels is represented by the standard
deviation,

) - )

Niradets

i

Ninatele

(8)

and designated the  between-model uncertainty.

The minimum vatlue of the cost function, /. de-
scribes the degree to which the inversion caleulation
matches the data and prior source estimates stmulti-
neousty. This is usually expressed using the reduced
£

Ny o R
< .
Z- S + Z.
X - Jon i I
N Nat

9)

Statistical consistency requires x” not to be signiti-
cantly greater than unity, otherwise the posterior un-
certainty is inconsistent with the quality of the fit to the
data. This inconsistency suggests that too much con-
fidence has been placed in the ability of the inversion
1o match the data, so €(D) is increased accordingly.
‘This will consequently increase €(5).

2.2, Eaperimentad design

2.2.1. Forward simudations. Forwant simulations
were performed with 16 transport models (or moded
variants) (Gurney et al., 20089, the results of which
were used 1o perform annual mean inversions for
sources and sinks (Gurney et al., 2002). A 1 Tth muodet
(CSIRO) recently submitted simulations. We have
not included results tfrom this model in the caleu-
fation of mean results, in order to maintdin consis-
ency with Gurney et al. (2002). but have included it
in presentations of individual model results. Details
of cach transport model are given in “lable | The
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models vary in resolution. advection scheme, driving
winds and subgrid-scate parameterizations. They in-
chude every model used in recently published CO,
inversions. 'I'™M2 i the ondy model that has been
used in precisely the same contiguration in all the
TransCom experiments. while seven of the current
models performed the TransCom 2 SE, experinment.
though sone of these have been modilied since that
experiment,

For the annual mean expetiment presented here.
four-year simulations were performed by cach madel
for cach o 26 required basis tunctions. The 26 hasis
functions comprised tour “background™ global fluxes
and 22 regional fluxes. The madet ottput was submit-
ted as global monthly mean distributions and as four-
hourly time series at 228 specified locations, Sampling
of model outpot was intended 10 mimie the sampling
pratocol for observations, some stations were moved
offshore away from coastlines in the direction of the
“clean wir sectar™ identitied for {lask sampling. Full
details of the experimental protocol are presented in
Gurney ef al. (2000}, The inversions were performed
on the outpul from cach model.

The four background {luxes consisted ol two fos-
sil fuel emission tields (1990 and 1995 distributions).
an amnually balanced. scasonal errestrial biosphere
exchange and air-sea gas exchange. These fluxes are
included in the inversion with a very small prior wn-
certainty so that their magnitude is effectively fixed.
and the 22 regional fluxes estimated by the inversion
are deviations from these global fluxes. The 1994 an-
nual mean fossil source (1 x 1 )is from Andres et al.
11996) and totals 5,812 GLC yr ' The 1995 annual
mean fossil sotree (1 x 1) is derived from the data
prepared by Brenkert 11998) and totals 6.173 Gi C
yr 1. The seasonal biospheric exchange (1 x | ) was
derived from the Carnegie Ames Stantord Approach
(CASA) model (Randerson et al., 1997, and has an
annual total lux of 7ero at every arid cell. The oceanic
exchange (4 x 5 ) was produced by Taro Takahashi
and colleagues and represents monthly global oceanic
exchange dertved from measurements of Ap(CO;)
(Takahashi etal., 1999). The anpually integrated fluxis
=2.19GLCyr ' tino the ocean). The background fos-
sil fuel enission fluxes were preseribed without sca-
sonatity, The annually balanced terrestrial fluxes were
purely seasonal. and the background ocean fluxes were
prescribed with hoth seasonul variations and annual
mean uplake.

The houndaries of the 22 regional hasis functions
are shown in Fig. 1. In the forward simulations. cach
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functivn region (GEE 3 Ty The pror comstraint on 1he atam
of 0074 GECyr 1, The prior global offset concentration is

region emits a t Gt C yr * flux that is scaled inde-
pendently during the inversion calculation, The re-
gional terrestrial basis Muxes include spatial strue-
ture based on the distribution of annual mean net pri-
mary productivity (NPP). as given by a CASA model
steady-state run (Randerson et al.. 1997), reflecting
an assumption that wrrestrial exchanges are located
within regions of higher biological activity. The ter-
restrial basis function boundaries were constructed
to enclose vegetation of similur seasomitl structure
and carbon exchange, with some additional bound-
ary smoothing. The starting point for the boundary
construction was the T x 1 land cover type classifi-
cation used by the originat Simple Biosphere Model
{SiB) (De Fries and Townshend, 1994: Sellers et al.,
19963, A unitorny spatial distribution was used for the
regional oceanic basis functions, with the exception
of seusonal ice cover in the northerm and southemn-
most regions. The sea-ice cover data were produced
by the World Climate Research Programme, Work-
ing Group on Numerical Experimentation. Atmo-
spheric Model Intercomparison Projeet (Taylor et al..
1O47).
...... hversion ser-up and observational data.
Prior estimates of the Huxes in cach of the 22 re-
gional basis functions were determined from inde-
pendent estimates of terrestrial and oceanic exchange

Tellus 358 ¢2003), 2

Basis function regions and the locations of the 6 CO: observational records used in the imverion Multiple records
exist at some locations and are denoted by open circles. The prior Dux and prior flux uncenainties are shown for cach basis

onpheric grow th rate is 3,274 GrC oy b with a prior uncertainty

353 ppm with a prior uncertainty of 100 ppm.

and are presented in Fig. 1. The land region prior
Nux estimates incorporate resulls from recent inven-
tory studies (Apps and Kurz, 1993 Kurz and Apps.
1999; UNFCCC. 2000; Pacalu et al., 2001; Houghton,
1999: Dixon et al.. 1990: Houghton and Hackler, 1999;
Kauppi ot al., 1992). Where more than one estimate
for a given region was available. a mid-point ot the
estimate range was used. The ocean region prior flux
estimates were prescribed us zero.

The prior Nux uncertainty is important for hecping
the estimated fluxes within biogeochemically realis-
tic bounds. For land regions we chose growing scason
net Hux (GSNF. the sum of monthly mean exchange
for months exhibiting net uptake) as provided by the
CASA model of net ccosystem production (Randerson
et al., 19971 Since itis unlikely that an annual mean
residual fand flux would eveeed the GSNE, this pro-
vides a reasonable, ceologically relevant upper bound.
The prior ocean uncertaintics were guided by the ag-
gregate estimates given in Takahashi et al. (1999),
which suggest o total global oceanic uncertainty ap-
proximately 706 of the total oceanic exchange. Be-
cause this fevel of uncertainty tightly constrains some
oveanic regions o the prior flux estimate. the aggre-
gate uncerlainty was inereased to 1404 of the total
net oceanic exchange. The uncertainty in individual
oveanic basis function regions was proportional to the
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arei of the region and the proportion of sampled grid
points in the region.

We invert S-yr mean measurements for 1992—
1996 at 76 sites taken from the GLOBALVIEW-
2000 dataset (GLOBALVIEW-CO,. 2000). GLOB-
ALVIEW is a data product that interpolates CO- mea-
suremets to a common time interval, Gaps in the data
are filled by extrapolation from myrine boundary-layer
measurements. Sites were chosen where the extrapo-
lated data accounts tor fess than 30% of totat dwta for
the [992-1996 period, Law ¢t al. {2003) varied this
extrapolated data Himit to test the sensitivity of the in-
version to alternative data sets.

