
Introduction 

This dissertation is an amalgam of projects that have a close relationship to a much larger experiment that I 
have had the good fortune to be a part of. This experiment, the TransCom 3 effort, is itself the third part of 
a decade long effort to intercompare tracer models used in the CO2 inversion problem. TransCom 1 
compared forward transport model simulations of two key components of the global carbon cycle: fossil 
fuel emissions and biosphere exchange (Rayner and Law, 1995). TransCom 2 examined the forward 
simulations of SF6, a long-lived gas with relatively well-known sources (Denning et al., 1999). TransCom 3 
was the undertaken to fulfill the goal of dissecting the impact and characterizing the uncertainty that 
different tracer transport have on the CO2 inverse problem. 

I came to the process in the latter half of the TransCom 2 phase. Therefore, I was able to evolve with the 
TransCom 3 phase from its earliest beginnings. In addition to assisting in the coordination and central 
scientific work of TransCom 3, I was a participant in the transport model simulations, contributing results 
from the CSU model to what became a very large group of models from around the world. Through this 
process I have benefited from the collective wisdom of those that envisioned the experiment and the many 
participants that contributed to the nuts and bolts of the science. 

This dissertation therefore reflects my own evolution through the TransCom 3 process. In the early stages, I 
operationalized the vision that the architects had constructed. Through time, I began to contribute to the 
intellectual content of the experiment and have hopefully arrived at a point where I am contributing original 
scientific work. 

Through this evolution and through the scientific results that the following pages reflect, the enormous 
contribution that all of the TransCom participants have made is not always obvious. Intercomparisons are 
fundamentally dependent upon the rigor, quality control, and scientific maturity participants bring to an 
experiment. Without the hard work and persistence of the TransCom participants, the results presented in 
this dissertation would not exist. 

This introduction will serve two purposes: to introduce the reader to the TransCom 3 experiment, and to 
provide a roadmap through the dissertation. Because this document is a mixture of published material and 
new, unpublished material, this roadmap should serve to tie together the material and explain the format of 
presentation. 

TransCom 3 

Much of our understanding of the global carbon budget is derived from atmospheric observations of CO2. 
Hemispheric or regional fluxes may be calculated from atmospheric concentration measurements by a 
numerical procedure known as an "inversion," which requires that atmospheric transport be accounted for 
using a Chemical Tracer Model (CTM) (Tarantola, 1987; Enting et al., 1995; Enting, 2002). In the simplest 
sense, transport inversions for CO2 fluxes aim to find that combination of surface fluxes that generate the 
best match between simulated and observed CO2 concentrations. 

As context and motivation for the TransCom 3 experiment, it is useful to review a bit of the recent history 
associated with CO2 inverse research. I will begin at the onset of the 1990s with the work of Tans et al. 
(Tans et al., 1990). In this early study, a three-dimensional tracer transport model was run with a series of 
prescribed fluxes in an attempt to match the meridional CO2 gradient observed at 20 CO2 observing 
locations. Though not an inversion in the formal sense used in the current study, the authors attempted a 
series of different hypothetical flux arrangements in an attempt to best match the meridional CO2 
concentration gradient. The conclusion was that the northern extratropical land was a sink of between 2 and 
2.7 Gt C/year in the early to mid-1980s. Furthermore, the total oceanic uptake was less than 1 Gt C/year, 
much less than oceanographers had estimated. Though the current consensus estimates for land/ocean total 
flux for the 1980s has departed from this early estimate, the Tans et al. work raised an important challenge. 



Using formal optimization in an inverse study, Ian Enting and colleagues in Australia followed with a 
series of studies aimed at carbon flux estimates using a more formal inverse approach (Enting et al., 1993; 
Enting et al., 1995). Constructing basis functions as processes or collections of surface gridcells the authors 
solved for the best match between observed and simulated CO2 with the aid of prior information. The prior 
information, necessary to stabilize the underdetermined problem, was included with uncertainty. Combined 
with the uncertainty assigned to the mismatch between simulated CO2 and measured CO2, formal estimates 
of uncertainty and uncertainty reduction could be achieved. These studies utilized three-dimensional 
transport and included observations of δ13C. 

With a slightly larger net ocean uptake (-1.3 Gt C/year) than found in the Tans et al. (1990) study, the 
authors also found a large northern land sink of roughly –2.0 Gt C/year. However, net uptake was estimated 
for the tropics, contrary to inventory work which suggested net release due to deforestation and biomass 
burning. The results presented in this study utilized data for the 1986/87 period only and therefore must be 
compared with that caveat in mind. 

Following closely behind the Enting et al. (1995) study, another 2D mass-balance inversion was published 
but examining a different time period: 1990 to 1993, a period which included the June 1991 Mt. Pinatubo 
volcanic eruption (Ciais et al., 1995). This study also performed the flux estimation in two week intervals 
over the full time period considered allowing for characterization of the seasonal cycle and interannual 
changes. This study estimated a large northern extratropical land sink of –4.2 and –3.0 Gt C/year in the 
years 1992 and 1993, respectively. Furthermore, the authors placed the timing of this uptake in the June to 
September period, implying photosynthesis in excess of respiration during those months. 

By the late 1990s atmospheric CO2 inversion research was routinely attempting to solve for fluxes with 
three-dimensional models solely. One of the more controversial studies in CO2 inversion research was 
authored by Songmiao Fan and colleagues at Princeton University (Fan et al., 1998). This study claimed 
that most of the northern terrestrial uptake in the 1988-1992 period was occurring in North America, and 
that this uptake was roughly offsetting the fossil fuel emissions in the United States. 

Another 3D atmospheric CO2 inversion from Peter Rayner and colleagues at the Australian CSIRO 
attempted to solve fluxes for a much longer period of time and for a much more discretized surface flux 
grid. When averaged over their 1980 to 1996 time period, they found that the northern terrestrial sink is 
distributed much more widely, with North America accounting for a portion (Rayner et al., 1999). Like the 
results reported by Philippe Ciais and colleagues, Rayner et al. (1999) found a large increase in terrestrial 
uptake in the early 1990s relative to the decade of the 1980s. 

Closing out the decade of the 1990s, Philippe Bousquet and colleagues published another 3D Bayesian 
synthesis inversion with similar spatial resolution to the Rayner et al. (1999) study but with 77 CO2 
observing stations, considerably more than utilized in the Rayner et al (1999) work (Bousquet et al., 1999). 
In this study, Asia dominated the mean 1985-1995 northern extratropical land sink.   

The discrepency among inversion studies in the 1990s over the placement of terrestrial uptake was one of 
the prime motivating forces behind the TransCom 3 project. By involving inverse modelers from around 
the world into a collaborative experiment, it was anticipated that a deeper understanding of the factors that 
give rise to varying regional carbon flux estimates might be achieved. Furthermore, the process could serve 
to improve the methods used in inverse carbon cycle modeling. At the outset, the goals of the TransCom 
experiment were succinctly stated as follows: 

(1) To quantify the degree of uncertainty in carbon budget inverse calculations that arises from CTM 
transport; 

(2) Analyze the mechanisms by which the models differ; and 

(3) Recommend and prioritize improvements to the observing and modeling systems to produce more 
robust carbon budget inversions in the future. 



An experimental approach was designed to meet these objectives that contained three levels of participation 
(Gurney et al., 2000). The first level focused on annual mean carbon sources and sinks and required a 
limited number of tracers using supplied input fields of regional carbon exchange. The second level 
expanded on the first by including an inverse calculation of the strength of the seasonal cycle and 
interannual variations in regional fluxes, but required a much larger number of CTM tracers. The third level 
invited participants to perform their own inversions allowing for a comparison of different inversion 
methods.  

Though the results of the TransCom 3 experiment continue to be analyzed, there is a general recognition 
within the inverse community that TransCom has met, and often surpassed, these modest initial goals. As 
will be shown, the carbon flux estimates generated by the TransCom experiment are robust to details of the 
inversion set-up and data choices. Much of this is due to the participation of nearly all the research groups 
engaged in carbon cycle inverse modeling allowing for the computation of model mean flux estimates. As a 
result, TransCom has become a benchmark for work in this field and has resulted in greater communication 
and collaboration among those engaged in carbon cycle inverse modeling. 

