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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 o f atmospheic CO2 has emerged as one o f the most 
important problems facing the scientific and policy aspects o f future atmospheric CO2 

levels. Distinct from measurement o f carbon stocks and flows within the biosphere and 
oceans, information about regional carbon sources and sinks can be inferred from 
variations in observed atmospheric CO2 concentrations through tracer transport inversion. 
However, inverse estimates o f regional carbon fluxes over the last decade differ due to a 
number o f factors including the transport model used. The impact o f 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 o f  the inverse problem. With nearly every active CO2 

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 o f characterizing the estimation errors due to the 
many sensitivities o f the carbon inverse problem, the model mean central estimates have 
emerged as surprisingly robust. At every opportunity, interpretation o f the control results 
are made, connecting them to their biogeochemical implications.

Kevin Robert Gurney 
Graduate Degree Program in Ecology 

Colorado State University 
Fort Collins, CO 80523 

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 Ir4/-y-AliOi when treated in He or H2 at 
temperatures up to 523 K (ref. 8), whereas propylidyne on extended 
metal surfaces1, Jt' decomposes thermally under vacuum at 403- 
433 K and is largely hydrogenated in the presence o f H2 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 
Ir, (ref. 8). Thus, propylidyne on P t( l l l )  undergoes catalytic 
hydrogenation'* whereas propylidyne at saturation concentration 
on lr4/*y-Al2Ox does not react, rendering the clusters almost inactive 
for propene hydrogenation (Table 1). □

Received 16 Auguri; .Ktoptnl li  Dcienibcr KID I.

I. Cullman, I. I'.. I icycdiiN, I, S.. Norton. J. K. & I mkc, K. C. Prmtplet <inj AyplkJluxti ot 
Oiyjnntmri.uli.Mi Mrtnl ('limitary 2nd cdn I University Science IVmkx. Mill V.tllcy. (\ihtomu, 19*71.

2 Stevenson. S. A , Pum ctk,). A„ IVikcr. R T. K & Rockcnslein. b. (cds) Mrtal-Support Uiteriu noti> hi 
Coiaiv*>>, Sintering, ini<i Reilispcnioti ivan Niwtrand Reinhold, New York. I 9S7)

3 Haller,O t. & Rcsjcciv I), fc Met.il support interaction: group V||( mcuhand rcdiwibk-OKidvs. Adv. 
l-.iwl J*. 17.3-234 IIWV).

4. Yudanov, I. V,. Vent. S.. Neyin.ni. 1C. i'acdiioiu, li. St KiWi, N. Adsorption ot I’d atiuni and I’d I 
,lu'ltTson (lie MgOittOI) wirl.wc: .1 density tuiKlmna) »tndy. Oirrri I'liyy leu  275, M S-*52 !)497t.

6 Matveev, A V .Neyman. K.. l’acJnoni.D N Rowlt, N IVn.ity fututinnal uudynl \1~t dti'lcrs (M ■ 
Cu. Aj;, Nt, I'd! deposited on the regular MgOiooi) surface. Cht-m. Pfcvj. M i 299, 603-6)2 (1999).

f>, (Vodlner. 1. V i-r ul. Lig.ind-free osmium clusters supported 011 MgO. a density functional studv.
i.«»V»iwr 16, 27.16.-2742 120001.

7 terr.iri.A M f t ill lam.isilc stipp,>rled Ir, clusters Adcnsity tunctuinal minlel studyotmet.il-rcolite 
iiiter.ulioiis /  PhwCltrm. h 103. SM I-53191 1999).

H Argo, A.M.,(ioeUn«i.|- I.. Phillip, B. I.., Pauiabi.ll. A. Sc Cates, B. (!. Reactivity ut site-isolated meld 
dusters: propylidyne on y-At X),-supported Ir,. /, Am. ('Item. W . 123, 2272-22*3 12001 I.

9. McVwker, C. B. ft id. lilfcit of .sulfur on the perlormancc and on the p.irtidc sutc and location ol 
platinum in 1‘1'Kl hexane amnutia.ition catalyst. I. ( trial 139, -IK-61 (1993)

10. Icnlott, H I-., I'sapalus. M., Davis, M !•- Si Calcs. H. t'. I'litinum daslcrs supported in rcolitc LT1 
influence of catalyst morphology on performance in « hexane reforming. I ( 11/11/ 179, 365-560

II. Xu,/, if til hue dependent catalytic activity of supported metal duster,. Nature 372, 3.fr> 348 (1991 1. 
12.1 kites, B, Supported iiK'tai clusters' synthesis, struct ure, and catalysis, (.'hem. Re* 95,511-522

1199M.
11 Argo, A M (ii//in’McT of Supports, ('liof.-i Stria lure, ami Citoier CiimpmilMm i»r J/yifmgrmiri<>» 

RtwtuMis ( ntolyzeii bv Oxuk-Supponed Metal Clusters. llicsis, Imv, California at Davis 1*001).
14. Od/ak,). f , Argo, A. M , Lat, f. S <k (laics, B C, A tlow through X-ray absorption spoctroscopy 

cell lor cliaractenwtion of powder catalysts m the working state. Xrv SV» ln>in,m. 72, .'9-13 -3943 
(2IKMJ.

15. < jcmei. P S , Su, X., Slim. Y. K. & Sonuiriai. (!. A. llydrogcnatHui anddehydrogenation ot propylene 
on Pt(i 111 studied by suni freijuericy generation from I HV lo.itniospheni prcvure. /  Plm ('hem. 
100, l6V)2-ln3«W 1199ft).

Ih. ('.renter, P. S.. Su. X., Shen. Y. R. *  Somorjai, C. A. hlhykne hydnigcnjtion on PK 111) monitored m 
situ Jt high pressure using sunt frequency generation. /. Am. ('hem. Sor. US, 2942-2949 11996).

17. Shahtd, l>. it Sheppard, N, Infrared spectra and the structures ot the chenusorbed species resulting 
from the adsorption of propene and proponent a Pt'SiO; catalyst. Sfwrnxlum Acta. A 46,999-1010 
(1990).

18. Newell, H. t„  McOuctra, M. R S., C.hestcrs, M. A. 6: Dc La Cruz, C. Ihc thermal chemistry of 
adsorbed ethyl on the l’t( 111) stirlacc: infrared evidence lor an cthviidcite ttuermeduie in the ethyl to 
cthylidync conversion. I• t W .  .*•>*. l-anulay Inins *4, 3695-369* (1996)

19. Bent B. I:., Male, (7 M.. Crowell, J t „ Kod. B. [•. tk Somoriai. (7 A. Bonding and thermal 
dfcomjxssilion ol propylene, pmp.idtcne, and lUt-tliyl.Kftylcriron the Rh( t i l l  single crystal surlacf. 
I Phys Client *1, 1-193-1 SO* (1967)

20. Chesters, ,\l. A. ft ,t/. Infrared spectroscopic comparison ol the chemisorbcd species from ethcne. 
propene, hut 1 eneandsn- and traiu. but 2 cncon I’tl 111) and 011 a platinum/silica catalyst. I Chew. 
Hoc. hiftiihiv Iraio. 86, 2757-2763 (1990).

21 Neuroch, M & van Saiiteu. R. A A hrst principles analysis ot 1 .-It Uuid hintutinn in ethylene 
hydrogenation. /. f/iy> ('farm fl 104, 11127-11145 <2000)

S up[4em en(a ry  In fo rm a tio n  accom panies th e  paper o n  N iiiu rr 's wvhsitc 
l h ttp ; //w w w .naiure.com ).

Acknowled dements
W e tha n k  th e  US N ational Science Founda tion  for su p p o r t and  th e  N ational Synchrotron 
Light Source at Brookhaven N aiional L aboratory for beam  tim e.

Competing interests statement
The au th o rs  declare th a t they have no  com peting  financial interests.

C orrespondence  and  rei|uests fo r m aterials shou ld  be addressed to  B.C .C 
(email: hcgatesG nialavkedu).

Towards robust regional estimates 
of CO2 sources and sinks using 
atmospheric transport models
Kmin M M rt  S u n w y ', R a c M  M. U w t ,  A. S cv tt DM iSsg*,
P d t r  a  R a y m rt, D n id  M a r t ,  PMHppa l o a s q n T i ,  Lori B iuhw ilar I, 
ya-H ao C M ; ,  P M Ippe Clai>§, S o a g n la o  F a n t, l o u  Y. F o n g ,
M anuel G lo o r" , M artla H o f e m n " ,  K ai tu g u e li i tt ,  J a t a a a  J o f t a ,  
TakaaM M a ld tt , Sham il MMnyma a W , Kan Maaarlall, PhlHnpa F ay lla i, 
M ichael P ra lh a r ,  B araan l C. Pakllll, Ja m a a  R a n d a re a n tt ,
Jo rg a  S am ila a to -. SholcM Taguchl#*, T ara Tafca h a rS I ’ 
t  CMu-Wal Y u a n "

* D epartm ent o f  A tm ospheric Science, Colorado Sta te  University, Fort Collins, 
Colorado 80523, USA
t  C SIRO  Atm ospheric Research, PM B I, Aspcndale, Victoria 3195, Australia  
$ N ational Center fo r A tmospheric Research ( S 'C AR), Boulder, Colorado 80303, 
USA
§  L a b o ra to ire  d es  Sc iences tin  C h m a t c t tie  / 'H m  t r o n w r n f n /  (L SC H ),

F -9II98  G if-sur-Yvette Cedex, France
II Clim ate M onitoring and  Diagnostics Laboratory, N ational Oceanic a nd  
Atmospheric A dm inistration (N O A A I, 326 Broadway R /(X il ,  Boulder,
Colorado 80303, USA
f  D epartm ent o f  Earth, Atmospheric, and  Planetary' Science, M assachusetts 
Institute o f  Technology, Cambridge, Massachusetts 02141, USA
# AO S Program, Princeton University, Sayre Hall, Forrcstal Campus,
PO  Box C N 7W , Princeton, N ew  Jersey 08544-0710, USA
' Center fo r  Atmospheric Sciences, M cConc Hall, University o f  California, 
Berkeley, California 94720-4767. USA
*’ M ax-P lanck-lnstitu t fu r  Riogeachniuc, D -0770] Jena, G ermany  
t t  Meteorological Service o f  Canada, E nvironm ent C anada, Toronto,
O ntario M 3 H  5T4, Caiuida

Q uality  Assurance Section, Atmospheric Environm ent Division,
Observations D epartment, Japan Meteorological Agency, 1-3-4 O temachi, 
Chiyadu-ku, Tokyo 100-8122, Japan
§§ Institute fo r  Global Clumge Research, Frontier Research System  fo r  Global 
Change, Yokohama 236-0001, Japan
HI! Earth System  Science, University o f  California, Irvine, California 92697-3100, 
USA
f f  Divisions o f  Engineering and  Applied Science a n d  Geological a nd  Planetary 
Sciences, California Institute o f  Technology, M a il Stop 100-23, Pasadena, 
California 91125, USA
*8 N ational Institute o f  Advanced Industrial Science a n d  Technology,
16-1 Ottogawa Tsukuba, Ibaraki 305-8569, Japan
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Information about regional carbon sources and sinks can be 
derived from variations in observed atmospheric COj concentra­
tions via inverse modelling with atmospheric tracer transport 
models. A consensus has not yet been reached regarding the 
size and distribution of regional carbon fluxes obtained using 
this approach* partly owing to the use of several different atmos­
pheric transport models1'*. Here we report estimates of surface- 
atmosphere CO; fluxes from an intercomparison of atmospheric 
CO; inversion models (the TransCom 3 project)* which includes 
16 transport models and model variants. We And an uptake of CO;
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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 C02. 
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 expansion of the C 02 observation network 
within the tropics.

We estimate annual average fluxes for the 1992-96 period using 
each transport model and a com mon inversion set-up (sec 
Methods). Methodological choices for this ‘control’ inversion 
have been selected on the basis o f knowledge gained from a wide 
range o f 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 estimated uncertainties that represent a more com ­
plete estimate o f  the true uncertainty. The maximum number of 
regions in our inversion and the spatial distributions o f fluxes 
within each region are fixed, precluding sensitivity tests o f  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 o f  the individual model flux 
uncertainties (circles) which we designate the ‘w ithin-model’ uncer­
tainty. For any region, this estimated flux uncertainty must be 
smaller than the prior flux uncertainty (outer bounds o f  the boxes). 
The magnitude o f 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 o f ocean measurements in these regions.

The second uncertainty measure is the standard deviation o f the 
flux estimates over the ensemble o f 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 o f flux estimates. Large betwecn-model uncertainties are 
found for northern Africa, tropical America, temperate Asia and 
boreal Asia (all greater than O .SG tCyr’ 1).

For most regions, the between-model uncertainties are of 
similar or smaller magnitude than the within-model uncertain­
ties. This suggests that the choice o f transport model is not the 
critical determinant o f the inferred fluxes. Comparing the uncer­
tainties between regions indicates where the inversion would 
benefit most from new observations, and where model improve­
ments arc 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 database10 of 
C 0 2 partial pressure (pco,)» except in  the Southern Ocean where the 
carbon uptake estimated here is roughly half that based on the pco , 
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 o f the

Southern Ocean fluxes had been noted a decade ago11. O ur sensi­
tivity tests find that the near-uniformity o f observed concentration 
in the Southern Hemisphere 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 -sou th  transport has been investi­
gated in a recent in tercom parisonw here successful simulations of 
the observed meridional gradient in SF6 suggested reasonable 
veracity in gross interhemispheric transport.

O ne possible reconciliation between the p a x  database and the 
inverse result presented here is suggested by recent ocean measure­
ments taken during January and August 2000 in  the Indian

^ No-t-' i B o»«alN W «;r-pN  'N oftheird  North

2

0

-2

Africa

ooi;.

0

-2

S outh  Southern

2

1
O O o o

o

■2

Figure 1 M e a n  e s t im a te d  s o u r c e s  a n d  u n c e r ta in t ie s  fo r  tw o  in v e rs io n s . L e ft-h a n d  
sy m b o ls  in  e a c h  b ox  a r e  for th e  co n tro l in ve rs ion , r ig h t-h a n d  s y m b o ls  a r e  for a n  in ve rs ion  
w ith o u t th e  b a c k g ro u n d  s e a s o n a l  b io s p h e re  flux. M e a n  e s t im a te d  flu xes  a r e  s h o w n  by 
c r o s s e s ,  a n d  in c lu d e  all b a c k g ro u n d  f lu x es  e x c e p t  fo ss il fu e l. P o sitiv e  v a lu e s  in d ic a te  a  
s o u rc e  to  th e  a tm o s p h e re , T h e  p n o r flux e s t im a te s  a n d  th e ir  u n c e r ta in t ie s  a r e  in d ic a te d  by  
th e  b o x e s  (solid  for la nd , d a s h e d  for o c e a n ); th e  c e n tr a l lio riron ta i b a r  in d ic a te s  th e  p rior 
flux e s t im a te , a n d  th e  to p  a n d  b o tto m  o f th e  b ox  g ive  th e  p rior flux u n c e r ta in ty  r a n g e . 'I h e  
m e a n  e s t im a te d  u n c e r ta in ty  a c r o s s  a ll m o d e ls  ( th e  w ith in -m o d e l’ u ncerta in ty )  is  in d ica ted  
b y  th e  c irc le s . T h e  s ta n d a rd  d ev ia tion  o f  th e  m o d e ls ’ e s t im a te d  f lu x e s  ( the b e tw e e n -  
m o d e l ' u n certa in ty )  is  in d ic a te d  by  th e  ‘e r ro r  b a r s ',  R e g io n s  a r e  sh o w n  in  th e ir  
a p p ro x im a te  n o r th - s o u th  a n d  e a s t - w e s t  re la tio n sh ip ,
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Antarctic sector o f the Southern Ocean13. The pco , values south of 
50° S showed seasonal variations that require C O z uptake in 
summer and emission in winter. If the seasonality exhibited in 
this campaign is true for other parts o f the Southern Ocean, this 
would result in a reduction o f the Southern Ocean flux uptake in the 
database, which is currently determined predominantly by summer 
measurements. This seasonality-driven explanation is also consis­
tent with forthcoming results from the second stage o f the Trans­
Com 3 comparison in which we estimate seasonal cycles (K.R.G. 
e t a i ,  manuscript in preparation).

Second, we find carbon uptake over the continents o f the N orth­
ern Hemisphere to  be distributed relatively evenly across North 
America, Europe and Asia, in contrast to  the distribution found in 
an earlier, widely cited inverse study2. We find a temperate North 
American sink approximately 60% o f  that found in the earlier study, 
a small boreal N orth 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 .7G tC yr”,)> indicat­
ing that regional partitioning remains difficult, but the flux differ­
ences between the two studies lie at the edge o f  (or outside) the 
uncertainty ranges.

Although previous studies have challenged the possibility o f  a 
large N orth American sink'"7, 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 (sec Tables 3 and 4 in Supple­
mentary Information) indicate that the Eurasian flux estimate is
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very sensitive to the pattern o f background fluxes used in the 
inversion, especially that representing the seasonal terrestrial bio­
sphere. The difference in North American uptake results from a 
combination o f 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 work14 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 study2 inverted for larger regions 
than used here, and used relatively small (0.6p.p.m .), spatially 
invariant uncertainties compared to  the generally larger, variable 
uncertainties used in this study. The third factor is the uncertainty 
assigned to prior estimates o f 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 m ore sensitive flux estimates than the control results 
presented here.

Although transport uncertainties do not overwhelm our flux 
estimates, one factor appears to be responsible for a significant 
portion o f the model spread; the 'rectifier’ produced by the 
covariance between the seasonal biospheric background flux and 
atmospheric transport13. The effect o f the rectifier can be seen by 
performing the inversion w ithout the background biospheric fluxes 
(Fig. 1, right-hand symbols within each box). The bctwccn-model 
uncertainty is reduced for almost all regions, and in some regions 
there are substantial changes to  the estimated fluxes. An increase of 
l .IG tC y r -1 in boreal Asia changes it from a moderate sink to  a 
m oderate source, because rectification produces the strongest con­
centrations downwind of this region in many o f  the models. Sink 
strengths increase by 0.35-0.55 G tC y r"1 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 o f 
model 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 cxtratropics, tropics, northern extratropics and for the

Nor ill T ropics South Total
LanO O cean  Lana O cean  L ana O cean  i.anci O cean

T T -

1

Figure 2 CO? c o n c e n tr a t io n s  in p u t to , a n d  a s  fitted  by , th e  in ve rs ion , a, M eridional 
g ra d ie n t o f  o b s e rv a t io n a l CO? v a lu e s  a n d  th e  u n c e r ta in ty  a s s ig n e d  to  th e m  in th e  
in v e rs io n , b. M o de l m e a n  c o n c e n tr a t io n s  for th e  s u m  o f th e  th r e e  b a c k g ro u n d  f lu x es  
m in u s  th e  o b se rv a t io n a l CO? v a lu e s  (c irc les) a n d  th e  m od e l m e a n  c o n c e n tr a t io n s  a f te r  
in ve rting  for reg ion a l f lu x es  m in u s  th e  o b se rv a t io n a l CO? v a lu e s  (c ro sse s ) . C o n c e n tra t io n s  
a r e  19 9 2  to  1 9 9 6  m e a n s  N o te  th a t  th e  a d ju s tm e n t  to  th e  b a c k g ro u n d  f lu x es  re q u ire s  
a d d itio n a l u p ta k e  in  th e  N o rth ern  H e m isp h e re  a n d  le s s e n e d  u p ta k e  in  th e  S o u th e rn  
H e m isp h e re  fo r  all m od e ls .

Figm  3  M e a n  s o u r c e s  a n d  u n c e r ta in t ie s  fo r  s ix  a g g r e g a te d  r e g io n s  a n d  g lob a l la n d  a n d  
o c e a n . S y m b o l s a s  in  Fig. i  w ith  th e  r e g io n a l a g g re g a t io n  a s  fo llow s: n o r th e rn  la n d  (bo rea l 
N orth  A m erica , t e m p e r a te  N orth  A m erica . E u ro pe , t e m p e r a te  A sia , b o re a l A sia), tro p ic al 
la n d  (ho p ica l A m e ric a , n o r th e rn  A frica , tro p ic a l A sia), s o u th e rn  la n d  (S o u th  A m erica , 
so u th e rn  A frica , A ustra lia ) , n o r th e rn  o c e a n  (North P ac ific , N o rth ern  O c e a n , N orth  A tlantic) 
tro p ic a l o c e a n  (trop ical w e s t  P ac ific , tro p ic a l e a s t  P ac ific , tro p ic a l A tlan tic , tro p ic a l Ind ian), 
s o u th e rn  o c e a n  (S o u th e rn  O cean , S o u th  A tlan tic , S o u th  Indian).
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globe as a whole. Within-model uncertainties are reduced relative to 
simply summing from constituent regions, because much o f the 
uncertainty occurs at the scale o f the original regions. There is also a 
reduction in the between-model uncertainty for this aggregation, as 
some o f  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 
o f  atmospheric data in this region means that inversion methods 
cannot reliably com ment on the extent to  which sources due to 
tropical land-use change are balanced by enhanced growth.

This first stage o f the TransCom 3 intercomparison has explored 
many aspects o f  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 o f regional carbon exchange. Carbon 
exchange with the ocean is well constrained in this study and, in 
the case o f the Southern Ocean region, is different from fluxes 
suggested by p co . 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 extratropical 
land regions arc reasonably robust as zonal means, but are difficult 
to distinguish in the longitudinal direction, and can be biased owing 
to key methodological aspects o f  the inversion construction. Sea­
sonal exchange with the terrestrial biosphere is responsible for much 
o f  the model spread over these regions. Realistic characterization of 
this aspect o f 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 CO: 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 will 
focus on the effect o f transport model differences on flux estimates 
at seasonal and interannual timescales. □

Methods
W e use a bavesian  sy n th esis  inve rs ion  fo rm alism 1" th a t specifies p r io r  e stim a te s  o f  b o th  the  
fluxes a n d  th e ir  u n c e rta in ty , a n d  o p tim ize s  w ith  respect to  a tm o sp h e ric  ob se rv a tio n s tha t 
a re  a lso  u n c e r ta in . W e e s tim a te  fluxes fo r i 1 la n d  a n d  11 o cean  reg ions (sec Sup p lem e n ta ry  
In fo rm a tio n )  as d ifferences fro m  ‘b a c k g ro u n d ' fluxes th a t  a re  ru n  separa te ly  th ro u g h  each 
tr a n s p o rt m o d e l a n d  rep resen t fossil-fucl e m iss io n s ' ""1, seasonally  v a ry ing  a ir - s e a  gas 
exchange" ' a n d  a n  a n n u a lly  b a lan ced , seasonally  v a ry in g  flux  d u e  to  te rre str ia l p h o to ­
syn thesis  a n d  re sp ira tio n 1''. T h e  use o f  seasonally  v a ry ing  b a ck g ro u n d  fluxes allow s the  
a n n u a l m e an  inve rs ion  to  in c lu d e  c o n trib u tio n s  to  a n n u a l m e an  c o n ce n tra tio n s  d u e  to  the  
c o variance  o f  a tm o sp h e ric  tr a n s p o r t a n d  seasonal fluxes.

W e in v e rt 5 -yea r m ean  m e asu re m en ts  fo r 1 9 9 2 -9 6  a t 76 sites  ta k en  fro m  th e  
GLOBALVILW-2tKX) d a ta  set ” (see  S u p p lem e n ta ry  In to r n u tio n ) .  Cil.OBALVU.W  is a da ta  
p ro d u c t th a t in te rp o la te s  C O , m e asu re m en ts  to  a  c o m m o n  tim e  in te rval. G ap s  in  th e  da ta  
a re  filled by e x tra p o la tio n  fro m  m a rin e  b o u n d a ry  layer m e asu rem en ts . W e have chosen  to  
use  sites w here  th e  ex tra p o la ted  d a ta  a c c o u n ts  fo r less th a n  30%  o f  th e  1 9 9 2 -9 6  pe rio d . 
T h e  m e asu re m en ts  a re  w eigh ted  inversely by  th e  degree  to  w h ich  th e  p red ic te d  c o n ce n ­
tra t io n s  a rc  requ ired  by  th e  inverse  process to  m a tch  th e  ob se rv a tio n s, w h ich  we refer to  as 
‘d a ta  u n c e r ta in ty ’. In  ad d itio n  to  m e asu re m en t p rec is ion , th is  u n c e r ta in ty  in c o rp o ra te s  th e  
inab ility  o f  c o arse-g rid  m o d e ls  to  ad eq u a te ly  rep resen t d isc re te  m e asu re m en ts . T he 
rela tive  u n c e r ta in ty  o f  o n e  s ite  to  a n o th e r  w as based  o n  th e  m e an  residual s ta n d a rd  
d e v ia tio n s  fo r 1992 -  96 fro m  G I.O B A IV IEW , T h e  a b so lu te  m a g n itu d e s  w ere chosen  to  
p ro d u c e  a m e an  sq u a re  no rm alize d  residual o u t o f  th e  inve rs ion  o f  abo u t 1.0, e n su rin g  tha t 
th e  estim a te d  fluxes w ere  o p tim ize d  to  th e  d a ta  on ly  to  an  ap p ro p r ia te  level c o m m en su ra te  
w ith  o u r  ab ility  to  m ode l them . A m in im u m  u n c e r ta in ty  w as a lso  specified. T h is  gave 
u n c e r ta in tie s  rang ing  from  0.25 p .p .m . for rem o te , ‘clean  a ir ’ sites to  2.2 p .p .m . fo r 
c o n tin en ta l, ‘no isy ’ sites (Fig. 2).

T h e  11 la n d  basis reg ion  b o u n d a rie s  w ere c o n s tru c te d  to  enclo se  vegeta tion  o f  s im ila r 
seasona l s tru c tu re  a n d  c a rb o n  e xchange  based  o n  vegeta tion  c lass ifica tio n ’1. O ce an  basis 
reg ions w ere chosen  to  a p p ro x im a te  c irc u la tio n  fea tures such  as gyres a n d  upw elling  
reg ions. U n it em issio n s o f  I ( i t  C y r " 1 w ere specified f ro m  each  reg ion . Subreg ional-scale  
v a ria tio n s  in em issio n s ra te s  w ere p resc ribed  fo r la n d  reg io n s acco rd in g  to  s im u la ted  net 
p r im a ry  p ro d u c tio n  fro m  th e  CASA m o d e l '1. T h is  a ssum es th a t  c a rb o n  fluxes follow  the  
d is tr ib u t io n  o f  vegeta tion  p roductiv ity . E m iss ions fro m  o cean  reg ions w ere  p resc ribed  as 
spatia lly  u n ifo rm , excep t th a t sea-icc w as m a sk ed  o u t u sing  seasonally  va ry ing  fractional 
ice cover d is t r ib u t io n s '’. T h e  inve rs ion  req u ire s  p r io r  flux a n d  u n c e r ta in ty  e stim ates. O u r  
cho ices have  been  g u id e d  by  o cean  a n d  te rre str ia l flux m ode ls  a n d  o b se rv a tio n s1" a n d  are  
show n  in  Fig. I (also  see T able 2 in  S u p p lem e n ta ry  In fo rm a tio n ) . T h e  land  reg ion  p r io r

flux e stim a te s  in c o rp o ra te  recent inv e n to ry  estim a tes  '  W h ere  m o re  th a n  o n e  e stim a te  
for a given reg io n  w as considered , a m id -p o in t o f  th e  e s tim a te  sp read  w as used . The p r io r  
flux u n c e r ta in ty  w as ch o sen  to  be  large  e n o u g h  to  e n co m p a ss  all estim a tes . P r io r  flux 
u n c e r ta in tie s  reflect o n e  s ta n d ard  dev ia tion .

T h e  inve rs ion  is  ru n  separately  fo r 16 tr a n s p o r t m o d e ls  o r  m o d e l v a rian ts . T h e  m ode ls  
used (and  th e  in itials o f  th e  m ode lle rs)  a re  C S U  genera l c irc u la tio n  m ode! (K.R .G ., 
A.S.IX), G o d d a rd  in s t itu te  fo r Space Stud ies  off-line  m o d e l —  I ’C'.B (I.Y .K ,).).), U C I - d 'M  
w ith  G lS S - ir  fields (M .P., B.C.)1., 3 m o d e l v a rian ts) , Ja p an  M eteoro log ical A gency—  
C D T M  (T .M .), M A T C H /C X M 3 w inds (L .B .), M A T C H /N C E P  w in d s  (Y .H .C ), M A T C H / 
M A C C M 2 w inds (R .M .L .), N ILS (S .M .), N a tio n a l In s titu te  fo r R esources a n d  
E nv iro n m en t (S.T .), R e ch e rch e en  P rev ision  N u m e riq u e  (C.W .Y.), SKYHI (S T .) , T M 2 
(P.B ..P .C .. P .P .},T M 3 (M .H .l.G C T M  (D .B .). T h e  inve rs ion  p ro d u ce s  estim a te d  fluxes arid  
th e ir  u n c e r ta in tie s  fo r each  reg ion  ind iv idually  a n d  for so m e  g ro u p s  o f  reg ions in  a d d itio n  
to  a b a ck g ro u n d  c o n ce n tra tio n . H ere  o u r  analysis focuses o n  fluxes a n d  u n c erta in tie s  
th a t a re  averaged  ac ro ss  m odels, W e a lso  specify tw o  m e asu re s  o f  u n c e r ta in ty  as 
described  in  th e  m a in  te x t. W e show  th e  ‘be tw een ’ m ode l u n c e r ta in ty  as a o n e  s tandard  
de v ia tio n  con fidence  in te rval for m ean in g fu l c o m p ariso n  w ith  th e  w ith in  m ode! 
un certa in ty . T h e  o b v io u s  a lterna tive , show ing  a  full range , w ou ld  a lso  p ro d u ce  a 
con fidence  in te rval th a t w ou ld  w iden  as m o re  m o d e ls  w ere  in c lu d ed . In sp ec tio n  o f  the  
in d iv id u a l flux e stim a tes  show ed th e m  to  be c lose  to  n o rm ally  d is tr ib u te d  a b o u t  the  
m e an  flux  fo r m o st regions.
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Aerobic, anoxygenic, phototrophic bacteria containing bacterio- 
chlorophyll a  (Bchia) require oxygen for both growth and Bchln 
synthesis16. Recent reports suggest that these bacteria are widely 
distributed in marine plankton, and that they may account for up 
to 5% of surface ocean photosynthetic electron transport7 and 
11% of the total microbial community9. Known planktonic 
anoxygenic phototrophs belong to only a few restricted groups 
within the Proteobacteria a-subclass. Here we report genomic 
analyses of the photosynthetic 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 ̂ -subclass, which have never before been 
observed in marine environments. Furthermore, these photosyn­
thetic genes were broadly distributed in marine plankton, and 
actively expressed in neritic bacteriopiankton assemblages, indi­
cating that the newly identified phototrophs were photosyntheti- 
cally competent Our data demonstrate that planktonic bacterial 
assemblages are not simply composed of one uniform, widespread 
class of anoxygenic phototrophs, as previously proposed8; rather, 
these assemblages contain multiple, distantly related, photo- 
synthetically active bacterial groups, including some unrelated 
to known and cultivated types.

Most o f  the genes required for the formation o f  bacteriochloro- 
phyll-containing photosystems in aerobic, anoxygenic, photo- 
trophic (AAP) bacteria are clustered in a contiguous, 45-kilobase 
(kb) chromosomal region (superoperon)6. These include bch  and erf 
genes coding for the enzymes o f the bactcriochlorophyll and 
carotenoid biosynthetic pathways, and the p u f  genes coding for 
the subunits o f the light-harvesting complex (p u fB  and p u f  A )  and 
the reaction centre complex (pu fL  and p u fM ). To better describe the 
nature and diversity o f planktonic, anoxygenic, photosynthetic 
bacteria, we screened a surface-water bacterial artificial chromo-
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Inversion input

T em perate Asia

Figure 1: Regions used in the inversion and the locations of the 76 C 0 2 observational records used. Multiple records 
exist at som e locations.

Table 1: Latitude, longitude, 1992-1996 mean concentration and data uncertainty for the 76 GL0BALVIEW-C02 
(2000)1 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 latitude and longitude and 1000m altitude.

Abbreviated station 
name Latitude Longitude

1992-1996 mean 
concentration  

(ppm)

1992-1996 mean "data 
uncertainty” 

(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
aia035 02D2 -40.53 144.30 357.156 0.433
aia045 02D2 -40.53 144.30 357.279 0.354
aia065 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 06C0 82.45 -62.52 360.058 0.522
alt 06D0 82.45 -62.52 360.152 0.625
am s 11 CO -37.95 77.53 356.937 0.250
a sc  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
ego 00D0 -40.68 144.68 356.435 0.433
ego 02 DO -40.68 144.68 356.686 0.433
cmn 17C0 44.18 10.70 359.443 0.908
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 OODO 13.43 144.78 358.932 0.250
hba OODO -75.67 -25.50 356.828 0.250
hun OODO 46.95 16.65 364.161 1.856
ice OODO 63.25 -20.15 359.245 0.261
itn496 00C3 35.35 -77.38 361.257 1.846
itn OODO 35.35 -77.38 362.399 2.232
izo OODO 28.30 -16.48 359.416 0.354
izo 27C0 28.30 -16.48 359.076 0.370
key OODO 25.67 -80.20 360.090 0.282
kum OODO 19.52 -154.82 359.204 0.263
maa 02D0 -67.62 62.87 356.598 0.250
mbc OODO 76.25 -119.35 360.180 0.280
mhd OODO 53.33 -9.90 359.112 0.439
mid OODO 28.22 -177.37 359.504 0.274
mlo 00C0 19.53 -155.58 358.953 0.433
mlo OODO 19.53 -155.58 359.016 0.433
mlo 02D0 19.53 -155.58 359.010 0.433
mnm 19C0 24.30 153.97 360.016 0.347
mqa. 02D0 -54.48 158.97 356.484 0.250
pocOOO 00D1 0.00 -163.00 359.266 0.250
pocn15 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
pocslO 00D1 -10.00 -174.00 358.491 0.250
pocs15 00D1 -15.00 -178.00 358.018 0.250
prs 21 CO 45.93 7.70 358.708 0.432
prs_21 DO 45.93 7.70 358.962 0.449
psa OODO -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_00D0 -4.67 55.17 357.188 0.321
shm OODO 52.72 174.10 359.984 0.300
sm o 00C0 -14.25 -170.57 357.638 0.354
sm o OODO -14.25 -170.57 357.680 0.354
spo 00C0 -89.98 -24.80 356.795 0.433
spo OODO -89.98 -24.80 356.613 0.433
spo 02D0 -89.98 -24.80 356.710 0.433
stm OODO 66.00 2.00 359.504 0.336
syo  OODO -69.00 39.58 356.624 0.250
tap OODO 36.73 126.13 362.555 0.921
uta OODO 39.90 -113.72 360.292 0.769
uum OODO 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 
(fossil2,3, neutral biosphere4 and ocean5) fluxes. The regional contributions of these fluxes are listed in column 5 (positive fluxes are into the atmosphere). The main text 
Figure 1 shows non-fossil land fluxes (column 5) and total ocean fluxes (the sum of columns 4  and 5).

The prior flux uncertainties for land were chosen to be equivalent to the growing sea so n  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  production4. 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 w as 140% of the total oceanic exchange. The Southern Ocean 
uncertainty w as capped at ±1.5 GtCyr'1.
Input data, the experimental protocol6, and other information related to the TransCom 3 experiment can be found at 
http://dendrus.atmos.colostate.edU/transcom/TransCom 3/

Land region
Prior Flux 
(GtCyr'1)

Prior Uncertainty 
(G tCyr1)

Background 
Fossil Flux 

(G tC yr1)

Mean Posterior 
Flux 

(G tCyr1)

“W ithin-m odel”
uncertainty

(G tC yr1)

“Between-model”
uncertainty

(G tC yr1)
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

Ocean Region
Prior Flux 
(G tC yr1)

Prior Uncertainty 
(G tCyr1)

Background Ocean 
Flux (G tC yr1)

Mean Posterior 
Flux 

(G tCyr1)

“W ithin-m odel”
Uncertainty

(G tC yr1)

“Between-model” 
uncertainty (GtCyr'1)

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
Trap 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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Southern ocean sensitivity
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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 se t 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'1. Third from the left is an inversion run using only half the data records south of 45°S (HBA_00D0, 
MQA_02D0, SPO_OOCO, SPO_02D0). Far right is an inversion in which the total global oceanic uptake is constrained to -  
2.5±0.5 GtC yr'1. In each inversion there is little 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 (F98)7.

Elem ent o f inversion Transcom 3 control Fan et al 98

Data and data uncertainties 1992-1996 at 76 sites, 3.274 GtCyr'1 growth rate, variable 
uncertainty (0.25-2.20 ppm)

1988-1992 at 63 sites, 2.8 GtCyr'1 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 G tC yr1)

Ocean: zero prior fluxes with moderate uncertainty (0.26- 
1.50 GtCyr'1)

Land: no prior information for regions 

Ocean: fixed to background fluxes

Regions solved for 11 land, 11 ocean 3 or 4 land

Global C 0 2 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 control inversion, the second row is the F98 4-region inversion. The third row is an 
inversion using all TransCom 3 m odels but with the inversion set-up reconfigured a s  in F98, with the exception of the global background fluxes. 
For the reconfigured ca se  (3rt row), the temperate North American sink is substantially larger than the TransCom 3 control inversion (1st 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 control inversion. The fourth row takes the reconfigured inversion 
and replaces the TransCom 3 NEP and ocean background fluxes with the ocean model 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 estim ates 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 ca ses  are “release o cea n s” - TransCom 3 ocean uncertainties are used; “tighten land” - TransCom 3 land uncertainties are used; 
“release SPO” - global CO2 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 elem ent can account for the difference 
between the TransCom 3 control and the reconfigured inversion. By implication a combination of factors is required a s w as found in a similar 
exploration of inversion method sensitivity8.