The uncertainty attached to cach dat vatue, (1.
was derived from the residual standard deviation
(RSD} of individual observations around a smouthed
timeserics as given by GLOBALVIEW-CO, (20003
This choice was based on the assumiption that the dis-
tribution of RSD thigher RSD values for northern and
continental sites and lower RSD vatues for southern
hemisphere oceinic sites) refeets the high-lrequency
variations intransport and regionat flux that large-scale
transport models are unable to accurately simulate. Di-
rect use of the RSD values for the data uncertainty
within the inversion results in a reduced x° [eq. (9]
that is much stmaller than unity. This indicates that
the predicted concentrations fit the data much better
than the uncertainty assigned to the data itself, and
that the uncertainty should e reduced. Therefore. the
RSD has been scaled as follows: the RSD was divided
by (8PF'°, where P is the proportion of real data in
the record and the factor 8 accomplishes the x° & |
goal. Where this gave valuey less than 0.25 ppm. the
uncertainty was increased 10 0.25 ppm. Finally, the un-
certainty was increased for those sites that are Bikely
to ocenr in tie same madel grid cell by the square root
ot the number of co-located sites. This gave uncer-
tainties ranging from 0.25 ppm for remote, “cloan air™
sites 10 2.2 ppm for continemal, noisy™ sites and o re-
duced x “averaged across the models of .97, close to
the desired value of one. Law ¢t al. (2003} demon-
strate the sensitivity of the inversion to the choice
of C(D.

Additional prior constraints included in the inverse
calculation are the global atmospheric CO; growth rate
(3.274 £ 0.074GrC yr "y and a global CO» concentra-
tion buckground value (355 & 100 ppm). The growth
rate and uncertainty are the mean and standard de-
viation of the 1992-1996 trends at the observational
stations used in rhis study viaa fit that includes a linear
trend and harmonics.
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3. Results

3.4, Background sinudation results

The Torward simulations of the four background
fluxes provide a measure of modet-to-maodel transport
differences, and explain many of the featares found
in the inferred regional Anxes 1o be discussed in Sec-
tion 3.2, Figure 2 shows the surface CO; concentra-
tions resulting trom the sum of the background flunes
for each of the models. Maximi assaciated with the
fossit fuel emissions and the annuatly bakinced, sea-
sanal biosphere exchange are evident and vary consid-
crably from modet 10 model. Maxima associsted with
the fossil fuel emissions are centered over the indus-
trial source regions of the tinited Stutes. Europe und
the Asian Pacitic. Maxima associated with rectitica-
tion of the biosphere exchinge are broadly distributed
over foresled arcas in North America and Eurasia,
Regional minima in concentration are simulited over
the Southern Ocean and 10 a lesser eatent over the
North Atlantic Ocean in response to the background
ocean fluxes. Surface concentration responscs range
from very weak (TM2 and the UCT variants) 1o strong
but focalized (GCTMY to very strong over large ar-
cas (MATCHINCER UCB). As was found previously
(Law etal, 1996 Denning etal. 1999}, there does niot
appear to be a systematic difference between mod-
cls driven by analyzed winds and those using GCM
winds.

Figure 3 shows the zomal mean surface CO coneen-
tration resulting rom each of the bachground fluxes
separately and sunyned. The maximun fossil e con-
centrations oceur around SO N and vary by almost 2
ppmamong the models. Southern Hemisphere concen-
trations also vary with CSU. MATCH:MACCM2 and
NIRE producing the highest concentrations. The inter-
hemispheric difference (11D (mean Northern Hemi-

sphere surface lay or concentration tinues mean South

ernt Hemisphere surface-layer concentration) in these
simulated surface responses provides a convenient in-
dex (not abways an accurate indicator: see Denning
et al., 1999) to summarize both meridional and verti-
cal model transport, and is indicated in the tigure for
the fossi) fue! and 101 bachground responses, CSLU.
TM2 and IMA exhibit the smalfest IHD values indi-
cating relatively rapid mining away from source arcas
(vertical or meridional or both), The ratio of fargest
Tossit fuel THD to smaliest 1D is 1.5 compared 1o 2.0
Tor the fogsil simulation results from TransCom 1, in-
dicating o convergence of model simuditions for this

Telbus 358 (2003, 2
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364.0 355.6 357.2 358.8 360.4 362.0 363.6 365.2 366.8

Fee 2 Annual mean surtaee CO; concentration (ppm) vesulting trom the combined trelative to a background concentration
of 350 ppan background Huxes or each of the models. The UCHb model sariant is not showa since ity surfave distnbution is
aery simitar o the UCT standurd sersion. The globad nrean surtace concentsmion is abso computed for cach model.
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o HATCHNCEP. & Global Mvan = 357.3
v ren e T v - e

Giobat Mean = 387.0

THI Global Mesn = 357.2

354.8 356.4 358.0 359 6

361.2 3628 364.4 366.0 367.6

3540 355.6 357.2 358.8 360.4 3620 3636 365 2 366.8

Fig 2. (Conud )
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3. Concantranon pami
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2, Concantraton toom)
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Larude

Fig. 2 Annual nean, zonal mean sarface CO; concentration (ppm) resulting from the individual and combined (relatise 1o
a hackhground concentration of 380 ppm) background fluses for ciwch of the maodels The interhemispheric difference (ppay
for the background fossil and combined hackground COs is listed in the hey for each model. Note that the scule is dilferent

for cach of the plots.

flux response. The 1990 fossil distribution used in this
study is the same as that used in TransCom 1 but the
total emission is .81 GLC yr ' compared to the 5.3 Gt
C yr ! previously used. Altowing for this ditference,
eht ol the TransCom t models had 1HDs below the
current range (Law etal.. 1996) indicating anvolution
to ess vigorous interhemispheric transport.

The sonal mean surface concentration for the bio-
sphere exchange shows more spread in the northern
mid- to high latitudes than for tossil fuel emissions.
In TransCom | (using a different biosphere exchange)
the model results clustered into two groups. Here, this
clustering is less evident. with models spread through-
out the 3.5 ppm range of concentrations around 60—
70 N. The highest concentrations (strongest rectifica-
tion are produced by MATCHNCEP. while the weak-
est rectification is produced by the TM2 model. The
RPN model produces refatively large equatorial con-
centrations. w hile the NIRE concentrations are greater
than for other madels around 20-30° N, Besides the
farge variation in zonal mean response to these annu-

Tellus 358 (2003), 2

ally balanced tluxes. the models exhibit large varia-
tions in the spatial structure of the rectifier response
within latitude sones (Fig. 21 Some strongly rectity -
ing models te.g.. SKYHL MATCH:MACCM2. RPN)
timit concentration maxima to the immediate forcing
areas over Nurth America and Asia. wheve there are no
stations. Others (NIES, NIRE. UCB, MATCH:NCEP}
generate broad concentration maxima over the north-
ern high latitudes and consequently have substantial
impact at observing siles.

The 7onal mean surface concentrations for the ocean
exchange show similar structure for alt models. The
tropical source and extratropical uptahe results in a
small maximum concentration in the tropics. which
varies by about 0.5 ppm across the models, Variations
in the concentration minima are larger. particularly
around 50-60 S, SKY HI produces the lowest concen-
tralions in both hemispheres. white MATCH:CCM3
exhibits low concentrations across all latitudes, RPN
exhibits the largest cquatorial maximum concentra-
tion. ‘The greatest tropical/extratropical gradient is

30
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exhibited by SKY HE while UClHand UCTh exhibit the
smallest gracients.

The zonal mean surface coneentration for the ttal
background fluxes shows how some models respond
similarly to the background fluxes while others exhibit
offsetting responses. For example, while responding
strongly 10 fossil fuet Aukes over the northern extra-
tropical source region. MATCH:CCM3 and RPN ex-
hibit only @ moderate response o the seasonal bio-
sphere exchange. Similarly, MATCH:MACCM?2 and
NIES, which have a moderate fossil fuel response.
show a stronger response 1o the scasonal biosphere
exchange.

“The remitining models show some similarity in their
response to the background fluxes. inthese cases, mod-
cls that produce farge surface gradients for fossi! fuel
also tend to produce large gradients tor the background
ocean exchange and exhibit a strong biospheric recti-
tier. This is broadly consistent with both vertical trap-
ping of CO; inthe lower model layers amd with weaker
advective mixing as compared 10 models exhibiting
smaller gradients.