Sixteen transport models or transport model variants participated in the Level 1 TransCom 3 experiment 
while thirteen models participated in the Level 2 experiment. The models ran forward simulations of a 
series of prepared regional and background global fluxes. The simulations were sampled following agreed 
upon protocols and deposited centrally. CO2 observations were averaged from the Globalview dataset to 
serve as the observational data constraint to the inversion process (GLOBALVIEW-CO2, 2002). The process 
employed a Bayesian synthesis approach which specified prior fluxes and prior flux uncertainties for the 11 
land and 11 ocean regions (Enting et al., 2002). The level 1 inversion produced annual mean flux estimates 
in these regions while the Level 2 produced both stationary seasonal results and interannually varying flux 
estimates. 

A key aspect of the TransCom experiment was the goal to make both the intermediate and final products of 
the research available to the TransCom community and finally to the public. The individual model output, 
inversion code, stations lists and much more were immediately available to any member or affiliate of the 
TransCom 3 experiment. After publication of the cyclostationary control results, the TransCom 3 archive 
was made available to the public through the TransCom website (http://transcom.colostate.edu). 

In addition to the generous participation by the community of inverse modelers, the success of the 
TransCom 3 experiment is owed largely to the support received from a few institutions. In particular, 
support was received from the National Science Foundation (OCE-9900310), the National Oceanic and 
Atmospheric Administration (NA67RJ0152, Amend 30) and the International Geosphere Biosphere 
Program/Global Analysis, Interpretation, and Modeling Project (IGBP/GAIM).  

A Roadmap 

As mentioned previously, this dissertation is a mixture of published results and new, unpublished material. 
The first three chapters are comprised of previously published papers in the journals Nature, Tellus and 
Global Biogeochemical Cycles, respectively. The last two chapters represent new material. This has a few 
implications for the flow and format of this document. First, the two chapters that represent new material 
(chapters 4 and 5) have been written in a format consistent with the papers constituting the first three 
chapters. This means, they each have an introduction and conclusions section and have separate reference 
sections. When referring to the published material in the first three chapters, a journal citation is used rather 
than referring to “chapter 1” or “chapter 2”. Chapters 4 and 5 are, in essence, proto-papers themselves. 

The new material has also been written in what I hope is a more succinct and focused style, more consistent 
with published papers and less so with a typical dissertation. Because each paper/chapter contains 
introductory material pertinent to each, I have not included exhaustive introductory material about climate 
change, atmospheric transport or the global carbon cycle. This also means the document, in its entirety, is 
not voluminous. It is hopefully succinct and to the point. 



With a familiarity of the TransCom 3 experiment provided in the last section, the content of the dissertation 
is as follows. 

Chapter 1 is a paper published in 2002 in the journal Nature (Gurney et al., 2002). It describes the core 
results from the annual mean (or Level 1) phase of TransCom 3. It only presents the model mean inverse 
results and highlights the most important flux results and the most important aspects of sensitivity of the 
model mean results. In addition to examination of the errors introduced by both the observational data and 
the model transport, a case is made that the model mean is relatively robust to most of the inversion details. 
This latter result is a theme that that will persist through all of the TransCom 3 results. Supplementary 
material was included with this paper which provides among other details, a careful examination of the 
differences between the influential results from Fan et al. (1998) and the TransCom 3 results. 

Chapter 2 is a paper published in 2003 in the journal Tellus (Gurney et al., 2003). This paper also presents 
annual mean/model mean results but goes into far more detail on the methodology, sensitivity testing, and 
model-specific results. The sensitivity testing for this paper is limited to the flux side of the inversion 
problem. A companion paper written by Rachel Law and colleagues (not included here) tackled the 
sensitivity of the TransCom 3 model mean results to the CO2 observation treatment (Law et al., 2003). 

Chapter 3 is a paper published in 2004 in the journal Global Biogeochemical Cycles (Gurney et al., 2004). 
This paper presents the model mean seasonal inversion results. In addition to characterization of the errors 
due to CO2 observations and tracer transport, the potential biogeochemical drivers of the altered seasonal 
cycle are explored. Sensitivity tests are performed and comparison to the annual mean case is made. 

Chapter 4 presents new material and is focused on the model mean interannual flux estimates. 
Characterization of the uncertainties associated with the model mean are explored and a number of 
sensitivity tests are performed including the influence of different CO2 observing networks. As with the 
annual and seasonal inversion results, a case is made for the robustness of the model mean flux. Finally, an 
initial exploration of biogeochemical drivers is undertaken with particular emphasis on the El Niño-
Southern Oscillation index. 

Chapter 5 presents new material that questions one of the basic assumptions prevalent through most, if not 
all, CO2 inversions. As the CO2 inverse problem increases both the spatial and temporal resolution of the 
problem formulation, will the assumed fossil fuel background flux bias the results. This sensitivity test 
achieves some surprising and disturbing results. 

There are three themes running through this mixture of material. First, the errors that arise from transport 
are carefully quantified and compared to other uncertainties in the CO2 inversion problem. This includes 
not only description and quantification but an interpretation of what factors cause the errors that come with 
inverse flux estimates. 

With this information in hand, a case is made for the robustness of the model mean results. This is not to 
say that the model mean flux estimates found in TransCom 3 come with low random error, but that the 
model mean estimates themselves are less sensitive than any particular transport model inversion to the 
particulars of the inversion set-up and CO2 observing choices. This is a quality that “emerges” from the use 
of an ensemble and impossible to characterize with a single tracer transport model.  

Given the importance of transport to the CO2 inversion problem, it is tempting to conclude that the 
TransCom 3 inversion results represent the “best” or most accurate regional carbon exchange estimates. 
However, because the model mean TransCom 3 estimates are not completely immune to some aspects of 
the inversion set-up (just less sensitive than individual models) and are likely prey to unknown bias, the 
results presented here should not be viewed as the best or consensus view of the CO2 inversion community. 
After all, the future may provide a transport model that is found to be perfect and arrives at carbon 
exchange results that do not coincide with the central estimates presented in this document. Each transport 
model in the TransCom experiment is viewed as equally likely to represent real transport; they do not 
purport to be a random sample around the truth. 



The final theme that I have tried to return to throughout this document is a recognition that the model mean 
carbon exchange estimates should be used to understand the biogeochemistry of the carbon cycle. The 
temporal and spatial signatures of the fluxes themselves provide insights into mechanism that CO2 
observations themselves cannot. The results from the TransCom experiment have provided a new 
beginning for this aspect of CO2 inversion research. In addition to refinement of the methodology, the next 
step in the “top-down” approach to characterizing the global carbon cycle is a more mechanistic connection 
to processes in the oceans and biosphere. This will come with greater spatial and temporal resolution but 
will also come with a more realistically coupled approach to the earth system which incorporates models 
and observations of the many aspects carbon exchange besides atmospheric CO2. 
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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/g-Al2O3 when treated in He or H2 at
temperatures up to 523 K (ref. 8), whereas propylidyne on extended
metal surfaces17,20 decomposes thermally under vacuum at 403±
433 K and is largely hydrogenated in the presence of 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
Ir4 (ref. 8). Thus, propylidyne on Pt(111) undergoes catalytic
hydrogenation15 whereas propylidyne at saturation concentration
on Ir4/g-Al2O3 does not react, rendering the clusters almost inactive
for propene hydrogenation (Table 1). M
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Information about regional carbon sources and sinks can be
derived from variations in observed atmospheric CO2 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 ¯uxes obtained using
this approach, partly owing to the use of several different atmos-
pheric transport models1±9. Here we report estimates of surface±
atmosphere CO2 ¯uxes from an intercomparison of atmospheric
CO2 inversion models (the TransCom 3 project), which includes
16 transport models and model variants. We ®nd an uptake of CO2
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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 ®nd 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 CO2.
Overall, carbon ¯uxes integrated over latitudinal zones are
strongly constrained by observations in the middle to high
latitudes. Further signi®cant constraints to our understanding
of regional carbon ¯uxes will therefore require improvements in
transport models and expansion of the CO2 observation network
within the tropics.