Inversion Case
Boreal NA

T3 Model Mean 
Temperate NA Eurasia

This study 0.24 ± 0.40 ± 0.27 -0.85 + 0.52 ± 0.42 -1.78 ± 0 .5 8  ± 0 .7 8
Fan et al., 1998 -0.20 + 0.4 -1.40 ± 0 .5 -0.20 ± 0.7
T3 reconfigured 0.61 + 0.50 ± 0.80 -1.85 ± 0 .5 7  ± 0 .6 9 -1.56 ± 0.70 ± 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 .3 2  ±0.41 -1.62 ± 0 .3 8  ± 0 .8 7
Variable data unc. 0.70 ± 0.33 ± 0.67 -1.53 ± 0 .3 9  ± 0 .7 9 -1.87 ± 0 .5 4  ± 0 .8 6
Release oceans 0.81 + 0.59 ± 0.65 -1.77 ± 0 .7 6  ± 0 .3 9 -2.51 ± 0 .9 6  ± 1.18
Tighten land 0.43 + 0.38 ± 0.58 -1.67 ±0 .51  ± 0 .5 7 -1.50 ± 0 .6 0  ± 0 .9 0
22 regions 0.59 ± 0.81 ± 0.74 -1.44 ± 0 .8 2  ± 0 .4 9 -1.69 ± 0 .9 9  ± 0 .7 5
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 (o) and 
‘between-model’ uncertainties (error bars) for six 5-year periods. Only the CO2  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 sam e 76 sites are used for all inversions even though this m eans 
that som e sites have more than 30% extrapolated data. Growth rates and fossil em issions 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 variations of atmospheric CO? concentrations contain information about surface 
sources and sinks, which can he quantitatively interpreted through tracer transport inversion, hvvioux 
CO? inversion calculations obtained differing results due to different data, methods ami liansport 
models used. To isolate the sources of uncertainty, we have conducted a set o f annual mean inversion 
experiments in which 17 difterent transport models or model variants were used to calculate regional 
carbon sources and sinks front the same data with a standardized method Simulated transport is 
a significant source of uncertainty in these calculations, particularly in the response to prescribed 
■‘background" fluxes due to tossil fuel combustion, a balanced teuestrial biosphere, and aii-sea gas 
exchange Individual model estimated fluxes are often a direct reflection of their response lo these 
background fluxes Models that generate strong surface maxima near background exchange locations 
tend to require larger uptake near those locations. Models with weak surlacc maxima tend to have less 
uptake in those same legions but may infer small sources downwind. In some cases, imliv idual model 
tlu \ estimates cannot be analyzed through simple relationships to background flux responses but are
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l ik e ly  d u e  to  lo c a l  t r a n s p o r t  d i f f e r e n c e s  01 p a r l i c u la t  r e s p o n s e s  a i in d iv id u a l  C O ;  o h s e r v i n e  lo c a t io n s  
T h e  r e s p o n s e  to  th e  b a c k g r o u n d  b io s p h e r e  e x c h a n g e  g e n e r a te s  th e  g r e a te s t  v a r ia t io n  in  th e  e s t im a te d  
( lu x e s ,  p a r t ic u la r ly  o v e t la n d  in  ( lie  N o rth e r n  H e m is p h e r e . M o re  o b s e rv a t io n a l  d a ta  in  th e  t r o p ic a l  

r e g io n s  m a y  h e lp  m  b o th  lo w e r in g  th e  u n c e r ta in  t r o p ic a l  la n d  d u x  u n c e r ta in t ie s  a n d  c o n s t r a in in g  th e  

n o r th e r n  la n d  e s t im a te s  b e c a u s e  o f  c o m p e n s a t io n  b e tw e e n  th e s e  tw o  b r o a d  re g io n s  in  th e  in v e rs io n . 
M o re  o p tim is t ic a l ly ,  e x a m in a t io n  o f  th e  m o d e l- m e a n  r e t r ie v e d  d u x e s  in d ic a t e s  a g e n e ra l  m se r is iiiv  ity  

to  th e  p r io r  f lu x e s  a n d  th e  p r io r  flu x  u n c e r ta in t ie s .  L e s s  u p ta k e  in  th e  .S o u th e rn  O c e a n  th a n  im p l ie d  b y  

o c e a n o g ra p h ic  o b s e rv a t io n s ,  a n d  a n  e v e n ly  d is t r ib u t e d  n o r th e r n  la n d  s in k ,  r e m a in  in  s p i t e  o f  c h a n g e s  
in  th is  a s p e c t  o f  th e  in v e rs io n  s e tu p .

1. Introduction

A q u an tita tiv e  u nderstand ing  o f  th e  sou rces  and 
s inks o f  a tm o sp h eric  C O ; is o f  vital ini|>ortuncc for re ­
liably p re d ic tin g  fu tu re C O ; levels. T h e  es tim atio n  o f  
C O ; sou rces  and  sinks can  be ap p roached  in a variety 
o f  w a y s (S ch im cl et a!.. 2 (X )I». O ne approach  is to  use 
a tm o sp h eric  C O ; m ea su rem en ts  to  in fer C O ; fluxes 
through  trac e r transport inversion . T h is  ap p ro ach  a d ­
ju s ts  a serie s o f  reg iona lly  exp lic it ''t r ia l"  fluxes to 
best m atch  o b se rv ed  C O ; c o n c en tra tio n s  to  those s im ­
u lated  by an  a tm o sp h eric  transport m odel. E arly  inver­
sions used  tw o-d im en sio n al transport m odels to ca l­
cu la te  the la titud inal d is tribu tion  o f  fluxes (e .g . T ans 
el al.. 19 9 0 ; tim ing  and M ansbridge , l9 8 9 ;C ia i s e ta l . .  
1995). R ecent inversions have u sed ih rc e -d itn en s io n a l 
m odels to  e s tim ate  ih e  long itudinal d is tribu tion  o f  
fluxes (e.g. lu lling  et a!.. 1995: f a n  et al.. 1998: 
B ousquet et al.. 1999a:b: K am inski ct al.. 1999). In­
terannual varia tions in fluxes have also  been  estim ated  
(e.g . R ay n er et al.. I ‘>99: Law . 1999: B ousquet et ai.. 
2000: B ak c i.2 0 0 1 ) .

A genera l co n c ern  w ith  inversions is the sen sitiv ­
ity o f  the resu lts  to  th e  a tm o sp h eric  transport m odel 
used. T h is sensitiv ity  is difficult lo  assess  because  the 
resu lts  to  da te  have em p lo y ed  only  o n e  o r tw o tra n s­
port m odels in a given  study. A goal o f  the T ransC om  
series o t ex p e rim en ts  has been  to  assess the influence 
o f  d iffe ren t transport a lg o rith m s on the C O ; inversion  
problem . T h e  initial phases o f  T ran sC o m  con d u c ted  
forw ard  s im ula tions  o f  fossil and  b iospheric  em issio n s 
o f  C O ; (T ransC om  I) (Law  el al.. 1996) and  o f  S F r, 
(T ransC om  2) (D en n in g  cl al.. 1999) to  ch a rac terize  
m odel behaviour. T h e  fossil CT); ex perim en t ind icated  
d iffe ren ces  in s im ula ted  su rface  in terh e m isp h e rieco n - 
central ion gra d ie n ts  am ong  the m odels  o f  up  to  a factor 
o f  tw o. H ow ever, w ith  no fo ssil-C O ; o bservations 
to co m p a re  aga inst, it w as not possib le  to  de te rm ine  
w h ich  s im ula ted  tran sp o rt, i f  any. w as co rrec t. T h e  SFf, 
ex p erim en t, w ith  re la tive ly  w ell know n  sources  and 
o b servations, w as in tended  lo  eva luate atm ospheric

tran sp o rt and  lo  id en tity  w hich p ro cesses  led  to d iffe r­
ent m odel behaviour. M ost o f  the m odels  w ere  reason­
ably  successfu l in rep roducing  the m arine boundary - 
lave r observ atio n s  o f  SF,„ but ten d e d  to  ov erestim a te  
the SFy, at com inen ia l loca tions n ea r sou rces. T h o se  
m odels that underestim a ted  m arine b o u n d ary -lay e r 
values due to  excessive  vertical convective  transport 
tended  to g ive be tte r con tinen ta l co n c en tra tio n s  than 
the m odels w ith  less convective transport.

M odel d iffe ren c es  w ore also  large for th e  anim al 
m ean response  to seasonal b io sp h eric  CT); exchange. 
A lm ost ail m odels s im ula ted  elevated  CT); c o n c e n tra ­
tio n s  ul the su rface  in th e  northern  m idd le  la titudes  due 
to  the covariance  betw een seasonal ex c h an g e and sea­
sonal transport, th e  so -called  seasonal ro c tilie re ffe c t 
(e .g .. K eeling  el a l.. 1989: D enning  e t al.. 1995). but 
zonal m ean  su rface co n cen tra tio n s  varied o v er 5 ppm  
am ong  the m odels.

W hile th ese  exj>erim cnts p rov ided  usefu l insights 
in to  m odel behav iour, they d id  not d irec tly  address  the 
sensitiv ity  o f  inversion  resu lts  to  transport. T h is  is the 
ro le  o f  the cu rren t T ransC om  ex p e rim en t (T ransC om  
5»; the aim  is to  assess  the co n tribu tion  o f  u n ce rta in ­
ties in trans[)ort to  the uncerta in ties in flux estim ates 
fo r annual m ean, seasonal cy c le  and  in lerannual invoi- 
sions. T h e  experim en t can a lso  co n trib u te  to  o u r  un ­
d ers tan d in g  o f  o th e r sensitiv ities in the inversion  pro ­
cess (e .g . inversion  set-up . observ ational da ta  cho ices), 
since  m ore  re liab le resu lts  arc ex p e cted  by exam in in g  
the sensitiv ity  w ith a range ot transport m odels  than 
w ith  ju s t o n e  o r  tw o  m odels.

T h e  first re su lts  from  T ran sC o m  3 w ere presen ted  
by G urney  el al. (2002). They show ed  m ean inversion  
resu lts  fo r a con tro l inversion in w h ich  annua l mean 
fluxes w ere es tim ated  using  1 9 9 2 -19 9 6  data . H ere we 
p resent re su lts  from  that sam e con tro l inversion  but 
fo r ind iv idual m ixlels. We a lso  p resen t re su lts  from  a 
n u m b er o f  sensitiv ity  tests re la ted  to  the specification  
ol prio r flux info rm ation . A co m p an io n  p ap e r (Law 
el al.. 2003) presen ts  sensitiv ity  tests re la ted  to CT); 
da ta  issues includ ing  netw ork ch o ic e , tim e period , data
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se lec tio n  an d  d a ta  uncertain ly . S easonal and  inleran 
nual inversions w ill be p resen ted  elsew here .

2. Method

2 .1. In v a s io n  fo rm a lism

T h e  con tro l inversion  u ses  a B ayesian  syn thesis 
m ethod  (h n tin g . 2002). T h e  lirsl s tep  is  to  ch o o se  a set 
o f  !1u\ p a tte rn s , o r  basis  func tions ( I ' ). fron t w hich  
so lu tions  will be co n stru c ted : V' =  V  v, . The in­
v ersion  p ro ced u re  reduces to  so lv in g  fo r the sca ling  
factor, s ,. W ith a set o f  co n cen tra tio n  o b se rv a tio n s  I)  
the linearity  o f  transport can  be used  to  y ield

/>...y v 1'^'1 111

w here T  is the a tm o sp h eric  transport. If w e have p re­
defin ed  lim es an d  p laces fo r o u r  co n c en tra tio n  o b se r­
vations to b v io u s in a d iag n o stic  o r inverse s tudy) then  
w e can  repeated ly  ru n  the transport trnvdel on each  
b asis  func tion  and  sam p le  the ou tpu t at the o b se rv a­
tion  loca tions. T h e  co n c en tra tio n  lick! g en e ra te d  from  
ea ch  b as is  func tion  is  re ferred  to  as its co rresp o n d in g  
re sp o n se  function . If w e sam p le  the response  function  
at o u r  chosen  ob serv atio n  loca tions, and  w rite  th e  r e ­
su lt as a co lu m n  vector, w e p ro d u ce  a m atrix  M  for 
w hich  w e can  easily  show

/)  =  M.V (2)

The reg ional lluxes. .V. can now be so lved  for u s­
ing conven tiona l least-xquares tech n iq u es . T hese  tec h ­
n iques  rely on  m in im izing  the m ism atch  b etw een  m od­
e lled  co n c en tra tio n s . M-V. and o b se rv ed  co n c en tra ­
tio n s. D . A dd ing  p rio r in fo rm atio n  about the fluxes 
ack n o w led g es th e  u n der-dete rm inacy  o f  th e  system  
d ue to  the lim itation  o f  few  o b serv atio n s  to  constra in  
fluxes from  all reg ions. It a lso  a llow s those asp e c ts  o f  
the flux d is tr ib u tio n  that a re  reasonab ly  w ell know n  lo 
be specified.

W ith the ad d itio n  o f  p rio r in fo rm ation , the so lu tion  
fo r S  now in v o k e s  m in im izing  the d iffe ren c e  betw een  
m odelled  an d  o b se rv ed  c o n c en tra tio n s  and  betw een 
p red ic ted  fluxes and  th e ir p r io r  e s tim ates . A co st func­
tion  ./ can  be defined  as

./ ™ i [ ( M X  •. O l 'O O )  '(M S  .. 0>

+  i.s' -  .v„) 'C (.v(,) '(.* -  S„)J (.i,

Ic llu s  S SIK .’IHU). _>

w here  ( ’(_) e m b o d ies  confidence in the form  o f  an 
e r ro r o r  uncertain ly  covariance. S ince C  ap p e ars  in ­
verted . q u an tities  w ith  largo u n certa in ty  c o n fe r less 
in fluence. D ev ia tions from  th is p rio r e s tim a te  will 
pena lize  the cost function  severely , and  hence be 
res tric ted . A lternative ly , lluxes that arc poorly  un- 
derximKi can  be assigned  large un ce rta in tie s  and . 
h ence , a llow ed to  dev ia te  sign ifican tly  from  th e  prio r 
es tim ates.

The m ea su ie m c n ts  arc  sim ilarly  w e ig h te d  inversely 
by the deg ree  to  w h ich  the p red ic ted  c o n c en tra tio n s  
are req u ired  by th e  inverse process to  m atch  the o b se r­
vations. T h is  w eigh ting  term , C </>). has trad itionally  
been  ca lled  th e  "d a ta  u ncerta in ty ’'. T h e  nam e is m is­
lead ing . s in ce  the te rm  m ust a lso  acco u n t for th e  in ­
ab ility  o f  m odels  w ith  im perfect tran sp o rt and co a rse  
spatial and  tem poral reso lu tion  to  m atch  point o b se r­
vations. F u rth erm o re , th e  chosen  flux sha|>e o r " fo o t­
p rin t” assu m ed  fo r the basis  func tions m ay not re p ­
resent the d is tr ib u tio n  o f  the tru e  sou rce  field , and  
hence m ay add  to  the inability  o f  th e  p red ic ted  c o n ­
c e n tra tio n s  to  m atch  observ atio n s  (K am in sk i et al.. 
2001; F n g e len  ct al.. 2002). It w ou ld  bo in ap p ro p ri­
ate in the inversion  lo  attem pt to  lit th e  d a ta  be tte r 
than  the sum  o f  all o f  these erro rs , yet ob jec tive ly  
q u an tify ing  th is overall m o d e l-d a ta  m ism atch  rem ains 
difficult.

F o llow ing  T aram ola  ( I0K7) w e m in im ize eq . (5) to 
y ie ld

-V -Si +  M ' " ( / )  - M .S , )
(4)

w hetv  M 1 1 ’. the g enera lized  inverse o f  M . is g iven  by

vr "•= ’vi + oi.1  'j m ' ciIh '.
(?)

A n estim a te  o f th e  uncertain ty  in th e  pred ic ted  lluxes 
can  a lso  be p roduced . T h is  dep e n d s  on the uncertain ty  
in the p rio r fluxes, the d a ta  uncertain ly  and the re­
sp o n se  fun c tio n s  em bod ied  in M . T h e  re la tio n  is:

C(.Vi -  [c(.y„) '+ M rCl/>) 'Nlj . (6)

T h is  a lw a y s re p rese n ts  a re d u ctio n  in uncertain ty  
on  the p rio r e s tim ate , w ith th e  am o u n t o f  reduction  
dep en d in g  on  the data  uncertain ty  and  how well the
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ava ilab le observ in g  lo ca tio n s  .sample the ch o se n  flux 
patterns.

T h e  m ean o f th e  ind iv idual m odel flux u ncerta in ties  
can  be c o m p u ted  as:

C(.V) -
\

.... (7)

w here the ind iv idual m odel p o ste rio r u ncerta in ty  e s t i­
m ates are taken  from  the d iagona l o f  the p o s ic rio r co- 
v ariance m atrix . W e d esig n a te  th is m ean uncertain ty  
the w ith in -m odel uncertain ty . T h e  sp re ad  o f  flux e s ­
tim a tes  across m odels  is re p resen ted  by the standard  
dev ia tion .

a  ( S ) -

N

Y. C(.M| A ....
( 8 )

and d esig n ate d  th e  betw een-m ode l uncertain ty .
T h e  m in im um  value o f  the cosl func tion . ./„„„. d e ­

scribes  th e  deg ree  to  w h ich  the inversion  ca lcu lation  
m atches the data  and  prio r sou rce  es tim ates  s im u lta­
neously. T h is is usually  ex p ressed  using  the reduced  

r -

j,„», 
...

E !

01

Sta tistica l co n sis ten cy  req u ires  x '  1101 10 be sign ifi­
can tly  g re a te r than  unity , o th erw ise  the p o sicrio r u n ­
ce rta in ty  is inconsisten t w ith  the q u ality  o f th e  hi to  the 
data . T h is  inco n sis ten cy  su g g ests  that to o  m uch c o n ­
fidence has b een  p laced  in th e  ab ility  o f  the inversion 
lo  m atch  th e  d ata , so  C ( I ) )  is  increased  accord ingly . 
T h is  w ill consequen tly  increase C(.V).

2.2. i tli\st#it

2.2 .1 . lo n v a ix l  sim u la tions. Fo rw ard  sim ula tions 
w ere p e rfo rm ed  w ith  16 transjx>rt m odels  (o r m odel 
varian ts) (G urney  ct a l., 2 000). the resu lts  o f  w hich  
w ere u sed  to [X'tTorm annua l m ean inversions for 
so u rces  and sinks (G urney  et al.. 2002). A 17th m odel 
(CS1RO ) recen tly  su b m itted  s im u la tio n s . W e have 
not inc luded  resu lts  from  th is  m odel in th e  ca lcu ­
lation o f  m ean  re su lts , in o rd e r lo m ain tain  c o n s is ­
tency w ith  G urney  e t al. (20 0 2 ). but have inc luded  it 
in p re sen ta tio n s  o f  ind iv idual m odel re su lts . D eta ils  
o f  ea ch  transport m odel are g iven in T able I. T he

m odels vary in reso lu tion , ad v e ctio n  sch em e, driv ing  
w inds and  su h g rid -scale  param eteri/.a tions . They in ­
clude  every m odel used in recen tly  p u b lished  C O .’ 
inversions. TM2 is the on ly  m odel tha t has been 
used  in p recisely  the sam e co n fig u ra tio n  in all the 
T ran sC o m  ex p e rim en ts , w h ile  seven  o f  the curren t 
m odels p e rfo rm ed  the T ransC om  2 SF(. experim en t, 
though  som e o f  these  have been  m odified  since  that 
experim en t.

For the annua l m ean ex p e rim en t p resen ted  here, 
fou r-year s im u la tio n s  w ere p erfo rm ed  by each  m odel 
fo r each o f  26 requ ired  basis functions. T he 26  basis 
func tions co m p rised  four ‘'b ac k g ro u n d ’’ g lobal fluxes 
and  22 reg ional lluxes. The nuxlel ou tpu t w as su b m it­
ted  as g lobal m onth ly  m ean d is tribu tions  and  as  four- 
hourly  lim e  series at 228  specified  locations. Sam pling  
o f  m odel ou tpu t w as in tended  to  m im ic  the sam pling  
p ro tocol fo r observations: so m e stations w ere m oved 
offshore  aw ay from  co a stlin es  in the d irec tio n  o f  the 
“c lean  air sec to r”  identified  for flask sam pling . Full 
de ta ils  o f t h e  experim en ta l p ro tocol are p resen ted  in 
G urney  el al. (2000). The inversions w ere perfo rm ed  
tut the output from  each  nuxlel.

T h e  lo u r b ac k g ro u n d  fluxes c o n sis ted  o f  tw'o fos­
sil fuel em ission  fields (1900  and  1995 d is tr ib u tio n s), 
an annua lly  b alan ced , seasonal te rrestria l b io sp h ere  
exchange and  a ir - s e a  gas exchange . These fluxes are 
inc luded  in the inversion  w ith  a very  sm all p r io r  u n ­
ce rta in ty  so th a t th e ir m agn itude  is effec tive ly  fixed, 
and  th e  21  reg ional lluxes es tim a ted  by th e  inversion  
are dev ia tio n s  from  these g lobal fluxes. T h e  1990 an ­
nual m ean fossil sou rce  (I x 1 ) is from  A ndres  et al. 
( I996> and to ta ls 5 .812  G t C  yr '.  T h e  1995 annual 
m ean fossil so u rce  ( I x I ) is derived  from  the data 
p repared  by B rcnkert (1998) and  to ta ls  6 .175  G t C 
y r  ' .T h e  seasonal b io sp h eric  ex c h an g e (I x  I )\v as  
derived  from  the C arneg ie A m es S ta n fo rd  A pproach  
(C A S A ) m odel (R anderw m  e t a l.. 1997). and  has an 
annual to tal flux o f  ze ro  at eve ry  g rid  ce ll. T h e  ocean ic  
exchange (4 x 5 ) w as produced  by T aro  T akahashi 
and  co llea g u es and  rep resen ts  m on th ly  g lobal ocean ic  
exchange d erived  from  m easu rem en ts  o f  A/XCO..) 
('Takahashi et al.. 1 9 9 9 ).’Hie annua lly  in teg ra ted  flux is 

- 2 .19G I C y r  1 (in to  the ocean). T h e  back g ro u n d  fo s­
sil fuel em ission  fluxes w ere p rescribed  w ithout sea­
sonality . T h e  annua lly  balanced  terrestrial fluxes w ere 
pure ly  seasonal, and th e  background  o ce an  lluxes w ere 
prescribed  w ith  both  seasonal varia tions and  annual 
m ean uptake.

T h e  bo u n d arie s  o f  the 22 reg ional basis  (unctions 
arc show n in Fig. 1. In the forw ard  s im u la tio n s , each
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/•r'.u. / Basis function regions and the locations of the 70 CO- observational records used in the inversion Multiple records 
exist at some locations and are denoted by open circles. I he prior llux and prior flux uncertainties are shown for each basis 
function region (C >1 C vr 1 >. The prior constraint on I Ik  atmospheric growth rate is T. 27-1 til C yi ' with a prior micertaintv 
of 0.074 Gt C vr '.  The prior global offset concentration is 355 ppm with a prior uncertainty of 100 ppm.

region  cn tiis  a i G t C  yr 1 llux that is sca led  in d e­
penden tly  d u ring  th e  im e rs io n  ca lcu la tio n . T h e  re­
g ional terrestria l basis  fluxes in c lu d e  spatial s tru c ­
tu re  b ase d  on  th e  d is tribu tion  o f  annua l m ean net p ri­
m ary produc tiv ity  (N P P ). a s  g iven  by a ( ’A SA  m odel 
s tead y -sta te  run  (R an d e rso n  et al.. 1 W ) ,  re flec ting  
an  assu m p tio n  that terrestria l ex ch an g es are located  
w ith in  reg io n s o f  h ig h er b io log ical ac tiv ity . T h e  te r­
restria l basis  function  bo u n d arie s  w ere co nstruc ted  
to  e n c lo se  vege ta tion  o f  s im ila r seasonal s truc tu re  
an d  ca rb o n  ex ch an g e , w ith  so m e add itional b o u n d ­
ary sm oo th ing . T h e  s tarting  poin t fo r the b o undary  
c o n stru c tio n  w as the I x I land co v e r type c lass ifi­
ca tio n  used  by the o rig in al S im ple B iosphere  M odel 
(S iB ) ID e F ries and  T ow nshend. 1994: S ellers  el al., 
1946). A un ifo rm  spatia l d is tr ib u tio n  w as u sed  fo r the 
reg ional o ce an ic  basis  functions, w ith  the excep tion  
o f  seasonal ice  co v e r in the northern  and  so u th e rn ­
m ost reg ions. T h e  sea -ice  co v er data w ere produced  
by th e  W orld C lim ate  R esearch  P ro g ram m e. W ork­
ing G ro u p  on  N um erica l E x p erim e n ta tio n . A tm o ­
sp h eric  M ode! In to rcom parison  P ro ject (T ay lo r et al.. 
1 0 4 7 ) .

2.2.2. Inversion  set-up  a n il o b s e n a i io m tl  data. 
P rio r es tim a tes  o f  the fluxes in each  o f  the 22 re­
g ional basis  func tions w ere dete rm in e d  from  in d e­
penden t e s tim a tes  o f  te rrestrial and  o ce an ic  ex change

and  are p resen ted  in F ig . 1. T he land region prio r 
llux e s tim a tes  in co rp o ra te  resu lts  from  recen t inven­
tory stud ies (A p p s and K u r /. 1944; Kur/. and  A pps. 
1999; U N K 'C C . 2 0 0 0 ; Pacalu et al.. 2 0 0 1 ; H ough ton . 
1999 ; D ixon e l al . 1990 ; H oughton  an d  H ackler. 1999; 
K auppi et al.. 1992). W here m ore than o n e  es tim ate  
for a g iven  reg ion  w as availab le, a m id-poin t o l the 
es tim a te  range w as used. T he o ce an  reg ion  p rio r llux 
es tim a tes  w ere p re scrib ed  as /.cro.

T h e  prio r llux uncertain ly  is im portan t fo r keeping  
the es tim ated  llu.xes w ithin b io geochem ieally  re a lis­
tic bounds. For land  reg ions w e c h o se  g ro w in g  season  
net llux (G.SNF. th e  sum  o f  m on th ly  m ean  ex c h an g e  
for m on ths ex h ib itin g  net up take) as prov ided  by the 
C A S A  m odel o l net eco sy stem  p ro d u c tio n  (R anderson  
et al.. 1997). S ince it is unlikely that an  annual mean 
residual land  llux w ould  exceed  the G S N E  th is  p ro ­
v ides a reasonab le , eco log ica lly  relevant u p p er hound. 
T h e  p rio r ocean  u ncerta in ties  w ere g u id ed  by th e  a g ­
gregate  e s tim a tes  g iven  in T akahashi el al. (1999), 
w h ich  .suggest a to ta l g lobal o ce an ic  uncertain ly  a p ­
p roxim ately  70 f7 o f  th e  total o ce an ic  ex ch an g e . B e­
ca u se  th is lev el o f  uncertain ty  lightly c o n stra in s  som e 
o ce an ic  reg ions to  th e  prio r flux es tim a te , the a g g re ­
ga te  uncertain ty  w as increased  to  14(W o f  the total 
net o ce an ic  exchange . T he u ncerta in ty  in ind iv idual 
o ce an ic  basis  func tion  regions w as p rop o rtio n a l to  the
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area  o f  the reg ion  an d  the p rop o rtio n  o f  sam p led  grid  
ixrints in the reg ion .

W e invert 5 -> r m ean m ea su rem en ts  fo r 1 9 9 2 - 
1996 at 76  site s taken  from  the G L O B A L V IE W - 
2000 d a ta se t (G L O R A L V IE W -C O ;. 2(K)0). GL.OiV 
A L V IE W  i.s a da ta  p rtx iuct that in terpo la tes  C O ; m ea­
su rem en ts  to  a co m m on  tim e interval. G a p s in the data 
are  iiJled by ex trap o la tio n  from  m arine  b o u n d ary -lay e r 
m easu rem en ts. S ites w ere ch o se n  w h e re  th e  ex tra p o ­
lated  data  accoun ts  fo r less than  309f o f  to tal d a ta  tor 
the 1 9 9 2 -1 9 9 6  period , L aw  e t al. (2003) varied  this 
ex trap o la ted  data  lim it to test the sensitiv ity  o f  the in ­
version  to  alternative  data sets.

I he u n certa in ty  attached  to  ea ch  data  value. 
w as derived  from  the residual s tandard  dev ia tion  
(R S D ) o f  ind iv idual observ atio n s  a round  a sm oo thed  
t im eseries  as g iven  by O L O B A L V IE W -C O ; (2000) 
T h is  cho ice  w as b a se d  on the assu m p tio n  that the d is ­
tribu tion  o f  R SD  (h ig h er R SD  values lo r  n o rthern  and 
co n tin en ta l sites and  low er R S D  values fo r southern  
h em isphere  o ce an ic  sites) re tlec ts  the h igh -frequency  
varia tions  in tran sp o rt and  reg ional flux (hat large-scale 
transport m odels are un ab le  to  accu ra te ly  s im ula te . Di­
rect use o f  the R S D  values fo r the d a ta  uncertain ty  
w ithin the inversion  resu lts  in a reduced  x : |e q . (9 ) | 
that is m uch sm alle r th an  unity. This in d ica tes  that 
the p red ic ted  c o n c en tra tio n s  lit the d a ta  m uch better 
than  th e  uncertain ty  ass ig n ed  to  the data  itse lf, and 
that the u ncerta in ty  shou ld  he reduced . T h erefo re , the 
R SD  has been  sca led  as fo llow s: the R SD  w as d iv id ed  
by (8 /, ) " \  w here  / ’ is the p roportion  o f  real da ta  in 
the reco rd  and  the facto r 8 a c co m p lish e s  the / *  ^  I 
goal. W here th is gave values less than  0 .25  ppm . the 
uncertain ly  w as increased  t o 0 .2 5  ppm . F inally , the un ­
ce rta in ty  w as increased  for th o se  site s that a re  likely 
to o cc u r in the sam e m»>del g rid  cell by th e  square  root 
o f  the n u m b er o f  co -lo c ated  sites. T h is  gave u n cer­
ta in ties  rang ing  from  0 .25  ppm  fo r rem ote , “d e a n  air"
s i t e s  t o  2 .2  p p m  I t i r  c o n t i n e n t a l ,  " n o i s y "  s i iv >  u ik I  u  r e ­

d uced  /  'av e rag e d  a c ro ss  th e  m odels o f  0 .97 . close  to 
the d esire d  value o f  one. Law et al. (2003) d e m o n ­
stra te  th e  sensitiv ity  o f  th e  inversion  to th e  cho ice 
o f  C (D ).

A dd itional p r io r  c o n stra in ts  in c lu d ed  in the inverse 
ca lcu la tio n  a re  fbcg iobaJ a tm o sp h eric  C O ; g row th  ra te 
(3 .274  ±  0 .0 7 4  G i C y r  1 )a n d  a g lobal C O ; c o n c e n tra ­
tion b ac k g ro u n d  value (355  ±  100 ppm ). T h e  grow th 
ra te an d  u ncerta in ty  are  th e  m ean an d  s tan d ard  d e ­
v ia tion  o f  th e  1 9 9 2 -1 9 9 6  tren d s at th e  observational 
stations used  in th is study  via a lit tha t in c lu d es  a linear 
trend  and  harm on ics.

X  Results

3 .1. fUirki>roimd sim u la tio n  results

T h e  forw ard  sim ula tions o f  th e  fou r background  
fluxes p rovide a m easu re  o f  m odcl-to -m ode l transport 
d iffe rences, an d  ex p la in  m any o f  th e  features found 
in th e  in ferred  reg ional Huxes to  be d iscu ssed  in S ec­
tion  3.2. F igu re 2 show s the su rface C O ; c o n c e n tra ­
tions re su ltin g  from  the sum  o f  the back g ro u n d  fluxes 
fo r each  o f  the m odels. M ax im a asso c ia ted  w ith  the 
fossil fuel e m issio n s and the annually  ba la n ced , sea­
sonal b io sp h ere  ex change are ev ident and  vary c o n s id ­
erab ly  from  m ode! to  m odel. M ax im a asso c ia ted  w ith 
th e  fossil fuel e m issio n s are  ce n te re d  o v er the in d u s­
trial source re g io n s o f  the C n iied  S ta tes. E u ro p e and 
th e  A sian  Pacific. M axim a asso c ia ted  w ith  reetiliea- 
tion  o f lh e  b io sp h ere  exchange are  b road ly  d is tribu ted  
o v er forested  areas  in N orth  A m erica  and Eurasia. 
R egional m in im a in co n cen tra tio n  are sim ula ted  over 
the S ou thern  (X 'euu and to  a le sse r ex ten t o v e r  the 
North A tlan tic  (X e a n  in response  to  the background  
ocean  fluxes. S urface co n cen tra tio n  re sp o n ses  range 
from  very w eak (T M 2 and  the UCI varian ts) to  strong 
but loca lized  (GCTV1) to very  strong  o v er large ar­
eas (M A T C H :N C E P. L C B ). A s w as found previously  
(L aw  et al.. 1996: D enning  et a l.. 1999). there d o es  not 
ap p e ar to  be a system atic  d iffe rence  betw een  m o d ­
els  d riven  by an a ly zed  w inds and  th o se  using  G C M  
w inds.

F igure 3 show s the zonal m ean su rface  C O ; co n cen ­
tration  resu lting  from  each o f  th e  back g ro u n d  Huxes 
separate ly  and  sum m ed . T he m axim um  fossil fuel c o n ­
ce n tra tio n s  o c c u r around  50  N and  vary by a lm o s t 2 
ppm  am o n g  the m odels. Sou thern  H em isphere  co n c en ­
tra tio n s  a lso  vary w ith  CSLk M A T C H :M A C C M 2 and 
N IK E  p roduc ing  the highest co n cen tra tio n s . T h e  inter- 
hem isp h eric  d iffe ren ce  (H ID ) (m ean N orthe rn  llem i-
k p l i c iv  s i l t  l a e o  lu  \  c r  c o n c e i t  I r . i t i o n  m i n u s  t n u . in  S o u i t i  

ern  H em isp h ere  su rface -lay e r co n c en tra tio n ) in these 
sim u la te d  su rface  responses  p rov ides a conven ien t in ­
dex (not a lw a y s an  accura te ind ica to r: see  D enning  
et al.. 1999) to sum m arize  bo th  m erid ional and  verti­
ca l m odel tran sp o rt, and is in d ica ted  in the ligu re for 
th e  fo.vsjj fuel an d  iota) b ac k g ro u n d  responses. C S t f  
T M 2  an d  JM A  exh ib it the sm alles t IH D  values in d i­
ca tin g  re la tive ly  rap id  m ixing aw ay fro m  so u rce  areas  
(vertical o r  m erid ional or both). T h e  ra tio  o f  largest 
fossil fuel IH D  to sm allest H ID  is 1.5 c o m p a red  to  2.0  
fo r th e  fossil sim u la tio n  resu lts  from  T ran sC o m  I , in ­
d ica tin g  a convergence  o f m odel s im u la tio n s  fo r this

're1lus55H (?ntH), 2

27

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



C O;  INVl  KSION INTI RC OM P \R IS O N

acTM

3 5 4 .0 355 .6 35?.? 3 56 .6 360.4 36?.0 3 63 .6 366 .? 3 6 6 .8

f n : .  2  A n n u a !  m e a n  s u r fa c e  C O ;  c o n c e n t ra t io n  ( p p n o  r e c o il in g  tr o in  th e  c o m b in e d  ir e l u i i s e  to  a  b a c k g r o u n d  c o n c e n t ra t io n  
o f  3M ) p p m )  b a c k g r o u n d  ( lu x e s  l o r  o u c h  o f  th e  m o d e ls .  T h e  U C I b  im x lo l \u r i a n t  is  n o t  s h o w n  s in c e  ils  s u r fa c e  d is tn h u l io n  is 

s e n  s im i la r  lo  ih e  U C I s ta n d a r d  \ c r s i o n .  T h e  g lo b a l  m e a n  s u r fa c e  c o n c e n t ra t io n  is  a l s o  e o n ip i i ie d  f o r  e a c h  m o d e l .
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H k. 3  A n n u a l  m e a n , z o n a l  m e a n  '- i i r l a a 1 C O :  c o n c e n t ra t io n  ( p p m )  r e s u l t in g  f ro m  I lie  in d iv id u a l  a n d  c o m b in e d  ( re la t iv e  lo  

a b a c k g r o u n d  c n n c e n tn i l io n  o f  ' 5 0  p p m )  b a c k g r o u n d  l l u \ e \  fo r  e a c l)  o f  I h e  iti ix le K  T h e  in le r h e in iv p lic r ic  d i f f e r e n c e  ( p p m )  

f o r  th e  b a c k g r o u n d  f o s s il  a n d  c o m b in e d  b a c k g r o u n d  C O ’ is  lis te d  in  th e  key  fo r  e a c h  m o d e l .  N o te  th a t  th e  s c a le  is  d i f f e r e n t  

l o r  e a c h  o f  th e  p lo ts .

llux response. T h e  1990 fossil d is tr ib u tio n  used  in th is 
s tu d ) is  the sam e as that used in T n tn sC o m  I hut the 
to tal e m issio n  is 5.N 1 G t C  y r 1 co m p ared  to  the 5 ..' Gt 
C  y r  1 p rev io u sly  used . A llow ing  fo r th is d iffe rence , 
e igh t vif the T ranxC om  I m odels  had  IIID s below the 
cu rren t ran g e (L aw  el al.. 1996) ind icating  an evo lu tion  
to  less v igo rous in terh e in isp h e ric  iranxjHm.

T h e  zonal m ean  su rface  co n c en tra tio n  fo r the b io ­
sp h ere  ex c h an g e show s m ore  sp read  in th e  northern  
m id- to  high  latitudes than  fo r fossil fuel em issions. 
In T ran sC o m  I (using  a d iffe ren t b io sp h ere  ex ch an g e) 
th e  m odel re su lts  clu stered  in to  tw o  g roups. H ere, this 
c lu ste r in g  is less ev id e n t, w ith  m odels  sp read  th ro u g h ­
out th e  3.5 ppm  range o f  co n c en tra tio n s  a round  6 0 -  
70 N. T h e  h ighest c o n c en tra tio n s  (s tro n g est rec tifica­
tion ) are  p ro d u ced  by M A TCTLNCFP. w h ile the w ea k ­
est rec tifica tion  is p ro d u ced  by the T M 2  m odel. T he 
R PN  m odel p ro d u c es  re la tive ly  large equa to ria l c o n ­
ce n tra tio n s . w hile the N IK E  co n c en tra tio n s  are g rea ter 
th an  fo r o th e r  m odels  a round  2 0 -3 0  N. B esides the 
large varia tion  in zonal m ean response  to  these  a n n u ­

ally balanced  fluxes, th e  m odels exh ib it large v aria­
tions in the spatial structu re o f  the re c tilic r re sponse  
w ith in  latitude zones (l-ig . 2>. S om e strong ly  re c tify ­
ing m odels  (e .g .. SK Y H I. M A T C H :M A C C M 2. R PN ) 
lim it co n c en tra tio n  m axim a to  the im m ed ia te  forcing  
areas o v er N orth  A m erica  and A sia , w here th ere  are no 
stations. O th ers  (N IE S . N1RE. V C B. M A TC 'H :N C EP) 
gen e ra te  b road  co n c en tra tio n  m ax im a over the n o rth ­
ern  high  la titudes  and  consequen tly  have substan tia l 
im pact at o b se rv in g  sites.