The spatial structure ot surlace CO, simulated by
cach model in response to the total ol these background
fluxes is different from the observed spatial variation
of the observations. Because the background Nuxes
are fixed. the adjustment of the 22 regional fluxes is
employed in the inversion to minimize this residual
concenteation response {RCR), The RCR values at all
the ohserving stations (smoothed) is plotted for cach
maodelin Fig. 4. All models show positive RCR values
in the northern mid-latitudes. implying the need for
CO: uptake there. The greatest ditferences in RCR
values between models are over the northern mid-
latitudes (Fig, da). The standard deviation of these
RCR vatues ieross the 17 models is less than .4 ppin
at most stations, and greater than 1.0 ppm at 6 stations.
The greatest variability is at Hungary (o = 2.4 ppni
47 N, 16.7 E).

Madels with smaller background THD values (CSU.
IMA. MATCH:MACCM2) simulate higher RCR val-
ues overthe southern extratropics relative to those with
larger background IHD vatues (UCB, MATCH:NCEP.
MATCH:CCMA3). This suggests a potential relation-
ship between interhemispheric transport and the mag-
nitude of the inferred thixes in the southern regions.
Moxdels with vigorous interhemispheric transport may
require greater uptake over the southern extratropics
relative to those models that exhibit weaker interhemi-
spheric ransport. Over the northern middle latitudes.
where the model spread is greatest. the consistently
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largest RCR values are simulated by MATCH:NCEP,
NIRE and UCB. and the smallest are simulated by
TM2, CSU. CSIRO and IMA. These “clusters™ of re-
sponses may produce similarly clustered infereed re-
gional flux estimates.

The longitadinal distribution of the RCR values
over the northern middle latitudes varied considerably
among the models (Figs. $b and deb purticularly at
continental sites near source regions (fTN, BAL, SCH
and HUN), In peneral. RCR vatues increased from
waesl to cast aeross North America and Europe. which
suggests the need forterrestrial uptake in these regions,
The largest west to east gradients vver North America
were exhibited by NIRE and RPN, while the smallest
belong to UCtb and TM2. UIClband 'T™M2 also had the
smallest gradients over Europe white MATCH:NCEP
and TM 3 had the largest,

2.2 bwversion residts

121 Model mean sensitiviny. The model mean re-
sults for the control inversion were presented by Gur-
ney ot al. (2002). They found a Southern Ocean sink
considerably weaker than the prior estimate ot Tuka-
hashi et al. (1999). Furthermore. this result was not
sensitive 1o the tramsport model used and was well con-
strained by observations, They alsa found reasonably
strong data constraints over the northern continents.
with uptake distributed relatively evenly across the
northern fand regions. Finally. they found a very weak
data constraint in the tropics. with tropical flux esti-
mates depending mostly on prior information. miss
bulance constraint and modet transport.

To test the dependence of the model-mean inver-
sion on the prior fluxes and their uncertainties, we
performed the series of sensitivity tests described in
‘Table 2. The first represcnts inversions in which the
prior Hux uncertainties for both kind and ocean hasis
function regions were inereased to 2. 5 and 10 GL C
yr !, bringing the inversions closer to methods that
do not use prior information 1o constrain the Aux esti-
mates. The results of this tes are presented in Fig. 5.
For most regions. the mean flux estimates (X symbols)
are very insensitive to the prior information, and e
within the uncertainty range of the control inversion.
Exceptions are regions with few (ur no) stations: the
topical and South Atlantic (a1l cases), northern Africa
(L5 and £ 10GEC yr ! casesyand southern Alrica and
South America t£10 GtC yr ! case).

For each model and region, the figure depicts an es-
timated flux and two uncertainty measures. The first

Tellus 558 (2003, 2
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28

o8

residual concentration response (ppm)

5¢

b)

c)

ConCAR AR TARONA Ty

Fia,
tor eaeh of the modets. (b) Smooothed (thive station running ¥
stuttons within the 30 N to 70 N longiludinal band. Lon
runmng wean. (0 Sume as () bui for Burope.

uncertainty measure is the within-model uncertainty
(circles) defined in eq. (7). The magnitude of the de-
erease from the prior uncertainty indicates the degree
to which the tinal flux estimiate is construined by the
measurements. Figure § shows that for some regions
the data constraint dominates. Atthe other exireme, the

Feflos SSB L2003, 2

.t Smouthed tmean of 10 latitudinal bins) residual concentration response (ppim) at the 76 CO: observational

ativns
i residual concentriation response (ppmy at North American
giudes are listed for stations focated outside the center of the

within-madel uncertainty for some regions increases
signiticantly as the prior flwx uncertainty is increased.
This indicates that these regions, for example tropical
America, are poorly constrained by the CO; observa-
tions. Note that sinee the overall growth rate of CO-
in the atmosphere is specified with small uncertainty
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Table 2. Brief description of the sensitivire tests

)

test 1 (“Loose Priors ™) The prior tlus uncentatatics for both fand and ocean basis function regions are ingreased to 2. S
- These cases bring the inversion closer to thase methods that do not wse prior information
o comtrain the lux estimates,

fest 2 ¢ Fevo Laned Priors™y: The prior basiy function land fluses are set to sero, Sitee many tropical regions are it
wel observed, it is Bportant o check how semsitive the flax estimates are to the inclusion of fnd-use clunge
information in the prioy ffux estimates,

Test 3 1°No Reer™): The background biospheric exchange is et w zero. This tests the seasitivity of the Qux estinates to
the rectifier. This case was also showa in Gurney et ab (2002} but here we also show individua) model resadts

Test 4 {7 Adjust Rect ) The bachground biosphere exchange fluy sncertainty i set 1o 21000 This tests what rectitier
wagnitude the ipversion estimies

fost S £ fevo OQvear” ) Hhe hackground ocean exchange s set 1o zero. This tests whether the inversion s sepstlive 1o the
~patial distribution in the background occan flux.

sorn{ Tgored T tern s b onarneen Tongen e | Fore
et mero st Bacnr AMurtn R A
4k
al
P-4 =
s 1 FE
5
a0
M
2

- neso Gt | nesc |
Lt gl | e
SE salte e o
4
I 3r
2 L3
1 gi oy
) ¢ Pesy
@~y &
2f
3 -
Fore g " sy Fopow
af ,,
3

Reg.en

L 5. Results of Loose Priors case (sensitivity test 1), The contral inversion is deaoted by the leftmost set of symibots
ferosses, posterior flux estimate Gneludes background ocean exchange), circles, within-model Say uncertainty: whiskers,
between-miodel flux uncertainty : outer box, prios fluy uncertainty]. The 2 G +Sand + 10 GLC v 1 prior unvertainty cases
ate denoted progressively 1o the right of the control inversion. Alfuncertainties represent br. Mean does not include CSIRO,
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LO74GEC yr ') the sumof the fluxes from the poarly
constrained regions is fixed. As the priors are relaxed.
dipoles of unrealistically large sources and sinks ap-
pear in these regions, but cancel each other to retain
the observed mass of CO; in the atmosphere,

The second uncertaintly measure is the standard de-
viation of the fux estimates actoss the ensemble of
maodels {error bars) as defined in oq. 18). This measure
indicites the degree 1o which transport modet ditter-
ences contribute o the range of ux estimates. Over-
all, the between-model uncertainty increases with the
within-mode! uncertainty in Fig. 5, This reflects the
increasing sensitivity of the inversion to differences in
transport as the prior flux uncertainty is increased. As
the priors are “loosened.™ we dlso obtain a somewhat
closer (it Lo the observations: the mean data mismaich

Fiux (GiCy Yy

Fux (GICy )
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drops trom (.89 ppm lor the control inversion 10 0.77
ppm for £10 Gt C yr ¥ case. This modest decrensc in
the mean data mismatch further suggests a general lack
of sensitivity to the prior flux constraints chosen for
the control inversion. The large between-madel uncer-
tainty in some regions means that, while the mean esti-
mated fux can be relatively stable, individual models
can give some very large fluxes. Overall, we conclude
that in regions with strong data constraint, the inferred
Muxes are insensitive to the prior Auxes. whereas in re-
gions with few observations the fluxes are sensitive 1o
hoth prior information and diflerences in mode! trans-
port.