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

Figure 1 shows the mean ¯ux estimates (left-hand cross in each
box) and two uncertainty measures for the control inversion. The
®rst uncertainty measure is the mean of the individual model ¯ux
uncertainties (circles) which we designate the `within-model' uncer-
tainty. For any region, this estimated ¯ux uncertainty must be
smaller than the prior ¯ux uncertainty (outer bounds of the boxes).
The magnitude of the decrease indicates the degree to which the
®nal ¯ux 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 ¯ux uncertainties, which are relatively small due to better
coverage of ocean measurements in these regions.

The second uncertainty measure is the standard deviation of the
¯ux estimates over the ensemble of models (error bars in Fig. 1). We
call this the `between-model' uncertainty. This measure indicates
the degree to which transport model differences contribute to the
range of ¯ux estimates. Large between-model uncertainties are
found for northern Africa, tropical America, temperate Asia and
boreal Asia (all greater than 0.5 Gt C yr-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 of transport model is not the
critical determinant of the inferred ¯uxes. Comparing the uncer-
tainties between regions indicates where the inversion would
bene®t most from new observations, and where model improve-
ments are most needed. In this particular inversion, new measure-
ments would be most useful over tropical continents and in the
South America and South Atlantic regions, while the focus for
resolving transport differences would be the northern and tropical
land regions.

Regarding the model mean ¯ux estimates, two results deserve
attention. First, we ®nd consistency between the ocean ¯uxes
predicted in this study and those based on a global database10 of
CO2 partial pressure (pCO2

), except in the Southern Ocean where the
carbon uptake estimated here is roughly half that based on the pCO2

database. This shift in uptake from south to north is required to
match simultaneously large-scale concentration gradients (Fig. 2)
and growth rates.

The mismatch between atmospheric and ocean estimates of the

Southern Ocean ¯uxes had been noted a decade ago11. Our sensi-
tivity tests ®nd that the near-uniformity of 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 ¯ux estimates, global ocean constraint,
and transport (see Fig. 2 in Supplementary Information). The
discrepancy also cannot be explained by a systematic bias in
transport models, as the north±south transport has been investi-
gated in a recent intercomparison12 where successful simulations of
the observed meridional gradient in SF6 suggested reasonable
veracity in gross interhemispheric transport.

One possible reconciliation between the pCO2
database and the

inverse result presented here is suggested by recent ocean measure-
ments taken during January and August 2000 in the Indian
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Antarctic sector of the Southern Ocean13. The pCO2
values south of

508 S showed seasonal variations that require CO2 uptake in
summer and emission in winter. If the seasonality exhibited in
this campaign is true for other parts of the Southern Ocean, this
would result in a reduction of the Southern Ocean ¯ux 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 of the Trans-
Com 3 comparison in which we estimate seasonal cycles (K.R.G.
et al., manuscript in preparation).

Second, we ®nd carbon uptake over the continents of the North-
ern Hemisphere to be distributed relatively evenly across North
America, Europe and Asia, in contrast to the distribution found in
an earlier, widely cited inverse study2. We ®nd a temperate North
American sink approximately 60% of that found in the earlier study,
a small boreal North American source rather than small uptake, and
a large sink for Eurasia rather than an approximately neutral ¯ux.
Estimated uncertainties are moderate (0.4±0.7 Gt C yr-1), indicat-
ing that regional partitioning remains dif®cult, but the ¯ux differ-
ences between the two studies lie at the edge of (or outside) the
uncertainty ranges.

Although previous studies have challenged the possibility of a
large North American sink3±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 (see Tables 3 and 4 in Supple-
mentary Information) indicate that the Eurasian ¯ux estimate is

very sensitive to the pattern of background ¯uxes used in the
inversion, especially that representing the seasonal terrestrial bio-
sphere. The difference in North American uptake results from a
combination of methodological choices as well as differences in
time period and observational stations used.

There are three methodological differences that together appear
to be critical. First, recent work14 suggests that the larger the region
size in an inversion, the greater the potential for producing biased
¯ux estimates. Second, the potential bias can be reduced by
increasing the data uncertainty for sites in regions with spatially
heterogeneous ¯uxes. The earlier study2 inverted for larger regions
than used here, and used relatively small (0.6 p.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 of ocean ¯uxes, which were zero in the
earlier study. Thus the ¯ux adjustment required to match the
atmospheric data was applied only to land regions. Together these
three factors suggest that the earlier study had greater potential for
biased and more sensitive ¯ux estimates than the control results
presented here.

Although transport uncertainties do not overwhelm our ¯ux
estimates, one factor appears to be responsible for a signi®cant
portion of the model spread; the `recti®er' produced by the
covariance between the seasonal biospheric background ¯ux and
atmospheric transport15. The effect of the recti®er can be seen by
performing the inversion without the background biospheric ¯uxes
(Fig. 1, right-hand symbols within each box). The between-model
uncertainty is reduced for almost all regions, and in some regions
there are substantial changes to the estimated ¯uxes. An increase of
1.1 Gt C yr-1 in boreal Asia changes it from a moderate sink to a
moderate source, because recti®cation produces the strongest con-
centrations downwind of this region in many of the models. Sink
strengths increase by 0.35±0.55 Gt C yr-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 of
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 ¯ux estimates for the land and ocean separately in the
southern extratropics, tropics, northern extratropics and for the
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globe as a whole. Within-model uncertainties are reduced relative to
simply summing from constituent regions, because much of the
uncertainty occurs at the scale of the original regions. There is also a
reduction in the between-model uncertainty for this aggregation, as
some of the model spread involves details of regional transport. At
this larger scale, the decrease in the sink in the Southern Ocean and
the enhanced sinks over the Northern Hemisphere appear more
signi®cant. The uncertainty on the tropical land region is large; lack
of atmospheric data in this region means that inversion methods
cannot reliably comment on the extent to which sources due to
tropical land-use change are balanced by enhanced growth.

This ®rst stage of the TransCom 3 intercomparison has explored
many aspects of annual mean inversions more comprehensively
than previous work. By incorporating a range of transport models,
the ¯uxes and their uncertainties represent progress towards more
robust inverse estimates of regional carbon exchange. Carbon
exchange with the ocean is well constrained in this study and, in
the case of the Southern Ocean region, is different from ¯uxes
suggested by pCO2

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 are reasonably robust as zonal means, but are dif®cult
to distinguish in the longitudinal direction, and can be biased owing
to key methodological aspects of the inversion construction. Sea-
sonal exchange with the terrestrial biosphere is responsible for much
of the model spread over these regions. Realistic characterization of
this aspect of model transport is essential if this uncertainty is to be
reduced in the future.

Flux estimates in the tropical land regions remain very uncertain,
owing to few CO2 observations and the limited in¯uence of
extratropical observations on the tropical land ¯ux 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 of transport model differences on ¯ux estimates
at seasonal and interannual timescales. M

Methods
We use a bayesian synthesis inversion formalism16 that speci®es prior estimates of both the
¯uxes and their uncertainty, and optimizes with respect to atmospheric observations that
are also uncertain. We estimate ¯uxes for 11 land and 11 ocean regions (see Supplementary
Information) as differences from `background' ¯uxes that are run separately through each
transport model and represent fossil-fuel emissions17,18, seasonally varying air±sea gas
exchange10 and an annually balanced, seasonally varying ¯ux due to terrestrial photo-
synthesis and respiration19. The use of seasonally varying background ¯uxes allows the
annual mean inversion to include contributions to annual mean concentrations due to the
covariance of atmospheric transport and seasonal ¯uxes.