T h e  zonal m ean  su rface  co n cen tra tio n s  fo r the ocean  
ex c h an g e  show s im ila r s tru c tu re  fo r alt m tx le ls. T he 
tropica l so u rce  and  ex tra trop ica l u p tak e  resu lts  in a 
sm all m ax im um  co n c en tra tio n  in th e  tro p ics , w hich 
varies by about 0 .5  ppm  across the m odels. V ariations 
in the co n c en tra tio n  m inim a are larger, p a rticu la rly  
around  50  6 0  S. SK Y  Ml p roduces the low est c o n c e n ­
tra tio n s  in  both  hem ispheres , w h ile  M A TC M :CC M 3 
ex h ib its  low co n cen tra tio n s  a c ro ss  all la titudes. R PN  
exh ib its  the largest equatorial m ax im um  c o n c e n tra ­
tion . ’Die g rea tes t tro p ica l/ex tra tro p ica l g ra d ie n t is
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exh ib ited  by S K Y H I. w hile  UCI and  U C Ih exhib it the 
sm allest g rad ien ts.

T h e  zonal m ean su rface co n c en tra tio n  fo r the total 
background  lluxes show s how  so m e rm xlcls re spond 
s im ilarly  to the background  Huxes w h ile o th e rs  exhib it 
o ffse ttin g  responses. F o r ex am p le , w h ile  respond ing  
s trong ly  to  fossil fuel lluxes o \ e r  th e  northern  extra* 
tropica l so u rce  reg ion . M A T (T !:C C M 3 and R PN  e x ­
h ibit o n ly  a m odera te  response  to  th e  seasonal b io ­
sphere ex ch an g e . S im ilarly . M A TC 'H :M A C CM 2 and 
N lliS . w h ich  have a m odera te fossil fuel response, 
show  a s tro n g er response  to  the seasonal b iosphere 
exchange.

T h e  re m a in in g  m odels  show  so m e sim ilarity  in their 
re sponse to  th e  back g ro u n d  fluxes. In these  cases, m od­
els that p ro d u ce  large su rface g rad ien ts  fo r fossil fuel 
a lso  tend to  produce large g ra d ie n ts  for the background  
o ce an  ex c h an g e  and  exhib it a s trong  b io sp h eric  re c ti­
fier. T h is  is b road ly  consis ten t w ith  both  vertical tra p ­
p ing  o f  C O . in the low er m odel layers and  w ith  w eaker 
adveclive m ixing  as  co m p a red  to  m odels  exh ib iting  
sm aller grad ien ts.

T he spatial s tru c tu re  o f  su rface  C O : sim ula ted  by 
each  m odel iti re sponse  to  the total o f  th ese  background  
lluxes is d iffe ren t from  the o b served  spatial variation 
o f  th e  o b serv atio n s. B ecause  the back g ro u n d  lluxes 
are lived , the ad ju stm en t o f  the 22 reg ional (luxes is 
e m p lo y ed  in th e  inversion  to m in im ize th is residual 
co n cen tra tio n  response  tR C R ). T h e  R C R  values at all 
the o b se rv in g  s ta tio n s  (sm oo thed) is p lo tted  fo r each 
m odel in F ig. 4 . A ll m odels sftow positive R C R  values 
in the northern  m id -la titudes , im p ly ing  the need  for 
C O ; u p tak e  there . T h e  g rea tes t d iffe ren ces  in RCR 
values betw een  m odels  arc o v er the northern  m id ­
la titudes  (F ig . 4a). T h e  s tandard  dev ia tio n  o f  these 
R C R  values a c ro ss  the 17 m odels is less  than (1.4 ppm  
at m ost s ta tions , and g re a te r th an  1.0 ppm  at 6  stations. 
T h e  g re a tes t variab ility  is at H ungary  (zr =  2 .4  ppm : 
47  N. 16.7 R).

M odels  w ith  sm alle r back g ro u n d  IH D  values (C S C . 
JM A . M A TCI J:M A C C M 2 ) s im u la te  h ig h er R CR  val­
ues o v e r th e  sou thern  ex tra iro p ies  re la tive to  th o se  w ith 
la rg e r back g ro u n d  IH D  values (U C B , M ATCH :N CH P. 
M A T C H :C C M 3). T h is  suggests  a po ten tial re la tio n ­
sh ip  betw een  in terh en iisp h eric  tran sp o rt and  the m ag ­
nitude o f  th e  in ferred  (luxes in the sou thern  regions. 
M odels w ith v ig o ro u s in terh en iisp h eric  transport may 
requ ire  g re a te r up take  o v er th e  sou thern  ex tra trop ics 
re la tive to  those m odels  that exh ib it w e ak er in terhem i- 
sph eric  tran sp o rt. O v e r the n o rthern  m idd le latitudes, 
w here  the m odel sp read  is g re a tes t, th e  consisten tly

largest R CR  values arc sim ula ted  by M A T C il:N (T .P , 
N IR F  and  U C B . and  the sm alles t are sim ula ted  by 
T M 2, C S C . C S1R O  and JM A . T h ese  "c lu s te rs"  o f  re­
spo n ses  m ay p ro d u ce  sim ilarly  c lu ste red  in ferred  re­
g ional llux estim ates.

T h e  long itud ina l d istribu tion  o f  the R CR  values 
o v e r th e  northern  m idd le la titudes  varied co n sid erab ly  
am ong  the m odels (F igs. 4 b  and  4 c) . p a rticu la rly  at 
co n tin en ta l site s n ea r sou rce reg ions t iT N , B A L, SCH 
and H U N ). In g en era l. R CR  values increased  from  
w est to cast a c ro ss  N orth A m erica  and  F u ro |X \ w hich  
suggests  the need  for te rrestrial up take  in th ese  regions. 
T he largest w est to  east g rad ien ts o v e r  N orth  A m erica 
w ere ex h ib ited  by N I R t  and  R P N . w h ile the sm allest 
belong  to  L 'C lb  a n d T M 2 . U C Ib a n d  T M 2  also  had  the 
sm alles t g rad ien ts o ver F u ro p c w h ile M A T C H '.N C FP  
and  T M 3  had  the largest,

3.2. Inversion  results

3.2.1. M o d e l m enu  sensitivity. T h e  m odel m ean re­
su lts  fo r th e  con tro l inversion  w ere p resen ted  by G ur­
ney et al. (2002). T hey  found a S o u thern  O cean  sink 
co n sid erab ly  w e ak er than th e  p rio r e s tim ate  o f  Taka* 
hashi et al. F u rtherm ore , th is  resu lt w as not
sensitive to  th e  transport m odel used an d  w as w ell c o n ­
stra ined  bv observations, They a lso  found  reasonab ly  
s trong  data  c o n stra in ts  o ver th e  n o rthern  co n tin en ts , 
w ith  u p tak e  d is tr ib u ted  re la tive ly  even ly  a c ro ss  the 
northern  land reg ions. F inally, they found a very w eak 
data  c o n stra in t in the trop ics, w ith  trop ica l (lux e s ti­
m ates dep e n d in g  m ostly  on  p rio r in fo rm ation , m ass 
b ala n ce  co n stra in t an d  m odel transport.

T o test the dep en d en ce  o f  the m odel-m ean  inver­
sion on the p rio r (luxes an d  th e ir u n ce rta in tie s , we 
p erfo rm ed  the serie s o f  sensitiv ity  tests d esc rib ed  in 
T able 2. T h e  first rep resen ts inversions in w h ich  the 
p rio r llux un certa in ties  for bo th  land  and  o ce an  basis 
function  reg ions w ere increased  to  2. 5 and  It) G t C 
y r  ' .  b ring ing  the inversions c lo se r to  m ethods that 
d o  not use p rio r in form ation  to  co n stra in  the llux es ti­
m ates. T h e  resu lts  o f  this test are p resen ted  in F ig . 5. 
F o r m ost reg ions, the m ean llux es tim ates  (X  sym bols) 
are very in sensitive to  the p rio r in fo rm ation , and  lie 
w ith in  the uncertain ty  range o f  the co n tro l inversion. 
B xceplions are reg ions w ith few' (o r no) stations: the 
trop ica l and S ou th  A tlan tic  (all ca ses), northern  A frica 
( ± 5  and  ±  10 G t C  y r 1 cases) anti so u th ern  A frica and 
South  A m erica  ( i l O G t C ’ y r 1 case).

F or each  m odel an d  reg ion , th e  ligure d ep ic ts  an e s ­
tim a ted  (lux and  tw o  uncertain ty  m easu res. The first

T el I i n  551) ( 2 0 0 ) ) .  2
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a)

h i; .  ■/. ( a iS m ( H ) i I w i l ( m e a n o l  1(1 la t i tu d in a l  b in s )  r e s i d u a l c o n c e n t r a t i o n r e s p o n s e ( p p m ) a t  t h e 7 6 C O ;  o b s e rv a t io n a l  s ta t io n s  

to r  e a c h  o f  th e  m o d e ls ,  ( b )  S m o o th e d  ( th iv c  s ta t io n  r u n n in g  m e a n )  r e s id u a l  c o n c e n t  ra t io n  re s p o n s e  t p p n u  a t N o r th  A m e ric a n  
s ta t io n s  w ith in  th e  AO N  ti> 7 0  N  lo n g itu d in a l  b a n d . I .o n e i i u d e s  a m  l is te d  f o r  s ta t io n s  lo c a te d  o u ts id e  th e  c e n te r  o l  th e
ru n n in g  m e a n , t c t  S a m e  a s  i h ) h u t fo r  F .u ro p e .

u n ce rta in ty  m easu re is  th e  w ith in -m odel uncertain ty  
(c irc les) defined  in etj. (7). T h e  m ag n itu d e  o f  the d e ­
c rease  from  the prio r uncertain ty  in d ica tes  the deg ree  
to  w h ich  the linal llux es tim a te  is co n stra in ed  by the 
m easu rem en ts . F ig u re  5 show s tha t fo r som e reg ions 
the d a ta  co n stra in t do m in ates . A t th e  o th e r ex tre m e, the

lcllusss|li:<X >t>, 2

w ith in -m odel u ncerta in ty  lo r so m e reg ions increases 
sign ifican tly  as the p rio r  llux u n certa in ty  is increased . 
T h is  in d ica tes  that these  reg ions, lo r  ex a m p le  tropical 
A m erica, are poorly co nstra ined  by the C O j o b se rv a ­
tions. N o te tha t since  the overall g ro w th  ra te  o f  CO> 
in th e  a tm o sp h ere  is  spec ified  w ith  sm all uncertain ty
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T ab ic  2. H rie f d esc rip tio n  o f  the sen s itiv ity  tests

U si  / 1" I,<><>sc t ‘n ,n .s " i: T he p r io r  t h i \  u n c e r ta in t ie s  t o r  b o th  la n d  a n d  o c e a n  b ;w *  fu n c t io n  re g io n s  a re  in c re a s e d  to  2 . 5 

a n d  10 G tC  y r  1. T h e s e  c a s e s  b r in g  th e  in v e rs io n  c lo s e r  to  th o s e  m e th o d s  th a t  d o  n o t  u s e  p r io r  in f o r m a tio n  

t o  c o n s t r a in  th e  H int e s t im a te s .  

te s t  2 t "Aero h in d  P riord 'y .  T h e  p r io r  b a s is  fu n c t io n  la n d  l lu x e s  a r e  se t to  z e ro . S in c e  m a n y  t r o p ic a l  r e g io n s  a re  n m  
w e l l o b s e rv e d ,  it is  im p o r ta n t  to  c h e c k  how  s e n s i t iv e  th e  l lu x  e s t im a te s  a r e  to  th e  in c lu s io n  o f  la n d -s is c  c h a n g e  

in f o r m a tio n  in  th e  p r io r  llu x  e s t im a te s .

Test 2 t " N o  R ee l"):  T h e  b a c k g r o u n d  b io s p l to r ic  e x c h a n g e  is  s e t  to  z e r o . T h is  te s ts  th e  s e n s i t iv i ty  o f  th e  llu x  e s t im a te s  to  

th e  r e c tif ie r .  T h is  c a s e  w a s  a l s o  s h o w n  in  G u m e y  e t a l (21X12) hu t h e re  w e  a ls o  sh o w  in d iv id u a l  m o d e l  r e s u l ts  

i t s i  V ( "A d just R ee l"):  T h e  b a c k g r o u n d  b io s p l te r e  e x c h a n g e  ( lu x  u n c e r ta in ty  is  s e t  to  i .  1 0 0 '; .  T h is  t e s t s  w h a t r e c tiiie v  

m a g n i tu d e  th e  in v e rs io n  e s t im a te s  

/ r v /  5  ( "Aero O eeon  1  h e  b a c k g r o u n d  i v e n n  e x c h a n g e  is  s e t  to  z e r o . T h is  te s t s  w h e t I te r  th e  in v e rs io n  is  s e n s i t iv e  to  th e  

s p a t ia l  d is t r ib u t io n  in  th e  b a c k g r o u n d  o c e a n  l lu x .

vwih POI’W V

t ? i  m f id>-.,A.c

SX|W o T t  6 0 ] mi

: ® r , i ‘ r *  ■
(V : 1 *•

(•if:, x  R e s u lts  o f  U x t s e  P r io r s  c a s e  (s e n s i tiv  itv  te s t  I ). T h e  c o n tro l  in v e rs io n  is  d e n o te d  b y  th e  le f tm o s t  se t o f  s y m b o ls  
[ c r o s s e s ,  p o s te r io r  th i s  e s t im a te  ( in c lu d e s  b a c k g r o u n d  o c e a n  e x c h a n g e ) ,  c i r c le s ,  w i th in - m o d e l  Httx u n c e r ta in ly :  w h is k e r s .  

IxM w o o n -m o d e l llu x  u n c e r ta in ty ;  o u te r  b o x . p r io r  l lu x  u n c e r ta in ty  |. T h e  t  2  Ch. f -5  a n d  -t 10 G t C  y r  1 p r io r  u n c e r ta in ty  c a s e s  

a te  d e n o te d  p r o g re s s iv e ly  to  th e  r ig h t  o f  th e  c o n t to l  in v e rs io n . A ll  u n c e r ta in t ie s  r e p r e s e n t  I n .  M e a n  d o e s  n o t in c lu d e  C’S I R ( ).

T ellus 5511 I20IB ). 7
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(0.074(11 C y r  11, the slhii o f  the lluxes I'ronuhc poorly  
c o n stra in ed  reg ions is fixed. As the prio rs arc re laxed , 
d ip o les  o f  unrcalix iie .illy  large sou rces anil sinks up- 
l>ear in these  reg io n s, bin cance l each  o ilie r to  retain  
the o b se rv ed  m ass  o f  ( '()>  in th e  atm osphere.

T h e  second  uncertain ly  m easu re  is  the s tandard  d e ­
v iation  o f  the llux es tim a tes  ac ross  the en se m b le  o f  
m odels (e rro r bars) as defined  in eq . (8). T h is  m easure 
in d ica tes  the deg ree  to  w h ich  transport m odel d iffe r­
e n c es  c o n trib u te  to  the range o f  tlux estim ates . O v e r­
a ll. th e  betvveen-m odel uncertain ty  increases w ith  the 
w ith in -m odel uncertain ty  in F ig. 5, This reflec ts the 
in creasin g  sensitiv ity  o f  the inversion  to  d iffe ren ces  in 
transport a s  the p rio r  llux u n certa in ty  is increased . As 
the prio rs are " lo o se n e d ."  w e a lso  o b ta in  a som ew hat 
c lo se r  lit to  the observations: the m ean  data  m ism atch

dro p s from  0 .8 9  ppm  lo r the con tro l inversion  to  0 .77  
ppm  fo r ± 1 0  (I t O  y r 1 ease. T h is  m odest d ec rea se  in 
the m ean  d a ta  m ism atch  further su g g ests  a general lack 
o f  sensitiv ity  to  the p rio r  llux co n s tra in ts  ch o se n  fo r 
the con tro l inversion . T h e  large b etw een -m o d e l u n ce r­
tain ty  in som e reg ions m eans th a t, w hile  the m ean es ti­
m ated  llux can  be relatively s tab le, ind iv idual m odels 
can  give so m e very large lluxes. O v era ll, w e co nc lude  
that in reg io n s w ith s trong  d a ta  co n stra in t, the in ferred  
lluxes are  in sensitive to  th e  p rio r  fluxes, w hereas  in re ­
g io n s w ith  few observ atio n s  the fluxes are sensitive to 
both  p rio r in fo rm atio n  and  d iffe ren ces  in m odel tra n s ­
port.

H g u re  b show s resu lts  from  th e  o th e r fo u r sensitiv ity  
tests. W hen th e  land  p rio r fluxes are  set to ze ro  only  
the e s tim a ted  tro p ica l A sian flux c h a n g es  by g re a te r

Region

/•<\\ 6 . R e s u l t s  o f  s e n s i t iv i ty  te s t s  2 - 5 .  T h e  c o n tro l  in v e rs io n  is  d e n o te d  h v  th e  le f tm o s t  se t o f  s y m b o l s  ( a s  in  F ig . 5 ) .  T h e  

Z e r o  L a n d  P r im s  e a s e  (s e n s i t iv i ty  le s t  2 ) . N o  R e e l  c a s e  ( s e n s i t iv i ty  te s t  5 ) .  A d ju s t  R e c t  e a s e  ( s e n s i t iv i t y  te s t  4 ) .  a n d  Z e to  

O c e a n  ( s e n s i t iv i t y  te s t 5 )  a r e  d e n o te d  p ro g re s s iv e ly  to  th e  r ig h t  M e a n  d o e s  n o t in c lu d e  ( \S I R O .

I 'e llu s  5 5 l t  1 2 0 0 0 .  2
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than 0.2 G t C  y r  '. fcven lo r  th is reg ion , th e  new  llux 
e s tim ate  d o cs  not lie o u ts id e  the con tro l uncertain ly  
range, w h ich  at 0 .7 4  G t C  y r  1 is not m uch sm aller 
than  its p rio r uncertain ty  o f  0 .87  G t C  y r  1. T h is  is b e ­
ca u se  none o f  the 76  site s u sed  in the con tro l inversion  
co n trib u tes  m uch  co n stra in t to  th is  reg ion .

A s d esc rib ed  in G urney  e t al. (2002). rem ov ing  the 
b ack g ro u n d  b io sp h ere  duxes (th ird  set o f  estim ates 
in Fig. 6 ) has a large im pact in so m e n o rthern  reg ions 
w here  rectification  is p ro nounced ; m ean llux estim ates 
ch a n g e by up to  I . I G t ( '  y r 1 and  betw ecn-m ode l un ­
certainty is genera lly  reduced . For ex am p le , in alm ost 
all m odels. B oreal A sia ch an g es from  a m odera te  sink 
to a m odera te source. In T est 4 . w e allow  the inversion  
to o p tim iz e  the m ag n itu d e  o f  the seasonal rec tifie r by 
asso c ia tin g  a large p rio r uncertain ly  ( ±  1 (H fT ) w ith  the 
annually  b ala n ced  b io sp h eric  llux. T h is  ten d s  to  p ro ­
du ce  lluxes that a re  m id -w ay  betw een  the con tro l and 
the N o  R e d  case, consisten t w ith  th e  5(W  reduc­
tion  in the m odel m ean annua lly  balanced  b iospheric 
exchange. In th e  final test, rem ov ing  the background  
w e a n  flux had  a large r im pact in m any o f  the land  re­
g io n s co m p ared  to  ocean ic  reg ions, p robab ly  due to  the 
generally  large r p rio r u ncerta in ties  fo r land reg ions. 
H ow ever, none o f  th e  llux ch an g es is la rg e r than  the 
con tro l w ith in -m odel u n ce rta in ties  fo r (he appropria te  
region.

J .2 .2 . In d iv id u a l m o d e l results. T a b le d  lists th e  c o n ­
trol inversion  flux e s tim a tes  fo r th e  ind iv idual m odels 
w hen the land and  oce an  reg ions have been  aggregated  
separa te ly  in to  the southern  ex tra tro p ics , tro p ics  and 
northern  ex tra trop ics . F igure 7  show s s im ilar in fo rm a­
tion, p lo tted  as  diffe rences  from  the m o d e l m ean  flux  
for ea ch  reg ion , a lo n g  w ith  llux d iffe ren ces  fo r the 
N o R eel (test 3 ) and  Z ero  O c ean  (test 5) sensitiv ity 

tests. T he to tal land and  to tal ocean  llux es tim ates  e x ­
hibit co n sid erab le  sp read  am i are an ii-c o rre la tcd  since 
the total source is  constra ined . M A T O F N C H P  and
C 'SIRO  p ro d u ce  flux es tim ates  that lie o u ts id e  the re l­
atively large w ith in -m odel u n ce rta in ties  on  the total 
land  and to tal o ce an  reg ions. R em oval o f  the b ac k ­
g round  o cean  flux re d u ces  th e  ex ten t to  w hich  these 
tw o  m odels are  o u tlie rs , w ith  th e ir flux es tim a tes  now 
inside th e  w ith in -m odel u n certa in ty  range. It is not 
c le a r  w hy these  tw o  m odels  re sp o n d  in th is  w ay. since 
the streng th  o f  th e ir resjxm scs to  the back g ro u n d  ocean  
tracer are s im ila r to  those o f  o th e r m odels.

F o rth e  no rth ern , trop ica l an d  sou thern  reg ions, there 
is g re a te r m odel sp read  fo r the aggregated  land re­
g ions than  for the oceans. T h is  is d riven  by a c o m ­
bination  o f  the larg e r variab ility  in m odel response

to  annually  balanced  b iospheric  versus o ce an ic  b a c k ­
ground  fluxes (F igs . 2 and 3) and  th e  larg e r p rio r llux 
u n ce rta in ties  fo r land versus o cean  reg ions. T h e  in ­
fluence o f  the annua lly  balanced  b io sp h eric  flux re­
sp o n se  is ind ica ted  by the co n sid e rab le  reduction  in 
m odel spread  in the N o Rect sensitiv ity  test. Fur­
th e r ev id e n ce  for th is re la tio n sh ip  is ind ica ted  by a 
s trong  co rre la tio n  ( r  — - 0 .7 4 )  be tw een  the estim ated  
northern  land  flux fo r each  m ode! and  th e  annua lly  bal­
anced  b iosphere IH D  values w hereas  th ere  is no  co r­
re la tion  w ith  the fossil fuel IH D  values {r — - -0.04), 
F inally , Ihe largest northern  land c h a n g es betw een 
the contro l inversion  and the N o R e d  sensitivity  
test o cc u r fo r those m odels  w ith  the largest reetilie r: 
M A TCH : N C F P .M A 'K 'H : MAC’C M 2. N lb S . I 'C B a n d  
TW 3.

T h e  tropica l land llux e s tim a tes  are negative ly  co r­
re la ted  ( r  --- —0 .8 1 ) w ith the northern  land  estim ates . 
T h is o ccurs  because  th e  global g row th  ra te  is specified  
an d  w ith  little  observational co n stra in t n ea r the tropical 
co n tin en ts , these  trop ica l re g io n s act as  a  reposito ry  for 
the flux residual rem ain ing  a f te r o p tim iz a tio n  is m ade 
to  reg ions w ith s tro n g er observational constra in ts . Not 
surp rising ly . M A T O F.N C H P. w ith the largest rectifier, 
exh ib its  th e  largest trop ica l laud  flux change (2 .2  G t C 
y r  ' sou rce  t o - 0 .1  G t C  y r  1 s ink) w hen  the ree tilie r 
is ex c luded  in the N o Rect test.

T he aggregated  southern  o ce an  flux es tim a tes  show 
the least am oun t o f  m odel spread . As su g g ested  by 
the co rre la tio n  ( r  - -  0 .55) b e tw een  the to tal b ac k ­
g round  flux IH D  and the aggregated  so u th ern  ocean  
p o sterio r flux es tim ate , w eak er in terh e m isp h e rie  tran s­
port (large background  IH D  values) co rre la te s  w ith 
less aggregated  southern  o ce an  uptake re la tive to  the 
back g ro u n d  ocean  flux ( -  1.8 G t C  y r 1). T h is  lends 
su p p o rt to o u r  specu la tion  that w eak  in terhem ispherie  
transport lea d s  to  tow er southern  h em isphere  R C R  v a l­
ues w h ich , in tu rn , resu lt in less up take  in the a g g re ­
gated  so u th ern  ocean  re la tive to the back g ro u n d  flux 
in th is  reg ion . H ow ever, this re la tio n sh ip  d o e s  not hold 
w hen  th e  sou thern  land and so u th ern  ocean  are co m ­
b ined . suggesting  the in fluence o l o th e r (actors such 
as anom alo u sly  s trong  responses  al p a rtic u la r stations 
o r co m p e n sa tin g  tradeoffs w illt o th e r reg ions.

T able 4  lists the individual m odel flux estim ates 
and  th e ir  u n ce rta in ties  for all 22 land  and  ocean  re­
g ions. F igu re 8 show s s im ilar in fo rm ation  p lo tted  as 
d iffe ren ces  from  the m odel m ean llux fo r each  reg ion , 
fo r the contro l inversion  an d  the N o R eel sen sitiv ­
ity test. T able 5 lists  the ch a n g e in ind iv idua l m odel 
flux es tim a tes  w hen  the inversion  is  run w ithou t the

T e lh ts  5 5 P  2
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/■)'#. 7. A g g re g a t e d  p o s te r io r  llu x  tli f f e iv n c e v  f ro m  th e  m o d e l  m e a n  f o r  th e  c o n tro l  in v e rs io n  ( to p  row  in  e a c h  h o x ) .  th e  N o  

R e c t  c a s e  ( s e n s i t iv i t y  to s t .1. m id d le  ro w  m  e a c h  b o x ) a n d  th e  Z e r o  O c e a n  c a s e  ( s e n s i t iv i t y  te s t 5 . b o t to m  ro w  in  e a c h  b o x ) . 

T h e  b o x  r e p r e s e n ts  th e  w ith in -itK H le l u n c e r ta in ty  < lr r ) .  R e g io n a l  a g g re g a t io n  is  a s  fo llo w s : N o rth  la n d  ( B o r e a l  N  A m e rie a .  

T e m p e r a te  N  A m e r ic a .  E u r o p e ,  B o r e a l  A s ia .  T e m p e r a te  A s ia ) .  N o rth  o c e a n  ( N  P a c if ic .  N o r th e r n  O c e a n .  N  A tla n t ic ) .  T ro p ic a l  

la n d  ( N o r th e rn  A f r ic a . T r o p ic a l  A s ia .  T r o p ic a l  A m e r ic a ) .  T ro p ic a l  o c e a n  (W  P a c if ic .  F  P a c ific . T ro p ica l A tla n t ic ,  T ro p ic a l  
I n d ia n ) .  S o u th  la n d  ( S o u th e r n  A fr ic a . A u s tr a l ia .  S  A m e r ic a ) ,  S o u th  o c e a n  ( S  P a c if ic ,  S  A tla n t ic ,  S  I n d ia n . S o u l h e rn  ( )c e a n ) .

back g ro u n d  b io sp h eric  ex ch an g e . M ost m odel llux e s ­
tim a tes  lie w ith in  the es tim ated  uncertain ty  lo r  the re- 
sjreetive reg ions in  F ig. 8. T h is  dem o n stra te s  that the 
w ith in -m odel uncertain ty  e n c o m p asses  m ost transport 
d iffe ren ces  w ith  d itferen t m odels  prov id ing  the ex ­
trem e o r  o u tly in g  es tim a tes  in d iffe ren t reg ions, As 
w as noted in the aggregated  llux es tim ates , so m e o f  
the o u tly in g  to tal zonal es tim ates  can  be a ttrib u ted  to 
the m erid ional g rad ien t o f  the back g ro u n d  fluxes. R e­
su lts  for th e  com plete ' 22 basis function  re g io n s e x ­
h ib its  som e long itud ina l tradeoffs  as w ell. F o r ex a m ­
ple. m any m odels w ith  large up take  in cx lra trop ical 
A sia such as  M A T C H :M A (T M 2 . M A T C H :N C E P and  
C SIR O  show  large d o w n w in d  sources  in the N orth  P a­
c ific  reg ion . M o d els  w ith sm all co m b in ed  uptake iticx - 
tralrop ical A sia , such  as T M 2 , show the largest up take 
in th e  N orth  Pacific.

T he tw o  m odels w ith the greaiest co m b in ed  up take 
in N orth  A m erica . R PN  <— 1. 11 G t C  y r  1) an d  N IR F  
( - 1.06  G t C  y r 1). support th e  su g g estio n  that large 
w est to ea st d ec lin e s  in the R CR  values are  re la ted  to 
enhanced  up take . H ow ever, m odels  w ith  th e  sm allest

N orth  A m erican  up take  (UC'Ib and  G C T M l are not 
those W'ith the sm alles t west to  ea st g rad ien t. O ver 
tu ro p e . th e  m odels  w ith  th e  sm allest w est to  east g ra ­
d ien t. U C Ib  and  T M 2 . am  am ong  the th ree  m odels 
w ith  the sm allest F u ropcan  up take . A m ong  those w ith 
the largest E uropean  w est to  east R C R  g rad ien t, both 
N1ES and  T M 3  also  exhib it am ong  the g rea ies t lev­
e ls  o f  up take . U CB. how ever, has an  average  g radien t 
but co n sid erab le  uptake in K urope. In n o rthern  extra- 
trop ica l A sia, the re la tio n sh ip  betw een  the R CR  w est 
to  east g rad ien t and the es tim ated  flux appears less 
consisten t.

A n o ih er exam ple  o f  a re la tio n sh ip  betw een  the 
b ack g ro u n d  lluxes and  the m odel es tim ates  o f  rcg ion- 
spec ilic  lluxes arises in the Sou thern  O c ean  region. 
M odels tha t e s tim a ted  the sm allest up take  for the 
S ou thern  O cean  reg io n . SK Y H I and  M ATC'HiNCRP. 
w ere a lso  m odels that re sponded  m ost strong ly  to the 
backga> und o ce an  llux (F igs. 2 anti 3). p a rticu la rly  in 
th e  so u th ern  ex ira lrop ies . T hey  w e tc  a lso  a m o n g  the 
m odels  w ith  th e  low est R C R  values in the southern  
ex tra trop ics . S im ilarly , the responses  o f  the C SIR O

T o IIik  5 5 B ( 2 0 0  5). 2
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ensitivity test 3. bottom row in each box). The boxes represent the lb model mean within-model uncertainty ( lo  )

an d  S K Y H I m odels  lo  the b ac k g ro u n d  w e a n  tlux in 
the northern  ex tra tro p ics  w ere the m ost pronounced  
(F ig, 3 ) and  they a lso  p ro d u ced  the least u p tak e  in the 
n o rthern  w e a n .

In con trast to  the d ep e n d en c e  ol the es tim ated  lluxes 
on th e  g ra d ie n ts  in the b ac k g ro u n d  co n cen tra tio n s , 
th e re  are  a u trie ty  o f  in stances in w h ich  ou tly ing  
llux es tim a tes  are m uch  m ore dep en d en t on  m odel 
re sponses  at p a rtic u la r sites. For ex am p le , tw o  m od­
els  produce very large up take  fo r tem p era te  N orth  
A m erica . N IR F  an d  R PN . but fo r d iffe ren t reasons. 
R PN  is o n e  o f  tw o  m odels  w ith  a p ro n o u n c ed  fos­
sil fuel re sponse , p artic u la rly  o v er tem p era te  N orth 
A m erica. RPN also  ex h ib its  o n e  o f  th e  w eak er rec ti­
fier re sponses. A s a resu lt. R PN  exh ib its  the largest 
u p tak e  fo r the tem p era te  N orth  A m erican  reg ion  but 
show s little ch a n g e  in N orth  A m erica  w hen  the b a c k ­
g ro u n d  b io sp h eric  ex c h an g e is rem oved . N IR F  has 
large r re sp o n ses  th an  o th e r m o d e ls  at Key B iscay ne 
fo r back g ro u n d  fossil an d  b io sp h eric  lluxes and  for 
th e  tem p era te  N orth  A m eric an  reg ion . T h is resu lts  in 
s ign ificant u p take  fo r th e  NIRF. m odel in the ten t iterate 
N o rth  A m erican  reg ion , g re a te r than  all the m odels e x ­
cep t R PN . T h is  is confirm ed  by an  inversion  in w hich  
CT)j d a ta  fo r Key B iscayne are  exc luded . The NIRF. 
flux d iffe ren c e  from  the m ean is reduced  from  —0.76  
to  0 .2 4  G t C  y r ’ .

A s w ith  the aggregated  llux es tim a tes .T a b le  5 show s 
s ignificant c h a n g es o x er the northern  land  reg ions

T c l ltis  s s l t  12<M)3>. 2

w hen  th e  back g ro u n d  b iosphere ex c h an g e is  rem oved  
from  th e  inversion . In particu lar, large c h a n g es o cc u r 
o v er B oreal A sia w here  nearly  all o f  the m o d e ls  sh ift 
from  up take  to  em issions. T h e  tropica l land  reg ions 
a lso  exhib it sh ills  w hen  inverting w ithout the a n n u ­
ally b ala n ced  b io sp h ere . In particu la r, n o rthern  A frica 
becom es a sink  instead  o f  a  sou rce in m any m odels (or 
in the ca se  o f  N IR F , a m uch reduced  so u rce) w hen  the 
an n u a lly  balanced  b iosphere  is rem oved. T h is  ap p a r­
en t co m p e n sa tio n  betw een  northern  rectifier re sponse 
a n d  tropica l te rrestria l fluxes resu lts  from  the global 
m ass b ala n ce  co n stra in t anil the re la tive ly  sm all ocean  
p riors.

M odels that exh ib it s ign itican t su rface  g ra d ie n ts  in 
response  to  the b iospheric  ex c h an g e are not alw ays 
th e  m odels  show ing  large sh ifts  w hen th e  inversion  
e x c lu d es  th is back g ro u n d  llux. T h is  is d u e  lo  the sp a ­
tial pattern  o f  the rectifier in re la tion  lo  the position  o f  
the ob serv atio n al stations. For ex a m p le . S K Y H I show s 
o ne o f  the large r rec tifie rs (F igs . 2 and  3). but show s 
only  a m odera te sh ift in es tim ated  flux w hen the b ac k ­
g ro u n d  b iospheric  flux is rem oved. T h is is  d u e  to  the 
som ew hat lim ited  horizonta l transport o l back g ro u n d  
b iospheric  llux n ea r the surface over no rthern  an d  e a s t­
ern  A sia. S ince the fou r sta tions nea rest to  th is region 
are located  tow ards the easte rn  ed g e o f  the A sian  co n ­
tin en t, th e  re sp o n se  at these s ta tio n s  d o c s  not re lie d  
the streng th  o f  the SK Y H I rectification  o ver cen tral 
po rtions  o f  A sia.

3 8
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'lah lo  4 . P o sterio r  j in x e s  o tn l u n ce rta in tie s  ( frr. G tC xr '} J o r  in d iv id u a l m odels, co n tro l inversion

Region MeUel CST I.CH 13 i I ( Is tC Ih JMA
M VM M. 

U A J 3
M V tCII.

M l ! ’

Boreal N A 0,21 +  0.57 O.tu + 0.23 0-15 + 0 2 9 0 0 0  + 0 .3 ? 0 .5 ! -t  0.77 0 2 2  -.-0.53 on-l + 0 0 4 0.01 + o . 3h
'Iciii)S.'i .iIl- NA - I  02 ±  0.5” - 0. l t - ± 0.55 - 0.04 ± 0 .fi2 - 0.54 ± o .f t l --U.5 5 ± 0.(i2 - 0.93 -4- 0.(14 - 0.40 ±  0.5 3 ••(>.77 +  0.45
lio|* Ainenca I 2* t l.<w 1 Ot. i I Oft 0 7c  i 1 07 0  83 i 1.0-1 O.ftl ) 0  99 0 7 1 - 113 0  i 7 r i .Oft 0  <ft 1 1 O')
Souih America - 0.13 +  0.98 - 0.18 ± 0 .9 ! - 0.24 ± 0.90 0.1 2 ±  0 .91. - 0  24 ± 0.90 0.20 r. 1 Oi —0 .4S +. 0.94 -  1.0 * +O.SS
Northern A lik a 0.30 1  1 OS —0.10 ±  0  9 | - 1. 1 0 1 0 .9? - - l .5f t lo .X f t — 1. 1 ft 1  0 .9? -U..II 1  1 OS -O .S5 1  0 .9 ’ 0  Ift 1 0 .9 1
Southern Alficn 0 7 S +  0.80 0  79 +  0.82 0.37 + 01.4 031 +  1.02 n .42 1 0 M> 0  20 1 1 I 0 .?9vO.?X 1 03 + 0.74
Boie.il A-i.i 0*1 ± 0.52 - 0.53 ± 0 .5? 0.09 ± 0.58 0.00 ± 0.53 - o . t s  +<).5ft —t ).so  i  0,55 -O.ft.I ±  O.f.4 -  1.41 ± < U 3
tem perate V ia 1 ft? 3 0  79 1.21 1:059 ■0.9 9 .I .0 X! O ld  I  01.9 ) 03 1-0 79 0  14 •; (I 79 0 9 |.  + IlftO 0.47 ) <>M
[Topical \si.i 1 23 + 0  7 ? 1 19 ± 0.79 O.OS + 0  SO 0 2 2  + 0.73 O.IS-rOXO n o  - o 7o ll S 3 +  O 7S ) 34 -  (l.?ft
Australia 0  19 ± 0  33 0 ?9 ± i l 3ti 0.52 l O .U 0.51 j .  11.50 0  53 c. 0  7‘> O 15 ..-.0.30 O.o? -  0  19
|-|!1H|V 0 8 2  + 0  50 ■ 1 01 t o  59 0 32 + 0.52 0 55 +  0 4 1 O IS  + 0.54 - 0  87 + ( |  S4 0 4 7  + 081 0 .9(1 f  !> 3(1
N Pacific - 0  4(i ±  0 .2S - o . 2o ± 0.35 —o.tiS ±  0.37 - 0.22 ±  0.33 --o.5S 1 0 .3 4 -tl.ll? ±  0 40 o .l( i ±  0 .5 1 0.21 a.-0.21
VV Pacific 0  It. t 0  30 0  0-1 •) O 35 I) IS ! 0  35 0 4 4  r 0  31 0 3 s  t 0  79 O P  1 0  37 0 0 5  t 0  3 ’ 0 0 0  • 0  38
I- Pccitie o r i7 +  o j 5 0 70 +  0 34 I t|»  ± 0  33 0  55 r  , | 4fi 1 Id -  (I 33 0 4 "  - 0  3ft 0  Si r  0  39 0 83 r  (I 39
S P.tsifis - 0 .1 5 1 0  is 0.09 ± 0.59 0.38 ± 0  5ft 0  12 1  o.ft.I 0 .3'? a. 051) o .2S t. 0  ft! - o . i s  i  o.>: 0  27 a .o .M
Northern Occ.m 0 37 l .o  15 0 4 0  ,t 0  17 Oil? 1 0  21 0  19 IO .IS 1 >(i-1 t 0 7 0 0 ’*) J 0  P 0 2 1  1 0  I ’ 0  10 1 0 ) 3
\  Atlantic - 0 X7 ± 0,35 -•0.4s  ±  0  29 - 0  24 ± 0  52 - 0 3 8  ± 0,32 -0 .5 7  +  0.29 - 0  Hi 1 (13 ' --0.59 ± 0  3(1 - 0.12 +  0 .2*
Ilopic.tl Atlantis 1121 I 0.31 U.M t 0  34 0  09 -t 0  3(. 0 0 7  • 0  >3 0  00 t O 3S OOI 1 0  31 OOI i O 3 ' OOI 1 (1 34
S Atlantic 0  05 +  0 44 0  t 2 + 0  44 -0 0 4  +  0 -in OOS t  11 13 0 0 3  + 0  !(. 0  1)3 -M).[3 O 10 +  0 4 5 0 0 5  +  0 |3

Southern (k ca n - 0  79 1  0  29 - O  i l  J  0 2 5 - 0.75 1 0 ,5li - 0  II -I 0  2ft - 0.79 .1. 0 3 5 -O ft!  t 0  77 " 0  75 j .  0  ’ 7 --0 .I ?  1 0  19
h o p  liul ( Xv.in 0 fill t 0 5 0 0 17 t 0  32 0  30 1 0 10 OOft j  0  4ft 0 ,3 s  M i 33 (I 39 -! 0  M 0.18 | 0 0 0 9  > 0 3ft
S Indian Ocean - 0.56 ±  0.37 - 0  34 + 0  III —0 .8(i + 0.41 - 0 5 9  * 0.59 - 0.51 + 0 lo - 0  71 + 0.<K - 0  10 + tl.33 OOI ±  0.27
( itl’l ntl'Cl I|)|H1|I >5 2 ') * 1) 3 352 (1 i o  2 357 6 ' 0  7 357 t ; 1) 7 553 4 ■ O 7 38’ 9  O ' 387 I 1 1) 7 357 8 ( 1)7

■'The background ocean tlu \ has been included in the oceanic lluxes.