Figure 6 shows results from the othier four sensitivity
tests. When the fand prior fluxes are set 1o sero only
the estimated tropical Asian flux changes by gredter
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Fig. 6. Resubts of semitivity tesis 2-5. The control imversion is denoted by (he leftmost set of symbols (as in Fig. 5), The
Zero Land Priors case isensitivity 1est 2), No Rect case ensitivity test 3. Adjust Rect case tsensitivity 1est4), sl Zero
Ocean (sensitivity st 5) are denoted progressively 1o the right. Mean does not include CSIRO.
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than (1.2 Gt C yr . Even for this region, the new flux
estimate does not lie oulside the control uneertainty
range. which at 0.74 GuC yr ' is not much smatler
than its prior uncentainty of 0.87 Gt C yr ', This is he-
cause none of the 76 sites used in the control inversion
contributes much constegint to this region,

As deseribed in Gurney et al. (2002). removing the
background biosphere fluxes (thind set of estimates
in Fig. 6) has u large impact in some northern regions
where rectification is pronounced: mean Hux estimates
change by upto L1 GEC yr | and between-maodel un-
certainty is generally reduced. For example, in almost
all models, Boreal Asia changes from a moderate sink
10w moderate source. n Test4, we allow the inversion
w optimize the magnitude ol the seasonal rectifier by
associating a large prior uncertainty (£ 100%) with the
annually balanced biospheric flux. This tends w pro-
duce fluxes that are mid-way between the control and
the No Reet case, consistent with the 50% reduc-
tion in the meded mean annually batanced biospheric
exchange, In the il test, removing the hackground
ovean flux had 4 larger impact in many of the fand re-
gions compared to oceanic regions. probably due to the
generally larger prior uncertaintics for fand regions,
However, none of the flux changes is larger than the
control within-model uncertainties for the appropriate
region,

$.2.2. Individual model resudts. Table 3 lists the con-
trol inversion flux estimates for the individual models
when the land and ocean regions have been aggregated
separately into the southern extratropics, tropics and
northern extrateopics. Figure 7 shows similar informa-
tion, plotted as differences from the model mean flux
tor cach region. along with flux differences for the

No Rect (test 3yand Zero Ocean (test §) sensitivity
tests, The total land and total ocean flux estimates ex-
hibit considerable spread and are anti-correluted sinee
the total source is constrained. MATCIHENCEP and
CSIRO produce flua estimates that lic outside the rel-
atively large within-model uncertaintics on the total
land and total ocean regions. Removal of the back-
ground ocean flux reduces the extent o which these
two models are outliers, with their flux estimates now
inside the within-model uncertainty range. 1t is not
clear why these two maodeds respond in this way. since
the strength of their responses to the background oceun
tracer are simitar to those of other models.

Forthe northern. tropical and southern regions, there
is greater maodel spread for the aggregated land ee-
gions than (or the oceans. This is driven by a cony-
bination of the larger variability in model response
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1o annually bakimced biospheric versus occanic hack-
ground fluxes (Figs. 2 and 3) and the Larger prior flux
uneertainties for fand versus occan regions, The in-
fluence of the annually balanced biogpheric fux re-
sponse is indicated by the considerable reduction in
model spread in the No Reet sensitivity test. Fue-
ther evidence Tor this reltionship is indicated by a
strong correlation (r = --0).74} between the estinmted
northern land flux for each muodel and the annually bal-
anced biosphere THD values whereas there is no cor-
relation with the fossit fuet IHD values (¢ — —0L04).
Finally, the largest northern landd changes between
the control inversion wnd the No Reet sensitivity
test veenr for those madels with the largest rectitier:

MATCHINCEP. MATCH:MACCM2, NIES, BCB and
™3,

The tropival Tand flux estinutles are negatively cor-
related (7 == —0.81) with the northern land estinales.

This oceurs becanse the globul growth rate is specitied
and with little observittional constraint near the tropical
continents. these tropical regions actas arepository for
the flux residual remaining after optimization is made
1o regions with stronger observational constraints, Not
surprisingly, MATCHENCEP, with the largest rectifier.
eahibits the largest tropical land flux change 2.2 G1C
yr ' source to —0.1 GLC yr ' sink) when the rectifier
is exchuded in the No Rect test.

The aggregated southern ocean flux ostimittes show
the feast amount of model spread. As suggested by
the correlation (¢ = (155} between the total back-
ground flux [HD and the aggregated southert accan
posterior flux estimate, weaher interhemispheric trans-
port (large background THD values) correlates with
less aggregated southeen acean uptake retative o the
background ocean lux (—£.8 Gt C yr "), This lends
support Lo our speculation that weak interhemispherte
transport leads to lower southern hemisphere RCR val-
ues which. in turn, result in less uptake in the agere-
gated southern accan selative o the bachground fus
in this region, However, this refationship does nothold
when the southern land and southern accan are com-
bined, suggesting the influence of other tactors such
as anomalously strong responses it particular stations
or compensating tradeof!s with other regious.

‘tuble 4 lists the individual model flux estimates
and their uncertaintios for all 22 tand and ocean re-
gions, Figure 8 shows similar information plotted as
difterences from the model mean {lux for vach region.
tor the control inversion and the No Reet sensitiv-
ity test. ‘Table § lsts the change in individual model
flux estimates when the inversion is run without the
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Fig. 7. Apgregated posterior fhis differences from the madel mean for the control inversion (op row i cach box) the No
Reet case (senitivity test 3. middle row in cach boxand the Zero Ocean case (sensitivity test S bottom row in each box),
The box represents the within-ndel uncertainty (1), Regional aggregation b5 as follows: North land (Boreal N America.
Temperate N America. Europe, Boreal Asia. Temperate Asia), Notth acean (N Pacific. Notthern Ocean, N Atlantic). Tropical
Tand ¢Northern Africa, Tropical Asia. Tropical America), Tropical ocean (W Pacitie, B Pacific. Tropical Atlantic, Tropical
Indian). South land (Southern Africa, Austrahia, S America), South occan (8 Pacific, S Atkwtic, S Indian. Southern Ocean).

bachground biospheric exchange. Most modet flux es-
timates lie within the estimated uncertainty for the re-
spective regions in Fig. 8. This demonstrates that the
within-mode! uncertainty encompasses most transport
differences with ditferent models providing the ex-
treme or outlying estimates in difterent regions, As
was noted in the ageregated ux estinntes. some of
the outlying total zonal estimates can be attributed to
the meridional gradient of the background fluxes. Re-
sults for the complete 22 hasis function regions ex-
hibits some longitudinal tradeolts as well, For exam-
ple, many models with large uptake in extratropical
Asiasuchas MATCHIMACCM2, MATCHNCEP and
CSIRO show large downwind sources in the North Pa-
cific region. Models with small combincd uptake inex-
tratropical Asia, such as TM2, show the fargest uptake
in the North Pacitic,

The two models with the greatest combined uptake
in North America. RPN (=111 Gt C yr ') and NIRE
(—1.06 Gt C yr '), support the suggestion that large
west to cast declines in the RCR values are related to
enhanced uptake. However, models with the smaliest
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North American uptake (UCH and GCTM) are not
those with the smallest west to cust gradient. Over
Europe. the modcls with the smutlest west to cast gra-
dient. UClb and 'TM2, are among the three models
with the smallest European uptake. Among those with
the largest European west to cast RCR gradient, both
NIES and TM3 abso exhibit among the greatest lev-
els of uptahe, UCB, however. has an average gradient
but considerable uptake in Europe. [n northern exura-
tropical Adia. the relationship between the RCR west
Lo east gradient and the estimated flux appears less
consistent.