We invert 5-year mean measurements for 1992±96 at 76 sites taken from the
GLOBALVIEW-2000 data set20 (see Supplementary Information). GLOBALVIEW is a data
product that interpolates CO2 measurements to a common time interval. Gaps in the data
are ®lled by extrapolation from marine boundary layer measurements. We have chosen to
use sites where the extrapolated data accounts for less than 30% of the 1992±96 period.
The measurements are weighted inversely by the degree to which the predicted concen-
trations are required by the inverse process to match the observations, which we refer to as
'data uncertainty'. In addition to measurement precision, this uncertainty incorporates the
inability of coarse-grid models to adequately represent discrete measurements. The
relative uncertainty of one site to another was based on the mean residual standard
deviations for 1992±96 from GLOBALVIEW. The absolute magnitudes were chosen to
produce a mean square normalized residual out of the inversion of about 1.0, ensuring that
the estimated ¯uxes were optimized to the data only to an appropriate level commensurate
with our ability to model them. A minimum uncertainty was also speci®ed. This gave
uncertainties ranging from 0.25 p.p.m. for remote, `clean air' sites to 2.2 p.p.m. for
continental, `noisy' sites (Fig. 2).

The 11 land basis region boundaries were constructed to enclose vegetation of similar
seasonal structure and carbon exchange based on vegetation classi®cation21. Ocean basis
regions were chosen to approximate circulation features such as gyres and upwelling
regions. Unit emissions of 1 Gt C yr-1 were speci®ed from each region. Subregional-scale
variations in emissions rates were prescribed for land regions according to simulated net
primary production from the CASA model21. This assumes that carbon ¯uxes follow the
distribution of vegetation productivity. Emissions from ocean regions were prescribed as
spatially uniform, except that sea-ice was masked out using seasonally varying fractional
ice cover distributions22. The inversion requires prior ¯ux and uncertainty estimates. Our
choices have been guided by ocean and terrestrial ¯ux models and observations10,19, and are
shown in Fig. 1 (also see Table 2 in Supplementary Information). The land region prior

¯ux estimates incorporate recent inventory estimates23±30. Where more than one estimate
for a given region was considered, a mid-point of the estimate spread was used. The prior
¯ux uncertainty was chosen to be large enough to encompass all estimates. Prior ¯ux
uncertainties re¯ect one standard deviation.

The inversion is run separately for 16 transport models or model variants. The models
used (and the initials of the modellers) are CSU general circulation model (K.R.G.,
A.S.D.), Goddard Institute for Space Studies off-line modelÐUCB (I.Y.F., J.J.), UCI-CTM
with GISS-II' ®elds (M.P., B.C.P., 3 model variants), Japan Meteorological AgencyÐ
CDTM (T.M.), MATCH/CCM3 winds (L.B.), MATCH/NCEP winds (Y.H.C.), MATCH/
MACCM2 winds (R.M.L.), NIES (S.M.), National Institute for Resources and
Environment (S.T.), Recherche en Prevision Numerique (C.W.Y.), SKYHI (S.F.), TM2
(P.B., P.C., P.P.), TM3 (M.H.), GCTM (D.B.). The inversion produces estimated ¯uxes and
their uncertainties for each region individually and for some groups of regions in addition
to a background concentration. Here our analysis focuses on ¯uxes and uncertainties
that are averaged across models. We also specify two measures of uncertainty as
described in the main text. We show the `between' model uncertainty as a one standard
deviation con®dence interval for meaningful comparison with the within model
uncertainty. The obvious alternative, showing a full range, would also produce a
con®dence interval that would widen as more models were included. Inspection of the
individual ¯ux estimates showed them to be close to normally distributed about the
mean ¯ux for most regions.
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Aerobic, anoxygenic, phototrophic bacteria containing bacterio-
chlorophyll a (Bchla) require oxygen for both growth and Bchla
synthesis1±6. 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 community8. 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 b-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 bacterioplankton assemblages, indi-
cating that the newly identi®ed 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 of the genes required for the formation of bacteriochloro-
phyll-containing photosystems in aerobic, anoxygenic, photo-
trophic (AAP) bacteria are clustered in a contiguous, 45-kilobase
(kb) chromosomal region (superoperon)6. These include bch and crt
genes coding for the enzymes of the bacteriochlorophyll and
carotenoid biosynthetic pathways, and the puf genes coding for
the subunits of the light-harvesting complex (pufB and pufA) and
the reaction centre complex (pufL and pufM). To better describe the
nature and diversity of planktonic, anoxygenic, photosynthetic
bacteria, we screened a surface-water bacterial arti®cial chromo-

² Present addresses: Department of Biology, Technion-Israel Institute of Technology, Haifa 32000, Israel

(O.B.); Nara Institute of Science and Technology, Takayama, Ikoma 630-0101, Japan (T.H.).
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Figure 1 Phylogenetic relationships of pufM gene (a) and rRNA (b) sequences of AAP

bacteria. a, b, Evolutionary distances for the pufM genes (a) were determined from an

alignment of 600 nucleotide positions, and for rRNA genes (b) from an alignment of 860

nucleotide sequence positions. Evolutionary relationships were determined by neighbour-

joining analysis (see Methods). The green non-sulphur bacterium Chloro¯exus

aurantiacus was used as an outgroup. pufM genes that were ampli®ed by PCR in this

study are indicated by the env pre®x, with `m' indicating Monterey, and HOT indicating

Hawaii ocean time series. Cultivated aerobes are marked in light blue, bacteria cultured

from sea water are marked with an asterisk, and environmental cDNAs are marked in red.

Photosynthetic a-, b- and g-proteobacterial groups are indicated by the vertical bars to

the right of the tree. Bootstrap values greater than 50% are indicated above the branches.

The scale bar represents number of substitutions per site.
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Supplementary Information 
 

Inversion input 

Figure 1: Regions used in the inversion and the locations of the 76 CO2 observational records used.  

Multiple records exist at some locations. 

Table 1: Latitude, longitude, 1992-1996 mean concentration and data uncertainty for the 76 

GLOBALVIEW-CO2 (2000)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. 

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 season net flux (the 

sum of carbon uptake for all months in which this is a positive number) as provided by the CASA 

model of net ecosystem 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 was 140% of the total oceanic exchange. The 

Southern Ocean uncertainty was 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/ 



Southern ocean sensitivity 



 

Figure 2: Prior sources and uncertainties (boxes), mean estimated sources (x), ‘within-model’ 

uncertainties (o) and ‘between-model’ uncertainties (error bars) for 4 example sensitivity tests. The 



results from the control experiment (lefthand symbols in Figure 1, main text) are repeated in the 

leftmost set of symbols. Second from the left is an inversion run without the background ocean fluxes. 

Second from the right is an inversion run with prior source uncertainties on all ocean regions of ± 2 

GtC yr-1. Third from the  left is an inversion run using only half the data records south of 45oS 

(HBA_00D0, MQA_02D0, SPO_00C0, 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.  

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. 

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 models but with the inversion set-up reconfigured as in F98, with the exception of the 

global background fluxes. For the reconfigured case (3rd 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 estimates are sensitive to the choice of background flux. The remaining rows are for a 

series of inversions where each element of the reconfigured inversion was individually changed back 

to the control inversion. The cases are “release oceans” - TransCom 3 ocean uncertainties are used; 



“tighten 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 

element can account for the difference between the TransCom 3 control and the reconfigured 

inversion. By implication a combination of factors is required as was found in a similar exploration of 

inversion method sensitivity8. 

Time period sensitivity 



 

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 same 76 sites are used for all inversions even though this means that some sites have more 

than 30% extrapolated data. Growth rates and fossil emissions are adjusted to be appropriate to each 

period. For most regions, the change in time period does not move the mean estimated source outside 

the control uncertainty range. 