T h e  first and perhaps m ost imi>ortant re su lt tit’ th is 
ex perim en t is tha t m odel transport is as  large a co n trib ­
u tor to  the inversion  uncertain ty  as  the e r ro r  p roduced  
by lim ited  C O : observations, S om e o f  th e  individual 
m odel es tim a ted  lluxes can be readily  a ttrib u ted  to  how 
they respond lo  the back g ro u n d  llux fields. M odels 
that ex h ib ited  large ('()_■ co n c en tra tio n  m ax im a near 
and  dow n w in d  o f  large back g ro u n d  fluxes estim ate  
large uptake in th o se  sam e reg ions in o rd e r  to  best 
m atch  the C ( >  observations. M odels w ith  sm all CO? 
co n c en tra tio n  m ax im a estim ated  less up take  n ea r the 
back g ro u n d  lluxes hut co m p e n sa ted  fu rth e r dow n  w ind 
o v er o ce an  reg ions w ith  w eaker sou rces  ot sm all sinks. 
T h e  m odel re sponse  to background  fluxes w as not al­
w ays the host p red ic tor, how ever. M any o f  the regional 
llux e s tim a tes  fo r individual m odels w ere the resu lt o f 
s trong  responses  at particu la r s ta tio n s  o r  su b tle  trad e­
o ffs  and  co m p e n sa tio n  am ong regions.

T h e  resjM>nsc to  su rface S F fl lluxes w as eva luated  
in th e  p rev ious T ransC oin  2 ex perim en t (D enn ing  
et at.. 1999). M odels exh ib iting  sm all su rface  co n ­
ce n tra tio n  m axim a like T M 2 and an  e a rlie r variant o f 
the U C B  m odel system atica lly  u n d erestim a ted  the o b ­
served  m erid ional g rad ien t o f  S F h in the rem ote  m a­
rin e  boundary  layer, so  these m odels p robab ly  a lso  u n ­
d erestim a te  reg ional lluxes in the p resen t inversions. 
O n  the o th e r hand , m odels exh ib itin g  large surface
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S om e o cean  reg ions also  show  significant sh ifts  b e ­
tw een  inversions w ith  and w ithout the b io sp h ere  ex ­
change. F o r ex am p le , bo th  th e  N orth  P acific an d  N orth 
A tlan tic  exhib it the largest oce an  reg ion  sh ifts  betw een 
the tw o  ca ses , h ig h lig h tin g  the d o w n w in d  transjx trt o f  
the rectifier signal.

4. D iscussion an d  conclusions

T h e  T ra n sC o m  3 experim en t has a ffo rded  the first 
th o rough  investigation  o f  the ex te n t to  w hich  tran s­
p ort d iffe ren ces  am o n g  tra c e r  m odels  con tribu te  to  the
overall u n certa in ly  in inversion  e s tim a tes  o f  ca rbon  
sources  am i sinks. F ortunately , m ost o f  the m odels  that 
have been  used  to  perfo rm  ca rb o n  cy c le  inversions in 
the last dec ad e  p artic ip a ted  in the cu rren t experim en t. 
In add ition  to investigating  the sensitiv ity  o f  ca rb o n  in ­
versions to  tran sp o rt, w e have been  ab le  to co m p u te  a 
m odel m ean re su lt and  test the sensitiv ity  o f  the m odel 
m ean to various asp e c ts  o f  the inversion  setup . A c o m ­
pan ion  p ap e r (L aw  el al., 2003) ex te n d s  these  sen sitiv ­
ity tes ts  by e x p lo rin g  the response o f  th e  m odel m ean 
and ind iv idual m odel llux es tim ates  to  ch an g es in the 
observation  netw ork , th e  o bservational uncerta in ties , 
b ase line data  se lec tion  c r ite ria  and  lim e period .
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c o n c en tra tio n  m ax im a like T M 3 , w h ich  perfo rm ed  
b e tte r  at m arine  s ta tions , ten d e d  lo  o v erestim a te  co n ti­
nenta l c o n c en tra tio n s  o f  SFf, n ea r so u rc e  reg ions, p o s­
sib ly  re flec ting  excessive  vertical trap p in g  o f  tracer. 
A co m b in a tio n  o f  m odel re so lu tion , re so lved  advee- 
tive transport and  su h g rid -scale  vertical transport d e ­
tines th is trad e o ff be tw een  m erid ional g ra d ie n ts  and 
reg ional co n c en tra tio n  ex trem a w h ich  produce m ost 
o f  th e  variab ility  in m odel re sp o n se  and  th e re fo re  in 
flux uncertain ty .

W hen th e  fluxes in the cu rren t ex p e rim en t are  ag ­
g re g ated  in to  th iv e  zona l bands fo r the ocean  and  land, 
they  p rov ide  so m e instructive  ex a m p le s  o f  m odel b e ­
h av io u r in e s tim a tin g  zona lly  in teg ra ted  fluxes. T he 
tigh t o cean  c o n stra in ts  o f  the inversion  se tu p  and  the 
g re a te r  variab ility  in m odel re sponse to th e  terrestria l 
b ac k g ro u n d  fluxes exp la in  the g re a te r m odel sp read  in 
th e  es tim a tes  fo r land versu s  o ce an  reg ions. Rem oval 
o f  the b ac k g ro u n d  b io sp h eric  ex c h an g e consid erab ly  
reduces th e  m odel sp read  o v er land. F u rth erm o re , the 
tro p ica l land  ex c h an g e  is  inverse ly  re la ted  to  th e  no rth ­
e rn  land  up take , h ig h lig h tin g  the influence  o f  th e  lim ­
ited  observational co n stra in t in th e  trop ica l reg ions and 
the re q u ired  co m p lian c e  w ith  the overall m erid ional 
g rad ien t in th e  C O : o b servations. T h e  in fluence o f  the 
re e tilie r em p h a siz es  the need  to  o b se rv e  and  u n d er­
stan d  th is  phenom enon . B ecause inco rrec t spatial and 
tem p o ra l s tru c tu re  in th is  back g ro u n d  flux canno t be

I c l t u s  S S B  1 2 0 0 5 ) . 2

ad ju sted  by th e  inversion  procedure , e rro rs  in th e  sp ec­
ification  of the background  llux w ill be a lia se d  into 
e rro rs  in the reg ional flux es tim ates . F u tu re  T ran sC o m  
w ork in  w h ich  fluxes are ad ju sted  on  a m onth ly  b a ­
sis w ill e lim in a te  m uch  o f t  he fixed tem pora l structu re 
requ ired  by th e  cu rren t annual m ean inversion .

T h e  last con c lu sio n  that can  b e  d raw n  from  the a g ­
gregated  flux es tim a tes  is the re la tio n sh ip  b etw een  the 
S o u thern  O cean  up take  and in terh e m isp h e rie  tran s­
port: m o d e ls  w ith  large back g ro u n d  flux IH D s and  
h en c e  w eak in terhem ispherie  transport ten d  to  e s t i­
m ate  the g rea tes t reduction  in u p take  w hen com pared  
to th e  back g ro u n d  o ce an  flux fo r th is reg ion . L ike m any 
o f  the o th e r b ro a d  re la tionsh ips  b etw een  the b a c k ­
g ro u n d  fluxes an d  the es tim ated  m odel fluxes, th is re ­
la tio n sh ip  is  not un iversa l lo all the m o d e ls  and  som e 
ex c ep tio n s  rem ain.

F .x am in atio n o f the 22 reg ional flux es tim a tes  ac ross  
the m odels  fu rth e r ind icates so m e re la tionsh ips  to  the 
back g ro u n d  flux res[xm ses, though  g en e ra liza tio n  is 
m uch  m ore  ch a lle n g in g . For ex am p le , m odels w ith 
a  s trong  re sp o n se  lo  the back g ro u n d  o ce an  flux e s ti­
m ate the least u p tak e  in  both the S o u th e rn  O c ean  and  
n o rthern  o ce an  reg ions. M odels w ith  large west to  east 
RCR gra d ie n ts  ac ro ss  N orth A m erica  an d  F.urope are 
am o n g  th e  m odels  w ith  the greatest up take in these  re­
g ions. H ow ever, m odels  w ith  sm all g ra d ie n ts  are  not 
n ecessarily  th o se  w ith  little up take  in th ese  reg ions.
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F u rth erm o re . llio e s tim a ted  lluxes in northern  ex tra t- 
rop ica l A sia  ap p e ar to  have a lim ited  re la tio n sh ip  to  the 
d is tr ib u tio n  o f  back g ro u n d  flux response. A sia , how ­
ever. is w here the largest c h a n g es o c c u r in ind iv idual 
m odel llux es tim a tes  w hen  the b ac k g ro u n d  b io sp h ere  
e x c h an g e is re m oved  from  the inversion . M ost m od­
e ls  ex h ib it large c h a n g es in th e ir e s tim a ted  llux w hen 
th is  ch a n g e  is m ade, o ften  c h a n g in g  from  a sink to  a 
source.

In m any in stan ces , the m odel-to -m ode l d iffe rences 
a p p e ar to  re lie d  p a rtic u la r ind iv idual m odel re sponses 
at sta tions . S om e o f  th is  is due lo  the co in c id e n ce  
ol large co n c en tra tio n  g ra d ie n ts  and  s ta tio n  locations, 
w h ile  som e m ay he d u e  to  local transport d iffe ren ces  
at th e  su rface , such  as  convective tran sp o rt o r  the c o n ­
s tru ctio n  o f  th e  p lane ta ry  boundary  lay er (PB L ).

In co n tra s t to  the ind iv idual m odel llux estim ates , 
the m odel m ean  lluxes o u ts id e  o f  th e  trop ica l reg ions 
a p p e ar to  be re la tive ly  in sensitive  to  c h a n g es in e s t i­
m ates  o f  th e  p rio r  fluxes an d  p rio r flux uncertain ties. 
L ess u p tak e  in  the S o u thern  (X 'ean  than  has been  im ­
p lied  by o c e an o g ra p h ic  observ ations  and  a large and 
an  evenly  d is tr ib u ted  sink o v e r th e  n o rthern  con tinen ts  
rem ain  d esp ite  d ra m a tic a lly  in cre asin g  the uncertain ly  
h o u n d s on the prio r lluxes. e lim in a tin g  the prio r fluxes, 
o r  elim in atin g  the b io sp h eric  and  ocean ic  background  
fluxes. In th is sen se  th e  m odel m ean estim a tes  can  he 
c o n sid e red  robust to  these  aspects  o f  the inversion  se t­
up . A co m p a n io n  study  (L aw  el al.. 2 0 0 3 ) finds the 
m odel m ean llux es tim a tes  to  be re la tive ly  in sensitive 
to  varia tions  in the in co rp o ra tio n  o f  the observational 
data .

A b e lte r  unders tan d in g  o f  reg ional ca rb o n  budgets 
in the m idd le  la titudes  d ep e n d s on  im p ro v in g  th e  s im ­
ulated  tran sp o rt, w h e rea s  co n tid cn c e  in lluxes o ver 
the trop ica l c o n tin en ts  is p rim arily  lim ited  by sparse 
data . T h e  trop ica l land  fluxes are d e te rm in e d  p rim ar­
ily by g lobal m ass balance and  the lluxes in b e lter 
o b served  reg ions such  as  the northern  ex tra trop ica! re ­
g ions. C o m b in e d  w ith the lack o f  o bservational c o n ­
strain t is the ten d en cy  fo r d eep  m ixing  in the trop ics, 
w hich  leads to  w eak  responses at th e  su rface  in th ese  
reg ions. T he trad e o ff be tw een  an  un certa in  ree tilie r 
in Ihe n o rthern  ex tra tro p ics  and  the poor trop ica l da ta  
constra in t in d u ces  co m p en sa tin g  lluxes. M odels  w ith 
strong  rec tifie rs are ab le  to g enera te  large n o rthern  u p ­
take  and  still m ain tain  g lobal m ass  balance  by in tro ­
d u c in g  large trop ica l sources, and  vice versa. Im p ro v ­
ing the trop ica l observations m ight th ere fo re  p ro v id e  a 
b e tte r c o n stra in t on the ree tilie r e ffec t an d  th ere fo re  on 
m id -la titu d e  lluxes. C onverse ly , a be tte r und ers tan d in g  
o f  n o rthern  re e tilie r effec ts w ould  p robab ly  produce  
be tte r es tim ates  o f  trop ica l ca rb o n  budgets.
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Transcom 3 inversion intercomparison: Model mean results for the 
estimation of seasonal carbon sources and sinks
K evin  R obert G urney .1 R achel M. Law." A. Scott D en n in g .1 P eter J. R ayner,3 
B ernard  C . P ak .! D avid B aker.4 Philippe B ousquet,5 Lori B ru h w ile r/’ Y u-Han C hen .7 
P h ilippe  C ia is ,5 Inez Y, l u ng .7 M artin H eim ann ,4 Jasm in  John," Takashi M ak i,1"
S ham il M aksyu tov ,11 Philippe P ey lin ,5 M ichael P ra the r.'  and  S hoichi T aguch i13

R ece iv  e d  16 J u n e  2 0 0 3 ; re v is e d  2 4  O c to b e r  2 0 0 3 ; a c c e p te d  14 N o v e m b e r  2 0 0 3 ;  p u b lis h e d  2 4  J a n u a ry  2 0 0 4 .

[i| T he  TransC 'om  3 experim en t w as begun  to  exp lo re  the estim ation  o f  carbon sources 
and  sinks v ia  the  inversion  o f  sim ulated  tracer transport. W e bu ild  upon  previous 
TransC 'om  w ork  by  p resen ting  the  seasonal inverse results w hich  p rov ide  estim ates o f  
carbon flux fo r 11 land  and 11 ocean reg ions u sing  12 a tm ospheric  transport m odels. T he 
m on th ly  tluxes  represen t the  m ean seasonal cyc le to r  the 1992 to  1996 tim e period. T he 
sp read  am o n g  the m ode l results is la rger than the  average o f  the ir estim ated  tlux 
u ncertain ty  in the northern  ex tra trop ics and  v ice  versa in the tropical reg ions. In the 
northern  land reg ions, the m odel sp read  is la rgest during  the g ro w in g  season. C om pared  
to  a seasonally  balanced  b io sphere  p rio r flux genera ted  by  the  C A SA  m odel, w e find 
sign ifican t changes  to the ca rbon  exchange in the  E uropean  reg ion  w ith  g rea te r g row ing  
season  net up take  w hich  persists  into the  fall m onths. B oth  B oreal N orth  A m erica and 
B oreal A sia show  lessened net up take at the o nset o f  the g row ing  season  w ith  Boreal A sia 
a lso  exh ib iting  g rea ter peak g row ing  season net uptake. T em perate A sia show s a dram atic  
sp ringw ard  sh ill in the peak  tim ing  o f  g row ing  season  net up take relative to the neutral 
C A SA  flux w hile  T em perate N orth  A m erica exh ib its  a b road  flatten ing  o f  the seasonal 
cycle . In m ost o f  the ocean  reg ions, the  inverse fluxes exh ib it m uch g reater seasonality  
than  that im plied  by the  A pC O  . derived  fluxes though  this m ay  be due, in part, to 
m isa llocation  o f  ad jacen t land flux. In the S ou thern  O cean , the austra l sp ring  and fall 
exh ib its  m uch  less ca rbon  up take  than  im plied  by A p C O , derived  fluxes. S ensitiv ity  
testing  ind ica tes that the  inverse estim ates are not overly  influenced by  the  p rio r flux 
cho ices. C onsiderab le  agreem en t ex ists  betw een  the  m ode l m ean, annual m ean resu lts o f  
th is  s tudy  and  that o f  the  p rev iously  pub lished  TransC 'om  annual m ean  inversion. The 
d iffe rences that do  ex ist a re  in poo rly  constra ined  reg ions and tend to exh ib it 
com pensato ry  fluxes in o rd er to  m atch  the g lobal m ass constra in t. T he d ifferences 
betw een  the estim ated  fluxes and  the  p rio r m ode l ov er the northern  land reg ions cou ld  be 
d u e  to  the p rio r m ode l resp iration  response to  tem peratu re. S ignificant phase  differences, 
such  as  tha t in the T em perate A sia  reg ion , m ay b e  due  to  the lim ited  observations fo r that 
reg ion . F inally , d iffe rences in the boreal land reg ions betw een  the p rio r m odel and  the 
estim ated  fluxes m ay  be a  reflection  o f  the  tim ing  o f  sp ring  thaw  and  an  im balance in 
resp ira tion  versus pho tosyn thesis. In d e x  TERMS: 0322 A tm ospheric C om position  and Structure: 
C onstituent sources and  sinks; 1615 G loba! C hange: B iogcochcm ical processes (4S05): 0315 A tm ospheric 
C om position  and  S tructure: BiospheiV ''atm osphcrc in teractions; KEYWORDS; carbon transport, inversion
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1. Introduction

[:] The spatial and temporal pattern o f  atmospheric 
COs can be used lo infer sources and sinks o f  carbon 
through the inversion o f  atmospheric tracer transport. A 
quantitative understanding o f  sources and sinks in both 
space and tim e is an essential ingredient to  reliably 
predicting future levels o f  atmospheric C*02, The use o f 
the inversion technique has been em ployed at a variety o f  
temporal and spatial scales. With the increase in spatial 
coverage o f  CO ? observations and the development o f  31) 
tracer transport m odels, recent inversions have been 
performed at the continental scale and have explored 
both the seasonal cycle o f  carbon sources and sinks and 
their interannual variability \E n t in g  e t  a l . .  1995; F a n  e t  
a l . .  1998; R a v n e r  e t  a l . .  1999; B o u s q u e t  e t  a l . .  1999. 
2000; B a k e r , 2001; G u r n e y  e t  a l . .  2002; P e y l in  e t  a t .. 
2002; G u r n e y  e t  a l .  2003]. fu rther reductions in spatial 
scale have been attem pted through the use o f  adjoint 
transport models though the current global C 0 2 observa­
tional network poses a constraint on the reliability o f  
fluxes estimated at subcontinental scales [ K a m in s k i  e t  a l .  
1999: R d d e n h e e k  e t  a l .  2003].

[.»] Estimates o f  continental carbon sources and sinks in 
the last decade have show n considerable disagreem ent. 
Though m any aspects o f  these studies share com m on 
elements, different tracer transport models were often used. 
The primary goal o f  the TransCoin 3 experiment was lo 
assess the contribution o f  tracer transport to the spread o f 
atmospheric C 0 2 inverse results and builds on the earlier 
TransC’om work | L a w  e t  a l .  1996; D e n n in g  e t  a l .  1999]. 
The experim ent can also  test o ther sensitivities in the 
inversion process (e.g.. inversion set-up. observational data 
choices) since m ore reliable results arc expected by exam ­
ining sensitivities with a range o f  transport models than with 
ju s t one or two.

[i] TransC’om 3 was designed to estimate carbon sources 
and sinks at annual, seasonal, and interannual timeseales. 
Annual mean results have already been published elsewhere 
and have reported on the model mean results o f  the control 
or “ base case" inversion, the sensitivity o f  this control ease 
to  inversion set-up/observational network choices, and 
m odel-to-mode! differences [ G u r n e y  e t  a l .  2002. 2003; 
L a w  e t  a l .  2003]. Analysis o f  the intcrannual results are 
currently underway.

[>] Here w e present an average seasonal inversion result. 
In this experiment, we estimate fluxes for each m onth o f  an 
average year determined as the mean o f  the 1992 to 1996 
period. Section 2 provides a description o f  the methods 
em ployed including the choices involved in creating the 
control inversion set-up. Section 3 presents the model mean 
results o f  the control inversion including sensitivity to 
aspects o f  the inversion set-up. Section 4 contrasts the 
current results to  the annual mean control inversion and 
discusses possible m echanism s responsible for the estimated 
regional fluxes. This paper focuses on the model average 
results, fu tu re  work will explore the modei-to-m odel differ­

ences. While the model average is not presented as the mean 
o f  a random ly varying statistical ensem ble, it does represent 
a compact representation o f  the tendencies inherent in the 
majority o f  models used in inverse work in recent years. It is 
important to note that individual model estimates cannot be 
judged by their proximity to the model mean.

2. M ethods

](<] The inversion approach used in this study follows the 
Bayesian synthesis method | T a r a n tu la ,  1987; F a t in g .  2002] 
A detailed description o f  the form alism  em ployed and 
references to source material is given in previous work for 
the annual mean TransCom inversion \G u r n e y  e t  a l .  2003]. 
The method used here is the same except that monthly mean 
C 0 2 observations are used rather than the annual mean 
values.

[vj Because results from a group o f  transport models will 
be presented, two different m easures o f  uncertainty will be 
com puted in the present work. The RMS o f  the individual 
model flux uncertainties can be calculated as

where S is a model flux estimate and C  (S)„ represents the 
monthly posterior uncertainty estimates for each model. We 
designate th is mean uncertain ty  the  “ w ith in -m odel" 
uncertainty. The spread o f  flux estimates across models is 
represented by the standard deviation.

and designated the "betw een-m odel" uncertainty. Unless 
specifically noted, all uncertainties quoted in the text 
represent the total uncertainty which arc the within- and 
betwocn-model com bined in quadrature.

2.1. Experimental Design
2.1.1. Forward Simulations

01 Twelve transport models (or model variants) ran a 
series o f  forward CO? tracer simulations [ G u r n e y  e t  a l .  
2000] in o rder to construct m odel-specific response 
Junctions used to perform the inversion for seasonal carbon 
sources and sinks. Though monthly fluxes are resolved in 
the current study, the same 12 transport m odels were also 
included in an annual mean inversion and are described in 
detail in previous work \ G u r n e y  e t  a l .  2003].

| ‘>| For the seasonal experiment presented here, the for­
ward simulations were run as greens functions. A total o f  
268 tracers were simulated by each model, four o f  which 
were “ background" global fluxes and 264 o f  which were 
reg io n /m o n th  fluxes re p re sen tin g  a co m b in a tio n  o f

2 o f  18
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12 months and the 22 land and ocean regions described in 
the annual mean inversion experim ent [G u rn e y  e t  a l . .  2002], 
The background lluxes were emitted for a single year, then 
discontinued, allow ing the C 0 2 concentration field to decay 
for the following 2 years o f  simulation. The regions month 
flux com binations were emitted for a single m onth then 
discontinued for the rem ainder o f  the 3-year simulation. 
These responses were converted to a single 12-month 
stationary response by com positing like months (summing 
all Januaries, all Februaries, etc., in the 3-year span) and 
detrending (rem oving the concentration trend resulting from 
the constant em issions in the forward simulations).

[io] The four background fluxes consisted o f  1990 and 
1995 fossil fuel em ission fields, an annually  balanced, 
seasonal b iosphere exchange and air-sea gas exchange 
[A n d n 's  f t  a l . , 1996; R a n d e r s o n  e t  a l . . 1997; T a k a h a sh i e t  
a l . .  1999; A. I.. B renkert. Carbon dioxide em ission 
estim ates from  fossil-fuel burn ing , hydraulic cem ent 
production, and gas flaring for 1995 on a one degree grid 
cell basis, availab le at h ttp ://cd iac .esd .om l.gov /ndps/ 
ndp058a.html). These fluxes are included in the inversion 
with a small prior uncertainty so that their m agnitude is 
effectively lixed. The 264 region/month fluxes estimated by 
the inversion are deviations from these global background 
fluxes for each m onth in a clim atological year. The 
background fossil fuel em ission fluxes w ere prescribed 
without seasonality. The neutral terrestrial fluxes were 
purely seasonal, and the background ocean fluxes were 
prescribed with both seasonal variations and annual mean 
uptake.

[n ] Further details and references for the forward fluxes 
are given by G u n w v  e t  a l. (2002). Full details o f  the 
experimental protocol are presented by G u r n e v  e t  a l. 
[2000].
2.1,2. Inversion Set-Up and Observational Data

[ i f ]  Prior estim ates o f  the fluxes in each o f  the 264 region 
month flux com binations w ere determined from independent 
estim ates o f  terrestrial and oceanic exchange. The land 
region prior flux estim ates incorporate results from recent 
inventory studies and are identical to the annua! mean values 
used in the annual mean inversion [G n rn e v  e t  a l . , 2003]. 
W here more than one estimate for a given region was 
considered, a midpoint o f  the estimate spread was used. 
Because the land region prior fluxes arc only available as 
annual mean values, these were distributed evenly over those 
months considered the most likely to capture the em ission or 
uptake im plied by the prior flux. The ocean region prior flux 
estim ates were prescribed as zero for each month.

(i?J The prior flux uncertainty is im portant for keeping 
the estim ated  fluxes w ithin b iogeochem ically  realistic 
bounds. For land regions in a given m onth, we chose the 
com bination o f  the uncertainties em ployed in our annual 
mean control case [C7i//'mt e t  a l ., 2002], and 30% each o f  
N PP and respiration provided by the CASA model o f  net 
ecosystem  production [R a n d e r so n  e t  a ! ., 1997). Since it is 
unlikely that a given region/month flux adjustment would 
exceed these values, this provides a reasonable, ecologically 
relevant upper bound. The prior ocean uncertainties were 
twice the annual mean uncertainty values used in the annual 
mean control inversion.

[i t] We invert 5-year (1992 1996) mean measurements 
for each m onth at 75 sites taken from the GLOBALVIEW - 
2000 data set [ G L 0 B A L V IE W -C 0 2 . 2000], GLOBALVIEW  
is a data product that interpolates C ()2 measurem ents to a 
com m on 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% o f  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 rem oved due to recent 
w ork showing Darwin as unrepresentative o f  the region 
[L a w  e t  a l . .  2003]. The uncertainty attached to each data 
value, C ( D ) ,  was derived from the monthly residual 
standard deviation  (R SD ) o f  individual observations 
around a smoothed time series as given by GLOBALVIEW  
This choice w as based on the assum ption  that the 
distribution o f  RSD (higher R SI) values for northern and 
continental sites and low er RSD values for Southern 
Hem isphere oceanic sites) reflects the high-frequency 
variations in transport and regional flux that large-scale 
transport m odels are unable to  accura te ly  sim ulate. 
G L O B A L W E W -C 0 2  [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 o f  the 
1992 1996 mean annual RSD  to the 1979 1996 mean 
annual RSD.

115] Direct use o f  the RSD values for the data uncer­
tainty results in a total reduced \ 2 that is much smaller 
than unity [T a ra n to la . 1987. p. 212]. This indicates that the 
predicted concentrations flt the data much better than the 
uncertainty assigned to the data itse lf and that the uncertainty 
should be reduced. The aim  is lo scale the RSD such that the 
inversion produces a total \ 2 o f  1.0. W hen m aking this 
adjustment, we limit the reduction such that the minimum 
uncertainty at any site is equivalent to 0.25 ppm on the 
annual m ean concen tration  and we also  ad just the 
uncertainty to r data records that are co-located. The details 
are as follows: the RSD was divided by (3 .6 * P ) t ls  where 
P  is the proportion o f  real data in the record and 3.6 
is chosen to  satisfy our total \ "  criteria. These monthly 
u n ce rta in tie s  w ere  co n v e rted  to  eq u iv a len t annua l 
uncertainties with the following expression:

where a„ is the equivalent annual uncertainty, rr,„ is the 
m onthly uncertainty, and A  represents the autocorrelation 
tim esca le  fo r the specific  station  (typ ica lly  around  
4 months). If  the annualized uncertainty w as less than the 
minimum uncertainty used in the annual mean control 
inversion o f  0.25 ppm. the monthly uncertainty values were 
increased to an uncertainty given by

n ”im -  0 .2 S * \M . (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 each o f  the participating tracer transport 
models. Sec color version o f  this figure at back o f  this issue.

Finally, the uncertainty was increased for those sites that are 
likely to  occur in the sam e m odel grid-cell. These 
adjustments gave values ranging from 0.17 ppm  for a given
m o n th  a l  r e m o te ,  “ c l e a n  a i r ' '  s i t e s  lo  4 .8  p p m  fo r
continental, “ noisy" sites and a mean total \~  averaged 
across the models o f  1.0.

3. Results
3.1. Background Simulation Results

|ih | The forward sim ulations o f  the four background 
fluxes provide a m easure o f  m odel-to-m odel transport 
differences. Figure I shows the zonal mean seasonality o f  
the model response to the background fluxes at the surface. 
The seasonality for each o f  the models reflect both the 
seasonality in the surface forcing and transport.

[ it] A strong seasonal response is evident in the Northern 
Hemisphere for the MATCH variants, NIES, NIRE, and 
TM 3 w hile C SU . JM A , UCI. and TM 2 exh ib it w eak 
northern seasonality. The response o f  the GCTM  model 
shows a w inter maximum that places it in the middle o f

the participating m odels but exhibits a strong sum m er 
concentration minimum.

[is] The spatial extent o f  the maxima is also variable 
a m o n g  th e  m o d e ls .  O t’ th o s e  m o d e ls  w i th  a  p ro n o u n c e d  
seasonal response, M ATCIENCEP and NILS show winter 
m axima that stretch almost evenly from 45°N to the pole 
w hereas the other strongly seasonal models exhibit less 
extensive w inter maxima.

[iyj Though the full latitudinal distribution o f  the back­
ground simulation provides a useful overview  o f  the differ­
ent model responses, the inversion results are driven by C O i 
observations at the stations only. Figure 2 show s the 
simulated background seasonal am plitude at stations north 
o f  3S°N latitude plotted against the observed seasonal 
amplitude. In this figure, the seasonal am plitude is defined 
as the background response difference between the average 
ol’ October through Mareh (maximum ) and the average o f  
June through August (minimum) at the stations. The figure 
also provides the average am plitude value across all the 
stations north o f  35°N for each o f  the models and a one-to- 
one line.
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F igu re  1. (continued)

|:oJ Consistent with Figure 1. some o f  the models exhibit 
weak northern seasonality (C'SU, TM 2. UCI. and JM A ) 
w hile others produce greater seasonality (NIRE. NIES, and 
M :NCEP). This spread in model behavior has been previ­
ously noted to r borh biosphere CO.-> and the SF,n tracer and 
tends to relate to the vigor o f  vertical transport \G u r n e y  el 
a l . . 2003; D e n n in g  e t  a l . ,  1999|. Both the m agnitude and the 
model spread evident in the seasonal response to the 
background fluxes are dom inated by the background 
biosphere exchange. Through the inversion process, in 
w hich mism atches between the background response and 
the observed concentration are minimized (m odulated by 
the station uncertainty), m odels 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 w ith a different neutral 
biosphere exchange and a som ew hat different group o f  
tracer transport models showed consistent overestimulion 
o f  the seasonal am plitude in the Northern Hemisphere [/.</»• 
e t  a l .. 1996. Figure I0J. Since the biospheric exchange 
dom inates the seasonality o f  the background flux, this

suggests that the current CA SA  neutral biosphere fluxes are 
much more consistent with the CO^ observations than 
fluxes used in the past.

3 .2. Inversion  R esults
3.2.1. M odel M ean R esults

[::) Figure 3 shows the control case estimated seasonal 
fluxes, prior fluxes, and uncertainties for the ocean and land 
regions com bined into north, tropical, and south aggregates. 
The estimated fluxes do not include fossil fuel and represent 
the average across the 12 models.

[:*] Two m easures o f  uncertain ty  are  presented  in 
Figure 3 (see section 2). For any region, the “ within 
uncertainty” (distance from posterior flux to circles) must 
be sm aller than the prior flux uncertainty (distance from 
prior flux to heavy dashed lines). The m agnitude o f  the 
decrease indicates the degree to which the final flux 
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 num ber o f  observing sites and sites with relatively 
small data uncertainty.
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Figure 2. Simulated background seasonal am plitude versus the observed amplitude at stations north o f  
35°N. Am plitude is defined as the mean O ctober 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 o f  this figure at back o f  this issue.

(24] The “ between uncertainty*' (error bars) indicates the 
degree to which transport model differences contribute to 
the range o f  flux estimates. On land, between uncertainties 
are largest in the tropical region. The ocean regions exhibit 
between uncertainties that are largest over the tropics and 
southern latitudes. The uncertainty also varies over the 
course o f  the year. For exam ple, the northern land region 
exhibits the largest between uncertainty during the northern 
growing season.

| 2 ' j  The relative m agnitude o f  these tw o uncertainty 
m easures provides a reflection o f  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 extrairopieal regions where more observing sta­
tions are available show between uncertainty values that are 
larger than the w ithin values. In those regions where 
observations are limited, such as the tropical regions and 
the southern land regions, the opposite occurs. In some 
r e g io n s  s u c h  a s  t h e  s o u th e r n  e x t r a t r o p i e a l  o c e a n s ,  t h e  
dom inance o f  simple advective flow and the relative avail­
ability o f  observations with small variability com bine to 
provide between and w ithin uncertainties that arc o f  similar 
m agnitude and represent a significant reduction o f  uncer­
tainty from the prior.

[2t*] In the Northern I lemisphere land region, the estimated 
fluxes in Figure 3 show less em ission during M arch. April, 
and Septem ber and greater uptake during July relative to the 
prior flux. Significant monthly departures from the prior 
oceanic flux occur in all o f  the aggregated ocean regions 
showing greater seasonality in all instances. However, the 
correlation (0.66) in the estim ated seasonality between 
the ocean and land for the northern latitudes suggests the 
possib ility  that som e o f  the land seasonality  is being 
m isallocated to the neighboring ocean region. Phis is further 
explored in section 3.2.2 w here the sensitivity to  prior 
uncertainties is tested.

[_'•?] D isaggregation o f  the land regions is show n in 
Figure 4. Tropical and Southern America are not shown 
as very few significant departures from the prior llux occur 
in any months. In addition to the total prior flux shown in 
Figure 4 for each o f  the land regions, the portion o f  the prior 
flux associated with the neutral b iosphere exchange is 
shown. The difference between these two priors is the flux 
derived from inventory studies as discussed in section 2 .1.2.

j2x| In Boreal North America there are deviations outside 
o f  the uncertainty range from the prior model in April, June, 
and August. The departures in June and August suggest a 
phase shift in the growing season with the estimated uptake 
occurring later in the year. M odel spread is largest in the 
summer months and is primarily due to discrepancy am ong 
the models concerning the timing o f  the maximum seasonal 
uptake.

| 2‘>j Europe shows significant deviations from the peak o f  
the growing season in June through Septem ber with greater 
net uptake during these months. This increased net uptake 
relative to the prior is exhibited by every model.

j joJ Boreal Asia shows results similar to the boreal region 
o f  North America. Small but significant adjustm ents to the 
prior flux occurs in March and April indicating a reduction 
in early spring emissions. Less net uptake is indicated in 
June and more net uptake is indicated in July. In Temperate 
North A merica, the estimated fluxes exhibit a lessened 
seasonal am plitude relative to  the prior estim ates with 
significant deviations occurring in spring and late fall 
months.

j o |  Tem perate Asia exhib its a large deviation from 
the prior flux in the m onth o f  June with model mean 
uptake estimated at -5 .1  *  2.6 Gt (.'/year as opposed to 
- 1.2 Gt C /year for the prior estimate. As a result, the 

overall liming o f  the summer uptake maximum is shifted 
(June/July) toward the spring relative to the prior season­
ality (August). This could be due to  an error in the timing o f  
the prior seasonality  (CA SA  m odel output) o r a real
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F igure 3. Model mean estimated flux, prior flux, prior uncertainties, and posterior uncertainties tor 
aggregated land and ocean regions. The fluxes do not include fossil fuel emissions. Different scales are 
used for the land and ocean regions.

advance o f  net uptake in the 1992 to 1996 tim e period 
(assum ing the prior model was correctly capturing the long­
term seasonality o f  this region). Only M :M ACCM 2 places 
the m aximum net uptake in August although July has nearly 
the sam e level o f  net uptake. The two African land regions

and Tropical Asia show some significant departures from 
the prior flux but due to  a lack o f  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. Mode! mean estimated flux, total prior flux, neutral biosphere prior flux, prior uncertainties, 
and posterior uncertainties for selected land regions. Numerical estimate o f  annual mean flux and total 
uncertainty is provided in each figure. Note that the vertical scale varies. The (luxes do not include fossil 
fuel emissions.