Another example ol a relationship hetween the
background fluxes and the model estinates of region-
specific fluxes arises in the Southera Ovean region.
Models that estimated the smallest uplake for the
Southern Ocean region. SKYHI and MATCIUNCEP.
were also models that responded most strongly 1o the
hackground ocean flux (Figs. 2 and 3). particularly in
the southern exiratropics. They wete also among the
models with the lowest RCR values in the southern
extratropics. Similarly. the responses of the CSIRO
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case (ens

and SKYHIE models to the background ocean tlux in
the northern extratropics were the most pronounced
(Fig, 3)and they also produced the least uptake in the
northern ocean.

I contrast to the dependence of the estimated fluxes
on the gradients in the bachground concentrations.,
there are a variety of instances in which ouwtiving
flux estimates are much more dependent on model
responses at particular sites. For example. two mod-
els produce very large uptake for temperate North
America. NIRE and RPN, but for different reasons.
RPN is one of two models with i pronounced fos-
sil fuel response, particularly over temperate North
America, RPN also exhibits one of the weaker recti-
fier respanses, As a result. RPN exhibits the largest
uptake for the temperate North American region but
shows little change in Nurth America when the back-
ground biospherie eachunge is removed. NIRE has
larger responses than other models at Key Biscayne
for background fossil and biospheric fluxes and for
the temperate North American region, This results in
signiticant uptake for the NIRE modet in the tiemperate
North American region, greater than all the models ex-
cept RPN. This is contirmed by an inversion in which
COy data for Key Biscayne are excluded. The NIRE
flun ditterence from the mean is reduced from 0,76
w0 - 024G1Cyr

As withthe aggregated ux estimates, Table 5 shows
signiticant changes over the nothern land regions

Telbus SSB 2003, 2

ty test 3, hottom row in each box). The boses represent the 16 model mean within-model uncestainty (1a)

when the bachground biosphere exchange is removed
from the imversion. In particufar, large changes oceur
over Boreal Asia where nearty all of the modets shift
from uptake to emissions. The tropical land regions
also exhibit shifls when inverting without the annu-
ally balanced biosphere. Tn particular, norihern Alrica
becomes a sink instead of a source in many modets (or
in the case of NIRE, 2 much reduced source) when the
annuatly balanced biosphere is removed. ‘This appar-
ent compensation between northern rectitier response
and tropical terrestrial fluxes results from the global
mass balance constraint and the relatively small ocein
priors,

Maodels that exhibit significant surface gradients in
response to the biospheric exchange are not always
the models showing lurge shifts when the inversion
exchudes this background flux. This is due (o the spa-
tial pattern of the rectifier in relation to the position of
the observational stations. Forexample. SKY Hl shows
one of the larger rectifiers (Figs. 2 and 3). but shows
only & moderate shift in estimated flux when the back-
ground biospheric lux is removed. This is due to the
somewhat limited horizontal transport of hackground
biospheric fux neiar the surfuce over northern and east-
ern Asia, Since the four stations nearest to this region
are located wowards the castern edge of the Astan con-
tinent, the response at these stations does not reflect
the strength of the SKYHI rectitication over central
portions ol Asii.
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“The background ocean Huy has been included in the oceanic fluxes,

Some ocean regions also show significant shitts be-
tween inversions with and without the biosphere ex-
change, For example, both the North Pacific and North
Atlantic exhibit the largestovean region shifts between
the two cases, highlighting the downwind transport of
the rectifier signal,

4. Disc and concl

The TransCom 3 experiment has aftorded the tirst
thorough iuvestigation of the extent to which trans-
port differences among tracer models contribute to the
overall uncertainty in inversion estimates of carbon
sourees and sinks. Fortunately, most of the madels that
have been used to perform carbon cycle inversions in
the tast decade participated in the current experiment.
In addition to investigating the sensitivity of carbon in-
versions to trausport, we have been able (o compute o
model mean result and test the sensitivity of the model
mean (o various aspeets of the inversion setup. A com-
panion paper (Law et al., 2003) eatends these sensitiv-
ity tests by exploring the response of the model mean
and individual model flux estimates to changes in the
ohservation network, the observitional ancertaintics,
baseline data selection criteria and time period.
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"The first and perhaps most important resalt of this
experiment is that model transport is as farge a contrib-
utor to the inversion upcertainty as the error produced
by limited COs observations, Some of the individual
modet estimated fluxes cun be readily attributed to how
they respond e the background flux ficlds. Models
that exhibited large CO. concentration maxima near
and downwind of farge background fluxes estimate
large uptake in those same regions in order to best
match the COs observations, Models with small CO;
concentration naxima estimated less uptahe near the
background Muxes but compensated further downwind
over ocein regions with weaker sources or smialf sinks.
The modet response 10 background fluxes was not al-
ways the best predictor. however. Many of the regional
flux estimates for individual models were the result of
strong responses at particular stations or subtle trade-
offs and compensation among regions.

The response to surface SF, fluxes was evaluated
in the previous TransCom 2 experiment (Denning
et al. 1999). Models exhibiting small surface con-
centration maxima like TM2 and an cartier variant of
the UCB mkdel systematically underestimated the ob-
served meridional gradient of SF, in the remote ma-
rine boundary Layer, so these models probably also un-
derestimate regional fluxes in the present inversions,
On the other hand. muodels exhibiting farge surface
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voncentration maxima like TM3, which performed
better at marine stations, tended (o overestimate conti-
nental concentrations of SF, near source regions, pos-
sibly reflecting excessive vertical wapping of tracer
A combination of mode! resolution. resolved advec-
tive transport and subgrid-scale vertical transport de-
tines this tradeoft between meridional gradients and
regional concentration extrema which produce mosy
of the variability in model response and therefore in
flux uncertainty.

When the fluxes in the current experiment are ag-
gregated into three zonal bands for the ocean and land.
they provide some insteuctive examples of moded be-
havioar in estiniting zonally integrited fluxes. The
tight ocean constraints ol the inversion setup and the
greater varfability in model response to the terrestriat
background fluxes explain the greater moded spread in
the estimates for land versus ocean regions. Removal
of the background biospheric exchange considerably
reduces the model spread over land. Furthermore, the
tropical lund exchange is inversely related to the north-
ern Lund uptake, highlighting the influence of the lim-
ited observational constraint in the wropical regions and
the sequired compliance with the overall meridional
radient in the CO; observations. The inlluenee ol the
rectifier emphasizes the need to observe and under-
stund this phenomenon. Because incorrect spatial and
temporal structure in this background flux cannot be

feflus S5R (2003, 2

adjusted by the inversion procedure. crrors in the spec-
itication of the background Aux witl be aliased into
errors in the regional lux estimates. Future TransCom
work in which fluxes arce adjusted on a monthly bi-
sis will eliminate much of the tixed temporal structure
required by the current annual mean inversion,

The last conclusion that can be drawn from the ag-
gregated flux estimates is the relationship between the
Southern Occan uplake and interhemispheric trans-
port: models with large bachground flux [HDs and
hence weak interhemispheric transport tend to esti-
mate the greatest reduction in uplake when compared
1o the background occan tlux for this region. Like many
of the other broad relationships between the back-
ground fluxes and the estimated model fluxes, this re-
Litionship is not universal (o all the models and some
exceptions remain,

Fxamination of the 22 regional flux estimates across
the models further ndicates some relationships to the
background flux responses, though generalization is
much more challenging. For example. models with
a strong response (o the hackground ocean flux esti-
mate the least uptake in both the Southern Occan and
northern ocean regions, Models with Targe west to vast
RCR gradients across North America and Europe are
amony the nodeds with the greatest upiake in these re-
gions. However, models with small gradients are not
necessarily those with little uptake in these regions.
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Furthermore, the estimated luxes in northern exteat-
ropical Asia appear to have a limited relationship to the
distribution of background flux response. Asia. how-
ever. is where the largest changes oceur in individual
model flux estimates when the background biosphere
exchange is removed from the inversion, Most mod-
els exhibit large chunges in their estimated flux when
this chunge is made. often changing from u sink 1o a
SOUrCe.