Table 1. Station Data 

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 
ams_11C0 -37.95 77.53 356.937 0.250 
asc_00D0 -7.92 -14.42 357.646 0.250 
bal_00D0 55.50 16.67 362.572 1.411 
bhd_15C0 -41.41 174.87 356.762 0.250 
bme_00D0 32.37 -64.65 359.483 0.584 
bmw_00D0 32.27 -64.88 359.554 0.626 
brw_00C0 71.32 -156.6 360.271 0.535 
brw_00D0 71.32 -156.6 360.330 0.484 
car030_00D2 40.90 -104.8 359.204 0.671 
car040_00D2 40.90 -104.8 358.752 0.741 
car050_00D2 40.90 -104.8 358.607 0.495 
cba_00D0 55.20 -162.72 359.818 0.381 
cfa_02D0 -19.28 147.06 357.511 0.266 
cgo_00D0 -40.68 144.68 356.435 0.433 
cgo_02D0 -40.68 144.68 356.686 0.433 
cmn_17C0 44.18 10.70 359.443 0.908 
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_00D0 13.43 144.78 358.932 0.250 
hba_00D0 -75.67 -25.50 356.828 0.250 
hun_00D0 46.95 16.65 364.161 1.856 
ice_00D0 63.25 -20.15 359.245 0.261 
itn496_00C3 35.35 -77.38 361.257 1.846 
itn_00D0 35.35 -77.38 362.399 2.232 
izo_00D0 28.30 -16.48 359.416 0.354 
izo_27C0 28.30 -16.48 359.076 0.370 



key_00D0 25.67 -80.20 360.090 0.282 
kum_00D0 19.52 -154.82 359.204 0.263 
maa_02D0 -67.62 62.87 356.598 0.250 
mbc_00D0 76.25 -119.35 360.180 0.280 
mhd_00D0 53.33 -9.90 359.112 0.439 
mid_00D0 28.22 -177.37 359.504 0.274 
mlo_00C0 19.53 -155.58 358.953 0.433 
mlo_00D0 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 
poc000_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 
pocs10_00D1 -10.00 -174.00 358.491 0.250 
pocs15_00D1 -15.00 -178.00 358.018 0.250 
prs_21C0 45.93 7.70 358.708 0.432 
prs_21D0 45.93 7.70 358.962 0.449 
psa_00D0 -64.92 -64.00 356.745 0.250 
rpb_00D0 13.17 -59.43 358.654 0.250 
ryo_19C0 39.03 141.83 361.902 0.732 
sch_23C0 48.00 8.00 360.285 1.057 
sey_00D0 -4.67 55.17 357.188 0.321 
shm_00D0 52.72 174.10 359.984 0.300 
smo_00C0 -14.25 -170.57 357.638 0.354 
smo_00D0 -14.25 -170.57 357.680 0.354 
spo_00C0 -89.98 -24.80 356.795 0.433 
spo_00D0 -89.98 -24.80 356.613 0.433 
spo_02D0 -89.98 -24.80 356.710 0.433 
stm_00D0 66.00 2.00 359.504 0.336 
syo_00D0 -69.00 39.58 356.624 0.250 
tap_00D0 36.73 126.13 362.555 0.921 
uta_00D0 39.90 -113.72 360.292 0.769 
uum_00D0 44.45 111.10 359.540 0.472 



Table 2. Model mean fluxes and uncertainties  

Land region 
Prior Flux 
(GtCyr-1) 

Prior 
Uncertainty 

(GtCyr-1) 

Background 
Fossil Flux 
(GtCyr-1) 

Mean Posterior 
 Flux 

(GtCyr-1) 

“Within-model” 
uncertainty  
(GtCyr-1) 

“Between-model” 
uncertainty  
(GtCyr-1) 

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 
(GtCyr-1) 

Prior 
Uncertainty 

(GtCyr-1) 

Background 
Ocean Flux 
(GtCyr-1) 

Mean Posterior  
Flux 

(GtCyr-1) 

“Within-model” 
Uncertainty  

(GtCyr-1) 

“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 
Trop Indian Ocean 0.00 0.74 0.12 -0.22 0.37 0.44 
South Pacific 0.00 1.22 -0.23 0.27 0.53 0.57 
South Atlantic 0.00 0.48 0.13 0.09 0.42 0.74 
South Indian Ocean 0.00 0.54 -0.56 0.22 0.33 0.42 
Southern Ocean 0.00 1.50 -0.88 0.42 0.27 0.34 



 

Table 3. Inversion differences between TransCom 3 control and Fan et al. 1998 

Element of inversion Transcom3 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 GtC yr-1)  

Ocean: zero prior fluxes with moderate 
uncertainty (0.26-1.50 GtC yr-1) 

Land: no prior information for 
regions 

Ocean: fixed to background fluxes 

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

Global CO2 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) 



Table 4. Methodological  sensitivity under the reconfigured TransCom inverion set-up (all units: GtCyr-1) 
Inversion Case T3 Model Mean 
 Boreal NA Temperate NA Eurasia 

This study  0.24 ± 0.40 ± 0.27 -0.85 ± 0.52 ± 0.42 -1.78 ± 0.58 ± 0.78 
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 ± 0.57 ± 0.69 -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 ± 0.32  ± 0.41 -1.62 ± 0.38 ± 0.87 
Variable data unc. 0.70 ± 0.33 ± 0.67 -1.53 ± 0.39 ± 0.79 -1.87 ± 0.54 ± 0.86 
Release oceans 0.81 ± 0.59 ± 0.65 -1.77 ± 0.76 ± 0.39 -2.51 ± 0.96 ± 1.18 
Tighten land 0.43 ± 0.38 ± 0.58 -1.67 ± 0.51 ± 0.57 -1.50 ± 0.60 ± 0.90 
22 regions 0.59 ± 0.81 ± 0.74 -1.44 ± 0.82 ± 0.49 -1.69 ± 0.99 ± 0.75 
Release SPO 0.78 ± 0.51 ± 0.77 -2.04 ± 0.58 ± 0.58 -1.81 ± 0.72 ± 1.18 
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ABSTRACT

Spatial and temporal variations of atmospheric CO2 concentrations contain information about surface
sources and sinks, which can be quantitatively interpreted through tracer transport inversion. Previous
CO2 inversion calculations obtained differing results due to different data, methods and transport
models used. To isolate the sources of uncertainty, we have conducted a set of annual mean inversion
experiments in which 17 different transport models or model variants were used to calculate regional
carbon sources and sinks from 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 fossil fuel combustion, a balanced terrestrial biosphere, and air–sea gas
exchange. Individual model-estimated fluxes are often a direct reflection of their response to these
background fluxes. Models that generate strong surface maxima near background exchange locations
tend to require larger uptake near those locations. Models with weak surface maxima tend to have less
uptake in those same regions but may infer small sources downwind. In some cases, individual model
flux estimates cannot be analyzed through simple relationships to background flux responses but are
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likely due to local transport differences or particular responses at individual CO2 observing locations.
The response to the background biosphere exchange generates the greatest variation in the estimated
fluxes, particularly over land in the Northern Hemisphere. More observational data in the tropical
regions may help in both lowering the uncertain tropical land flux uncertainties and constraining the
northern land estimates because of compensation between these two broad regions in the inversion.
More optimistically, examination of the model-mean retrieved fluxes indicates a general insensitivity
to the prior fluxes and the prior flux uncertainties. Less uptake in the Southern Ocean than implied by
oceanographic observations, and an evenly distributed northern land sink, remain in spite of changes
in this aspect of the inversion setup.

1. Introduction

A quantitative understanding of the sources and
sinks of atmospheric CO2 is of vital importance for re-
liably predicting future CO2 levels. The estimation of
CO2 sources and sinks can be approached in a variety
of ways (Schimel et al., 2001). One approach is to use
atmospheric CO2 measurements to infer CO2 fluxes
through tracer transport inversion. This approach ad-
justs a series of regionally explicit “trial” fluxes to
best match observed CO2 concentrations to those sim-
ulated by an atmospheric transport model. Early inver-
sions used two-dimensional transport models to cal-
culate the latitudinal distribution of fluxes (e.g. Tans
et al., 1990; Enting and Mansbridge, 1989; Ciais et al.,
1995). Recent inversions have used three-dimensional
models to estimate the longitudinal distribution of
fluxes (e.g. Enting et al., 1995; Fan et al., 1998;
Bousquet et al., 1999a;b; Kaminski et al., 1999). In-
terannual variations in fluxes have also been estimated
(e.g. Rayner et al., 1999; Law, 1999; Bousquet et al.,
2000; Baker, 2001).