14?] Disaggregation o f  selected ocean regions is shown in 
Figure 5. In many cases, greater seasonality in ocean 
exchange is implied in the inverse results than was present 
in the prior ocean flux.

[u ]  All o f  the northern ocean regions exhibit heightened 
seasonality w ith both the North Pacific and the North

Atlantic showing seasonality that is somewhat out o f  phase 
with the prior ocean exchange. As mentioned in the dis­
cussion o f  Figure 3, the estimated seasonality has similar­
ities to the adjacent terrestrial seasonal cycle and may he an 
indication that terrestrial flux is being incorrectly allocated 
to neighboring ocean regions. In the case o f  the Southern
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Figure 5. M odel mean estim ated flux, total prior flux, prior uncertainties, and posterior uncertainties for 
selected ocean regions. Numerical estimate o f  annua! mean flux and total uncertainty is provided in each 
figure. Note that the vertical scale varies. The fluxes do not include fossil fuel emissions.

Ocean region, the fall and spring exchange estimated here 
suggests less uptake than the prior flux. This may explain 
the discrepancy between the annual mean estim ates o f  
ocean flux derived from A pCOi measurements and those 
estimated with the inverse estimate [ G u r n e y  e l  a i .  2002].

The greatest differences between the prior and estimated 
flux occur during the austral fall and spring months. Ocean 
CO? measurements are typically only taken during the 
summer months. Recent ocean measurem ents taken during 
January and August 2000 in the Indian Antarctic sector o f
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the S outhern  O cean support th is hypo thesis. These 
m easurem ents showed seasonal variations in pC'O? values 
south o f  50°S that indicate CO? uptake in sum m er and 
em ission in w inter [Mctr.1 e l  a f . . 2001 j. Furthermore, a ID 
biogeochemical simulation performed in the same study for 
all months in the year 2000 showed a seasonality similar to 
that found here. If the seasonality exhibited in this work is 
true for other parts o f  the Southern O cean, this would 
reduce the Southern Ocean ApCO?-based uptake estimate, 
which is currently determined predom inantly by summer 
measurements.

[jj] All the tropical ocean regions shown in Figure 5 
exhibit greater uptake during the July to September months 
com pared to the prior flux estimate. A small annual mean 
net uptake is estimated in these ocean regions in contrast to 
the smalt annual mean sources o f  the prior llux estimate. In 
the case o f  the tropical Indian O cean, the annual mean 
uptake is driven by the Seychelles observations. Removal o f  
this station from the inversion changes this region from an 
annual mean net sink to an annual mean net source (+0.7 ±. 
0.4 Gt C/year). The total annual mean tropical ocean 
flux is estimated as approxim ately neutral due to the 
greater net emission from the Fast Pacific region (0.66 ' 
0.3 Gt C/year).

[js] In both the land and oceanic regions the relative 
m agnitude o f  the tw o uncertainty m easures is strongly 
dependent upon the num ber o f  observing sites and the 
am ount o f  error they are assigned. This difference is most 
evident when com paring the tropical regions, where obser­
vations are sparse, and the northern extratropical regions 
w here observations are much more common. The within 
uncertainty is large in the tropical regions com pared to  the 
uncertainty due to model spread. Conversely, the within 
error is relatively small in the northern extratropies com ­
pared to the model spread. The increase in model spread in 
regions with greater observational constraint is largely due 
to the fact that the differences in model transport ate more 
often quantified where observations exist.
3.2.2. Sensitivity to Prior Flux Uncertainties 

|u .j One can vary the prior flux uncertainty to further 
explore the level to  which the prior flux is influencing the 
inversion results. This has been accomplished by increasing 
the prior flux uncertainties to 2. 5, and 10 times the levels 
used in the control case inversion. Figure (>a show's the 
results o f  this sensitivity test for u few selected regions. 
Regions for which observations provide constraint show 
little change as the prior llux uncertainty is increased. 
However, regions where data is sparse (tropical land and 
South Atlantic) show considerable sensitivity to the prior 
uncertainty. This confirm s the lim ited confidence that 
should be placed on the tropical land and certain ocean 
regions suggested by the flux uncertainties presented in 
Figures 3, 4, and 5. Because these regions have very little 
data constraint, they tend to be constrained by the prior and 
prior uncertainty lev el unless required to compensate for 
changes in those regions with data constraint such as the 
northern land and many o f  the ocean regions. This com ­
pensation is a direct result o f  the requirem ent to maintain 
the global m ass balance defined by the atmospheric growth 
rate. This is most obvious in the case o f  the Tropical and

South Atlantic O cean regions where large anti-correlated 
fluxes observed.

j r |  Figure 6a also shows an extrem e sensitivity lest in 
which the background biosphere exchange am plitude has 
been reduced to 50%  o f  that used in the control case in all 
months. This further confirms the data constraint evident in 
the northern extratropical regions and the limited confidence 
that accompany the tropical land and certain ocean regions.

f.»s] In order to  test the possibility that terrestrial season­
ality is 'le a k in g "  into the estimated fluxes for the northern 
oceanic regions, the inversion was run with reduced (factor 
o f  4) prior uncertainties for the North Pacific. Northern 
O cean, and North Atlantic regions. These ocean regions are 
then strongly constrained to mimic the prior flux seasonal­
ity. Figure 6b shows (lie resulting fluxes and difference for 
the summation o f  the northern land regions (Boreal and 
Temperate North America. Boreal and Temperate Asia. 
Kurope). As shown in Figure 6b. the suppression o f  the 
heightened seasonality for the northern ocean regions is 
shifted to the adjacent land regions and follows the terres­
trial seasonal cycle quite closely. The m agnitude o f  the flux 
difference is small compared to the northern land seasonal 
fluxes, so this has little impact on the estimated fluxes for 
land. Though not conclusive, the result o f  this test is 
consistent with leakage o f  land fluxes into the adjacent 
ocean regions. Though not performed in the TransCom 3 
experiment, inclusion o f  carbon isotope or CK’N? values 
w ould more conclusively test this hypothesis.
3.2.3. Predicted CO?

|?o| Figure 7a shows the difference between the model 
mean predicted CO? concentration and the observed CO? at 
all stations and months. The largest mism atches occur for 
Hungary (HUN: I6.7°li. 47°N ) in winter, which is likely 
due to the difficulty o f  matching concentrations at a site 
with large observed variability not expected to be captured 
by the global scale transport models used in this study. 
Fortunately, this station has large "data uncertainty" (1.4 to 
4 .0  ppm), so models are only weakly required to match the 
observed concentration. W hen the m ism atches are scaled by 
their assigned uncertainty, a different picture emerges. This 
quantity, the station by station contribution to the cost 
function or " \ "  per station." is formally expressed as

where !>} is the simulated concentration at station i and 
D "  is the observed concentration  at station  i  with 
uncertainty rr, [P ev iin  c l  u i .  2002). Values much greater 
than I indicate that the difference between the predicted and 
observed concentration at that station is much greater than 
the uncertainly assumed in the inversion. This suggests that 
the uncertainty assigned to these stations is too small and. 
hence, they may be influencing the inversion result more 
than is warranted.

[4 0 1 Figure 7b shows the annual mean o f  these values 
against station latitude. O ne station in particular. Cape 
Rama India (CRI: 73.8°H, I5 .I°N ) shows an annual mean 
\ 7  value o f  3.4, indicating that the mismatch between the
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Figure 6a. M odel mean control flux, and estimated fluxes with prior uncertainties scaled by factors o f  
2. 5. and IO for selected land and ocean regions. Also shown are the results to r a case in which the 
background biosphere exchange is reduced to  50% o f  that used in the control run. The total uncertainty 
(between and w ithin uncertainty) for the control case is provided. Note that the vertical scale varies.

predicted and observed C O : concentration is almost twice 
the assigned uncertainly. Upon closer examination, this is 
prim arily due to the \ 7  value in the month o f  February 
(14.7). which is due to a com bination o f  low assigned

uncertainty (0.8 ppm) and relatively large mismatches 
(model mean o f  2.8 ppm). O ther stations with tw o o r more 
months exceeding a \ j  value o f  4  are Guam (GMI: 
144.8°H, I3 .4°N . D ecem ber. January. M arch), lzana.
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Figure 6b. Estimated fluxes for the control case, the ease 
in which prior uncertainties for the North Pacific. Northern 
Ocean, and North Atlantic are reduced by a factor o f  4. and 
the difference. The fluxes represent the sum o f  the Boreal 
North America. Temperate North America. Boreal Asia. 
Temperate Asia, and Europe regions.

Canary Islands ( I /O ; I6.5°W, 2X.3CN. June, July), Utah. 
United States (UTA: I I3.7°W , 39.9CN, January. February), 
Colorado. United States, 5000 m (CARR: 104,S°W. 40.9°N, 
March, April), Plateau Rosa, Italy (PRS: 7.7°E. 49.3°N. 
June, July), and Hungary (December. January). Sensitivity 
tests o f  the annual mean inversion found sinti-lar results for 
G uam and Cape Rama India [L a w  c t  <//., 2003],

[4 1 ] By the sam e token, \ ;  values much less than one 
indicate stations for which the assigned uncertainty may be 
too large and should, therefore, contribute m ore to the total 
\ ? value. Stations for which the annual mean \ j  value is 
less than 0.25 (indicating m ism atches ' / ,  the assigned 
uncertainty) include Bass Strait. Tasmania (AlA: I44,3°H. 
40.5''S), South Pole (SPO: 24.8°W, 90°S), Hailey Bay, 
Antarctica (HBA: 25.5°W, 75.7°S), Syowa Station. Antarc­
tica (SYO; 39.6°H. 69°S). M awson Station, Antarctica 
(M AA: 62.9°W, 67.6°S). and Palm er Station, Antarctica 
(PSA: 64 °W, 64.9°S). All o f  these stations arc in the 
southern high latitudes.

|4?J In order to confirm  that these stations are either 
providing too much or too little weight to the inversion, a 
num ber o f  tests have been perform ed. In the first, the 
stations with large values are rem oved from the 
inversion. In the second, the stations with small \~  values 
are adjusted such that their uncertainty is reduced by a 
factor o f  2. In the last test, both o f  these changes arc made. 
The results arc shown in Figure 8. The tropical regions 
show the most significant changes, and independent tests 
(not shown) indicate that these arc due primarily to the 
removal o f  the Guam and Cape Rama India stations. 
Reduction o f  the uncertainty associated with the southern 
high latitude stations had a  negligible impact on the regional 
fluxes except for some small changes in the South Indian 
Ocean region.

[4.1 ] G iven the much greater number ofobserving  sites over 
the northern cxtratropics. the removal o f  a few sites has little 
impact on the fluxes in those regions. However, the removal 
o f  Guam and Gape Rama. India, constitute a considerable

reduction in observational constraint in the tropics and hence, 
lead to changes in those regions primarily.

4. Discussion
4.1. Comparison to Annual Mean Inversion

[4 4 ] Table 1 presents the model mean, annual mean carbon 
flux estim ates for each o f  the land and ocean regions 
considered in this study. In addition, the model mean flux 
estimates from the previously published annual mean inver­
sion are included for comparison. The tw o studies show 
considerable agreement in all regions with the exception o f  
Northern Africa. The current study estimates an annual mean 
release from this region (0.79 ^  1.0 Gt CYyear) com pared to 
the previous study which estim ated no net flux (0.01 i- 
1.3 Gt O ycar). However, given the large am ount o f  uncer­
tainty associated with the estimates for this region, the change 
lies w ithin the uncertainty. Since the global total atmospheric 
growth rate is identical in the two studies, the difference in 
Northern Africa must be com pensated for elsewhere. This 
occurs equally across the Tropical A sia and A ustralasia 
regions, both o f  which are also estimated with considerable 
uncertainty. Examination o f  the aggregated land and ocean 
totals indicates that the differences between the two studies 
reflect com pensatory fluxes between the Tropical and South­
ern land and ocean regions, respectively.

}*151 In the northern extratropical regions, the current study 
estimates a slightly larger annual mean net uptake in Europe 
but produces less uptake in Temperate and Boreal Asia. 
However, each o f  these differences is well within the esti­
mated uncertainly.

[4(.] The consistency between the annual mean inversion 
and the annual mean calculated from the seasonal inversion is 
consistent with a recent study exploring various aspects o f 
the CO 2 inversion problem j P e v lin  e l a i % 2002]. In their 
17-region inversion, which studied results from three 
models, the authors found regional model mean differences 
no larger than 0.5 Gt CYyear.

4.2. Posterior Flux Amplitude
f-p] As suggested in section 3.1, the posterior flux sea­

sonality for the northern land, in particular, will reflect 
adjustments to the background responses such that the total 
predicted CO? seasonal cycle best m atches the observed 
CO 2 seasonal cycle. Figure 9a ( r  -  0.7) shows the model- 
specific relationship between the estimated northern land 
flux am plitude and the northern extratropical background 
concentration amplitude (the values in Figure 2 legend). As 
expected, those models which generated relatively weak 
seasonality when driven by the background fluxes (UC1. 
JM A, TM 2, UCB). generate estimated northern land flux 
am p litudes  that are g enera lly  the largest am ong  the 
12 models. M odels which generated strong seasonality in 
response to the background (luxes (MATCTENCFP, NIRE. 
TM3, G CTM ) require less seasonal adjustm ent in order to 
match the CO 2 observations over the northern extratropics.

|4s ] A similar relationship is evident when these indices 
are considered in conjunction with the annual mean esti­
mated northern land flux. Figure 9b ( r  - 0.6) shows the 
model-specific relationship between the northern extratrop­
ical background concentration am plitude and the estimated
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90

annual mean northern land llux. M ost o f  the models which 
generated w eak seasonality in response to the background 
fluxes (UC1, JM A . TM 2) and required m ore seasonal flux 
adjustm ent also infer the smallest annual mean uptake in the 
northern land regions. The relationships exhibit some scat­
ter. For exam ple, UCB which w as one o f  the models with a 
weak background response am plitude requires a relatively 
large northern land sink. This may be due to  the strong 
background response to w inter em issions but a relatively 
weak response to sum m er uptake (see Figure la).

[t*»] In previous work, the annual mean northern land flux 
correlated with the strength o f  the model rectifier and the 
distribution o f  the models follows closely the distribution 
found in Figure 9 [ G u n n y  e ta l . ,  2003]. Hence m odels which 
respond vigorously to the background fluxes, simulate

strong annual mean rectifiers, require less seasonal flux 
adjustm ent and require the largest northern land sink to best 
match observed CO?.

4.3. Mechanistic Implications o f the Inverse Estimates
[?«] Consistent with a variety o f  other studies, a large 

northern extratropical land sink ( - 2 .5  ± 1.2 Gt C/year) is 
evident in the results presented here f T ans e t  a l . . 1990; C ia is  
e t  a i .  1995; F a n  e t  a i .  1998; B o its q u e t  e t  a i ,  1999; 
K a m in s k i  e t  a i .  1999; P a e a la  e t  a l . ,  2001; B a k e r , 2001; 
P e v lin  e t  a i . . 2002]. O ur annual mean uptake is greater in 
Temperate North America ( -0 .9 0  t 0.5 Gt ('/year) and 
Europe ( - 0 .9 8  * 0.4 Gt C 'year). with less uptake in 
Temperate Asia ( -0 .4 3  t 0.7 Gt C /year) and Boreal Asia 
( - 0 .3 9  i 0.7 Gt C/year), A num ber o f  different hypotheses
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Figure 8b. As in Figure 8a but for selected ocean regions.

have been proffered to explain this residual uptake. These 
include fertilization by N itrogen o r C O : itself, changes in 
temperature and precipitation, and alterations in land-use 
[H o u g h to n  e t  a i ,  1998; S c h im e l  e t  a i .  1996; P /e n tic e  e t a l.,  
2 0 0 1J. Though the flux estimates in Figures 3. 4. and 5 
cannot explicitly test these hypotheses, the broad features in 
the northern land regions may provide som e useful 
additions to the current evidence supporting the various 
proposed uptake mechanism s. Both Boreal Asia and Europe 
show greater uptake or lessened respiration at the height o f

the grow ing season when com pared to the seasonally 
balanced prior llux. Even w’hen additional uptake as 
estim ated by inventory studies is included, the peak 
European uptake is significantly greater than the prior llux. 
O ne possible explanation o f  this is the use o f  air temperature 
rather than soil temperature in the CA SA  model used to 
generate the prior flux estimates. This would tend to 
increase the level o f  heterotrophic respiration and hence 
offset the net uptake over the grow ing season. This is 
further suggested by the difference in many o f  these
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59

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



(> B i0 !0  G U R N K Y  h i  A L :  T3 SEA SO N A L. R E SU L T S G B I 0 I 0

ta b l e  t .  A nnua l M odel M ean F lux  E stim ates, U ncerta in ties, and R esu lts Front P rev iously  Published  A nnua l M ean Im e rs io n  Study

R c jiio n
M e a n  F .s lium teil 
l lu x , ( i t  (. y e a r

' 'W i t h i n ' '  U n c e r ta in ly , 
(.it ( '  v c iir

“ B e tw e e n "  U n c e r ta in ly , 
( i t  (  y e a r

( iu n ie v  e t iti. |2 0 0 2 1  
I i i \c i> io iV ’ ( i t  (.' v e a r

T h t \  D if fe re n c e , 
( i t  ( ‘ y e a r

B o r e a l  N o r th  A m e ric a 0 .2 0 0 .1 8 0 .2 8 0 .2 8 - 0 .0 N
T e m p e r a te  N o rth  A m e ric a - 0 . 8 9 0 .2 2 0 .3 2 - 0 .8 2 - 0 . 0 7
T r o p ic a l  A m e ric a 0 .7 4 0 .7 3 0 .7 ? 0 .6 7 0 .0 7
S o u th  A m e ric a - 0 .2 4 0 .6 4 0 .61 - 0 .1 2 - 0 . 1 2
N o r th e r n  A fn c a 0 .7 0 0 .5 4 0 .8 5 - 0 .0 1 0 .7 8
S o u th e r n  A fr ic a 0 .51 0 .5 8 0  6 0 0 .2 0 0 .2 2
B o r e a l  A s ia - 0 . 3 6 0 .2 3 0 .51 - O .6 0 0 .2 3
T e m p e r a te  A s ia -0 ,4 1 0 .3 4 0 .7 4 - 0 .4 2 0 .0 1
T ro p ic a l  A s ia 0 .2 7 0 .4 5 0 .0 4 0 .4 2 0 .1 5
A u s tra la s ia - 0 . 1 0 0 .1 4 0 .1 5 - 0 . 1 5 0 .0 5
F 'u ro p c 0 .1K 0 .4 3 - 0 .6 1 - 0 .3 5
N o rth  P a c if ic 0 .3 2 0 .1 4 0 .2 8 0 .2 5 0 .0 6
W e s t P a c if ic - 0 .2 1 0 .1 5 0 .2 7 - 0  15 - 0 . 0 5
F a s t P a c ific 0 .6 6 0 .1 8 0 .2 7 0 .6 3 0 .0 3
S o u th  P a c ific 0.51 0 .2 0 0 .4 9 0 .4 0 0 .01
N o rth e r n  O c e a n 0 .2 7 0 .0 8 0 .1 7 0 .3 0 0 ,0 2
N o rth  A tla n t ic - 0 . 2 9 0 . 15 0 .3 0 - 0 .1 5 0 .1 6
T ro p ic a l A tla n t ic 0 .1 0 0 .1 8 0 .1 6 0 .0 5 0 .0 5
S o u th  A tla n t ic 0 .0 5 0 .2 4 0 .0 ? 0 .0 4 0 .01

S o u th e r n  O c e a n - 0 . 5 5 0 .1 7 0 .3 3 - 0 . 4 7 - 0 . 0 8
T ro p ic a !  In d ia n  O c e a n 0 .3 3 0 .1 0 0 ,2 6 0 .3 4 0 .01
S o u th  In d ia n  O c e a n 0 .3 9 0 .1 0 0 .2 2 0 .2 4 0 .1 5

N o rth e r n  la n d 2 .4 2 0 .3 0 1 .00 2 .1 6 0 .2 6
T r o p ic a l  la n d 1 .8 0 0 .7 8 1.65 1 .1 0 0.7(1
S o u th e r n  la n d - 0 . 8 5 0 .7 0 0 .0 4 - 0 . 5 6 - 0 . 3 0

N o r th e r n  o c e a n 0 .8 8 0 .2 4 0 .5 ! 1 .0 0 0 .1 2
T r o p ic a l  o c e a n 0 .0 3 0 .3 7 0 .41 0 .0 0 0 .0 6

S o u th  o c e a n —0 .4 0 0 .3 0 0 .5 ! •0 .2 6 - 0 . 2 3

T o ta l L a n d 1 .46 0 .6 2 0 .7 5 1.62 0 .1 6

T o ta l O c e a n - 1 .3 4 0 .6 2 0 .7 5 - M X - 0 . 1 6

G lo b a l  T o ta l 2 .81 0 .0 1 0 .0 0 1 2 .8 0 0 .0 !

“T h u i r e f le c ts  a n  a n n u a l  m e a n  in v e rs io n  w ith o u t  th e  D a r w in  o b s e rv in g  s ta t io n .

northern land regions during the winter. Europe. Boreal 
Asia. Temperate North America, and Temperate Asia alt 
contain months where the estimated llux is lower than the 
prior value, suggesting less w inter respiration than the prior 
model. Differences in peak grow ing season uptake could 
also be due to errors in the N PP estimated in the prior model 
which are primarily driven by NDVI measurements [P o tte r  
e t a l . . IT O j. This is also relevant for the considerable 
mismatch o f  peak uptake in the Temperate Asian region. 
M any o f  the models in this study place the maximum uptake 
tit June, w hereas the prior model placed the maximum in 
August. This difference in peak uptake suggests that the 
June C 0 2 concentration, driven prim arily by the back­
ground b iosphere  exchange, is too  high relative to 
observations and hence a large sink is required to reduce 
this mismatch.

[siJ Because the Temperate Asian region spans latitudes 
from roughly 15CN to 4 5 UN and has only a few C 0 2 
observing sites, the difference may be due to poor regional 
representation in the inverse estimate |K a m in s k i  e t a i .  2001: 
E n g e le n  e t  a l . .  2002j. Such “ representation error’’ is further 
suggested by performing the inversion without the Ulnnn 
Uul M ongolia (UUM: 111.10°!*, 44.5°N), Tae-ahn Penin­
sula (TAP: I26.1.VT*;, 36.73‘ N), and Ryori Japan (RYO: 
141.83°C, 39.03°N) C O , observing stations. Removal o f  
these stations results in a more even distribution o f  uptake 
across the June to August timeframe. The seasonality o f

these three influential stations within and dow nwind o f  the 
Temperate Asian region are likely not representative o f  the 
region as a whole. Hence the background biospheric 
exchange generates CO? levels that rellect the whole region 
while the inverted Uuxes are driven by a small spatially 
biased sample o f  atmospheric C 0 2 as measured by these 
influential stations. Subdivision o f  the Temperate Asia 
region may result in a less biased posterior llux estimate but 
w ould likely increase the posterior uncertainty. The 
motivation for limiting the num ber o f  inverted regions is 
the reduction o f  random error and the need to limit the 
com putation burden o f  the forward model simulations. 1’his 
trade-off between random error and bias is further discussed 
in recent work [B a ker . 2001 J.

[?:] This source o f  error in the inversion set-up itse lf is one 
source o f  potential bias that is very likely present in under- 
sampled regions. The other primary source o f  error in the 
inversion approach is error due to transport. TransCom was 
initially devised to explore that magnitude o f  the transport 
error. However, only the random com ponent (the between 
uncertainty estimates) can be quantified here. In considering 
the model mean flux estimates, this error may be minimized 
through the use o f  the model av erage. However, all models 
may contain the same transport biases and therefore result in 
biased flux estimates.

[ 53 ] Both the boreal regions show a slight delay in the onset 
o f  growing season uptake relative to  the prior model. As
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Figure 9. (a) Estimated Northern land llux am plitude 
(O ctober through M arch m inus June through August) 
versus the northern extratropical background (fossil plus 
neutral bio plus background ocean) response am plitude (r~ -  
0.75). (b) Northern land flux versus the northern extra­
tropical background response am plitude ( r  -  0.62).

suggested by other work, this may be the result o f  earlier 
Spring thaw, resulting in an im balance o f  respiration over 
photosynthesis \G o u U len  e t a l . ,  1998]. In the month o f  June, 
this w ould require a 50%  and 38%  increase in the prior 
model respiration flux in order to match the estimated flux 
for the Boreal North A merican and Boreal Asian regions, 
respectively.

5. C onclusions

[<4] With the participation o f  12 atmospheric tracer trans­
port models, a control case has been constructed to charac­
terize the seasonal sources and sinks o f  carbon as another 
step in the TransCom atmospheric C 0 2 inversion experi­
ment. In order to construct this control inversion, decisions 
regarding prior fluxes, flux uncertainties, observational data 
and observational data uncertainties have been made.

[>.'] As found in recent TransC om  w ork, the model 
responses to the background tracers provide a first indica­
tion o f  model to  model differences. In the current experi­

ment. the am plitude o f  the background flux response was 
inversely related to the am plitude o f  the estim ated northern 
land flux. Furthermore, those models that exhibit a weak 
response am plitude to the background llux are am ong the 
models with the smallest northern land sink. This relation­
ship is consistent with earlier TransCom results showing the 
relationship between models that tend to rectify seasonal 
exchange with the biosphere and the annual mean estimated 
net uptake over the northern land.

[5f*] For the northern land regions, the model mean results 
show deviations from the prior flux in both the growing 
season and during w inter months. M ost notable are the 
significantly greater uptake during the height o f  the growing 
season over Europe com pared to the prior model. Temperate 
North America and Boreal Asia exhibit less em ission during 
som e w inter months, while a 2-m onth discrepancy exists 
regarding the timing o f  peak uptake in Temperate Asia.

|<7] The northern oceans show  heightened seasonality 
that may be due to  m isallocation o f  terrestrial flux to 
adjacent oceanic regions. As with the earlier annual mean 
inversion results, the Southern O cean region exhibits less 
carbon uptake than ApCCK measurements w ould suggest. 
There is general agreement between the ApC'Oi-based prior 
flux and the fluxes estimated here for Austral summer, but 
significant departures during fall and spring months occur 
suggesting that the timing o f  A p C 0 2 observations may be. 
in part, responsible for the discrepancy.

j j  Owing to limited C 0 2 observations, tropical regions, 
particularly over land, show considerable uncertainty and 
may contain unrealistic seasonal swings in flux due to 
unconstrained adjustm ents to maintain the global mass 
balance constraint. These regions are far more sensitive to 
prior flux uncertainties than the northern extratropics which 
show insensitivity to this aspect o f  the inversion set-up.

[.«‘>] The tim ing o f  the differences betw een the prior 
model and the estimated fluxes suggest that respiration 
may play an important role in either errors in the prior 
model o r real changes in the w inter flux for the northern 
extratropical land regions. In particular, changes in the 
tim ing o f  increased springtime respiration versus photosyn­
thesis may explain the lessened net spring uptake in Boreal 
North America and Boreal Asia.

[ftti] Biases caused by transport error across all models or 
representation error are potential lim itations to this method. 
However, only random errors are characterized in this study. 
Furtherm ore, interpretation is somewhat lim ited by exam i­
nation o f  a single 5-year mean and the use o f  the single 
station network used here. Though we have tested the model 
mean inversion result to  some aspects o f  the inversion set­
up, this is not exhaustive, and future work will test further 
elements, in particular those related to station choices and 
uncertainties. Finally, interannual variations in seasonality, 
which may give further mechanistic insight, have not been 
explored in this study.

f6i] Further results from the TransCom experim ent are 
forthcoming. In particular, results arc expected from an 
interannual inversion, model to model com parisons, and a 
com parison o f  inverse results using different inversion 
approaches. These constitute the last primary elem ents o f  
the TransCom 3 interoomparison and should shed further
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light on the sources and sinks o f  carbon and the sources o f  
uncertainty in making these inverse estimates.

[ ( 0  j  A c k n o w le d g m e n ts .  I h is  w o rk  w a s  p o s s ib l e  th r o u g h  s tip -  
p o r i f ro m  I h e  N a t io n a l  S c ie n c e  F o u n d a tio n  (O C H -9 9 0 0 3 1 0 ) . th e  N a t io n a l 
O c e a n ic  a m i A tm o s p h e r ic  A d m in is tr a t io n  (N A 6 7 R J 0 1  5 2 . A m e n d  3 0 ) . a n d  
th e  In te r n a t io n a l  G e o s p h e r e  B io s p h e r e  P r o g r a m  G lo b a l  A n a ly s is .  In te rp re -  
ta l io n . a n d  M o d e l in g  P r o je c t .  S .  F a n  a n d  J. S a n n ie n to  a c k n o w le d g e  su p p o r t  
f ro m  N O A A ’s O f f ic e  o f  G lo b a l  P r o g r a m s  f o r  th e  C a r b o n  M o d e l in g  
C o n s o r t i u m .
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F igu re  1. Zonal mean monthly predicted concentration driven by the background fluxes (fossil fuel, 
seasonally balanced biosphere exchange, ocean exchange) for each o f  the participating tracer transport 
models.
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F igu re  I. (continued)

5 o f ix

64

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



G B 1 IU 0 G L R N liY  UT A L .: T3 S E A S O N A L  R bSU L T S G B 1 0 II)

10 .  c s u ..........
* G C T M ...........

14  * U C B ................
Q U C I .................

1 2  ,  J M A ................
*  M .C C M 3 ......

1 0  © M .N C E P ......
*  M .M A C CM 2

8  x  N I E S ..............
0  ♦  N I R E ..............

a  T M 2 ................
6  <= T M 3 ................

2 3 0  4 5 6 7
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F igu re  2. Simulated background seasonal am plitude versus the observed amplitude al stations north o f  
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CHAPTER 4

INTERANNUAL CARBON SOURCES AND SINKS: 
TRANSCOM 3 SENSITIVITY RESULTS

4.1 Introduction

The TransCom 3 interannual C 02 inversion builds upon the annual mean and seasonal inversion methods 
by extending the time domain to include multi-year fluxes. Examination of the interannual fluxes allows 
one to both compute time-average fluxes with lower uncertainty, ascertain regional trends in carbon 
exchange, and examine the interannual variability for mechanistic explanations. Analysis of the multi­
model results allows for an investigation of the tranport error and can lead to more robust results than an 
inversion performed with a single model.

Interannual C 0 2 inversions have been performed by other investigators starting with Rayner et al. in 1999.1 
In that study, the authors used the GISS tracer transport model and two C 02 observing networks of 12 and 
25 stations to infer fluxes for 26 regions (12 ocean, 14 land) spanning the 1980 to 1996 time period. They 
also utilized observations of the 813C and atmospheric oxygen as an aid in separating the ocean from land 
exchange.

Bousquet and colleagues (2000) performed an interannual inversion using the TM2 tracer transport model 
and 67 C 02 observing sites across the time period 1980 to 1998. In that study, which returned fluxes for 19 
regions (11 ocean and 8 land), the authors focused solely on the interannual variability (time-mean 
exchange was removed) by showing that quantification of the interannual variability is far less error prone 
than the estimation of absolute carbon exchange. The primary reason for this is the magnitude of the C 02 
observations themselves. Absolute flux estimation relies on spatial C 02 concentration gradients of a few 
tenths of a ppm whereas the temporal variability exhibits time gradients on the order of a few ppm.

Baker (2001) performed interannual C 02 inversions with the GCTM model for a similar time period and 
explored a variety of sensitivity cases including spatial discretization, prior flux values and their 
uncertainties, and different C 02 observing networks. A major focus of this study was to explore the impact 
of different forms of regularization as a way to reduce the estimated flux uncertainties and spurious 
variability.

Finally, Rodenbeck and colleagues (2003b) performed an interannual C 02 inversion study using the TM3 
tracer transport model and five different station networks, ranging in size from 11 to 35 stations. The period

1 There a re  tw o o ther 3D  tim e-dependen t s tud ies th a t w ere pub lished  a t rough ly  the sam e tim e {Law . 1999; D a rg a v ille  a n d  S im m o n d s , 
1999). These studies utilized the “mass-balance” inverse approach which is generally considered less reliable than the synthesis batch 
approach that is used here and in most recent C 0 2 inversions. The reason follows from the fact that mass-balance inversion must 
generate observed C 0 2 concentrations in every surface gridcell of the globe. This is performed by an interpolation procedure from 
fairly sparse monitoring locations. Therefore, errors in the interpolation scheme are directly aliased into the estimated fluxes.
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examined extended from 1980 to 2000 and the authors discretized the spatial domain into 8° latitude x 10° 
longitude surface boxes. To accomplish the task of building the response functions for such a dense 
spatiotemporal domain, the authors utilized an adjoint formulation of the transport model. Unlike all 
previous interannual C 02 inversions, this study employed transport winds that varied from year to year 
based on reanalyzed meteorological observations. A number of sensitivities were examined including 
spatial aggregation, priors, prior uncertainties, and station choices.

This chapter will cover many of the basics forged in the preceding studies. However, unlike the interannual 
C 02 inversions that have come before, this study has the added of advantage of the inclusion of 13 tracer 
transport models which fortuitously include all the models in the preceding studies. This allows one to 
quantify the contribution different transport model physics make to the overall flux uncertainty. 
Furthermore, the sensitivity of the model mean can be tested against many of the axes of sensitivity that 
have been explored in previous TransCom 3 studies. What I will show is the model mean estimated carbon 
fluxes are more robust to a variety of inversion set-up choices than would any individual model.

This chapter will begin with the perfunctory treatment of the inversion set-up. Because a number of 
different time periods and C 02 observing networks are employed, these are reviewed in some detail. Model 
mean results will be presented with emphasis on characterizing the two key uncertainty measures generated 
with the model mean. Sensitivity to the prior flux uncertainty, C 02 observing network, and particular 
stations will be explored and comparison of long-term means to other studies will be made. The last section 
in this chapter will present preliminary results exploring linkages to large-scale variability in the 
atmosphere. This is not meant to be exhaustive but an initial glimpse at work that is slated for the future.

An important caveat in the current study is the fact that none of the transport models involved used 
interannually varying winds based on true or reanalyzed meteorological observations. The fluxes estimated 
here are based on winds that repeat over the time period examined. This is a limitation of the initial 
TransCom experimental protocol and was constructed this way to make the experiment accessible to as 
many modeling groups as possible. Though utilization of time varying winds has become more common in 
the last couple of years, it still presents a computational and logistical barrier to many involved in tracer 
transport modeling.

4.2 Methods

As with all of the TransCom 3 inversion work, the foundations of the inversion used in this interannual 
experiment are based on the Bayesian synthesis method (Tarantola, 1987; Enting et al., 2002). A detailed 
description of the formalism employed and references to source material is given in previous work for the 
annual mean TransCom inversion (Gurney et al., 2003). The method used here is the same except that 
monthly mean C 02 observations are used for a number of contiguous years rather than annual average C 02 
values composited to a single year. As will be discussed later, different station networks have been chosen 
to represent different spans of time. The longest time period for which fluxes are estimated is 1980 to 2000.

The forward simulations completed by all the participating modeling groups are identical to those used in 
the seasonal inversion {Gurney et al., 2004). Details concerning these simulations can be found in that 
paper or in the TransCom 3 experimental protocol {Gurney et al., 2000). In the case of offline models, a 
single year of analyzed winds were repeated. In the case of online models, model generated winds were run 
representing climatological mean conditions and, thus, do not correspond to real transport variability.

One additional model, PCTM, was included in the interannual inversion experiment that was not present in 
either the annual mean or seasonal inversion. Completion of the forward simulations were not available at 
the time the analysis on those experiments was being completed. However, annual mean and seasonal 
results have been generated from the PCTM submission and this model does not appear to be an outlier. As 
a result, 13 different sets of model output were analyzed in the interannual inversion presented here.
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4.2.1 Inversion set-up and observational data

The background fluxes used in this inversion are identical to those used in the seasonal case with one 
exception. The fossil fuel background flux was used in such a way that the total global growth in fossil fuel 
emissions was accounted for by scaling the 1990 and/or 1995 emissions maps each year. Prior to 1991, 
only the 1990 emissions map was used. After 1994, only the 1995 emissions map was used. In between, a 
weighted average of the two was constructed such that a smooth transition between the two spatial patterns 
occurred. For the remaining two background fluxes, the neutral biosphere and global oceanic exchange, the 
same flux patterns were repeated each year.

Prior estimates of the fluxes in each of the 264 region/month flux combinations were determined from 
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 et al., 2003). Where more than one estimate for a given region was considered, a mid­
point of the estimate spread was used. Because the land region prior fluxes 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 ocean region prior flux estimates were prescribed as zero 
for each month. These priors were used each year of the interannual time period and contained no 
interannual variation of their own.

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 (Gurney et al., 2002), and 30% each of NPP and respiration provided by the 
CASA model of net ecosystem production (Randerson et al., 1997). Since it is unlikely that a given 
region/month flux adjustment would exceed these values, this provides a reasonable, ecologically relevant 
upper bound. The prior ocean uncertainties were the product of the annual mean uncertainty values used in 
the annual mean control inversion and the square root of twelve. This recognized that the variability of the 
interannual fluxes will require a looser prior than the annual mean inversion experiment. The factor of root

twelve was chosen as this represents the 
conversion between an annual uncertainty 
and a constant monthly uncertainty 
assuming no autocorrelation between errors.

The C 02 observational data were derived 
from the GLOB AL VIE W-2002 dataset 
(GLOBAL VIEW-C02, 2002). 
GLOBALVIEW is a data product that 
interpolates C 02 measurements to a 
common time interval. Gaps in the data are 
filled by extrapolation from marine 
boundary layer measurements. Because 
many of the stations within the observational 
dataset have been initiated/retired at various 
times over the last twenty years and 
significant gaps exist, a number of different 
station networks were constructed in this 
experiment and used to create independent 
interannual flux estim ates. Table A 4.1  
(Appendix) contains details of the six 
different networks created.