In many instances. the model-to-modet ditferences
appear to reflect particular individual model responses
al stations. Same of this is due o the coincidence
ol large concentration gradients and station locations,
while same may be due to local transport differences
at the surface. such as convective transport or the con-
struction of the planctary boundary layer (PBL).

In contrast to the individual model flux estimates,
the modet mean fluxes outside of the tropical regions
appear to be relatively insensitive 1o changes in esli-
mates of the prior fluxes and prior flux uncertainties.
Less uptake in the Southern Ocean than has been im-
plicd by occanagraphic ohservations and a large and
an evenly distributed sink over the northern continents
remain despite dramatically increasing the uncertainty
hounds on the prior fluxes, eliminating the prior fluxes,
or eliminating the biospheric and oceanic background
luxes, In this sense the model mean estimaltes can be
comsidered robust 1o these aspects of the inversion sel-
up. A companion study (Law ct al.. 2003) finds the
model mean flux estimates to be relatively insensitive
1o variations in the incorporation of the observational
data,

s77

A berter understanding of regional carbon budgets
in the middle latitudes depends on improving the sim-
ulated transport. whereas contidence in fluxes over
the trapical continents is primarily limited by sparse
data. The tropical tand fluxes are determined primar-
ily by global mass halance and the fluxes in better
observed regions such as the northern extratropicat re-
gions. Combined with the Jack of observational con-
straint is the tendency for deep mixing in the tropics.
which leads to weuak responses at the surface in these
regions. The tradeoft between an uncertain rectitier
in the northern extratropics and the poar tropical data
consraint induces compensating luxes. Models with
strong rectifiers are able to generate large northern up-
take and still maintain global mass balance by intro-
ducing large tropical sources, and vice versa. Improv-
ing the tropical observations might therelore provide a
beter constraint on the rectitier efTect and theretore on
mid-latitude fluxes. Conversely. a better understanding
of northern rectitier effects would probably produce
better estimates of tropical carbon budgets.
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Transcom 3 inversion intercomparison: Model mean results for the
estimation of seasonal carbon sources and sinks
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11 The TransCom 3 experiment was begun to explore the estimation of carbon sources
and sinks via the inversion of simulated tracer transport. We build upon previous
TransCom work by presenting the seasonal inverse results which provide estimates of
carbon flux for 11 land and 11 ocean regions using 12 atmospheric transport models. The
monthly fluxes represent the mean seasonal cycle tor the 1992 to 1996 time period. The
spread among the model results is larger than the average of their estimated tlux
uncertainty in the northern extratropics and vice versa in the tropical regions. In the
northern land regions, the model spread is largest during the growing season. Compared
to a seasonally balanced biosphere prior flux generated by the CASA model, we find
significant changes to the carbon exchange in the European region with greater growing
season net uptake which persists into the fall months. Both Boreal North America and
Boreal Asia show lessened net uptake at the onset of the growing season with Boreal Asia
also exhibiting greater peak growing season net uptake. Temperate Asia shows a dramatic
springward shift in the peak timing of growing season net uptake relative to the neutral
CASA flux while Temperate North America exhibits a broad flattening of the seasonal
cycle. In most of the ocean regions, the inverse fluxes exhibit much greater seasonality
than that implied by the ApCO. derived fluxes though this may be due, in part, to
misallocation of adjacent land flux. In the Southemn Ocean, the austral spring and fall
exhibits much less carbon uptake than implied by ApCO, derived fluxes. Sensitivity
testing indicates that the inverse estimates are not overly influenced by the prior flux
choices. Considerable agreement exists between the model mean, annual mean results of
this study and that of the previously published TransCom annual mean inversion. The
differences that do exist are in poorly constrained regions and tend to exhibit
compensutory fluxes in order to match the global mass constraint. The differences
between the estimated fluxes and the prior model over the northern land regions could be
due to the prior model respiration response to temperature. Significant phase differences,
such as that in the Temperate Asia region, may be due to the limited observations for that
region. Finally, differences in the boreal land regions between the prior model and the
estimated fluxes may be a reflection of the timing of spring thaw and an imbalance in
respiration versus photosynthesis.  INDEX TERMS: 0322 Atmospheric Composition and Structure:
Constituent sources and sinks: 1615 Globa! Change: Biogeochemical processes (4%05): 0315 Ammospheric
Composition and Structure: Biosphere »sphere intera 5. KEYIORDS: carbon transport, inversion
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1. Introduction

2] The spatial and temporal pattern of atmospheric

€O, can be used 1o infer sources and sinks of carbon
through the inversion of atmospheric tracer transport. A
quantitative understanding of” sources and sinks in both
space and time is an essential ingredient to reliably
predicting future levels of atmospheric COs. The use of
the inversion technique has been employed at a variety of
temporal and spatial scales. With the increase in spatial
coverage of CO» observations and the development of 3D
tracer transport models. recent inversions have been
performed at the continental scale und have explored
both the seasonual cycle of carbon sources and sinks and
their interannual variability [Ensing et al.. 1995, Fan ot
al., 1998; Ravner et al.. 199Y9; Bowsquet et al.. 1999,
2000: Baker, 2001, Gurney et al.. 20020 Peviin et al..
2002; Gurney et al., 2003]. Further reductions in spatial
scale have been attempted through the use of adjoint
transport models though the current global CO. observa-
tional network poses a constraint on the reliability of
fluxes estimated at subcontinental scales [Kaminski et al..
1999: Ridenbeck et al., 2003),
Estimates of continental carbon sources and sinks in
the last decade have shown considerable disagreement.
Though many aspects ol these studies share commeon
clements. different tracer transport models were often used.
The primary goal of the TransCom 3 experiment was 10
assess the contribution of tracer transport to the spread of
atmospheric CO- inverse results and builds on the earlier
TransCom work [Law ¢t al.. 19965 Denning et al., 1999].
The experiment can also test other sensitivities in the
inversion process (e.g.. inversion set-up, observational data
choices) since more reliable results are expected by exam-
ining sensitivities with a range of transport models than with
just one or two.

[4] TransCom 3 was designed to estimate carbon sources
and sinks at annual, seasonal. and interannual timescales.
Annual mean results have already been published elsewhere
and have reported on the model mean resuits of the control
or “base case” inversion, the sensitivity of this control case
to inversion set-up/observational network choices, and
model-to-mode] difterences [Gurner et al., 2002, 2003;
Law et al., 2003]. Analysis of the interannual results are
currently undenway.

[s] Here we present an average seasonal inversion result.
In this experiment, we estimate fluxes for each month of an
average year determined as the mean of the 1992 to 1996
period. Section 2 provides a description of the methods
employed including the choices involved in creating the
control inversion set-up. Section 3 presents the model mean
resulls of the control inversion including sensitivity to
aspects of the inversion set-up. Section 4 contrasts the
current results to the annual mean control inversion and
discusses possible mechanisms responsible for the estimated
regional fluxes. This paper focuses on the model average
results. Future work will explore the model-to-modet differ-

ences. While the model average is not presented as the mean
of a randomly varying statistical ensemble. it does represent
a compact representation of the tendencies inherent in the
majority of models used in inverse work in recent years. It is
important to note that individual model estimates cannot be

Jjudged by their proximity to the model mean.

2. Methods

{o] The inversion approuch used in this study follows the
Bayesian synthesis method | Turantola, 1987, Enting. 2002)
A detailed description of the formalism employed and
references to source material is given in previous work for
the annual mean TransCom inversion [Guruey er al.. 2003].
The method used here is the same except that monthly mean
CO» observations are used rather than the annual mean

qalues.

[7] Because results from a group of transport models will
be presented. two different measures of uncertainty will be
computed in the present work. The RMS of the individual
model flux uncertainties can be caleutated as

where S is a model flux estimate and € (5),, represents the
monthly posterior uncertainty estimates for cach model, We
designate this mean uncertainty the ““within-model™
uncertainty. The spread of flux estimates across models is
represented by the standard deviation.

W o
o/ f Niadehs

and designated the “between-model™ uncertainty. Unless
specifically noted, all uncertainties quoted in the text
represent the total uncertainty which are the within- and
between-model combined in quadrature.