A general concern with inversions is the sensitiv-
ity of the results to the atmospheric transport model
used. This sensitivity is difficult to assess because the
results to date have employed only one or two trans-
port models in a given study. A goal of the TransCom
series of experiments has been to assess the influence
of different transport algorithms on the CO2 inversion
problem. The initial phases of TransCom conducted
forward simulations of fossil and biospheric emissions
of CO2 (TransCom 1) (Law et al., 1996) and of SF6

(TransCom 2) (Denning et al., 1999) to characterize
model behaviour. The fossil CO2 experiment indicated
differences in simulated surface interhemispheric con-
centration gradients among the models of up to a factor
of two. However, with no ‘fossil-CO2’ observations
to compare against, it was not possible to determine
which simulated transport, if any, was correct. The SF6

experiment, with relatively well known sources and
observations, was intended to evaluate atmospheric

transport and to identify which processes led to differ-
ent model behaviour. Most of the models were reason-
ably successful in reproducing the marine boundary-
layer observations of SF6, but tended to overestimate
the SF6 at continental locations near sources. Those
models that underestimated marine boundary-layer
values due to excessive vertical convective transport
tended to give better continental concentrations than
the models with less convective transport.

Model differences were also large for the annual
mean response to seasonal biospheric CO2 exchange.
Almost all models simulated elevated CO2 concentra-
tions at the surface in the northern middle latitudes due
to the covariance between seasonal exchange and sea-
sonal transport, the so-called ‘seasonal rectifier effect’
(e.g., Keeling et al., 1989; Denning et al., 1995), but
zonal mean surface concentrations varied over 3 ppm
among the models.

While these experiments provided useful insights
into model behaviour, they did not directly address the
sensitivity of inversion results to transport. This is the
role of the current TransCom experiment (TransCom
3); the aim is to assess the contribution of uncertain-
ties in transport to the uncertainties in flux estimates
for annual mean, seasonal cycle and interannual inver-
sions. The experiment can also contribute to our un-
derstanding of other sensitivities in the inversion pro-
cess (e.g. inversion set-up, observational data choices),
since more reliable results are expected by examining
the sensitivity with a range of transport models than
with just one or two models.

The first results from TransCom 3 were presented
by Gurney et al. (2002). They showed mean inversion
results for a ‘control’ inversion in which annual mean
fluxes were estimated using 1992–1996 data. Here we
present results from that same control inversion but
for individual models. We also present results from a
number of sensitivity tests related to the specification
of prior flux information. A companion paper (Law
et al., 2003) presents sensitivity tests related to CO2

data issues including network choice, time period, data
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selection and data uncertainty. Seasonal and interan-
nual inversions will be presented elsewhere.

2. Method

2.1. Inversion formalism

The control inversion uses a Bayesian synthesis
method (Enting, 2002). The first step is to choose a set
of flux patterns, or basis functions ( �Vi ), from which
solutions will be constructed: �V = ∑

i si �Vi . The in-
version procedure reduces to solving for the scaling
factor, si. With a set of concentration observations �D
the linearity of transport can be used to yield

�D =
∑

i

si T( �Vi ) (1)

where T is the atmospheric transport. If we have pre-
defined times and places for our concentration obser-
vations (obvious in a diagnostic or inverse study) then
we can repeatedly run the transport model on each
basis function and sample the output at the observa-
tion locations. The concentration field generated from
each basis function is referred to as its corresponding
response function. If we sample the response function
at our chosen observation locations, and write the re-
sult as a column vector, we produce a matrix M for
which we can easily show

�D = M�S (2)

The regional fluxes, �S, can now be solved for us-
ing conventional least-squares techniques. These tech-
niques rely on minimizing the mismatch between mod-
elled concentrations, M�S, and observed concentra-
tions, �D. Adding prior information about the fluxes
acknowledges the under-determinacy of the system
due to the limitation of few observations to constrain
fluxes from all regions. It also allows those aspects of
the flux distribution that are reasonably well known to
be specified.

With the addition of prior information, the solution
for �S now involves minimizing the difference between
modelled and observed concentrations and between
predicted fluxes and their prior estimates. A cost func-
tion J can be defined as

J = 1

2

[
(M�S − �D)T C( �D)−1(M�S − �D)

+ (�S − �S0)T C(�S0)−1(�S − �S0)
]

(3)

where C( ) embodies confidence in the form of an
error or uncertainty covariance. Since C appears in-
verted, quantities with large uncertainty confer less
influence. Deviations from this prior estimate will
penalize the cost function severely, and hence be
restricted. Alternatively, fluxes that are poorly un-
derstood can be assigned large uncertainties and,
hence, allowed to deviate significantly from the prior
estimates.

The measurements are similarly weighted inversely
by the degree to which the predicted concentrations
are required by the inverse process to match the obser-
vations. This weighting term, C( �D), has traditionally
been called the “data uncertainty”. The name is mis-
leading, since the term must also account for the in-
ability of models with imperfect transport and coarse
spatial and temporal resolution to match point obser-
vations. Furthermore, the chosen flux shape or “foot-
print” assumed for the basis functions may not rep-
resent the distribution of the true source field, and
hence may add to the inability of the predicted con-
centrations to match observations (Kaminski et al.,
2001; Engelen et al., 2002). It would be inappropri-
ate in the inversion to attempt to fit the data better
than the sum of all of these errors, yet objectively
quantifying this overall model–data mismatch remains
difficult.

Following Tarantola (1987) we minimize eq. (3) to
yield

�S = �S0 + M(−1)( �D − M�S0)
(4)

where M(−1), the generalized inverse of M, is given by

M(−1) =
[
MT C( �D)−1M + C(�S0)−1

]−1
MT C( �D)−1.

(5)

An estimate of the uncertainty in the predicted fluxes
can also be produced. This depends on the uncertainty
in the prior fluxes, the data uncertainty and the re-
sponse functions embodied in M. The relation is:

C(�S) =
[
C(�S0)−1 + MT C( �D)−1M

]−1
. (6)

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

The mean of the individual model flux uncertainties
can be computed as:

C(�S) =
√√√√Nmodels∑

n=1
[C(�S)]2

/
Nmodels

(7)

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

σ (�S) =
√√√√Nmodels∑

n=1
[C(�S) − C(�S)]2

/
Nmodels

(8)

and designated the ‘between-model’ uncertainty.
The minimum value of the cost function, Jmin, de-

scribes the degree to which the inversion calculation
matches the data and prior source estimates simulta-
neously. This is usually expressed using the reduced
χ 2,

χ 2 = Jmin

Nobs
=

Nobs∑
n=1

(M�S− �D)
2

C( �D)2 +
Rregions∑

r=1

(�S−�S0)
2

C( �S0)2

Nobs
.

(9)

Statistical consistency requires χ2 not to be signifi-
cantly greater than unity, otherwise the posterior un-
certainty is inconsistent with the quality of the fit to the
data. This inconsistency suggests that too much con-
fidence has been placed in the ability of the inversion
to match the data, so C( �D) is increased accordingly.
This will consequently increase C(�S).

2.2. Experimental design

2.2.1. Forward simulations. Forward simulations
were performed with 16 transport models (or model
variants) (Gurney et al., 2000), the results of which
were used to perform annual mean inversions for
sources and sinks (Gurney et al., 2002). A 17th model
(CSIRO) recently submitted simulations. We have
not included results from this model in the calcu-
lation of mean results, in order to maintain consis-
tency with Gurney et al. (2002), but have included it
in presentations of individual model results. Details
of each transport model are given in Table 1. The

models vary in resolution, advection scheme, driving
winds and subgrid-scale parameterizations. They in-
clude every model used in recently published CO2

inversions. TM2 is the only model that has been
used in precisely the same configuration in all the
TransCom experiments, while seven of the current
models performed the TransCom 2 SF6 experiment,
though some of these have been modified since that
experiment.