Two criteria were employed to arrive at the 
network choices. First, in order to be 

Figure 4.1. Locations of the stations for the a) sm allest (23) and b) included in a network, a station could not 
largest (114) C 0 2 observational networks. have more than a certain number of

contiguous years in which the proportion of
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real to total data falls below 67%.2 For networks spanning more than one decade, a station could not have 
more than three contiguous years under this criteria. For the decade length network, this number falls to no 
more than two. For the five and seven year networks, this falls to no more than one. Second, the multi-year 
mean percentage of non-missing data in the years that qualified under the first criteria had to exceed 67%. 
The combination of these two criteria naturally led to the networks represented in table A4.1 (see 
appendix). The smallest network spanning the 1980 to 2000 time period contained 23 stations while the 
longest, spanning the 1995 to 2000 time period, contained 114. The 23 station and 114 station networks are 
shown in figure 4.1.

The uncertainty attached to each data value, C(D) in equation 3 of Gurney et al., 2004, was derived from 
the monthly residual standard deviation (RSD) of individual observations around a smoothed time series as 
given by GLOBAL VIEW. This choice was based on the assumption that the distribution of RSD (higher 
RSD 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. GLOBAL VIEW provides monthly RSD values averaged over 1979-2002 
and annual RSD values for each separate year. To obtain monthly values for a given time period, the 
monthly RSD values were scaled by the ratio of the annual RSD values to the 1979-2002 mean annual RSD 
value.

Direct use of the RSD values for the data uncertainty results in a total reduced X2 that is much smaller than 
unity (Tarantola, 1987 pg. 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. The details are as follows: the RSD was 
divided by (P*P)0'5 where P  is the proportion of real data in the record and P  is chosen to satisfy our total y’ 
criteria for the particular network. The values for p  are provided in table A4.1 (appendix).

4.3 Results

4.3.1 Model Mean

Figure 4.2 shows the model mean interannual inversion results for all the land (part a) and ocean (part b) 
regions. Included in each of the panels are the results for the six different networks chosen following the 
criteria described in the last section. The fluxes have been deseasonalized using a 12 month trapezoidal 
running mean as follows:

where Dr(t) is the deseasonalized flux for a particular region, r, for a particular month, t, and Fr(t) is the 
original flux.

Also included in figure 4.2 are the “within” and “between” uncertainties described in equations 1 and 2 of 
Gurney et al., 2004. The errors presented in figure 4.2 are associated with the 23 station network only. In 
order to compute the deseasonalized within model uncertainty, the posterior covariance matrix must be 
operated on by a deseasonalization operator. This is done as follows:

Q = OPOJ (4.2)

where Q represents the deseasonalized posterior covariance matrix for an individual region and model, O 
represents the matrix form of the 12 month trapezoidal running mean, and P is the posterior covariance

2
This value was chosen somewhat arbitrarily. The value appeared to be a natural cut-off when viewing the statistics on all the 

stations.
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matrix for an individual region and model. Equation 1 of Gurney et al., 2004 is then applied to the diagonal 
of Q so that the within uncertainty can now be written as

I N  models

(4.3)

The between uncertainty is the spread across the models of the deseasonalized fluxes and is therefore 
computed as in Gurney et al., 2004 except the flux, in the current case, is the deseasonalized rather than the 
fully seasonal flux.

As was seen with the annual and seasonal inversion, the relative magnitude of the within and between 
uncertainties primarily reflect the availability and distribution of C 02 observations.3 In those regions for 
which C 02 observing stations are neither within or downwind of a region, the within uncertainty is larger 
than the between uncertainty.4 On land, the tropics and southern extratropics show larger within than 
between uncertainty because these regions have few nearby C 02 observing sites, particularly true for the 
small 23 station network. In the ocean, the Tropical Indian, East Pacific and the southern extratropical 
ocean regions (except the Southern Ocean) all have limited nearby C 02 observations and thus have within 
uncertainties that tend to be larger than the between. In those regions where C 02 observations are more 
prevalent, the between uncertainty tends to be larger (e.g. northern extratropics on land). As the number of 
observation locations increases in a region, the differences between model concentration response to fluxes 
from that region are better observed and hence, more easily distinguished. As the number of observing 
locations decline or are not in the proximity to a regional flux, the different model responses, as seen by the 
nearest station, are smoothed out relative to one another and hence, are more difficult to distinguish.

3
Prior uncertainties can also influence this balance if  the prior uncertainty bounds constrict a data driven solution.

4
“Downwind” is an admittedly subjective term. A quantitative estimate of the power of a station to constrain a particular region can 

be examined through the “influence” function which incorporates both the basis function response at a particular station and its 
assigned uncertainty.
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Figure 4.2a. Model mean, deseasonalized, land-based interannual flux estim ates (Gt C/year) for the six C 0 2 observation 
networks. The 1o within and between uncertainty estim ates are based on the 23 station network only. Note that all the 
vertical sca les are identical.
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Figure 4.2b. As in figure 4.2a but for the ocean regions.
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The relationships between the two measures of 
uncertainty presented here and the observational 
location/density can also be examined across the six 
different networks. Figure 4.3 shows the between and 
within uncertainty for land and ocean aggregated 
regions. As the network size increases, the between 
uncertainty increases while the within uncertainty does 
not. This is a product of the fact that as stations are 
added to the observing network, the differences 
between the models are better observed. The decline of 
the within uncertainty reflects the fact that there are 
simply more observing locations to constrain the final 
flux esimtates. The model spread is also consistently 
larger over the land regions than over the ocean. This 
is due to the fact that C 02 gradients over land are 
larger and more dependent upon differences in transport out of the PBL.

For many of the TransCom land and ocean regions, the fluxes estimated by the different station networks 
are consistent in both the long-term mean and interannual fluxes. This is not surprising given that many of 
the networks contain a large number of overlapping or common stations. Two deviations from this general 
cross-network consistency occur. First, there are many cases in which regional fluxes exhibit consistent 
interannual variability but contain long-term mean offsets. Examples of this are the Northern Africa and 
Tropical America regions.

The second form of deviation is noted by the presence of significant discrepancies between networks not 
only in long-term mean offsets but in the interannual variation as well. Examples of this are evident in the 
Southern Africa, Tropical Asia, and South Pacific regions. Most of these examples are in regions with 
traditionally few observing sites. Hence, as the network density increases, these regions may gain their first, 
and sometimes only, nearby observing site. For example, the addition of four stations to the 26 station 
network causes nearly a 1.0 GtC/year shift to the South Indian Ocean region in the late 1980s. The 
Amsterdam Island station (AMS: 37.95° N, 77.53° E) is one of these four additional stations and lies 
directly within the South Indian Ocean region. However, previous measurements were being made at AMS 
by the Laboratoire des Sciences du Climat et de l’Environement (LSCE) laboratory. The 30 station network 
contains an additional measurement stream at this location, performed by the N O A A  Climate M onitoring 
and Diagnostics Laboratory (NOAA CMDL). The C 02 measurements from these two different laboratories 
at this location show an offset of 0.5 ppm for the period 1985 to 1989. This offset is responsibe for the 
different flux estimates as the network is enlarged to 30 stations.5

In the Temperate North American region, the larger networks exhibit consistent interannual variability but 
suggest roughly 0.5 Gt C/year less uptake in the late 1990s. The 60 station network includes a number of 
stations that could potentially generate the changes in the late 1990s. As will be discussed in more detail in 
section 4.3.2.2, influential stations are not always proximal to a given region. In this example, lessened 
uptake in the late 1990s as estimated for the 60 station network is caused primarily by Mt. Waliguan 
Baseline Observatory, China (WLG: 36.27° N, 100.92° E) and Tenerife, Canary Islands (IZO: 28.30° N, 
16.48° W).

The between uncertainty displayed in figure 4.2 for the 23 station network is somewhat misleading when 
interpretation is focused on the interannual variability. As shown in figure 4.4a, and similar to the cross­
network behaviour, the spread among the models for a single network is generally driven by a long-term 
mean offset. The interannual signal, however, is often more consistent across the models. Much of this is 
likely due to the fact that interannually varying transport is not included in the forward simulations. 
Differences among the models is then primarily due to different underlying transport algorithms and the 
different wind datasets chosen by the modelers (which repeat each year). Therefore, the primary force

5 Inversion results show that the 26 station inversion and the 30 station inversion without the AMS_OODO are nearly identical in the 
Southern Indian Ocean region.
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driving the interannual variability in the inversion is the temporal variation in the observed C 02 
concentration.6 Though this simplifies the intermodel comparison, it regrettably limits the biogeochemical 
interpretation of the results (discussed later).

C002  0.0

Y earYear

Figure 4.4. Deseasonalized, individual model fluxes for the Boreal Asia region, a) Original, unadjusted fluxes, b) Fluxes 
with offset from model mean removed.

Figure 4.4b shows an example of this phenomenon for the Boreal Asia region when the individual long­
term model offsets are removed. Removal of these offsets for the individual models provides an alternative 
measure of the model spread when the focus is interannual variability. Figure 4.5 presents the individual 
regional results when these individual model offsets are corrected for.

6 This is not strictly true for the online models which can exhibit interannual variation from one year to the next if  they are run 
forward continuously from a single initial condition. In the current study, only two of 13 models are online models.
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Figure 4.5a. As in figure 4.2a except the individual model long-term mean offsets around the model mean has been 
removed.

The result is a considerable reduction in the between uncertainty (red error bars). Regions where the data 
constraint is limited now contrast sharply with those regions less limited by C 02 observations. Also 
noticeable are time periods not corrected by the long-term mean differences. For example, the early 1980s 
in the Europe region shows larger model spread than during the remainder of the 21 year time span. The 
same phenomenon occurs in the late 1980s in the Tropical and South Atlantic regions.
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Figure 4.5b. As in figure 4.5a but for the ocean regions.

Turning to the fluxes themselves, the interannual variability on land is greater than that in the ocean 
regions. This can more easily be seen in figure 4.6 where the individual regions have been aggregated into 
latitude bands and global totals for land and ocean. The mean variance on land for the two decade period is 
1.7 Gt C/year versus 0.9 Gt C/year for the oceans (figure 4.6c). This result is also somewhat dependent 
upon the network chosen for the analysis (and the relative prior uncertainty -  discussed later). As the 
network density increases, the ratio of land variability to that of the ocean increases to nearly a factor of 
three for the 114 station network. However, this may not be due to station density per se, but the physical 
processes at work over the particular time period the larger network spans. The relative land/ocean
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variability is consistent with the results of some recent inversion studies (Rayner et al., 1999; Baker, 2000; 
Rodenbeck et al., 2003b; Bousquet et al., 2000; LeQuere et al., 2003).

•N orthern  L and  
•T ropica l L and  
•S o u th e rn  L and

Y e a r

•N orthern  O c e a n  
•T ropica l O c e a n  
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-— G lobal T ota l 
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Figure 4.6. Regionally aggregated, deseasonalized  
carbon fluxes from the inversion using the 23 station 
network, a) Land, b) ocean, c) totals.

atmosphere (Gu et al., 2003).

When examined as broad latitudinal bands, the 
variability on land is larger in the tropics than the 
northern extratropics (figure 4.6a). However, 
examination at the regional level in figure 4.5 indicates 
that the overall variability on land is driven by the 
Tropical, South, and Temperate American regions. The 
regions responsible for most of the oceanic variability 
are the southern and tropical ocean regions (figure 
4.6b). At the regional level, the greatest amount of 
variability comes from the Tropical Indian, South 
Pacific and Southern Ocean regions.

A number of the regions shift over time from source to 
sink and vice-versa. For example, Boreal Asia appears 
to be going from a weak source in the 1980s to a weak 
sink in the 1990s though the long-term offsets due to the 
different networks in the 1990s make this interpretation 
uncertain. Temperate North America shows signs of a 
weakening sink over the two decade time period. In the 
oceans, the West Pacific appears to be trending from 
source to sink since the mod-1980s whereas the South 
Pacific shows the opposite behaviour.

Many of the regions exhibit large swings in carbon 
exchange that are often coherent across multiple 
regions. The total global carbon exchange variation 
shows a strong correlation to the El Nino-Southern 
Oscillation (ENSO) timing, as has been noted by many 
other investigators (Bousquet et al., 2000; Keeling et al., 
1995; Rayner et al., 1999b; Rodenbeck et al., 2003b). 
This can best be seen in  figure 4 .6c  w hich includes the 
Multivariate ENSO index ( Wolter and Timlin, 1993; 
Wolter and Timlin, 1998). The land carbon exchange 
tends to lag somewhat behind the peak of the ENSO 
index and responds by turning from sink to source or a 
lessened sink. Furthermore, the influence of the 1982 El 
Chichon and June 1991 Pinatubo eruptions can be seen, 
in the case of Pinatubo, as a gradual strengthening of the 
global sink in the early 1990s, confounding the ENSO 
event of the early 1990s. This has been attributed to 
NPP stimulation from the increase in diffuse to direct 
radiation resulting from the aerosol loading in the

The total ocean is a sink for most of the two decades with the exception of the late 1980s where it became a 
weak source. This was driven solely by the tropical oceans. At the regional scale, this shift was driven by 
the Tropical Indian and Tropical Atlantic oceans. As will be discussed later, the outgassing from the 
Tropical Indian Ocean in the mid- to late-1980s is dependent upon the presence of the Seychelles C 02 
monitoring station which has been considered somewhat unreliable due to instrument and location changes 
(Tom Conway, personal communication).

Almost all of the global variations appear to be forced by carbon exchange on land which in turn is driven 
primarily by the tropical land aggregated region. Similarly, the majority of the global ocean variation is
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driven by the tropical ocean aggregated region. Finally, the global ocean and global land exhibit 
anticorrelated variations with few exceptions. Further exploration of the biogeochemical implications of the 
interannual variations are performed in later sections.

4.3.2 Model Mean Sensitivity

In the annual mean and seasonal inversion results, the sensitivity of the model mean was tested against 
some of the key elements of the inversion set-up. In particular, the prior fluxes and their uncertainties were 
altered and two of the background fluxes removed in order to determine whether or not the estimated fluxes 
were overly constrained or otherwise influenced by the choice of the prior flux structure. Furthermore, the 
choice of C 0 2 observing network, the assigned observational uncertainty, and model sampling procedures 
were also explored for the annual mean case (Law et al., 2003).

A similar suite of sensitivity tests have been performed for the interannual C 02 inversion presented here. 
However, unlike the annual mean and seasonal inversion cases, some aspects of the inversion set-up are 
expected in advance to have little influence on the interannual variability though they will likely influence 
the characterization of long-term mean carbon exchange. For example, the two background fluxes that were 
tested in the annual mean and seasonal inversions, the neutral biosphere and global ocean fluxes, contain no 
interannual variability. These fluxes are merely repeated each year.

The collection of C 0 2 observing stations that comprise the six different networks outlined here do have a 
significant impact on both the interannual variability and the long-term mean carbon exchange. This section 
will take a closer look at three components of the interannual inversion set-up: prior uncertainties, 
particular stations, and station network sensitivity.

4.3.2.1 loosening the prior uncertainties

Figure 4.7 shows the regional carbon exchange estimates from the 23 station network when the prior 
uncertainties have been increased by factors of 2 and 5. The largest changes occur in the tropical and 
southern land and ocean regions, precisely those regions where C 02 observations are limited or lacking. 
Even in these regions, the phasing of the interannual variability changes little. The primary impact of 
loosening the prior flux uncertainties is on the long-term mean carbon exchange. For example, regions such 
as the East Pacific, West Pacific, Tropical Atlantic, and the South Atlantic exhibit increases in the 
amplitude of the interannual variability as the prior uncertainties increase. In some regions, such as South 
America and Southern Africa, the loosening of the prior uncertainty results in a dampening of the 
interannual amplitude. However, as was found with the annual mean and seasonal inversions, many of 
these shifts in the long-term mean exchange are compensating dipole behaviour.

Figure 4.8 provides evidence for this by generating a couple of groupings composed of the least constrained 
regions.7 These groupings, which are referred to as “TrAmPac”, “Atlantis”, and “Indian Ocean” are nearly 
immune to the dipole behaviour evident in their constituent parts. As opposed to simple grouping into 
latitude bands, a technique often used in inversion studies, these groups represent a more accurate 
representation of the smallest scale that can be reliably interpreted in the tropical and southern latitudes. 
This is a very useful outcome of increasing the prior uncertainties.

The particular groupings discovered with the 23 station network may not be required or may change with a 
different station network. The same procedure as that outlined above was performed for the larger station 
networks. While compensatory dipole behaviour occurred for all networks, the extent was greatly 
diminished and scaled roughly with the network size. Unlike the results for the 23 station network, the 
larger networks did not exhibit changes that would significantly alter either the long-term mean or the 
interannual variability. A couple of exceptions are worth noting. The 60 station network exhibited some 
sensitivity to the prior uncertainty values for the Tropical Indian and Southern Africa regions. However, 
this sensitivity was confined to periodic differences of no more than 0.5 Gt C/year.

7
These were guided by examination of the posterior covariance matrix. Large off-diagonal negative values indicate regions that 

exhibit compensatory dipole behaviour.
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This exercise indicates that in those regions where observations provide a greater constraint, the prior 
uncertainty is having little influence upon the model mean carbon exchange. These regions appear to be 
robust to this particular aspect of the inversion set-up. Regions with little observational constraint are not 
robust to changes in the prior uncertainty but groupings of these regions are when the groups can be 
adequately identified. Furthermore, the composition of the groups are dependent upon the suite of C 02 
observing sites included in the inversion.8

This last point raises questions about the interpretability of the interannual variability of the individual 
regions that are not observationally constrained. As was noted in both the annual mean and seasonal 
inversion, estimates in these regions are uncertain. However, examination of figure 4.8 indicates that both 
the long-term mean and the interannual variability may be reliable when the these unconstrained regions 
are grouped correctly.
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The group composition may also be sensitive to the transport model used, a point that will be considered in future work.
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Figure 4.7. Estimated deseasonalized fluxes for land and ocean regions a s the prior uncertainty is loosened by 2x and 5x, 
respectively.

5,5 Tropical Pacific + South Pacific + Tropical America 5 5 
4'5 ('TrAmPac') 4 5

_ 3-5 —3,5 

I 2'5 j f c  I 3'5

Tropical + South Atlantic + South America + Southern Africa ^'5 
('Atlantia*) 45

3.5

I 25

V « r '\ y v * \  A - .  s «

Tropical -i- South Indian

i : :  s "
-2.5 -2.5 

-3.5 -3-5 
-4.5 -4.5 

•5.5 -5.5 
1980 1982 1984 1988 1988 1990 1992 1994 1996 1998 2000 19 

Year

— — 23

- -2.5

-3.5

-4.5
-5.5

*0  1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 1 9 
Year

stations —  pnof uncertainty x2 -------prior uncertainty x5

80 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 
Year

Figure 4.8. Estimated deseasonalized fluxes for three groupings of land and ocean regions a s the prior uncertainty is 
loosened by 2x and 5x, respectively.

4.3.2.2 sensitivity to particular stations

As has been alluded throughout this chapter thus far, individual stations are often responsible for shifts in 
net carbon exchange between the six networks examined in this study. This is primarily due to the onset of 
a data constraint for a particular region when moving from one of the smaller station networks to one of the 
larger. As will be shown, these shifts often occur for the regions with the least overall data constraint in this 
study. This is evident when examining figure 4.5; the well-constrained regions tend to exhibit few changes 
in net carbon exchange due to the particular station network employed (e.g., Europe).

This section will examine instances of significant shift in regional net exchange when using one station 
network versus another and attempt to isolate the station or stations primarily responsible for causing the 
estimated change. The method employed is straighforward. Stations are added or removed from particular 
networks and the impact on the estimated fluxes is examined for changes. In some cases this is performed 
for individual stations, in others, groups of stations are added or removed from particular networks.

Figure 4.5a indicates that the Temperate North America region exhibits weakened uptake in the 1997 to 
2000 period when moving from the 23/26 networks to the 60/100/114 station networks. In this instance, 
station influence was ascertained by removing stations from the 60 station network and examining the 
resulting changes in net carbon exchange. Three stations, Mt. Waliguan, China (WLG: 36.27° N, 100.92° 
E), Shemya Island (SHM: 52.72° N, 174.10° E), and Tenerife, Canary Islands (IZO: 28.30° N, 16.48° W) 
are primarily responsible for the weakened uptake in the target period. Removal of these stations from the 
60 station network causes the uptake to increase towards the value estimated using the 23 or 26 station 
networks.

While IZO can be considered a “downwind” station and hence, influence directly the net carbon exchange, 
the influence of WLG is more subtle. The only other region influenced by the removal of WLG from the 60 
station network is the Temperate Asia region. In that region, the removal of WLG causes the uptake in the 
1997 to 2000 period to shift to a source. This shift brings the Temperate Asia region during this period very 
close to the values estimated using the 23/26 station networks. So, a possible explanation for the influence 
of the WLG station is that the addition of this particular station causes the Temperate Asia region to move 
from a source to a sink causing an equal but opposite influence on the Temperate North America region.

In the mid-1990s, the Temnerate Asia region goes from a weak source to sink as the network is enlarged 
from 60 to 100 and 114 stations. Influential in this greater uptake is the addition of Ulann Uul, Mongolia 
(UUM: 44.45° N, 110.10° E). The addition of this and, as mentioned in the last paragraph, the WLG station 
causes the Temperate Asia region to change from a 0.5 Gt C/year source to a 0.5 Gt C/year sink in the late 
1990s.

In addition to influencing the Temperate North America region, the IZO station has an equally significant 
impact on the Northern Africa region. When IZO is dropped from the 60 station network, the Northern 
Africa region exhibits a source decrease of roughly 0.5 Gt C/year in the 1997 to 1999 time period. After
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1999, dropping IZO weakens the net uptake to near neutrality (a change of roughly 0.5 Gt C/year). So, the 
introduction of concentration data at the IZO station causes a weakened sink in Temperate North America 
and a greater source in Northern Africa over the 1997 to 2000 time period.

In the early 1990s, the Southern Africa region changes from a weak source to a sink of roughly -1.0 Gt 
C/year when the network is expanded to 60 stations. The most influential stations in this instance are the 
additions of Crozet, France (CRZ: 46.45° S, 51.85° W) and Ragged Point, Barbados (RPB: 13.17° N, 59.43° 
W). The addition of CRZ and RPB cause the shift from source to sink in the 1990 to 1992 time period 
followed by CRZ dominating the source to sink shift in the 1992 to 1995 time period. Increasing the station 
network to 100 stations causes greater emissions in the 1994/95 time period. This increase is due to the 
addition of the Bass Strait aircraft sampling (AIA: 40.53° S, 144.30° E).

The South American region is a net sink during the decade of the 1990s. However, expanding the station 
network from 23/26 to 60 stations and more intensifies this uptake, particularly in the 1992 to 1995 time 
period. As with the impact on the Southern Africa region, the addition of CRZ is responsible for the 
enhanced uptake. The CRZ station further influences a shift in the South Atlantic ocean region moving the 
South Atlantic from a sink to a source in the early 1990s.

Finally, the addition of CRZ in the 60 station network influences the South Pacific region by changing it 
from a relatively large sink (about -1.0 Gt C/year) to a moderate source (~0.5 Gt C/year) in the early to 
mid-1990s. CRZ is not the only station responsible for this shift, equally important in this case are the 
Pacific shiptrack measurements (POCS) and Cape Grim, Tasmania (CGO: 40.68° S, 144.68° E) station 
measurements.

When the 60 station network is expanded to 100 stations, the South Pacific carbon exchange returns to the 
temporal pattern of the smaller 23/26 station networks. This return is due primarily to the inclusion of the 
Easter Island station (EIC: 29.15° S, 109.43° W). Finally, increasing the network again to a total of 114 
stations causes the South Pacific to change from a -1 Gt C/year sink in the late-1990s to a weak source.

In summary, the CRZ station influences four regions in the southern hemisphere; Southern Africa, South 
Atlantic, South Pacific and South America. In the two land regions, the addition of CRZ generates greater 
uptake. However, in the South Atlantic and South Pacific regions, the opposite impact occurs, changing the 
South Atlantic from a weak sink to a source and the South Pacific from a ~1.0 Gt C/year sink to a ~0.5 Gt 
C/year source in the early 1990s.

The South Indian ocean region shows changes when the 23/26 station network is expanded to 30 stations.
As was explained in section 4.3.1, this is due to the addition of a second laboratory measuring C 02 
concentrations at the Amsterdam Island location (AMS: 37.95° N, 77.53° E). An adjacent region, the 
Tropical Indian ocean region is relatively unaffected by the addition of this additional measurement at 
AMS. However, the Tropical Indian ocean region is sensitive to the presence of the Mahe Island,
Seychelles station (SEY: 4.67° S, 55.17° E) accounting for nearly all the IAV seen in figure 4.5b.

The final region examined in this section is the Tropical Asia land region. Most noticeable is the enhanced 
source centered around 1998 when going from the 23/26/60 station networks to the 100/114 station 
networks. As was alluded to previously, this dramatic increase in C 02 emissions is very likely due to 
biomass burning observed at the surface and through remote sensing (Schimel and Baker, 2002). The 
addition of the Japan Airlines samples (WPON) which monitors C 02 concentrations bewteen Tokyo and 
Syndey at altitudes of 8000 to 13000 meters, is primarily responsible for the greater estimated emissions in 
the Tropical Asia region for 1998.

The addition of observing sites as the C 02 observing network expanded over time does not simply confirm 
the net exchanges estimated with the smaller station networks but adds observational constraint to regions 
that typically had very little. In doing so, large shifts in multi-year mean net exchanges occur and often 
occur in tandem longitudinally. For example, the Temperate North America, Temperate Asia, and Northern 
Africa regions were all influenced by the addition of WLG and IZO to the smallest station networks (i.e.,
23 and 26 stations). The Southern Africa, South Atlantic, and South America regions were influenced in
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tandem by the addition of CRZ to the small networks. What is perhaps most surprising about the influence 
of these stations is that many of the large shifts seen in the estimated fluxes when considering one network 
versus another are due to a small subset of stations, many of which are not proximal to the region 
influenced. These longitudinal teleconnections are likely due to the fact that the global growth rate and the 
meridional gradient in C 0 2 is well-quantified and therefore reflected in the constraint placed on the 
regional fluxes.

An important question emerges in the context of the foregoing analysis: Are the estimated flux shifts that 
emerge with a few of the key added stations more representative of the true fluxes than without these 
additions? All else being equal, increasing the number of observing sites would lead one to expect more 
realistic and perhaps more accurate flux estimates. However, one may want place greater scrutiny on such 
influential stations given their obvious importance. Particular stations that exhibit C 02 time series 
inconsistent with other records may be an indication of spurious behaviour due to recording errors or other 
alternations to the measurement procedure. Such errors can manifest themselves as shifts in regional 
estimated uptake, particularly when the station in question is the only or one of a small number of stations 
influencing a particular basis function region. Alternatively, the flux shifts witnessed in the foregoing 
analysis may be a reflection of better observational constraint and hence, may better represent the true 
fluxes.

An analysis of the particular stations highlighted in this section has not been performed. As such, there is 
no conclusive answer to the question of how much confidence can be placed on the shifts in estimated flux 
that occur as the station network is expanded. However, with the subset of stations identified, future work 
can efficiently determine which stations, if any, may be giving rise to spurious flux shifts.

4.3.2.3 sensitivity to station network

The discussion in the preceding section and examination of figures 4.2 and 4.5 indicate that the model 
mean is sensitive to the particular station network employed in the C 02 inversion. Because the different 
networks contain a subset of non-common stations, flux estimates change to reflect the additional data 
constraint provided by the different stations. If one were to consider the changes to estimated fluxes with 
differing networks but were to consider an individual model, the way in which the fluxes would change as 
the station composition were altered is a function of the model responses at the various stations. Therefore, 
different networks would cause different flux alterations across models in addition to across station 
networks.

Figure 4.9 shows the Temperate North America deseasonalized interannual flux estimates for the six station 
networks. Panel a) shows the result for the UCB model while panel b) shows the result for the 
MATCH:NCEP model.9 Though many of the broad features are the same, the models show differences in 
the way their fluxes respond to the change in station network.

UCB

2  -0.5-

Y earY ear

Figure 4.9. Deseasonalized interannual flux estim ates for all six networks and for model a) UCB, and b) MATCH:NCEP.

9
These models were chosen at random from the 13 model ensemble. A description of all the models in the interannual experiment is 

found in Gurney et a l ,  2004.
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In order to compare the interannual flux sensitivity to different station networks of the model mean versus 
individual models, a measure of across network variance is computed. Two different time periods are 
considered: the decade of the 1980s and the 1995 to 2000 time period. In the first, 3 different networks can 
be used to compute a variance at each timestep. In the second time period, 4 networks can be used to 
characterize a variance. This variance has been calculated at each monthly timestep for each of the two 
periods, for each of the models, and for the model mean flux. The time series of variance for the model 
mean can be reduced to a long-term, model mean by taking the RMS error of the timeseries. The same 
computation can be completed for each of the 13 models. Finally, the individual model errors can be 
reduced to an average individual model variance by taking the RMS error of the individual model long­
term RMS values. The result is a representation of the error due to the different networks as experienced by 
the model mean and the individual models. This error has been computed for each land region and for the 
two time periods specified.

Figure 4.10 shows a comparison of these two error metrics. For all regions, the model mean exhibits less 
sensitivity to changing station networks in comparison to individual models. The figure also shows which 
regions are most sensitive to the changing station network composition. The pattern reflects a combination 
of which regions experienced the addition of nearby stations and whether or not those regions were already 
under some data constraint.
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Figure 4.10. Comparison of the RMS between uncertainty due to network composition for two different time periods. The 
different color bars represent the model mean sensitivity and the model-specific sensitivity.

4.4 Discussion

4.4.1 Reduction to annual means/comparisons

Time averaging of the interannual inversion results allows one to compare results across the TransCom 3 
levels in addition to comparing to other time averaged studies. Figure 4.11 shows the regional 1992 to 1996
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mean carbon exchange across the different levels of the TransCom 3 experiment10. For the interannual 
inversion, the same 75 stations used in the annual mean and seasonal inversions are included and the 
uncertainty values are identical to those used in the seasonal inversion case. This makes for a more precise 
comparison11.

Q Annual mean inversion 
□  Seasonal inversion 
■  Interannual inv - 75 stat/unc

S  Amer N Africa S  Africa Bor Asia Tem p Trop Asia Austral 
Asia

Land Region

N Pacific W Pacific E Pacific S  Pacific N O cean  N Atlantic TropAtl S  Atlantic S  O cean T ro p ln d  S in d ia n

______________________________________________ Ocean Region____________________________________________

Figure 4.11. Model mean carbon exchange for the 1992 to 1996 time period across different inversion methods, a) land 
regions, b) ocean regions.

With the exception of North Africa, the annual mean, seasonal and interannual inversion using the 75 
station network arrive at similar time-averaged carbon exchange values. Both the northern ocean regions 
and the Southern Ocean region exhibit uptake of roughly comparable levels. The general consistency across 
the three methods is heartening and suggests that the possibility of bias due to temporal representivity error 
is not particularly acute for this time period (Engelen et al., 2003; Peylin et al., 2003).

As was commented on in both the annual and seasonal inversions, carbon uptake is comparable in 
Temperate North America (-0.8±0.7, -0.9±0.4, -0.97±0.3 Gt C/year) and Europe (-0.6±0.6, -1.0±0.5, - 
1.0±0.3 Gt C/year) during this time period at slightly less than 1 Gt C/year with Temperate Asia (-0.4±0.9, 
-0.4±0.8, -0.5±0.6 Gt C/year) approximately half that value.12 Except for the South Pacific, both the 
northern and southern ocean regions are sinks to atmospheric C 02. The tropical ocean regions in this time 
period are predominantly shown as sinks with the exception of the East Pacific, contrary to what is 
expected from purely temperature related arguments. For the 75 station network, the West Pacific ocean 
region is relatively well-constrained by the Pacific Ocean ship data. However, the three other tropical ocean 
regions (West Pacific and Tropical Atlantic and Indian) have far fewer nearby observing sites.

10 Table A4.2 provides all the fluxes and uncertainties associated with figure 4.11.
The comparison remains imperfect however. The priors and prior uncertainties in the three inversions are not identical.

Furthermore, the data uncertainties in the seasonal inversion were constructed to match the values in the annual mean inversion when
annualized assuming independent errors. This assumption is likely not reflective of the real world.
12

The values provided are for the annual, seasonal and 75 station interannual inversion, respectively. All uncertainties are “total” l a  
error values which incorporate both the within and between uncertainty measures.
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Examination of the 1995 to 2000 time average allows one to examine the behaviour across four of the 
interannual inversion station networks more readily than can be achieved through examination of figures
4.2 and 4.5. Figure 4.12 shows these results for the land, ocean, and grouped regions identified in section 
4.3.2.7.13

As with the cross-level comparison of figure 4.11, there is a general consistency across the four networks 
for this time period. Part of this is due to the fact that the regions for which the greatest amount of cross­
network disagreement occurred (see figures 4.2 and 4.5) have been combined into the three grouped 
regions displayed at the right of figure 4.12.
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Figure 4.12. Model mean, time-averaged carbon exchange for the 1995 to 2000 time period across different C 0 2 
observation station networks.

This time period shows a diminishment of the uptake in Temperate North America compared to the 1992 to 
1996 time period though the 23 station network has the least amount of change from the preceding five 
year time period. As was noted in section 4.3.2.2, three stations in particular, WLG, SHM and IZO, were 
influential in weakening the uptake in the late 1990s.

Temperate Asia exhibits the largest shift across the four networks, going from a source for the 23 station 
network, to an increasing sink in the larger networks. As was discussed in section 4.3.2.2, the 1990s 
brought the first C 02 observing stations to Asia. In particular, the 60 station network gained the addition of 
Tae-ahn Peninsula, Korea (TAP: 36.73° N, 126.13° E) and the Mount Waliguan Observatory, China 
(WLG: 36.27° N, 100.92° E) at the eastern end of the Temperate Asian region. The addition of these two 
stations to the 60 station network is responsible for the shift in carbon exchange. The 100 station network 
further gained observing sites in Minamitorishima, Japan (24.30° N, 153.97° E) and Ulaan Uul, Mongolia 
(44.45° N, 111.10° E). The latter station was responsible for the increasing sink in the late 1990s.

13 Table A4.3 in the appendix provides all the fluxes and uncertainties.
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The Northern Africa region exhibits the opposite behaviour, going from near-neutral exchange in the 23 
station network to a ~0.5 Gt C/year source in the 100 station network. As was mentioned previously, the 
first shift is due to the inclusion of CRZ in the 60 station network while the second is due the inclusion of 
the ALA aircraft sampling in the 100 station network.

If the 23 station network is excluded from the comparison, all 11 land and 11 ocean regions can be 
compared.14 Figure 4.13 shows the 1995 to 2000 mean carbon exchange for all regions and for the three 
largest station networks used in this study.15
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Figure 4.13. Model mean, time-averaged carbon exchange for the 1995 to 2000 time period across different CO2 

observation station networks. All 11 land and 11 ocean regions are separately estimated.

With the exception of a few regions, this time period shows considerable consistency in terms of both the 
direction and magnitude of the carbon exchange. As was mentioned previously, the Southern Africa and 
Tropical Indian ocean regions in the 60 station network are observationally unconstrained. In both these 
regions, the 60 station network estimates a flux that is opposite in sign to either the 100 or 114 station 
networks In the case of the Tropical Indian ocean, the addition of C 02 monitoring at Cape Rama, India 
(CRI: 15.08° N, 73.84° E) accounts for the change from a weak sink to a weak source. The South Pacific 
region also changes from a source to sink between the 60 station network and the two larger networks. As 
discussed in section 4.3.2.2, this is due to the addition of the C 02 observing site at Easter Island (EIC: 
29.15° S, 109.43° W) in the 100 station network. For example, the 1995 to 2000 mean carbon exchange for 
the 100 station network without EIC is +0.14 Gt C/year as opposed to -0.38 Gt C/year with EIC.

With the full spatial resolution intact, a number of features persist. Europe remains a sink nearly twice the 
size of Temperate North America. The combination of Boreal and Temperate Asia is roughly in between

14 This relates to the logic o f section 4.3.3.1 in which certain regional groupings were considered more robust than certain individual 
regions.

Table A4.4 in the appendix provides all the fluxes and uncertainties.
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Temperate North America and Europe in terms of uptake. South America is estimated as a sink while 
Tropical America is a source of similar magnitude.

In the oceans, the only two regions that are estimated as carbon sources to the atmosphere are the East 
Pacific and the Tropical Indian ocean. The other two tropical oceans, West Pacific and Tropical Atlantic 
are some of the weaker sinks. In the case of the West Pacific, the weak sink may reflect the presence of the 
very strong ENSO event within the averaging time period.

In the annual and seasonal TransCom 3 inversions, the fluxes estimated for the Southern Ocean region were 
consistently half of the uptake estimates derived from ApC02 measurements (Gurney et al., 2002; Gurney 
et al., 2003; Gurney et al., 2004). Similar magnitudes are estimated here. However, recent updates to the 
ocean ApC02 estimates bring these two results into agreement (Takahashi et al., 2002).16 The fluxes 
computed from the APC02 measurements are representative of the year 1995. For the Southern Ocean the 
updated carbon exchange based on the ApC02 measurements come to -0.35 to -0.45 Gt C/year depending 
upon which flux formulation is used. The Southern Ocean region time-mean flux estimate for the 1992 to 
1996 time period when averaged over all the TransCom 3 models and the levels/networks represented in 
figure 4.12 is -0.41± 0.17 Gt C/year.

Finally, table 4.1 presents the total land and ocean results from this study alongside two separate revisions 
to IPCC estimates for the decade of the 1980s and 1990s. The interannual inversion results from this study 
are represented by the 23, 30, 60 and 100 station networks. The primary difference between the two IPCC 
revisions comes in the decade of the 1990s where the Plattner et al,. (2002) revisions come up with more 
uptake in the oceans at the expense of the land sink.

When considering the decade of the 1980s, the interannual inversion results exhibit slightly less ocean 
uptake and slightly more land uptake than the IPCC revisions indicate. However, given the uncertainty 
bounds, the estimates cannot be considered in strict disagreement.

Table 4.1 . Estimates of total land and total ocean net carbon exchange for the 1980s and the 1990s a s estimated by the 
current study and other recent integrated sources.