2.1, Experimental Design
2.1.1. Forward Simulations

[¥] Twelve transport models (or model variants) ran o
series of forward COs tracer simulations {Gurney et al..
2000] in order to construct model-specific response
functions used to perform the inversion for seasonal carbon
sources and sinks. Though monthly fluxes are resolved in
the current study. the same 12 transport models were also
included in an annual mean inversion and are described in
detail in previous work |Guraey er al., 2003].

[9] For the seasonal experiment presented here, the for-
ward simulations were run as greens functions. A total of
268 tracers were simulated by cach model. four of which
were “hackground™ global fluxes and 264 of which were
region/month fluxes representing a combination of
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12 months and the 22 land and ocean regions described in
the anoual mean inversion experiment [Gurnev et al., 2002],
The background fluxes were emitted for a single year, then
discontinued, allowing the CO- concentration field to decay
for the following 2 years of simulation. The regionmonth
flux combinations were emitted for a single month then
discontinued for the remainder of the 3-year simulation.
These responses were converted to a single 12-month
stationary response by compositing like months (summing
all Januaries, all Februaries, ctc., in the 3-year span) and
detrending (removing the concentration trend resulting from
the constant emissions in the forward simulations).

[10] The tour background fluxes consisted of 1990 and
1995 fossil fuel emission fields, an annually balanced,
seasonal biosphere exchange and air-sea gas exchange
[Andres et al., 1996; Randerson et al., 1997, Takahashi ot
al.. 1999, A_ [. Brenkert. Carbon dioxide emission
estimates  from fossil-fuel burning. hydraulic cemem
production, and gas flaring for 1995 on a one degree grid
cell basis. available at httpiiediac.esd.orl.govindps/
ndpO38ahtml]. These fluxes are included in the inversion
with a small prior uncertainty so that their magnitude is
effectively fixed. The 264 region/month fluxes estimated by
the inversion are deviations from these global background
fluxes for e¢ach month in a climatological year. The
background fossil fuel emission fluxes were prescribed
without seasonality. The neutral temrestrial fluxes were
purely seasonal, and the background ocean fluxes were
prescribed with both seasonal variations and anoual mean
uptake.

{#t] Further details and references for the forward fluxes
are given by Gurey er al. [2002]. Full details of the
experimental protocol are presented by Gurnev et al.
{20001,

2.1.2. laversion Set-Up and Observational Data

{12] Priorestimates of the fluxes in each of the 264 region/
month tlux combinations were determined trom independent
estimates of terrestrial and oceanic exchange. The land
region prior flux estimates incorporate results from recent
inventory studies and are identical to the annual mean values
used in the annual mean inversion [Gurney ef al., 2003].
Where more than one estimate for a given region was
vonsidered, a midpoint ot the estimate spread was used.
Because the land region prior tluxes are only available as
annual mean values, these were distributed evenly over those
months considered the most likely to capture the emission or
uptake implied by the prior flux. The vcean region prior flux
estimates were prescribed as zero for each month,

{13} The prior flux uncertainty is important for keeping
the estimated fluxes within biogeochemically realistic
bounds. For land regions in a given month. we chose the
combination of the uncertainties employed in our annual
mean control case [Gureney et al., 2002, and 30% cach of
NPP and respiration provided by the CASA model of net
ecosystem production [Randerson et af., 1997]. Since it is
unlikely that a given region/month flux adjustment would
exceed these values, this provides a reasonable. ecologically
refevant upper bound. The prior ocean uncertaintics were
twice the annual mean uncertainty values used in the annual
mean control inversion.
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[14] We invert S-year (1992 1996) mean measurements
for each month at 75 sites taken from the GLOBALVIEW-
2000 data set [GLOBALVIEW-C02, 2000}, GLOBALVIEW
is a data product that interpolates CO, measurements 10 a
common time interval. Gaps in the data are filled by
extrapolation from marine boundary layer measurements.
Sites were chosen where the extrapolated data accounts
for less than 30% of the 1992--1996 period. This station
set is identical to that used in the annual mean inversion
published previously except in the current experiment. the
station in Darwin, Australia, was removed due to recent
work showing Darwin as unrepresentative of the region
[Law et al.. 2003). The uncertainty attached to cach data
value, CrD). was derived from the monthly residual
standard deviation (RSD) of individual observations
around a smoothed time series as given by GLOBALVIEW,
This choice was based on the assumption that the
distribution of RSD (higher RSI values for northern and
continental sites and lower RSD values for Southern
Hemisphere oceanic sites) reflects the  high-frequency
variations in transport and regional flux that large-scale
transport models are unable to accurately simulate.
GLOBALVIEW-.CO2 [2000] provides monthly RSD values
averaged over 1979 - 1996 and annual RSD values for each
separate year. To obtain monthly values for 1992 1996, we
scale the 1979 1996 monthly values by the ratio of the
1992 1996 mean annual RSD to the 1979 1996 mean
annual RSD.

|15} Direct use of the RSD values for the data uncer-
tainty results in a total reduced \” that is much smaller
than unity [Turantola. 1987. p. 212]. This indicates that the
predicted concentrations fit the data much better than the
uncertainty assigned to the data itself and that the uncertainty
should be reduced. The aim is to scale the RSD such that the
inversion produces a total x> of 1.0. When making this
adjustment, we limit the reduction such that the minimum
uncertainty at any site is equivalent to 0.25 ppm on the
annual mean concentration and we also adjust the
uncertainty for data records that are co-located. The details
are as follows: the RSD was divided by (3.6*P)™ where
P is the proportion of real data in the record and 3.6
is chosen to satisfy our total > criteria. These monthly
uncertainties were converted to equivalent annual
uncertainties with the following expression;

(3

where o, 15 the equivalent annoal uncertainty, o, is the
monthly uncertainty, and A4 represents the autocorrelation
timescale for the specific station (typically around
4 months). If the annualized uncertainty was less than the
minimum uncertainty used in the annual mean control
inversion of 0.25 ppm. the monthly uncertainty values were
increased to an uncerlainty given by

Al 0,254y, 4
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Figure 1. Zonal mean monthly predicted concentration driven by the background fluxes (fossil fuel,
seasonally balanced biosphere exchange, ocean exchange) for cach of the participating tracer transport
models. Sec color version of this figure at back of this issuc.

Finally. the uncertainty was increased for those sites that are
likely to occur in the same model grid-cell. These
adjustments gave values ranging from 0.17 ppm for a given
month at remote. “elean air™ sites 10 4.8 ppm for
continental, “noisy™ sites and & mean total \* averaged
across the models of 1.0,

3. Results
3.1. Background Simulation Results

|16] The forward simulations of the four background
fluxes provide a measure of model-to-model transport
differences. Figure 1 shows the zonal mean seasonality of
the model response to the background fluxes at the surface.
The seasonality for cach of the models refleet both the
seasonality in the surface forcing and transport.