For the annual mean experiment presented here,
four-year simulations were performed by each model
for each of 26 required basis functions. The 26 basis
functions comprised four “background” global fluxes
and 22 regional fluxes. The model output was submit-
ted as global monthly mean distributions and as four-
hourly time series at 228 specified locations. Sampling
of model output was intended to mimic the sampling
protocol for observations: some stations were moved
offshore away from coastlines in the direction of the
“clean air sector” identified for flask sampling. Full
details of the experimental protocol are presented in
Gurney et al. (2000). The inversions were performed
on the output from each model.

The four background fluxes consisted of two fos-
sil fuel emission fields (1990 and 1995 distributions),
an annually balanced, seasonal terrestrial biosphere
exchange and air–sea gas exchange. These fluxes are
included in the inversion with a very small prior un-
certainty so that their magnitude is effectively fixed,
and the 22 regional fluxes estimated by the inversion
are deviations from these global fluxes. The 1990 an-
nual mean fossil source (1◦ × 1◦) is from Andres et al.
(1996) and totals 5.812 Gt C yr−1. The 1995 annual
mean fossil source (1◦ × 1◦) is derived from the data
prepared by Brenkert (1998) and totals 6.173 Gt C
yr−1. The seasonal biospheric exchange (1◦ × 1◦) was
derived from the Carnegie Ames Stanford Approach
(CASA) model (Randerson et al., 1997), and has an
annual total flux of zero at every grid cell. The oceanic
exchange (4◦ × 5◦) was produced by Taro Takahashi
and colleagues and represents monthly global oceanic
exchange derived from measurements of �p(CO2)
(Takahashi et al., 1999). The annually integrated flux is
−2.19 Gt C yr−1 (into the ocean). The background fos-
sil fuel emission fluxes were prescribed without sea-
sonality. The annually balanced terrestrial fluxes were
purely seasonal, and the background ocean fluxes were
prescribed with both seasonal variations and annual
mean uptake.

The boundaries of the 22 regional basis functions
are shown in Fig. 1. In the forward simulations, each

Tellus 55B (2003), 2



CO2 INVERSION INTERCOMPARISON 559

Ta
bl

e
1.

Pa
rt

ic
ip

at
in

g
m

od
el

de
sc

ri
pt

io
n

an
d

re
fe

re
nc

es

M
od

el
M

od
el

er
W

in
ds

H
.R

es
.

#
L

ev
el

s
A

dv
ec

tio
n

Su
bg

ri
d

R
ef

er
en

ce
s

C
SU

a
G

ur
ne

y
&

O
nl

in
e

72
lo

n.
×

17
si

gm
a

2n
d

or
de

r
C

um
.m

as
s

flu
x

(A
ra

ka
w

a
&

Sc
hu

be
rt

,1
97

4;
D

en
ni

ng
et

al
.(

19
96

)
D

en
ni

ng
44

la
t.

R
an

da
ll

&
Pa

n,
19

93
;D

in
g

et
al

.,
19

98
),

va
r.

pr
og

.P
B

L
(S

ua
re

z
et

al
.,

19
83

;
R

an
da

ll
et

al
.,

19
92

)
U

C
B

f
Fu

ng
&

Jo
hn

1
h

G
IS

S
72

lo
n.

×
9

si
gm

a
Sl

op
es

(R
us

se
ll

&
Pe

ne
tr

at
iv

e
m

as
s

flu
x

H
an

se
n

et
al

.(
19

97
)

G
C

M
II

′
46

la
t.

L
er

ne
r,

19
81

)
U

C
I

Pr
at

he
r,

Pa
k,

G
IS

S
72

lo
n.

×
9

si
gm

a
&

2n
d

or
de

r
Pe

ne
tr

at
iv

e
m

as
s

flu
x

w
/u

pd
ra

ft
s,

Pr
at

he
r

et
al

.(
19

87
);

(s
,b

)b
L

ee
,&

G
C

M
II

′
46

la
t.

23
si

gm
a

m
om

en
ts

do
w

nd
ra

ft
s

an
d

en
tr

ai
nm

en
t;

H
an

se
n

et
al

.(
19

97
);

H
an

ne
ga

n
(P

ra
th

er
,1

98
6)

di
ur

na
lly

va
ry

in
g

PB
L

K
oc

h
an

d
R

in
d

(1
99

8)
JM

A
M

ak
i

6
h

JM
A

14
4

lo
n.

×
32

hy
br

id
H

or
:s

em
i-

la
g.

,
V

er
td

if
f.

(M
el

lo
r–

Y
am

ad
a,

le
ve

l2
.0

),
Ta

gu
ch

i(
19

96
)

(1
99

7)
73

la
t.

V
er

t:
bo

x
sc

he
m

e
C

um
ul

us
(s

im
pl

e
di

ff
.)

,
PB

L
(fi

xe
d

la
ye

r)
M

A
T

C
H

:
B

ru
hw

ile
r

N
C

A
R

12
8

lo
n.

×
28

si
gm

a
Sp

itfi
re

C
or

re
ct

iv
e

tr
an

sp
or

t,
su

bg
ri

d
di

ff
.,

PB
L

R
as

ch
et

al
.(

19
97

)
C

C
M

3
C

C
M

3
64

la
t.

w
/s

ta
bl

e
m

ix
in

g,
cl

ou
d

pr
ed

ic
tio

n
M

A
T

C
H

:
C

he
n

6
h

N
C

E
P

12
8

lo
n.

×
28

si
gm

a
Sp

itfi
re

V
er

t.
di

ff
.w

/d
ia

gn
os

ed
PB

L
;p

en
et

ra
tiv

e
R

as
ch

et
al

.(
19

97
)

N
C

E
P

(1
99

0)
64

la
t.

co
nv

.+
lo

ca
lc

on
v.

co
rr

ec
tio

n
(H

ac
k,

19
94

)
M

A
T

C
H

:
L

aw
6

h
64

lo
n.

×
24

hy
br

id
Se

m
i-

la
gr

an
gi

an
H

ac
k

co
nv

ec
tio

n
(H

ac
k,

19
94

);
ve

rt
.d

if
f.

R
as

ch
et

al
.(

19
97

);
L

aw
M

A
C

C
M

2
M

A
C

C
M

2
64

la
t.

w
ith

PB
L

(H
ol

ts
la

g
&

B
ov

ill
e,

19
93

)
&

R
ay

ne
r

(1
99

9)
N

IE
S

M
ak

sy
ut

ov
12

h
E

C
M

W
F

14
4

lo
n.

×
15

si
gm

a
Se

m
i-

la
gr

an
gi

an
V

er
t.

di
ff

.i
n

tr
op

os
ph

er
e

(H
ac

k,
19

93
);

M
ak

sy
ut

ov
&

In
ou

e
(1

99
7)

72
la

t.
pe

ne
tr

at
iv

e
m

as
s

flu
x

(T
ie

dk
e,

19
89

);
(2

00
0)

ve
rt

.d
if

f.
in

PB
L

(S
ch

ub
er

te
ta

l.,
19

93
)

Tellus 55B (2003), 2



560 K. R. GURNEY ET AL.

Ta
bl

e
1.

(c
on

t’
d.

)

M
od

el
M

od
el

er
W

in
ds

H
.R

es
.

#
L

ev
el

s
A

dv
ec

tio
n

Su
bg

ri
d

R
ef

er
en

ce
s

N
IR

E
Ta

gu
ch

i
6

h
E

C
M

W
F

14
4

lo
n.

×
15

hy
br

id
Se

m
i-

la
gr

an
gi

an
V

er
t.

di
ff

.i
n

PB
L

,r
ed

uc
ed

Ta
gu

ch
i(

19
96

)
C

T
M

-9
6c

(1
99

5)
73

la
t.

di
ff

us
io

n
at

tr
op

op
au

se
R

PN
-S

E
F

Y
ue

n
&

O
nl

in
e

12
8

lo
n.