O cean Land
80s 90s 80s 90s

Source Flux unc flux Unc Flux unc Flux unc

IPCC 1a -1.8 0.8 -1.9 0.7 -0.3 0.9 -1.2 0.9
IPCC 2b -1.7 0.6 -2.4 0.7 -0.4 0.7 -0.7 0.8

IAV (23)° -1.4 0.8 -2.0 0.9 -0.8 0.9 -1.1 0.9
IAV (30)c -1.2 0.9 NA NA -1.0 0.9 NA NA
IAV (60)° NA NA -1.0 1.1 NA NA -2.1 1.1

IAV (100)d NA NA -1.9 1.3 NA NA -0.8 1.3

‘ E s tim a te s  ta k e n  from  Le Quere et at, 2003 . IPCC, 2001 e s tim a te s  (Prentice et al., 2 001 ) w ere  ad ju s te d  to  a c c o u n t for th e  circulation 
effec t of o c e a n  O 2 .

b E s tim a te s  ta k e n  from  Plattner et at, 2002 . IPCC, 2001 e s tim a te s  (Prentice et at, 2 001 ) w ere  ad ju s te d  to  a c c o u n t for la rg er 0 2 o u tg a ss in g . 

c Inversion e s tim a te s  h a v e  b ee n  co rrec ted  for river tra n sp o rt b e tw e en  land an d  o c e a n . 0 .6  G t C /y ear h a s  b ee n  u s e d  (S arm ien to  an d  
S un d q u is t, 1992)

d T h e  a v e ra g e  for th e  19 9 0 s  inc ludes  th e  y e a rs  1993  to  1999. T h is m e a n s  th a t th e  g lobal total u p ta k e  is no t identical to  th e  netw orks tha t 
s p a n  th e  en tire  d e c a d e  o f th e  1990s.

For the decade of the 1990s, the interannual inversion estimates for the 23 station and 100 station networks 
agree fairly well with the IPCC estimates though it must be noted that the 100 station network spans the 
1993 to 1999 period and, hence, arrives at a global total uptake (-2.7 Gt C/year) that is somewhat less than 
that estimated from the entire decade of the 1990s (-3.1 Gt C/year).

16 Personal communication from Taro Takahashi indicates that the values presented in Takahashi et al., 2002 must be updated using 
winds at the 10 meter height rather than the 0.995 sigma level of the transport model used in the carbon flux calculation. These 
corrections are available at: http://www.ldeo.Columbia.edu/res/pi/CQ2/carbondioxide/text/10m wind.pm
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During the decade of the 1990s, the 60 station network disagrees quite substantially with both the IPCC 
estimates and the other station networks shown in Table 4.1. For the oceans, the difference is due to the 
change in the South Pacific and, to a lesser extent, the change in the South Atlantic regions. In the 23 and 
100 station networks, the South Pacific ocean region is estimated as a sink of -0.37 Gt C/year and -0.34 Gt 
C/year, respectively. In the 60 station network, the South Pacific is estimated as a 0.51 Gt C/year source. 
The explanation was described in section 4.3.2.2 - the inclusion of CRZ, CGO, and the POCS ship 
measurements in the 60 station network shifts the South Pacific region from a sink to a source. The 
observations at CRZ are primarily responsible for the shift in the South Atlantic region from a -0.3 Gt 
C/year sink to a 0.1 Gt C/year source. When the network grows to 100 stations, the EIC observing site is 
primarily responsible for the South Pacific region returning to a -0.34 Gt C/year sink during this time 
period.

On land, the extra uptake estimated for the 60 station network when compared to the 23 station network is 
found in both the South America and Southern Africa regions. As was discussed in section 4.3.2.2, the 
South America region shifts from a -0.7 Gt C/year sink during the 1990s to a -1.2 Gt C/year sink due 
primarily to the inclusion of the CRZ station in the 60 station network. The Southern Africa region is also 
strongly influenced by the inclusion of CRZ in the 60 station network in addition to RPB. The return to 
larger ocean uptake and smaller land uptake with the 100 station network rests primarily with these same 
regions and is mostly due to the inclusion of the aircraft sampling at Bass Strait (AIA: 40.53° S, 144.30° E).

The dramatic difference in the land and ocean totals for the network comprised of 60 stations compared to 
either independent estimates or other networks is troubling, primarily because the changes are due to a 
small number of unconstrained regions altered by a very small number of observing sites. It leaves open the 
question of whether or not the average 1990s flux estimate as produced by this study is or is not consistent 
with the IPCC estimates. As was indicated in section 4.3.2.2, examination of these particularly influential 
stations for potential errors is warranted. Though not attempted in this study, examination of the 
observational record of CRZ could greatly illuminate whether or not the flux estimate for the 60 station 
network are inconsistent with the other networks used here due to observational errors.

4.4.2 Comparison to recent inverse work

Though often using different observing sites, inversion methodology and transport models, other 
interannual inversion studies may provide some insightful contrasts or confirm some of the more robust 
results in this study. Rather than exhaustively culling results from all recent interannual inversions, I will 
focus attention on the most recent, and perhaps most thorough, interannual inversion study by Christian 
Rodenbeck and colleagues at the Max Planck Institute in Jena, Germany (Rodenbeck et al., 2003b).

Rodenbeck et al. used one transport model but included a number of C 02 observing networks that span 
overlapping time periods. Rodenbeck et al. imposed strict guidelines regarding which station records would 
be used in the C 02 inversion. This resulted in five networks ranging in size from 11 to 35 stations. The 11 
station network spans the 1982 to 2000 time period, the 16 station network began in 1986, the 19 station 
network began in 1990, the 26 station network began in 1993, and the 35 station network began in 1996.

Another important distinction, one that has been mentioned previously, is the use of reanalyzed time- 
dependent winds. Rodenbeck et al. use time-dependent winds but the model mean results presented here do 
not. Some studies have concluded that interannually varying transport is a negligible contribution to the 
interannual variations in atmospheric C 02 and hence, inverse flux estimates (Dargaville et al., 2000). 
Others have come to quite different conclusions, suggesting that fixed-year transport causes random errors 
as large as the posterior estimation error (Rodenbeck et al, 2003a). However, the random errors introduced 
by fixed-year transport were predominantly in the northern extratropics.

In the current study, different models employed different fixed-year winds. This may reduce the possibility 
of bias that might have occurred had all modelers used the same fixed-year transport. However, the mixture 
of fixed-year winds is very likely a contributor to the between model uncertainty presented throughout this 
chapter thus far. Fundamentally, this may be viewed as a trade-off between bias and random error. Using a 
single transport model with interannually varying winds may reduce the random error but could result in
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biased transport due to the single representation of transport physics. The use of many models, each of 
which is using a single fixed-year wind dataset, may reduce the bias due to varying transport physics but 
increase the random estimation error. Of course, there is no quantitative way to know how much bias is 
eliminated through various representations of transport physics and the use of different fixed-year winds. 
However, to the extent that these do cause random error, they are captured in the between uncertainty 
measure.

Figure 4.14 shows the land and ocean total deseasonalized carbon exchange from Rodenbeck et a/.adjacent 
to the results found in this study. The carbon exchange for the total land is similar with four distinct 
maxima coincident with the 1982/83, 1987/88, 1995, and 1998 ENSO warm phase peaks. However, the 
magnitude of the peaks differ somewhat between the two studies. Rodenbeck et al. show the 1987/88 land 
peak as nearing 1 Gt C/year while the results here show lessened uptake relative to the adjacent years but 
remaining a sink rather than a source. The period of maximum land uptake during the early 1990s are 
consistent between the two studies, particularly if one overlooks the 60 station network. Preceding sections 
have indicated that this network may be unrepresentative of the actual fluxes because a few regions were 
dramatically altered by the addition of a very few stations. The land maxima and minima in the mid- to 
late-1990s are also consistent between the two studies. However, the maximum emission (roughly 3 Gt 
C/year) in 1998 is consistent when only the two largest networks are considered.

The total ocean exchange shows far more differences. From 1986 to 1989, the total ocean flux was slightly 
positive here but Rodenbeck et al. maintain a weak sink over that period. The weak emission for the global 
ocean in this study is primarily driven by the tropical oceans which increase their carbon emissions up to 
approximately 3 Gt C/year in the late 1980s. Furthermore, the 1985 peak found in Rodenbeck et al. is found 
in none of the three overlapping networks in this study. The overall peak to peak variability in the 1990s is 
greater in this study though this conclusion is somewhat dependent upon which network is considered. As 
with the land total, the 60 station network exhibits unrealistic variability and should probably be 
deemphasized in this comparison. Nonetheless, the peak to peak varaibility in this study is roughly 4 Gt 
C/year compared to roughly 1.5 Gt C/year in the Rodenbeck et a/.results.

Both studies exhibit less cross-network agreement in the late-1990s for the total ocean particularly during 
the lead up to and during the strong 1998 ENSO event.
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Figure 4.14. Comparison of total land and total ocean fluxes from this study (bottom panels) and R o d e n b e c k  e t  a l., 2003.

Regionally, a number of differences are worth noting. The large spike in carbon emissions centered on the 
year 1998 and coincident with a strong ENSO warm phase is evident in both studies across the tropical and 
southern land regions. However, Rodenbeck et al. estimate this emission event occuring in both Boreal and
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Temperate Asia whereas the current study does not. Long-term mean differences on land include both the 
Tropical Asia and Europe regions. Rodenbeck et al. find a long-term mean source for Europe whereas a 
significant sink is found here. The opposite occurs for Tropical Asia; Rodenbeck et al. estimate a long-term 
mean sink whereas a source is found here. Finally, the South America region exhibits a large sink in the 
late 1980s in this study but Rodenbeck et al. find near neutral emissions over this same period. As with 
Tropical Asia, comparisons for the South America region come with considerable uncertainty.

The difference in the long-term mean exchange for Europe is the most striking land contrast. This region is 
relatively well-observed and has been consistently estimated as a large sink across the different TransCom 
experiments in addition to many inversion studies.

In the ocean regions, Rodenbeck et al. find less interannual variability overall with the exception of the 
Tropical Indian ocean region. Both studies find a reduced source in the East and South Pacific coincident 
with the strong 1990 ENSO event.

4.4.3 Biogeochemical implications: El Nino-Southern Oscillation

A number of hypotheses have been proposed to explain the time-dependent behaviour of carbon exchange 
with the land and oceans (Conway et al., 1994; Keeling et al., 1995; Braswell et al., 1997; Rayner et al., 
1999b; Yang and Wang, 2000; Vukicevic et al., 2001). Most are tied to known variations in climate which 
themselves are related to observed modes of variability in the atmosphere. Distinct from interannual 
variability are phenomena that work on somewhat slower timescales, such as land-use change, or are short 
infrequent events, such as large fires or volcanic emptions {Houghton, 2000; van der Werf et al., 2003; 
Robock, 2002).

Though a complete exploration of the hypothesized biogeochemical roots of interannual variation in carbon 
exchange are beyond the scope of this study, an abbreviated investigation into connections with the ENSO 
cycle provides a glimpse of the potential for future work.

During the onset of an ENSO event, the growth rate of atmospheric C 02 increases, suggesting lessened 
uptake/greater emission of carbon by the surface. This has been attributed to lessened emission from the 
equatorial Pacific due to the higher surface temperatures and reduced upwelling in the tropical eastern 
Pacific margin {Feely et al., 1999; Winguth et al., 1994). However, it has also been suggested that the 
carbon exchange with the terrestrial biosphere responds to altered climatic conditions associated with the 
phasing of ENSO through change in photosynthesis and respiration {Kindermann et al., 1996, Gerard et 
al., 1999, Jones et al., 2001; Schaefer et al., 2002). These alterations can induce acute carbon exchange 
events such as large fires associated with ENSO-induced drought conditions {Keeling et al., 1995; Schimel 
and Baker, 2002; van der Werf et al., 2004). As the ENSO progresses out of the warm phase into the La 
Nina period, atmospheric C 02 growth rates decrease suggesting greater uptake/lessened emission by the 
surface. This has been attributed to increased growth stimulated by greater northern extratropical rainfall 
and nutrient mobilization in the growing season following the ENSO warm phase {Braswell et al., 1997).

Carbon flux correlation to ENSO has already been noted qualitatively at the scale of total land in this study. 
Examination of figures 4.2 and 4.5 show that many regions coherently respond to the ENSO timing. 
Because of the strength of the 1998 ENSO event and the fact that it occurs over the time period with the 
largest C 02 observing network used in this study, the late 1990s present a strong case for ENSO/carbon 
flux correlation analysis. Many of the tropical land and ocean regions exhibit swings in carbon exchange 
roughly coincident with the 1998 ENSO event. On land, the Tropical Asia, Northern and Southern Africa 
and America, respectively, show strong potential responses.

In order to quantify the correlation between the regional carbon exchange and ENSO events, each region 
has been correlated separately to the Multivariate ENSO Index (MEI index) with lags extending one year 
ahead and behind. The results for the 23 station network are shown in figure 4.15.
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Figure 4.15. Lagged correlation between the MEI ENSO index and the regional carbon exchange for the 23 station 
network, a) land regions, b) ocean regions. Two-tailed significance (95%) is denoted by the solid horizontal lines. The 
one-tailed significance level (95%) is denoted by the horizontal dashed line.

On land, positive correlations occur across many regions with lag values of 4 to 10 months. The positive 
lagged correlation begins with Australasia (~ -3 months) and Southern Africa (~ -4 months) followed by 
Northern Africa, Tropical Asia, and Tropical America (~ -5 months). Finally, correlation maxima occur for 
Temperate Asia (~-6 months) and Europe (~-9 months). Using a one-tailed significance test, all of these 
regions achieve significance (95%) except for the Australasia region. Using a two-tailed significance test, 
only Northern Africa, Temperate Asia, and Europe achieve significance.17

In the oceans, the progression is less clear. The East Pacific shows a significant negative correlation at 4 
months ahead of the ENSO index maximum and a significant positive correlation roughly 1.5 years after 
the ENSO index. The North Pacific exhibits a relationship nearly opposite to the found in the East Pacific. 
The North Pacific has a significant positive correlation roughly 2 months after the ENSO peak and a 
significant negative corrrelation 1.5 years after. The only other regions achieving statistical significance are 
the South Atlantic, Tropical Atlantic, and the Northern Ocean. The South Atlantic has a significant positive 
correlation 1 month prior while the Tropical Atlantic has a significant negative correlation approximately 8 
months prior to the ENSO index maximum, respectively. Finally, the Northern ocean has a significant 
positive correlation roughly 2 years after the ENSO maximum.

The 23 station network extends from 1980 to 2000 and therefore encompasses multiple ENSO events. 
However, as has been shown by others, the Mount Pinatubo emption in June 1991 interrupted the carbon 
flux response hypothesized to occur as a result of ENSO dynamics. Hence, the resulting correlations will be 
somewhat compromised by this. Furthermore, the use of all 11 land and 11 ocean regions from the 
inversion using the 23 station network is prone to greater uncertainty in the tropical land and ocean regions 
than found with the larger station networks.

The same exercise can be performed with the 114 station network which will focus exclusively on the large 
1998 ENSO event and should provide greater confidence regarding tropical fluxes. Figure 4.16 shows these 
results.

17 In the case of the 23 station network, a total of 250 monthly values are available. However, these have been reduced to a total of 19 
degrees of freedom for calculating the significance.
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Figure 4.16. Lagged correlation between the MEI ENSO index and the regional carbon exchange for the 114 station 
network. Legend is identical to figure 4.15. The vertical scale is larger than found in figure 4.15.

The correlation values are larger overall but with a very similar progression of regions and timing. In this 
case, the Australasia and Southern Africa timing are similar and nearly coincident with the maximum of the 
ENSO index. Following this are South America and Tropical Asia, lagging the maximum by roughly 1 
month. The Tropical America regions follows at approximately 4 months, the Northern African region at 
roughly 6 months and Europe at 11 months. The Temperate Asia region exhibits a lagged correlation 
distinctly different from that calculated with the longer 23 station network. Here, the response of Temperate 
Asia exhibits the same timing but is negatively correlated with the ENSO index rather than positively 
related. All of the regions described achieved significance for the one-tailed test and all but Europe and the 
South America region achieved significance with the two-tailed test.

In the oceans, the East and North Pacific regions show similar behaviour to that found for the 23 station 
network. In this shorter timespan, the significant negative correlation in the East Pacific is coincident with 
the maximum of the ENSO index as opposed to the approximate 5 month lead in the 23 station network. 
The North Pacific exhibits a significant positive correlation roughly 10 months after the ENSO maximum 
compared to only 3 months when using the 23 station network. As with the smaller network, both the 
Northern Ocean and the South Atlantic regions exhibit significant positive correlations, 12 months and 4 
months after the ENSO maximum, timing quite different from that found with the smaller network. Othe 
regions exhibiting significant relationships are the Tropical Indian (coincident with the ENSO maximum), 
the West Pacific (preceding by ~2 months), and the South Pacific (lagging by ~18 months) regions.

Though not a conclusive analysis, the progression of correlations on land is somewhat consistent with 
hypotheses regarding the terrestrial response to ENSO events. A recent study by researchers at the Hadley 
Centre in the United Kingdom attempted to isolate the underlying mechanisms between ENSO and carbon 
exchange on land (Jones et al., 2001). In that study, the “HadCM3LC” coupled ocean-atmosphere GCM 
with an interactive carbon cycle is run in an effort to simulate the observed C 02 and ENSO variations. 
Having achieved reasonable correspondence between the model simulation and observations, the authors 
examine the mechanisms linking ENSO and the response of the carbon cycle.

The Hadley Centre research shows positive correlations between the ENSO warm phase peak and land to 
atmosphere fluxes in Amazonia, Tropical Asia, and Australia. In these three regions, a combination of 
higher temperatures and lower precipitation cause a reduction in GPP and an increase in respiration. In 
A m azonia, the temperature is the larger influence w hile in  Tropical A sia and Australia, the lessened  
precipitation is the larger factor. In Tropical Africa a similar positive correlation occurs but is induced 
solely by the increase in temperature and the subsequent increase in soil respiration. Much of North 
America shows a negative correlation with the ENSO warm phase. The authors attribute this to a wetter 
and cooler climate which yields large increases in GPP.

The timing of the correlations noted in figure 4.15 and 4.16 are particularly intriguing and suggest a 
migration in the response from the tropical regions to the northern extratropics months later. The 
mechanisms driving the northern extratropical land regions is less clear from the lagged correlation values.

92

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



The lag may be due to the seasonality of the northern extratropical land regions. Since theENSO index 
maxima tend to occur dining the northern Winter months, the response in the northern extratropics may 
manifest itself during the following growing season, roughly 6 months later. This would explain the 
roughly 6 and 9 month lag associated with the positive correlations found in Temperate Asia and Europe, 
respectively.

4.5 Conclusions

This chapter has presented interannual carbon exchange results from the TransCom 3 experiment. The 
interannual fluxes and uncertainties from the 13 models that participated in this experiment constitute an 
enormous amount of computational output. Rather than analyze the individual model results, the current 
chapter has focused on analyzing the model mean fluxes and the two critical uncertainties that can be 
derived from the model ensemble. Sensitivity to C 02 observing networks, their composition, and prior flux 
uncertainties have been explored and related to how they influence the long-term mean fluxes and the 
interannual variability. The long-term means and variations have been compared to a number of different 
studies and an initial look taken at a key biogeochemical driver of carbon flux interannual variations.

As with the annual mean and seasonal inversions, an important distinction between this and other studies is 
the availability of a suite of transport models from which one can calculate a model mean. This, like the 
previous TransCom work, results in the model mean being relatively robust to a number of the factors that 
are typically associated with uncertainty in C 02 inversions.

Firstly, the individual model results indicate that though the long-term means diverge, the interannual 
variability is consistent across the individual models. This occurs in spite of the different fixed-year winds 
used to drive the various models and their different transport physics. Because TransCom was constructed 
to attempt to quantify the error in C 02 inversion due to transport, this result allows us to not only compute 
an uncertainty associated with the transport but better characterize the transport spread in the interannual 
signal. As a result, the total error estimates contained in the interannual results are reduced, providing much 
more confidence in the interannual fluxes.

As with many other aspects of the interannual inversion results, interpretation of the two fundamental 
uncertainty indices, the within or random error and the between or model spread, are tied to the 
observational network employed. As the observational network becomes more dense, particularly over 
land, the within error is reduced but the model spread increases. This increase in the model spread is greater 
over land than over the ocean regions. In other words, as more observing locations are included in the 
inversion, the differences between the models are better seen by the observing network and this is more 
acutely true over land where the source gradients are typically larger due to the influence of the fossil fuel 
source and biosphere exchange.

The prior uncertainty bounds have been considered by many as a critical component in forming the 
posterior fluxes. This is often the case where either the uncertainties are too small or a particular basis 
function region is unconstrained by data. If both occur, the posterior flux will mirror the prior. If 
uncertainties are large and no observational constraint present, posterior fluxes typically generate 
compensatory dipole behaviour across the unconstrained regions.

In the current study the question of how much influence is being imparted by the prior must be within the 
context of which of the six station networks one is considering. In the smallest network constructed here, 
loosening the prior uncertainty causes many of the tropical land and ocean regions to exhibit compensatory 
dipole behaviour. However, the advantage to the exercise is that it assists in identifying those regions that 
can be combined in order to construct a grouped region that does reflect some observational constraint. For 
the small network employed here, this allowed for the identification of three grouped regions.

As the station network is progressively increased between 60 and 114 stations, the loosening of the priors 
has less and less influence on the posterior flux. Though some small shifts occur in the long-term mean 
carbon exchange, the interannual variability is preserved.
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The next measure of robustness regards the sensitivity of the model mean to the different observing 
networks constructed. I have generated a measure of cross-network error by computing an RMS error for 
two different time periods, the 1980s and the 1995 to 2000 time period. By comparing the individual model 
error due to the different networks to the model mean error to the different networks, one can assess 
whether or not the model mean is a more robust estimate of carbon exchange when different networks are 
used. For the TransCom results, the model mean is consistently less sensitive to the station network 
composition than any individual model.

The last sensitivity test performed here is less about robustness and more about explaining which stations 
cause some of the more noticeable shifts from one overlapping network to another. In some cases, stations 
are added to regions with few pre-existing stations and can thus alter carbon exchange via the new and 
sizeable influence they impart. In other cases, new stations are added to a region that contradict or conflict 
with the flux determination of pre-existing stations. Three stations were found to cause sizeable shifts in the 
regional flux estimation when they entered the observing network: CRZ, WLG, and IZO. In the case of 
CRZ, the South America and Southern Africa regions exhibit increased uptake while the South Pacific and 
South Atlantic regions exhibit lessened uptake or a greater source in the early 1990s. The addition of WLG 
and IZO cause shifts during the mid-1990s in three land regions: Temperate North America, Temperate 
Asia and Northern Africa. In this instance, Temperate North America exhibits weakened uptake, Temperate 
Asia changes from a sink to source, and Northern Africa exhibits a weakened source. Except for the 
Temperate North American region, the influence is expressed in regions which had little or no 
observational constraint prior to the addition of the noted stations.

Reduction of the interannual results to long-term means indicates that the TransCom 3 inversion results are 
relatively robust to temporal truncation or the degrees of freedom allowed in the time domain. Further 
evidence for robustness across network composition is provided by comparing the long-term mean 
exchange.

Comparison of the long-term means for land and ocean separately with independently-derived efforts such 
as those summarized in the IPCC reports indicates some convergence at the large scale. For the decade of 
the 1980s, the ocean was the dominant sink relative to the land though the inverse results presented here 
would conclude that the relative sinks strength is not as large as that summarized by the IPCC. For the 
decade of the 1990s, much closer agreement is evident. However, it is clear that the station network 
comprised of 60 stations is possibly an outlier among the networks constructed in this study. This was 
confirmed in the section aimed at examining the influence of individual stations and was found to be due to 
the addition of the CRZ station.

The relationship of the regional carbon exchange estimates to the El Nino-Southern Oscillation index has 
been explored. The results indicate that significant heightened carbon emissions travel in both time and 
space from the Tropical Pacific ENSO peak value. The spatial progression starts in the tropics with nearly 
coincident carbon emission events and migrates to the extratropics roughly a year later. The results are 
broadly consistent with existing hypotheses concerning the linkage between ENSO and carbon exchange.

Comparison to a recent independent atmospheric inversion study confirms the difficulty in estimating the 
long-term sources and sinks compared to the interannual variations. At the scale of total ocean and total 
land, both the long-term means and the interannual variability exhibit consistency. However, examination 
at the regional scale shows large differences in the long-term mean exchange thought the broad features of 
the interannual variability remain comparable.

Like all inversion studies, this one is subject to potential bias. The following is a list of these potential 
caveats:

> Even with a large number of tracer transport models, there is the possibility that features of their 
transport physics are all biased in the same way. For example, they could all include too much 
interhemispheric transport or too little convection in particular locations.
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> The use of fixed spatial distribution patterns or “footprints” for the regional basis functions and 
the background fluxes can give rise to “spatial representation error”. This has been discussed 
both in previous TransCom papers and in Engelen et al. (2000).

> Sampling in global tracer transport models and sampling in the real world are unquestionably 
different. Transport models cannot capture subgrid homogeneity in atmospheric C 02 which may 
be reflected in C 02 measurements. Though efforts are made to measure C 02 in ways that make 
them somewhat representative of large air masses, this process is imperfect and may contain 
bias.

Analysis of the interannual TransCom results is only beginning. In addition to analysis of the model-to- 
model differences, a variety of interesting tasks remain to be pursued with the model mean:

> Comparison to global biogeochemical modeling studies

> Sensitivity to the removal of the neutral biosphere and the background ocean exchange.

> Comparison to eddy flux carbon exchange at existing measurement towers.

> Full investigation of linkages to model of climate variability including the Arctic Oscillation,
temperature and precipitation anomalies, fire, land-use change and other contributors to 
interannual variability in regional carbon exchange.

Beyond the TransCom experiment itself, the future of atmospheric carbon inversions is moving in a variety 
of directions. Though adequate when coupled to observations that represent monthly means and 
observational networks of 100 stations, the synthesis inversion approach will be far too cumbersome as 
C 02 measurements move to continuous monitoring and attain densities afforded by remote sensing 
strategies. The advent of such measurement strategies requires different methodological tools.

The first of these is the use of the adjoint of transport models. The advantage of the adjoint is the reduced 
computational burden when constructing the response functions for a particular transport model.
Traditional forward-running response function approaches must run a separate simulation for each basis 
function region, time-averaging period, and observing location. An adjoint model, in contrast, must be run 
separately for each observational location only. The response at every gridcell and timestep is available for 
each observing location as a result. Of course, as the number of observing locations increases, the cost of 
simulation does so as well. However, the benefit is that the response at each model gridcell and at the 
timestep of the transport model is available for use within an inversion.

Though the adjoint-derived response function can be used with a synthesis inversion approach, there are 
advantages to incorporating the adjoint of atmospheric transport with a data assimilation scheme. An 
assimilation scheme can incorporate observations into the optimization procedure as they are taken, 
allowing for greater flexibility in the use of continuous observations. Both, an increase in continuous 
monitoring and satellite C 02 measurements are part of future plans in carbon cycle research.

Of course, in order to make use of continuous monitoring at the surface and satellite snapshots of 
concentrations along orbital tracks, the onus is shifted to improvements in transport modeling. Off-line, 
course resolution models, such as most in the TransCom experiment are probably not suited for the future 
assimilation effort. Transport models run at resolutions below 1 degree with timesteps that allow for the 
characterization of the diurnal cycle are essential. Realistic simulation of the planetary boundary layer and 
realistic sub-grid vertical transport are essential.

The TransCom experiment has met success in a number of ways, sometimes exceeding the original 
expectations. The magnitude of transport error in relation to other sources of error in the C 02 inversion 
technique has been well-quantified and explored. Furthermore, TransCom has generated flux estimates that 
are robust to many aspect of the inversion, providing a considerable amount of confidence in the estimates
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themselves. Like all intercomparison efforts, the TransCom experiment cannot be farily compared with 
“state-of-the-art” efforts that individual groups or laboratories must continue to work on. Nevertheless, 
certain problems can only be solved through collective efforts and rely on the individual groups and 
laboratories to continue to push the boundaries individually on C 02 inverse research.
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Appendix

Table A4.1 Station listing for the six C 0 2 observing networks used in 
the interannual inversion. Time period and the values for p  are shown.

23 s ta tions: 26 s ta tions: 30 s ta tions: 60 s ta tions: 100 sta tions: 114 stations:
1980-2000  1980-1997  1980-1990  1990-2000  1993-2000 1995-2000

3 = 2 
alt_06D0 
asc_00D0 
ams_11C0 
azr_00D0 
bhd_15C0 
brw_00C0 
brw_00D0 
cmn_17C0 
gmi_00DO 
<ey__00D0 
<um_00D0 
nlo_00C0 
t i Io _ 0 0 D 0  
iwr_00D0 
Dsa_00D0 
sch_23C0 
Sey_00D0 
smo_00C0 
smo_00D0 
spo_00C0 
spo_00D0 
stm_00D0 
stmebc_00D0

p = 2 
alt_06D0 
ams_11C0 
asc_00D0 
azr_00D0 
bhd_15C0 
brw_00C0 
brw_00D0 
cba_00D0 
cmn_17C0 
cmo_00D0 
gmi_00D0 
key_00D0 
kum_00D0 
mbc_00D0 
mlo_00C0 
mlo_00D0 
nwr_00D0 
psa_00D0 
sch_23C0 
sey_00D0 
smo_00C0 
smo_00D0 
spo_00C0 
spo_00D0 
stm_O0D0

3  =  2 
alt_06D0 
ams_00D0 
am s_11 CO 
asc_00D0 
avi_00D0 
azr_00D0 
bhd_15C0 
brw_00C0 
brw_00D0 
cba_00D0 
cm rM 7C0 
cmo_00D0 
gmi_00D0 
key_00D0 
kum_00D0 
mbc_00D0 
mlo_00C0 
mlo_00D0 
nwr_00D0 
psa_00D0 
sbl_06D0 
sch_23C0 
sey_00D0 
smo_00C0 
smo_00D0 
spo_00C0 
spo_00D0 
stm_00D0 
stmebc_00D0 
wes_23C0

3 = 1 
alt_00D0 
alt_06D0 
alt_02D0 
alt_04D0 
am s_11 CO 
asc_00D0 
azr_00D0 
bhd_15C0 
bme_00D0 
bmw_00D0 
brw_0QC0 
brw_00D0 
cfa_02D0 
cgo_00D0 
cgo_02D0 
cgo_04D0 
cmn_17C0 
crz_00D0 
gmi_00D0 
hba_00D0 
izo_00D0 
izo_27C0 
key_00D0 
kum_00D0 
maa_02D0 
mhd_00D0 
mid_00D0 
mlo_00C0 
mio_00D0 
mlo_02D0 
mqa_02D0 
nwr_00D0 
poc000_00D1 
pocn05_00D1 
pocn10_00D1 
pocn15_00D1 
pocn20__00D1 
pocn25_00D1 
pocn30_00D1 
pOCS05_00D1 
pocs10_00D1 
pocs15_00D1 
pocs25_00D1 
pOCs30_00D1 
psa_00D0 
rpb_00D0 
ryo_19C0 
sch_23C0 
sey_00D0 
shm_00D0 
smo_00C0 
smo_00D0 
spo_00C0 
spo_00D0 
spo_02D0 
stm_00D0 
stmebc_00D0 
syo_00D0 
tap_00D0 
wlg_00D0

3  =  0.8 
aia005_02D2 
aia015_02D2 
aia025_02D2 
aia035_02D2 
aia045_02D2 
aia055_02D2 
aia065_02D2 
alt_00D0 
alt_06D0 
alt_02D0 
alt_04D0 
ams_11C0 
asc_00D0 
azr_00D0 
baLOODO 
bhd_15C0 
bme_00D0 
bmw_00D0 
brw_00C0 
brw_00D0 
car030_00D2 
car040_00D2 
car050_00D2 
car060_00D2 
cfa_02D0 
cgo_00D0 
cgo_02D0 
cgo_04D0 
cmn_17C0 
cri_02D0 
crz_00D0 
eic_00D0 
esp_02D0 
esp_06D0 
gmi_00D0 
hba_00D0 
hun_00D0 
ice_00D0 
itn051_00C3 
itn496_00C3 
itn_00D0 
izo_00D0 
izo_27C0 
jbn_29C0 
key_00D0 
kum_00D0 
kum_04D0 
maa_02DO 
mhd_00D0 
mhdcbc_11 CO 
mhdrbc_11C0 
mid_00D0 
mlo_00C0 
mlo_00D0 
mlo_02D0 
mnm_19C0 
mqa_02D0 
nwr_00D0 
poc000_00D1 
pocn05_00D1 
pocn10_00D1 
pocn15_00D1 
pocn20_00D1 
pocn25_00D1 
p o c n 3 0 _ 0 0 D 1  
pocs05_00D1 
pO C Sl0_00D 1 
pocs15_00D1 
pocs25_00D1 
pocs30_00D1 
psa_00D0 
rpb_00D0 
ryo_19C0 
sch_23C0 
sey_00D0 
shm_00D0 
sis_02D0 
smo_00C0

3  =  1 
aia005_02D2 
aia015_02D2 
aia025_02D2 
aia035_02D2 
aia045_02D2 
aia055_02D2 
aia065_02D2 
ait_00D0 
alt_06D0 
alt_02DO 
alt_04D0 
ams_11C0 
asc_00D0 
ask_00D0 
azr_00D0 
bal_00D0 
bhd_15C0 
bme_00D0 
bmw_00D0 
brw_00C0 
brv/_00D0 
bsc_00D0 
car030_00D2 
car040_00D2 
car050_00D2 
car060_00D2 
cba_04D0 
cfa_02D0 
cgo_00D0 
cgo_02D0 
cgo_04D0 
cmn_17C0 
cri_02D0 
crz_00D0 
eic_OODO 
esp_02D0 
esp_06D0 
gmi_00D0 
hba_00D0 
hun_00D0 
ice_00D0 
itn051_00C3 
itn496_00C3 
itn_00D0 
izo_00D0 
izo_27C0 
jbn_29C0 
key_00D0 
kum_04D0 
kum_00D0 
lef030_00C3 
lef396_00C3 
lef_OODO 
lmp_28D0 
maa_02D0 
mhd_00D0 
mhdcbc_11 CO 
mhdrbc_11 CO 
mid_00D0 
mlo_00C0 
mlo_00D0 
mlo_02D0 
mnm_19C0 
mqa_02D0 
nwr_OODO 
poc000_00D1 
pocn05_O0D1 
pocn10_00D1 
pocn15_00D1 
pocn20_00D1 
pocn25_00D1 
pocn30_00D1 
pocs05_00D1 
pocs10_00D1 
pocs15_00D1 
pocs25_00D1 
pocs30_00D1 
psa_00D0
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smo_OODO
smo_04D0
spo_OOCO
spo_OODO
spo_02D0
spo_04D0
stm_OODO
stmebc_OODO
syo_OODO
tap_OODO
uta_OODO
uum_OODO
wlgJDODO
wpo000_10D2
wpon05_10D2
wpon10_10D2
wpon15_10D2
wpon20_10D2
wpon25_10D2
wpon30_10D2
wpos05_10D2
zep_OODO

rpb_OODO
ryo_19C0
sch_23C0
sey_OODO
shm_OODO
sis_02D0
smo_04D0
smo_OOCO
smo_OODO
spo_OOCO
spo_OODO
spo_02D0
spo_04D0
stm_OODO
stmebc_OODO
syo_OODO
tap_OODO
uta_OODO
uum_OODO
wes_23C0
wis_OODO
wlg_33C0
wlg_OODO
wpo000_10D2
wpon05_10D2
wpon10_10D2
wpon15_10D2
wpon20_10D2
wpon25_10D2
wpon30_10D2
wpos05_10D2
wpos10_10D2
wpos15_10D2
wpos20_10D2
wpos25_10D2
zep OODO

Table A4.2 Fluxes and uncertainties associated with figure 4.11 (Gt C/year)

Region 92-96 AM inv 92-96 Cyclo inv 92-96 75 stat/unc 

flux tot unc flux tot unc flux tot unc

Bor N America 0.28 0.47 0.20 0.33 0.16 0.28
Temp N America -0.82 0.66 -0.89 0.39 -0.97 0.30
Tropical America 0.67 1.18 0.74 1.06 0.70 0.72
S America -0.12 1.01 -0.24 0.88 -0.46 0.86
Northern Africa 0.01 1.30 0.79 1.01 0.74 0.81
Southern Africa -0.29 1.01 -0.51 0.83 -0.41 0.64
Boreal Asia -0.60 0.75 -0.36 0.56 -0.33 0.56
Temperate Asia -0.42 0.93 -0.41 0.81 -0.51 0.74
Tropical Asia 0.42 0.86 0.27 1.04 0.29 0.92
Australasia -0.15 0.33 -0.10 0.21 -0.11 0.15

Europe -0.61 0.56 -0.96 0.47 -1.01 0.41
N Pacific -0.25 0.45 -0.32 0.31 -0.38 0.29
W Pacific -0.15 0.40 -0.21 0.31 -0.19 0.27
E Pacific 0.63 0.41 0.66 0.33 0.64 0.27
S Pacific 0.49 0.66 0.51 0.56 0.44 0.50
Northern Ocean -0.30 0.23 -0.27 0.19 -0.27 0.17
North Atlantic -0.45 0.42 -0.29 0.33 -0.31 0.29
Tropical Atlantic -0.05 0.35 -0.10 0.24 -0.09 0.16
South Atlantic -0.04 0.43 -0.05 0.25 -0.08 0.10
Southern Ocean -0.47 0.35 -0.55 0.37 -0.49 0.47

Tropical Indian -0.34 0.48 -0.33 0.32 -0.38 0.27

South Indian -0.24 0.38 -0.39 0.29 -0.37 0.23
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Table A4.3. Fluxes and uncertainties associated with figure 4.12 (Gt C/year)

Region 95-00 23 stat 95-00 60 stat 95-00 100 stat 95-00 114 stat

flux tot unc flux tot unc flux tot unc flux tot unc

Bor N America 0.04 0.26 0.13 0.24 0.29 0.38 0.29 0.40

Temp N America -0.70 0.52 -0.45 0.42 -0.52 0.35 -0.50 0.31
Northern Africa 0.06 0.40 0.23 0.49 0.45 0.72 0.52 0.93
Boreal Asia -0.41 0.46 -0.52 0.44 -0.35 0.51 -0.34 0.54
Temperate Asia 0.20 0.39 -0.06 0.56 -0.23 0.42 -0.40 0.48
Tropical Asia 0.63 0.33 0.54 0.43 0.39 0.41 0.38 0.48
Australasia -0.22 0.14 -0.15 0.13 -0.03 0.15 -0.04 0.15

Europe -0.82 0.51 -0.72 0.44 -0.98 0.37 -0.80 0.43

North Pacific -0.87 0.32 -0.79 0.33 -0.73 0.39 -0.74 0.42

Northern Ocean -0.27 0.15 -0.32 0.15 -0.40 0.18 -0.46 0.22
North Atlantic -0.25 0.18 -0.36 0.20 -0.38 0.30 -0.41 0.32
Southern Ocean -0.09 0.18 -0.27 0.20 -0.19 0.22 -0.18 0.21

TrAmPac 0.73 0.48 1.55 0.69 1.03 0.68 1.28 0.75
Atlantis -0.70 0.40 -1.45 0.74 -1.09 0.87 -1.33 0.97

Indian Ocean -0.20 0.19 -0.25 0.38 -0.22 0.45 -0.22 0.46

Table A4.3. Fluxes and uncertainties associated with figure 4.13

Region 95-00 60 stat 95-00 100 stat 95-00 114 stat
flux tot unc flux tot unc flux tot unc

Bor N America 0.13 0.24 0.29 0.38 0.29 0.40
Temp N America -0.45 0.42 -0.52 0.35 -0.50 0.31
Tropical America 0.69 0.87 0.79 0.81 1.10 0.93
S America -1.06 0.80 -0.86 0.93 -1.01 0.97
Northern Africa 0.23 0.49 0.45 0.72 0.52 0.93
Southern Africa -0.21 0.55 0.22 0.69 0.21 0.80
Boreal Asia -0.52 0.44 -0.35 0.51 -0.34 0.54
Temperate Asia -0.06 0.56 -0.23 0.42 -0.40 0.48
Tropical Asia 0.54 0.43 0.39 0.41 0.38 0.48
Australasia -0.15 0.13 -0.03 0.15 -0.04 0.15

Europe -0.72 0.44 -0.98 0.37 -0.80 0.43
N Pacific -0.79 0.33 -0.73 0.39 -0.74 0.42
W Pacific -0.18 0.23 -0.11 0.29 -0.14 0.30
E Pacific 0.74 0.28 0.70 0.30 0.67 0.30
S Pacific 0.28 0.43 -0.38 0.36 -0.37 0.34
Northern Ocean -0.32 0.15 -0.40 0.18 -0.46 0.22
North Atlantic -0.36 0.20 -0.38 0.30 -0.41 0.32
Tropical Atlantic -0.07 0.32 -0.17 0.30 -0.22 0.31
South Atlantic -0.09 0.34 -0.26 0.31 -0.28 0.31
Southern Ocean -0.27 0.20 -0.19 0.22 -0.18 0.21

Tropical Indian -0.07 0.38 0.05 0.35 0.05 0.41
South Indian -0.18 0.26 -0.27 0.28 -0.27 0.29
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CHAPTER 5

SEASONAL AND INTERANNUALLY VARYING FOSSIL 
FUEL EMISSIONS: IMPACT ON ATMOSPHERIC C 0 2

INVERSIONS
5.1 Introduction

The emissions of fossil fuel C 02 form a key component of atmospheric C 02 inversions. In the Bayesian 
synthesis inversion used in the TransCom 3 experiment (Gurney et al. 2002; Gurney et al. 2003; Gurney et 
al., 2004), the fossil fuel emissions are designated as a “background” or “presubtracted” flux. Fossil fuel 
emissions are not the only background fluxes specified; two other fluxes are included in this fashion: a 
neutral biosphere flux and a global oceanic flux.