[17] A strong scasonal response is evident in the Northern
Hemisphere for the MATCH variants, NIES, NIRE, and
TM3 while CSU. IMA, UCL and TM2 cxhibit weak
northern seasonality. The response of the GCTM model
shows a winter maximum that places it in the middle of

the participating models but exhibits a strong summer
concentration minimum,

[1s] The spatial extent of the maxima is also variable
among the models. Of those models with a pronounced
seasonal response, MATCHINCEP and NIES show winter
maxima that stretch alinost evenly from 45°N to the pole
whereas the other strongly scasonal models exhibit less
extensive winter maxima,

{19} Though the full latitudinal distribution of the back-
ground simulation provides a useful overview of the difter-
ent model responses, the inversion results are driven by CO,
observations at the stations only. Figure 2 shows the
simulated background seasonal amplitude at stations north
of 35°N latitude plotted against the observed scasonal
amplitude. In this figure. the seasonal amplitude is defined
as the background response difference between the average
of October through March (maximum) and the average of
June through August (minimum) at the stations. The figure
also provides the average amplitude value across all the
stations north of 35°N for each of the models and a one-to-
one line.
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MATCH.NCEP
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Figure 1,

|20} Consistent with Figure 1. some ol the models exhibit
weak northemn seasonality (CSU, TM2. UCL and IMA)
while others produce greater seasonality (NIRE. NIES, and
M:NCEP). This spread in model behavior has been previ-
ously noted tor both biosphere CO» and the SF, tracer and
tends to relate to the vigor of vertical transport [Guiney et
ul.. 2003; Denning et al., 1999). Both the magnitude and the
model spread evident in the seasonal response to the
background fluxes are dominated by the background
biosphere exchange. Through the inversion process, in
which mismatches between the background response and
the observed concentration are minimized (modulated by
the station uneertainty). models that underestimate the
background seasonality must construct sources and sinks in
order to amplify the seasonal exchange with the surface and
vice versa,

[21] Previous TransCom work with a different neutral
biosphere exchange and a somewhat different group of
tracer transport models showed consistent overestimation
of the seasonul amplitude in the Northern Hemisphere [Law
et al., 1996, Figure 10]. Since the biospheric exchange
dominates the seasonality of the background flux, this
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(continued)

suggests that the current CASA neutral biosphere tluxes are
much more consistent with the CO> observations than
fluxes used in the past.

3.2. [Inversion Results
3.2.1. Model Mean Results

[22] Figure 3 shows the control case estimated seasonal
fluxes, prior fluxes. and uncertainties for the ocean and land
regions combined into vorth. tropical. and south aggregates.
The estimated fluxes do not include fossil fuel and represent
the average across the 12 models.

[2:] Two measures of uncertainty are presented in
Figure 3 (see section 2). For any region, the “within
uncertainty " (distance from posterior flux to circles) must
be smaller than the prior flux uncenainty (distance from
prior flux to heavy dashed lines), The magnitude of the
decrease indicates the degree to which the final {lux
estimate is constrained by the measurements. The north-
ern extratropics and the southern extratropical oceans
exhibit the greatest reduction in uncertainty due to the
greater number of observing sites and sites with relatively
small data uncertainty.
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Figure 2. Simulated background seasonal amplitude versus the observed ampliwude at stations north of’
35°N. Amplitude is defined as the mean October March concentration minus the mean June August
concentration. The station average simulated values are provided in the legend. The observed station
average is 5.6 ppm. A one-to-one line is included. See color version of this figure at back of this issue.

[24] The “between uncertainty™ (error bars) indicates the
degree to which transport model diflerences contribute 1o
the range of flux estimates. On land, between uncertainties
are largest in the tropical region. The ocean regions exhibit
between uncertaimties that are largest over the tropics and
southern latitudes. The uncertainty also varies over the
course of the year. For example, the northem land region
exhibits the largest between uncertainty during the northern
growing season,

[25] The relative magnitude of these two uncertainty
measures provides a reflection of the extent to which the
flux estimates are limited by uncertainty associated with the
observational data versus the uncertainty associated with
transport differences. As can be seen in Figure 3. the
northern extratropical regions where more observing sta-
tions are available show between uncertainty values that are
larger than the within values. In those regions where
observations are limited. such as the tropical regions and
the southern land regions. the opposite occurs. In some
regions such as the southern extratropical oceans, the
dominance of simple advective flow and the relative avail-
ability of observations with small variability combine to
provide hetween and within uncertainties that are of similar
magnitude and represent a significant reduction of” uncer-
tainty from the prior.

[26] In the Northern Hemisphere land region, the estimated
luxes in Figure 3 show less emission during March, April.
and September and greater uptake during July retative to the
prior flux. Significant monthly departures {rom the prior
oceanic flux occur in all of the aggregated ocean regions
showing greater seasonality in all instances. However, the
correlation (0.66) in the estimated seasonality between
the ocean and land for the northern latitudes suggests the
possibility that some of the land scasonality is being
misallocated to the neighboring ocean region. This is further
explored in section 3.2.2 where the sensitivity to prior
uncertaintics is tested.

[27] Disaggregation of the land regions is shown in
Figure 4. Tropical and Southern America are not shown
as very few significant departures from the prior flux occur
in any months. [n addition to the total prior flux shown in
Figure 4 for each of the land regions, the portion of the prior
flux associated with the neutral biosphere exchange is
shown. The difference between these two priors is the flux
derived from inventory studies as discussed in section 2.1.2.

{2x] 1o Boreal North America there are deviations outside
of the uncertainty range from the prior mode! in April, June,
and August. The departures in June and August suggest a
phase shift in the growing scason with the estimated uptake
oceurring Jater in the year. Model spread is largest in the
summer months and is primarily due to discrepuncy among
the models concerning the timing of the maximum seasonal
uptake.

f2¢] Europe shows significant deviations from the peak of
the growing season in June through September with greater
net uptake during these months, This increased net uptake
relative to the prior is exhibited by every model.

{an] Boreal Asia shows results similar to the boreal region
of North America. Small but significant adjustments to the
prior flux oceurs in March and April indicating a reduction
in carly spring emissions. Less net uptake is indicated in
June and more net uptake is indicated in July. In Temperate
North America, the estimated fluxes exhibit a lessened
seasonal amplitude relative to the prior estimates with
significant deviations occurring in spring and late fall
months,

{31] Temperate Asia exhibits a large deviation from
the prior flux in the month of June with model mean
uptake estimated at —5.1 = 2.6 Gt C/year as opposed 10
-1.2 Gt Ciyear for the prior estimate. As a result. the
overall timing of the summer uptake maximum is shitted
(June/duly) toward the spring relative to the prior scason-
ality (August). This could be due to an error in the timing of
the prior seasonality (CASA model output) or a real
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Figure 3. Model mean estimated flux, prior flux, prior uncertainties, and posterior uncertainties tor

aggregated land and ocean regions. The fluxes do
used for the land and ocean regions.

advance of net uptake in the 1992 to 1996 time period
(assuming the prior model was correctly capturing the long-
term seasonality of this region). Only M:MACCM2 places
the maximum net uptake in August although July has nearly
the same level of net uptake. The two African land regions

7

not include fossil fuel emissions. Different scales are

and Tropical Asia show some significant departures from
the prior flux but due to a lack of observational constraint
the flux estimates are unreliable. Australasia exhibits depar-
tures from the prior estimate in the austral fall changing
from a net source to a net sink in April.
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Figure 4. Model mean estimated flux, total prior flux, neutral biosphere prior flux. prior uncertainties,
and posterior uncertainties for selected land regions. Numerical estimate of annual mean flux and total
uncertainty is provided in each figure. Note that the vertical scale varices. The fluxes do not include fossil

fitel emissions.

[32] Disaggregation of selected ocean regions is shown in  Atlantic showing seasonality that is somewhat out of phase
Figure 5. In many cases. greater seasonality in ocean  with the prior ocean exchange. As mentioned in the dis-
exchange is implied in the inverse results than was present  cussion of Figure 3, the estimated scasonality has similar-
in the prior ocean flux.

[31] All of the northern ocean regions exhibit heightened  indication that terrestrial flux is being incorrectly aHocated
scasonality with both the North Pacific and the North  to neighboring ocean regions. In the case of the Southern

ities to the adjacent terrestrial seasonal eycle and may be an
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Figure 5. Model mean estimated flux. total prior flux, prior uncertainties, and posterior uncertainties tor
selected ocean regions. Numerieal estimate of annual mean flux and total uncertainty is provided in cach
figure. Note that the vertical scale varies. The fluxes do not include fossi! fuel emissions.

Qcean region, the fall and spring exchange estimated here  The greatest differences between the prior and estimated
suggests less uptake than the prior flux. This may explain  flux occur during the austral fall and spring months. Ocean
the discrepancy between the annual mean estimates of Q. measurements are typically only taken during the
ocean flux derived from ApC'Q; measurements and those  summer months. Recent ocean measurements taken during
estimated with the inverse estimate [Gurney er afl.. 2002).  Janua