In the simplest terms, once the background emissions are specified in space and time, the fluxes that are 
estimated in the inversion process, the “residual” fluxes, represent adjustments to these background fluxes 
such that the sum of the background and the residual fluxes best match atmospheric C 02 concentrations 
observed at particular times and locations. The use of the term “presubtracted” for the background fluxes 
can best be explained by the following expression denoting the linearly summed components of the 
atmospheric C 0 2 budget.

C o b s ~ C  f f  +  C o c  +  C „ b i o  +  l l C r e s  ( 5 ' 1 }

i=l

where Cobs represent the observed C 02 at a particular point in space and time, Cg represents the contribution 
to the observed C 02 due to global fossil fuel emissions, C0JC, the contribution due to a chosen global oceanic 
flux, C„hi0, the contribution due to a neutral biosphere flux, and Cres, the contribution of the residual fluxes 
from the chosen N  discretized regions (see Gurney et al. 2000). An additional term, the oxidation of CO is 
considered small and is neglected here. This expression is valid for every location in the atmosphere. 
Rearrangement of this basic budget makes clear the motivation behind the term “presubtracted”; the 
residual C 0 2 can be defined as the difference between the observed C 02 and the sum of the first three terms 
on the right-hand side of equation 5.1. Hence, the background fluxes are subtracted from the observations 
leaving the residual C 02 concentration as the observational constraint in the inversion.

In practice, the fossil fuel, neutral biosphere, and oceanic fluxes can be adjusted in the inversion process in 
the same way that the discretized residual fluxes are. However, this is typically not performed in 
atmospheric C 02 inversions and these fluxes are provided to the inversion with small uncertainty and 
hence, are fixed at the values provided. In many ways, this is a convention concerning how the estimated 
fluxes (the 11 land and 11 oceanic residual fluxes in the T3 experiment) are reported. One could report the 
sum of all the flux contributions on the right-hand side of equation 1. This is often done for the oceanic 
fluxes but not traditionally done for the fossil and neutral biosphere fluxes. There are two reasons for this 
convention.

First, the three presubtracted fluxes are considered well-known. For the fossil fuel background flux, the 
emissions are considered reliable at the 1° x 1° scale and as annual means. Whether or not this is sufficient
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for the current trajectory of atmospheric C 02 inversions is the substance of this chapter, which will I will 
return to shortly. The neutral biosphere portion of the background fluxes is considered a subset of the total 
NBP, by definition, while the oceanic fluxes are generally considered a good first guess and represent a 
combination of model and data products. The second reason relates to the first; the background fluxes are 
not considered as scientifically interesting as the residual fluxes primarily because the latter constitute the 
portion of the global carbon budget that is poorly understood.

The fundamental problem with this line of reasoning comes about if the assumed background fluxes are 
sufficiently different from the true background fluxes, particularly when the spatial and temporal scale of 
these fluxes are different from those solved for. Were this to occur, these errors would be aliased into the 
residual fluxes and constitute a bias to the solution (Kaminski et al., 2001; Engelen et al., 2002). For the 
case of the fossil fuel background flux this arises primarily because the underlying data may not contain the 
true dynamics in space and time that fossil emissions in the real world reflect.

Therefore, the purpose of the current chapter is to test how much impact more realistic fossil fuel carbon 
fluxes might have on the series of TransCom 3 results completed in the last few years. Because the 
TransCom 3 methodology associated with the inclusion of fossil background fluxes is widely found in 
inverse studies of atmospheric C 02, the results presented here have wide applicability to atmospheric C 02 
inversions in general.

5.2 Methodology: Annual mean and seasonal 
inversions

5.2.1 Fossil fuel emissions

Figure 5.1a and 5.1b show global gridded maps 
of fossil fuel emissions for the years 1990 and 
1995 that were used in the TransCom 3 
experiment.

The 1990 annual mean fossil emissions (1° x 1°) 
are from Andres et al. (1996) and total 5.812 
GtC yr"'. The 1995 annual mean fossil source 
(1° x 1°) is derived from the data prepared by 
Brenkert (1998) and totals 6.173 GtC yr'1. The 
1990 emissions were constructed from country 
level emissions of C 02 due to fossil fuel 
burning and cement manufacturing which in 
turn were derived from UN energy statistics 
(Marland and Rotty, 1984; Boden et al., 1995). 
The country emissions were allocated to clusters 
of grid cells (and sub-clusters for 9 countries) 
based on a political unit data set outlining 
nation-states (Lemer et al., 1988). The 
emissions within these grid cell clusters were 
allocated according to 1984 population density. 
A number of adjustments were made to account 
for border issues, land/sea masking, and the 
maintenance of very small countries. The 1995 
fossil fuel emissions were constructed similarly 
to the 1990 emissions. The primary difference 
was the use of 1990 population density 
estimates rather than 1984 (Li, 1996).

1990 carbon emissions
10 0 0  to n n e s  C /g rid  c e ll

G lo b a l M ean = 106

1995 carbon emissions
1000 to n n e s  G /grid  c e ll

G lo b a l M ean  = 109

2300

Figure 5.1. Fossil fuel em issions fora) 1990 and b) 1995. Units 
are 1000 tonnes C/grid cell and the grid cells are dimensioned 
1°x  1°.
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These two gridded emissions datasets (or their immediate predecessors) are widely used as background 
fluxes in atmospheric C 02 inversions (e.g. Rodenbeck et al., 2003; Peylin et al., 2003; Bousquet et al., 
2000;Rayner et al., 1999; Fan et al., 1998). In the TransCom 3 experiment, a combination of the 1990 and 
1995 emissions are used to capture some of the temporal shifts that are known to have occurred in fossil 
emissions during the 1990s. These emission maps are introduced as background fluxes and are fixed.

As mentioned in the introduction, were these emissions to contain errors, these would be aliased into the 
residual fluxes. Potential errors can come in two forms: 1) errors in the emissions data themselves, and 2) 
mismatches between the spatiotemporal resolution of the fossil fuel emissions and the residual fluxes.

In the first instance, much care has been taken to accurately account for the fossil fuel emissions around the 
globe. At the 1° x 1° scale, errors of 6% to 10% are typically quoted (Marland and Rotty, 1984). Though 
such errors are not insignificant, the more error prone aspect of the emissions data is the way in which 
emissions are allocated at scales smaller than a country. Emissions do not covary with population density in 
all cases. For example, California electricity production occurs primarily outside the state. The emissions 
associated with the in-state consumption occurs at the power generating facilities which may be hundreds 
to thousands of miles away from the direct consumption of electricity. Highways are another example of 
potentially low population locations that may have inordinately large emissions.

The second form of error has the potential to be more serious. These two commonly used fossil fuel 
datasets reflect annual mean emissions and represent only the stated years. Temporal variability at scales 
smaller (seasonal, diurnal) and larger (interannual) than the annual mean are not represented. Variations at 
scales smaller than 1° x 1° are also not captured, though such variability is not routinely challenged by 
atmospheric inversions to date.

A number of atmospheric C 02 mversions have estimated fluxes at monthly scales (seasonal inversions) and 
multiyear scales (interannual inversions) and have relied on one or both of the fields introduced above.

Y e a r

Y ea r

Figure 5.2. a) Total fossil fuel C 0 2 em issions for the 
United States (Tg C/year). B) Peak to peak fossil fuel 
em issions for the United States.

Furthermore, should fossil fuel emissions exhibit 
seasonal or diurnal variations that covary with 
vertical transport in the planetary boundary layer, 
rectification may occur (Denning et al., 1996). 
Recent fossil emissions data for the United States 
and Europe indicate that fossil fuel emissions do 
exhibit seasonality with greater emissions during 
winter months and less during summer months 
(Biasing et al., 2003, Levin et al., 2001). Figure 5.2a 
shows fossil emissions data for the United States.
The long-term monotonic increase and the seasonal 
variation is evident in the data. Figure 5.2b indicates 
that the peak-to-peak amplitude varies from 20% to 
30% and has exhibited a steady decline over the time 
period shown.

The decline in the seasonal amplitude is due to the 
rise of coal combustion in summer months in order 
to produce greater electricity. This is likely due to 
the expansion of air-conditioning during the Summer 
(Biasing et al., 2002; Gregg and Andres, 2003). 
European researchers have suggested that the 
equivalent peak-to-peak amplitude for Europe is 
approximately 40%, slightly higher than that shown 
for the United States (Levin et al., 2001).

Country tabulations of fossil fuel emissions over the 
last two decades indicate that the interannual 
variation in the spatial pattern of emissions has been
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changing. These are most likely due to geopolitical and economic events (see Nakicenovic et al., 2000). 
Examples include the demise of the centrally-planned economies of central Europe at the beginning of the 
1990s, the dramatic growth in the East-Asian economy, and the fuel shifts that have occurred recently in 
Western Europe countries.

In the following experiment, I test the sensitivity of the annual, seasonal, and interannual TransCom 3 
inversion results to two potential variations in fossil emissions not captured in the standard experiment. I 
will test the impact of seasonally varying fossil fuel emissions and emissions that vary in space and time 
over multiyear timescales.

5.2.2 The transport models

In order to fully explore the possible inverse results to more realistic fossil fuel emissions, three different 
transport models have been used that span key transport characteristics of the TransCom 3 experiment 
(Gurney et al., 2003). Figure 5.3a shows the annual/zonal mean surface C 02 concentration of the 
TransCom 3 models to 1990 fossil fuel emissions. The C 02 concentration represents the 4th year of a 4 year 
simulation in which the 1990 fossil fuel emissions (described in last section) are repeated each year.

S  351-

mmmtm

B ackground b io sp h ere  e x ch a n g e
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30 50 70 90-90 -70 -50 -30 -10 10

Figure 5.3. a) Annual/zonal mean surface CO2  concentration (ppm) resulting from 4 years constant em issions of 1990 
fossil fuel C 0 2 and b) neutral biosphere exchange. The models used in the current study are denoted in bold.

The three models chosen for this study are represented by bold lines: MATCH:NCEP, JMA-CDTM, and 
PCTM. MATCH:NCEP has the largest concentration maximum over the source regions of the northern 
hemisphere while JMA-CDTM has the smallest. The PCTM model exhibits a C 02 concentration maximum 
that is towards the larger of the 18 models shown though not as large as the MATCH:NCEP model. The 
magnitude of the interhemispheric gradient provides a useful index of how vigorously the various models 
transport C 02 horizontally and vertically. (Denning et al., 1999).

Figure 5.3b shows the annuaFzonal mean surface C 02 concentration of the TransCom 3 models to the 
neutral biosphere flux generated from the Carnegie Ames Stanford Approach model (Randerson et al., 
1997). As with the fossil fuel emissions, MATCH:NCEP has one of the larger C 02 concentration maxima 
while JMA-CDTM is among the models with the smallest. In contrast to the fossil fuel emissions, PCTM 
has a concentration maximum towards the smaller of the models shown. The relative magnitude of the 
northern extratropical C 02 maximum (coincident with the strongly seasonal biosphere exchange) provides 
a reasonable indication of how strongly the models exhibit seasonal rectification. In this case, it is not only 
the vigor with which the model transports C 02 out of the boundary layer but whether or not the vertical 
transport and planetary boundary layer (PBL) mixing depth have seasonal variation that is anticorrelated 
with the biosphere exchange itself (Heimann et al., 1986; Keeling et al., 1989; Denning et al., 1995). 
Though possessing considerable “trapping” of the aseasonal fossil fuel emissions, PCTM appears to 
contain vertical transport and PBL mixing that has weak seasonality or is more in phase with the biosphere 
exchange.
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Given the importance of these two responses to diagnosing the overall transport characteristics of tracer 
transport models, the three models chosen do a good job at spanning the spread available to the TransCom 
3 experiment.

5.2.3 Hypothesized seasonal fossil fuel emissions

In order to test the impact that seasonal fossil fuel emissions might have on inverse results, a series of 
hypothesized seasonal fossil fuel emissions maps were generated. These emissions were created by taking 
the existing TransCom 3 fossil fuel emissions and adding seasonal variation. This was done at every grid 
cell according to:

F l j , m =  F l j , m + A kF l j , m s i n O j c o s

2 n ( m - \ }
12

(5.2)

where F " j,m *s the new Aux at grid cell with longitude index i, latitude index j ,  and month index m.

F°ij,m is the original flux. Ak is the amplitude factor (AF) that represents the percent increase in the original
fossil emissions. Nine different AFs were chosen creating nine different seasonal fossil fuel emissions 
maps. These included AFs of 0% (the aseasonal “base case”), 10%, 20%, etc. up to 80%. This AF is 
modified by both a latitude and time (month) dependence. The former is represented by 0, which is the 
latitude in radians. The latter is represented by the expression within the cosine term and causes a maxima 
to occur in January and a minima to occur in July.

Figure 5.4 shows an idealized example with an AF of 
20% and a base emission level of 100. This shows that 
the emissions reach a maximum at 90° North, 
decreasing as the latitude decreases, and ultimately 
changing sign in the southern hemisphere. It is 
important to note that given the 80% amplitude 
modification case, the January emissions are roughly 
three times larger than the July emissions at 40° North. 
For the 50% amplitude modification case, this gives a 
January/July ratio of roughly 2. As indicated 
previously, limited data for the US and Europe indicate 
peak to peak amplitudes at roughly 40° N are on the 
order of 20% to 30%. In this formulation, that would 
correspond most closely to an AF of 30%.

5.2.4 Interannually varying emissions

Figure 5.4. Seasonal fossil fuel em issions example 
with an amplitude factor of 20% and a base level of 
100 units.

In order to capture realistic interannual variations in fossil fuel emissions at the scale of the basis function 
regions (see figure 1, Supplementary information in Gurney et al., 2002 for a basis function map), annual 
tabulations of fossil fuel emissions at the country level have been utilized (Marland et al., 2003). Because 
the gridded fossil fuel emissions introduced in section 5.2.1 are only available for the years 1990 and 1995, 
country level data is necessary to capture the spatiotemporal changes in emissions over many years.

Each country in the country level fossil fuel emissions tabulation was assigned to one of the 11 TransCom 
3 land regions. For each region and year (1979 to 2000) a fraction of the annual global total emissions was 
generated. The 1990 fossil fuel emissions map, described in section 5.2.1 was similarly regionalized into 
the 11 TransCom land regions. The 11 regional fossil fuel emissions maps were run though the PCTM 
model as individual components of the background fossil fuel flux. In this way, C 02 concentration resulting 
from this flux at all the observing stations were generated from each of the regions, independently. The 
C 0 2 concentration associated with a given regional fossil fuel emissions pattern can then be scaled each
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year to reflect the spatiotemporal changes evident in the country level data. This can be seen by redrafting 
equation 5.1.

C o fa (0  =  U c C i ^ C ' f f  + C o c  +  Cnbio +  Z  C res( 0  (5-3)
1=1 i=l

in a given year, t, and C /  represents the fossil fuel
emissions for a given region and year. This model 
run will be referred to as the “perturbed” interannual 
run.

A base case run for this interannual experiment was 
constructed by running the global 1990 emissions 
map (no regionalization) for each year but allowing 
the global total emissions to change according to the 
global sum of the country level emissions. This is a 
simpler interannual background construction than 
was used in the previous chapter. Because flux 
differences are the target of this investigation, this is 
considered sufficient. This model run will be referred
to as the “base” interannual run.

Figure 5.5. Regional fossil fuel em issions a s a fraction of 
the yearly global total.

where a, represents the fraction for a given region, i,

Europe

Temperate North America

Temperate Asia

Tropical America

Two important caveats must be mentioned. First, 
the forward simulations were run with the PCTM 
model only. The impact to the interannual 
inversion from realistic interannually varying 
fossil fuel emissions was considered less 
dependent on individual model transport and more 
a reflection of the changing surface emissions. 
H ow ever, efforts are underway to duplicate the 
effort performed here with both the 
MATCH:NCEP and JMA-CDTM models.

The other caveat is the admission that the spatial 
distribution within the individual TransCom 3 
regions remains fixed at the 1990 level. Therefore, 
the results will only address changes that cause 
fossil fuel emissions to shift from one region to 
another but do not reflect changes that occur 
within regions. The implications of this will be 
discussed later.

The timeseries of the regional fractions are shown 
in figure 5.5. Europe and Temperate Asia show 
the greatest changes over this time period. Europe 
experienced declines of over 35% in the late 1980s 
and early 1990s. Temperate Asia shows increasing 
emissions throughout the period with some 
leveling off starting in the mid-1990s. Absolute 
emissions in Temperate North America grew at a 
rate nearly comparable to the global total hence, 
it’s fractional share remained fairly constant.

5 363
JMA 0% amp

•PCTM 0% amp

Figure 5.6. a) Annual/zonal mean surface C 0 2 
concentration resulting from seasonal fossil fuel em issions 
for four of the nine AFs (including the base case), b) C 0 2 
concentration difference between the 80% and base AF 
ca ses.
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5.3 Results

5.5. 1 Annual mean inversion

Nine seasonal fossil emissions maps were constructed following the procedure described in section 4.2.3 
and run through the three models. Figure 5.6a shows the annual/zonal mean C 02 concentration for four of 
the nine AF cases. Figure 5.6b shows a difference plot of the 30% and base AF cases for each of the 
models. The model with the largest rectifier (MATCH:NCEP) exhibits the greatest sensitivity to the fossil 
seasonality. PCTM has the next largest C 0 2 concentration difference followed by the JMA-CDTM model.

The other feature to note is the absolute magnitude of the increase in northern extratropical concentration as 
the fossil seasonality is increased. For the MATCH:NCEP model, the maximum concentration difference in 
the northern extratropics of figure 5.6b is roughly 0.4 ppm. If one considers the more realistic AF case of 
30%, the maximum concentration difference of about 0.15 ppm.

This suggests very small amounts of rectification when one compares this to the C 02 concentration 
maximum from the neutral biosphere exchange of over 3.7 ppm. The expectation is that the residual fluxes 
will be little influenced by the annual mean rectification of the seasonal fossil fuel emissions.

Table 5.1 shows the residual fluxes for all 22 TransCom 3 land and ocean regions. The C 0 2 observing 
stations used, their associated uncertainty and the prior flux information was all identical to that used in the 
control TransCom 3 annual mean inversion (Gurney et al., 2002). The only difference was that the current 
inversion used only the 1990 fossil fuel emissions rather than a mixture of 1990 and 1995. This was done 
for simplicity since the focus here is on the difference when seasonality is included in the emissions.

Table 5.1. Annual mean, regional inverse flux estimates (Gt C/year) for the base 
AF case and the change in flux (Gt C/year) for an inversion run with the 30% AF. 
Results are shown for all three models.

JMA M:NCEP PCTM 
Region base change base change base Change

Boreal N America 0.24 -0.01 -0.08 0.01 -0.08 0.02
Temp N America -0.92 0.04 -0.68 -0.01 -0.92 0.01

T rop America 0.54 -0.01 0.40 -0.01 0.06 -0.02
South America 0.21 0.00 -1.04 0.00 -0.43 0.03
Northern Africa -0.59 0.00 0.53 0.07 0.04 -0.08
Southern Africa -0.17 0.01 -1.16 0.00 -0.08 0.01

Boreal Asia -0.65 -0.03 -1.39 -0.07 0.25 -0.03
Temperate Asia 0.46 0.01 -0.13 0.05 -0.48 0.08
T ropical Asia 0.51 -0.02 1.43 0.04 0.04 -0.02
Australasia 0.13 0.00 0.08 0.00 -0.11 0.00
Europe -0.38 0.04 -1.04 -0.04 -1.05 0.00
N Pacific 0.31 0.00 0.70 0.01 0.53 -0.01
W Pacific -0.25 -0.01 -0.09 0.00 -0.26 0.01
E Pacific 0.09 -0.01 0.09 -0.02 0.03 0.00
S Pacific 0.47 0.00 0.33 0.01 0.85 0.00
Northern Ocean 0.23 0.00 0.27 0.00 0.38 0.00
N Atlantic -0.08 0.00 0.20 -0.01 0.26 0.00
T ropical Atlantic -0.13 0.00 -0.11 0.00 0.00 0.01
S Atlantic 0.12 0.00 0.06 0.00 0.19 0.01
Southern Ocean 0.16 0.00 0.74 0.00 0.39 -0.01
Trop Indian Ocean -0.51 -0.01 0.00 -0.02 -0.68 0.01

S Indian Ocean -0.16 0.00 0.55 0.00 0.27 0.00
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The table provides the base case and the flux difference for the 30% AF case. As expected the changes are 
very small compared to the magnitude of the residual fluxes in the base case run. This result leads to the 
first important conclusion concerning the impact of seasonal fossil fuel emissions: there is no fossil fuel 
rectification of any significance.

5.3.2. Seasonal inversion

Though the influence on the annual mean inversion is small, the impact may be larger on the seasonal 
inversion. The concern for the seasonal inversion is not rectification, but straightforward bias in the 
monthly mean residual fluxes.

An initial glimpse at how the monthly estimated fluxes might respond to a seasonal fossil emissions field is 
shown in Figure 5.7a. This figure shows the monthly mean C 0 2 concentration response (full C 0 2 
concentration without initial condition of 350 ppm) at three northern stations; Hungary (HUN: 46.95°N, 
16.65°E), Mauna Loa (MLO: 19.53°N, 155.58°W), and North Carolina (ITN: 35.35°N, 77.38°W). Hungary 
represents the station with the largest response due to its proximity to fossil fuel sources. North Carolina 
had the largest response of the North American stations while Mauna Loa was typical of background, 
oceanic stations.
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Figure 5.7. a) CO2  concentration response at three stations reflecting seasonal fossil fuel em issions. Five AFs for 
each of the three m odels are shown, b) C 0 2 concentration response difference between the 80% AF and the base  
case  and the 30% AF and the base case.

The first item to note is that both the underlying transport and the seasonality of the fossil fuel emissions 
itself contribute to the total seasonality of the response. The seasonality of the base AF case combined with 
previous TransCom 3 results suggests that both the MATCH and the PCTM models have less vertical and 
horizontal mixing in Winter compared to JMA-CDTM. Examination of the 30% versus the base AF cases 
indicates that the contributions due to the seasonality of mixing and the seasonal emissions are comparable 
for the MATCH and PCTM models. For the JMA-CDTM model, the emissions seasonality dominates due 
to the fact that the JM A-CDTM  model has little transport seasonality.

Figure 5.7b shows the same three stations but reflects the difference between the base AF case and the 30% 
and 80% AF cases, respectively. Over the two land-based stations, both MATCH and PCTM respond 
vigorously to the fossil seasonality while JMA-CDTM shows a much weaker response.
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Figure 5.8. Global surface C 0 2 concentration response (ppm) for the months of February and August. Maps represent the 
difference between the 30% and base AF fossil fuel em issions cases.

Figure 5.8 shows similar information but for the entire global surface and for the months of February and 
August. The MATCH and PCTM models exhibit much greater sensitivity to the seasonal emission at all 
times of the year than JMA-CDTM. However, MATCH has a much more vigorous response in the Winter 
compared to PCTM but PCTM appears to have a somewhat more vigorous Summer response, particularly 
in Eurasia. This suggests that PCTM is mixing more in the Winter than MATCH but mixing less in the 
Summer. This may partly explain why PCTM traps non-seasonal fossil to the same extent as MATCH but 
has a relatively weak rectifier (see figures 5.3a and 5.3b).
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Examination of the February and August 
response relative to the base case at all 
the stations included in the inversion is 
shown in Figure 5.9.

Since the station locations are where the 
observations influence the residual 
fluxes, these differences will give a 
good indication of how the regional 
residual fluxes will likely turn out. In 
February, the ordering of the response is 
similar to what is seen in Figure 5.8, 
MATCH and PCTM respond most 
vigorously to the seasonal emissions 
with JMA-CDTM showing a weak 
response. However, August shows all 
three models responding similarly to the 
emissions suggesting that at the stations, 
summertime mixing is comparable. This 
is somewhat different from the 
interpretation one might come away 
with after looking at figure 5.8. This 
highlights the importance of examining 
responses at the stations rather than at 
every surface model grid cell.

As with the annual mean inversion, all 
nine fossil fuel emission cases were 
included in a series of seasonal 
inversions. Details on the inversion 
methodology and the construction of the 
regional response functions can be 
found in Gurney et al., 2004.

Figure 5.10 shows results for the 
Temperate North American and 
European regions for all three of the 

models and for base, 30% and 80% AF cases. Note that the results are deseasonalized.

February 30%  - 0%

4  HUN

-90 •70 -50 -30 -10
Latitude

August 30%  - 0%

Latitude

Figure 5.9. CO2 concentration response difference at all of the 
observation stations for the month of a) February and b) August. The 
values represent the difference between the 30% and base AF fossil 
fuel em issions ca ses.
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Figure 5.10. Monthly mean inverse flux estim ates for the Temperate North American and European land regions. 
Inverse flux estim ates are shown for three fossil fuel AF c a se s  (base, 30%, and 80%) and all three transport 
models.

Both the MATCH and PCTM models require lessened respiration outside of the growing season while the 
JMA model requires little adjustment during the Winter months. All models require greater uptake during 
the growing season in Europe while only JMA requires greater uptake in Temperate North America. Figure 
5.11 shows the residual seasonal fluxes for all northern extratropical land regions as the difference between 
the 30% and base AF cases.
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Figure 5.11. Estimated regional fluxes for each month and each model represented a s the difference between the 30% 
and the base AF ca ses. All northern extratropical regions are shown.

All three models exhibit the same overall behaviour. During the winter months, respiration fluxes are 
lessened due the greater amount of fossil C 02 generated during these months near the surface. During the 
summer months, less uptake is required to counter the lessened fossil fuel C 02.

What is somewhat surprising is that the seasonal fossil emissions require changes to the northern land 
fluxes that are of very similar magnitude for all three models. The response differences in figure 5.9 would 
have suggested that JMA-CDTM would require the smallest flux adjustment as the fossil fuel seasonality 
increases, particularly in the Winter. The 
likely explanation for this is the fact that 
the stations where the response differences 
are the greatest in figure 5.9, are stations 
for which the “data uncertainty” is very 
large and hence, have a proportionately 
smaller influence on the inversion results.
For example, the three stations exhibiting 
the largest response difference for the 
MATCH:NCEP model in figure 5.9a are 
HUN, BAL, and ITN. These stations also 
have the three largest uncertainty values. If 
one were to weight the response 
differences in figure 5.9a by the associated 
station uncertainty (1/cr2), the result would 
be as shown in figure 5.12.

Unlike the annual mean inversion, fossil 
fuel seasonality has profound implications 
for the seasonal inversion. The residual 
fluxes estimated for the northern 
extratropical land regions are substantially 
altered when fossil fuel seasonality is 
included in the background flux.

The residual fluxes estimated for these 
land regions are typically interpreted as 
alterations of regional biosphere exchange, 
either through land-use change or regional 
scale fluctuations of temperature or 
precipitation (Gurney et al., 2003).

As shown in figures 5.10 and 5.11, the
potential bias to the residual fluxes caused by the misspecification of the fossil fuel background flux can 
cause biases of up to 50% at the height of the growing season, seriously undermining previous

February 30% - 0% (weighted)

Latitude

August 30% - 0% (weighted)

*o

Latitude

Figure 5.12. As in figure 5.9 except the response values have 
been weighted by the inverse square of the “data uncertainty”.
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interpretation of seasonal inverse results. Clearly, a more accurate portrayal of fossil fuel seasonality is 
required in order to interpret seasonal atmospheric C 02 inversions.

5.3.3. Interannual inversion

Methodological details regarding the interannual inversion were discussed in detail in the previous chapter. 
The important differences to note when comparing the interannual inversion to the seasonal or annual mean 
inversion relate to the C 02 observational station network chosen. The annual mean and the seasonal 
inversion utilized an average of C 02 observations for the years 1992 to 1996. Given the criteria detailed in 
Gurney et al., 2002, this led to a network comprised of 75 C 02 observing stations.

Europe

Like the multi-model inversions described in the previous chapter, a number of different networks have 
been used that span different time periods. The longest time period for which stations meet the TransCom

criteria, spans 1980 to 2000. Over this time 
period, 21 stations qualify as continuously 
operating. The shortest qualifying network 
is comprised of 117 stations and spans the 
1995 to 2000 time period. These are the 
networks and time periods that I will 
examine in conducting the interannual fossil 
fuel sensitivity experiment.

Figure 5.13 shows the impact of including 
large-scale regional shifts in the interannual 
inversion for the most effected regions. 
Overall, the interannual variability is little 
changed owing to the smooth nature of the 
regional shifts (see figure 5.5). The primary 
impact is a shift in the long-term mean 

Northern O cean  values.

Both the European and adjacent Northern 
Ocean region are effected by the shifting 
fossil fuel spatial pattern. B oth the 21 and
117 station networks show an increase in 
the European residual flux starting in the 
mid-1990s owing to the fact that the share 
of European fossil fuel emissions declines 
(see figure 5.5).

The Northern Ocean region shows a similar 
feature though the adjustment is less 
dramatic. This is due to  the fact that the 
model response for the Northern Ocean and 

Figure 5.13. The impact of spatiotemporal changes on residual the European region are not completely
fluxes for two regions. The base interannual inversion results orthogonal. Hence, some of the impact of
(black) and the perturbed interannual inversion results (red) are _  ,, , . .
shown for the a) European region, and the b) Northern Ocean the changing European fossil fuel emissions
region. The heavy lines denote the 21 station network while the are attributed to the Northern Ocean region,
light lines denote the 117 station network.

Figure 5.14 shows difference plots for these 
two regions and the two different stations networks used. As mentioned in the previous chapter, the 
increasing number of C 02 observational stations later in the GlobalView database were added primarily in 
the northern extratropical land regions. This appears to cause a shift in the adjustment between the two 
regions shown. As the number of European stations increase, the residual flux is more correctly attributed 
to the European region and less to the Northern ocean region. This is seen by the increase in the difference

i S  0.50
§ 0 . 4
X

1  0.3

1990 baae- 2 
ff IAV: 21 
base 1990:117 
ff IAV: 117

J>L
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flux for the European region utilizing 117 
stations and a decrease in the difference flux 
over the Northern Ocean.

It is important to note that the interannual 
results influence interpretation of the annual 
means tested in section 5.3.1. For example, the 
1996 to 2000 mean difference for the European 
region (117 station network) is roughly 0.2 Gt 
C/year. This represents over a 25% change in 
the calculated five year average for this region 
in the last chapter.

5.4 Discussion and Conclusions

Overall, the greatest impact of attempting to 
simulate more realistic fossil fuel emissions 
within the TransCom 3 atmospheric C 0 2 
inversions is on the interpretation of the 
seasonal fluxes. Recent data of fossil fuel 
consumption in both the United Stated and 
Europe indicate that fossil fuel emissions, do 
indeed, have a seasonal cycle with peak to peak 
amplitudes that range from 20% to 30%. It is 
likely that fossil fuel use in the remainder of the 
industrial and industrializing countries also 
varies over the year though sub-tropical 
latitudes may be less likely to exhibit to such 
variations.

The combination of atmospheric transport 
trapping the greater fossil fuel emissions in the 
winter months and the fact that C 0 2 observations are primarily at the surface results in significant changes 
to the estimated regional fluxes that result from atmospheric C 02 inversions. For the TransCom 3 seasonal 
inversion, biases of up to 50% at the height of the growing season were found in regions where fossil fuel 
emissions are a large portion of the surface C 0 2 emissions.

This potential bias appears to less dependent upon model transport than first thought. This is primarily due 
to the fact that the stations near the seasonal fossil source regions are stations that in the TransCom 3 
inversion set-up, have large associated data uncertainty. Such stations leverage much less influence on the 
inverse minimization than those with relatively small data uncertainty. As models are run at higher 
resolution with analyzed winds (and therefore able to simulate point locations better) the sensitivity of the 
residual fluxes to transport differences will likely increase.

A couple of important caveats should be mentioned regarding the hypothesized seasonal fossil fuel 
emissions. First, real fossil fuel emissions are very likely not as smooth as those hypothesized here. The 
United States emissions data shown in figure 5.2a exhibit structure not captured by equation 5.2. The 
phasing may also be somewhat shifted in general and as a function of latitude or region. Finally, the real 
emissions appear to have an amplitude that exhibits interannual variability in addition to the broad 
amplitude decline over time.

It is possible that fossil fuel emissions exhibit a diurnal cycle owing to the fact that transportation, lighting, 
heating and some industrial/commercial processes vary between night and day. This will vary somewhat by 
latitude but also by longitude. Though purely speculative, this may have an added impact when inversion 
move to solving for residual fluxes at sub-daily temporal resolution.
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Figure 5.14. The deseasonalized flux difference (Gt C/year) 
between the base interannual run and the perturbation run for 
a) Europe and b) the Northern Ocean. Both the 21 and 117 
station network results are shown.
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Fossil fuel seasonality appears to have little impact on the annual mean inversion. This is consistent with 
what one might expect from a basic numerical argument. If  one considers the Temperate North American 
region, the peak to peak span of the total biospheric flux is roughly 7 GtC/year. This should be compared to 
a peak to peak span of roughly 0.5 GtC/year for fossil fuel emissions, assuming a 30% AF. Based on the 
span of emissions alone, one would not expect significant rectification. However, this comparison of flux 
extremes represents a regional integral. Given the strong heterogeneity of fossil fuel emissions, one might 
expect that areas proximal to fossil fuel source regions could have flux spans that rival locations with active 
biospheric exchange. Were station locations also proximal to these intense fossil fuel emitting locations, 
fossil fuel rectification may occur and be observed. This is where the results of the annual mean experiment 
performed here are useful. One important caveat to the annual mean results are the fact that the basis 
function regions are very large relative to the extent of fossil fuel source regions. Inversions that attempt to 
resolve basis functions at much finer scales may contain grid cells for which the seasonality of fossil 
emissions are on par with biospheric exchange.

Annual mean inverse results are sensitive to more realistic fossil fuel emissions insofar as they represent an 
average of years for which realistic spatiotemporal fossil fuel emissions were not simulated. As 
demonstrated in section 5.3.3, consideration of the shifting fossil fuel emissions in Europe throughout the 
1990s led to a reduction in the 5 year average net uptake of over 25% compared to an inversion run with a 
fixed fossil fuel spatial pattern.

The year to year variability of residual fluxes in a time dependent inversion appear little affected by the 
inclusion of realistic shifts in the fossil fuel spatial pattern. An important caveat to this conclusion is the 
limited way the spatiotemporal changes were accounted for in the current study. Spatiotemporal changes at 
scales smaller than the large basis function regions of the TransCom 3 project may alter the interannual 
variability of residual fluxes. This may not only pertain to between country emission shifts but within 
country shifts.

As atmospheric C 02 inversions solve for fluxes at smaller and smaller spatial and temporal scales, realistic 
spatiotemporal fossil fuel emissions are required. Furthermore, the problem of displaced energy 
consumption and production vis a vis C 02 emissions will be critical.

Fortunately, there is no need to completely reinvent the wheel. A large community of researchers work on 
detailed energy production and consumption though the focus is not on C 02 emissions. Oftentimes, the 
em phasis is on em issions o f  other more short-lived but directly hazardous pollutants. H ow ever, there is an 
extremely useful collaboration to be made between the inverse modeling community and the energy 
modeling community, particularly as the inverse approach further reduces the spatiotemporal scale of their 
estimated carbon fluxes.
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