×
27

si
gm

a
Se

m
i-

la
g.

(R
ic

hi
e

&
V

er
tic

al
di

ff
us

io
n;

PB
L

ba
se

d
on

tu
rb

ul
en

t
D

’A
nd

re
a

et
al

.(
19

98
)

H
ig

uc
hi

64
la

t.
B

ea
ud

oi
n,

19
94

)
K

E
(B

en
oi

te
ta

l.,
19

97
)

SK
Y

H
Id,

f
Fa

n
O

nl
in

e
10

0
lo

n.
×

40
hy

br
id

2n
d

or
de

r
D

ry
/m

oi
st

co
nv

ec
tiv

e
ad

ju
st

m
en

tf
or

T
,q

;
M

ah
lm

an
et

al
.(

19
94

);
60

la
t.

no
n-

lo
ca

lp
ar

am
et

er
iz

at
io

n
fo

r
ve

rt
.

St
ra

ha
n

&
M

ah
lm

an
(1

99
4)

;
m

ix
in

g
in

PB
L

H
am

ilt
on

et
al

.(
19

95
)

T
M

2e
B

ou
sq

ue
t&

12
h

E
C

M
W

F
48

lo
n.

×
9

si
gm

a
Sl

op
es

(R
us

se
ll

&
M

as
s

flu
x

(T
ie

dk
e,

19
89

);
st

ab
ili

ty
de

pe
nd

en
t

H
ei

m
an

n
(1

99
5)

;
Pe

yl
in

(1
99

0)
25

la
t.

L
er

ne
r,

19
81

)
ve

rt
ic

al
di

ff
us

io
n

(L
ou

is
,1

97
9)

B
ou

sq
ue

te
ta

l.
(1

99
9a

)
T

M
3f

H
ei

m
an

n
6

h
E

C
M

W
F

72
lo

n.
×

19
hy

br
id

Sl
op

es
(R

us
se

ll
&

M
as

s
flu

x
(T

ie
dk

e,
19

89
);

st
ab

ili
ty

de
pe

nd
en

t
H

ei
m

an
n

(1
99

5)
(1

99
0)

45
la

t.
L

er
ne

r,
19

81
)

ve
rt

.d
if

fu
si

on
(L

ou
is

,1
97

9,
up

da
te

d)
G

C
T

M
e

B
ak

er
6

h
Z

O
D

IA
C

25
6

km
2

11
si

gm
a

2n
d/

4t
h

or
de

r
V

er
t.

di
ff

us
io

n,
R

in
um

be
r-

ba
se

d
ve

rt
.m

ix
in

g
M

ah
lm

an
&

M
ox

im
(1

97
8)

;
G

C
M

in
lo

w
es

t3
la

ye
rs

to
re

pr
es

en
tP

B
L

.
L

ev
y

et
al

.(
19

82
)

C
SI

R
O

-
K

ow
al

cz
yk

&
O

nl
in

e
20

8
km

2
18

si
gm

a
H

or
:s

em
i-

la
g

St
ab

ili
ty

de
p.

V
er

t.
di

ff
.

M
cG

re
go

r
&

D
ix

(2
00

1)
C

C
g

M
cG

re
go

r
(M

cG
re

go
r,

19
96

);
(L

ou
is

,1
97

9)
+

no
n-

lo
ca

ls
ch

em
e,

V
er

t:
to

ta
lv

ar
m

as
s

flu
x

co
nv

.w
/d

ow
nd

ra
ft

s.
di

m
in

is
hi

ng

a Pa
rt

ic
ip

at
ed

in
T

ra
ns

C
om

1
an

d
T

ra
ns

C
om

2
bu

tm
od

el
di

ff
er

ed
.

b
U

C
I

pr
im

ar
y

m
od

el
us

es
3-

ho
ur

ly
G

IS
S

II
’

9-
la

ye
r

G
C

M
w

in
ds

an
d

is
pr

im
ar

ily
tr

op
os

ph
er

ic
;U

C
Ib

is
a

bo
un

da
ry

-l
ay

er
va

ri
an

tw
ith

PB
L

he
ig

ht
di

ag
no

se
d

fr
om

R
in

um
be

r,
su

pe
r-

re
so

lv
ed

tr
ac

er
gr

ad
ie

nt
s

us
in

g
se

co
nd

-o
rd

er
m

om
en

ts
,a

nd
no

n-
lo

ca
lc

lo
su

re
on

th
e

su
bg

ri
d

(H
ar

tk
e

an
d

R
in

d,
19

97
);

U
C

Is
us

es
6-

ho
ur

ly
G

IS
S

II
’

m
id

dl
e

at
m

os
ph

er
e

G
C

M
w

in
ds

w
ith

a
w

el
lr

es
ol

ve
d

st
ra

to
sp

he
re

(K
oc

h
an

d
R

in
d,

19
98

).
c E

ar
lie

r
m

od
el

ve
rs

io
n

pa
rt

ic
ip

at
ed

in
T

ra
ns

C
om

1,
cu

rr
en

tm
od

el
ve

rs
io

n
in

T
ra

ns
C

om
2.

d
A

no
n-

lo
ca

lp
ar

am
et

er
iz

at
io

n
fo

r
ve

rt
ic

al
m

ix
in

g
in

th
e

PB
L

w
as

im
pl

em
en

te
d

af
te

r
T

ra
ns

C
om

2
an

d
w

as
us

ed
in

T
ra

ns
C

om
3.

e Pa
rt

ic
ip

at
ed

in
T

ra
ns

C
om

1
an

d
T

ra
ns

C
om

2
w

ith
cu

rr
en

tm
od

el
.

f Pa
rt

ic
ip

at
ed

in
T

ra
ns

C
om

2.
g
M

od
el

ou
tp

ut
fie

ld
s

w
er

e
in

te
rp

ol
at

ed
fr

om
m

od
el

’s
co

nf
or

m
al

-c
ub

ic
gr

id
to

re
gu

la
r

(2
◦

la
tit

ud
e,

lo
ng

itu
de

)
gr

id
be

fo
re

su
bm

is
si

on
.

Tellus 55B (2003), 2



CO2 INVERSION INTERCOMPARISON 561

Fig. 1. Basis function regions and the locations of the 76 CO2 observational records used in the inversion. Multiple records
exist at some locations and are denoted by open circles. The prior flux and prior flux uncertainties are shown for each basis
function region (Gt C yr−1). The prior constraint on the atmospheric growth rate is 3.274 Gt C yr−1 with a prior uncertainty
of 0.074 Gt C yr−1. The prior global offset concentration is 355 ppm with a prior uncertainty of 100 ppm.

region emits a 1 Gt C yr−1 flux that is scaled inde-
pendently during the inversion calculation. The re-
gional terrestrial basis fluxes include spatial struc-
ture based on the distribution of annual mean net pri-
mary productivity (NPP), as given by a CASA model
steady-state run (Randerson et al., 1997), reflecting
an assumption that terrestrial exchanges are located
within regions of higher biological activity. The ter-
restrial basis function boundaries were constructed
to enclose vegetation of similar seasonal structure
and carbon exchange, with some additional bound-
ary smoothing. The starting point for the boundary
construction was the 1◦ × 1◦ land cover type classifi-
cation used by the original Simple Biosphere Model
(SiB) (De Fries and Townshend, 1994; Sellers et al.,
1996). A uniform spatial distribution was used for the
regional oceanic basis functions, with the exception
of seasonal ice cover in the northern and southern-
most regions. The sea-ice cover data were produced
by the World Climate Research Programme, Work-
ing Group on Numerical Experimentation, Atmo-
spheric Model Intercomparison Project (Taylor et al.,
1997).

2.2.2. Inversion set-up and observational data.
Prior estimates of the fluxes in each of the 22 re-
gional basis functions were determined from inde-
pendent estimates of terrestrial and oceanic exchange

and are presented in Fig. 1. The land region prior
flux estimates incorporate results from recent inven-
tory studies (Apps and Kurz, 1994; Kurz and Apps,
1999; UNFCCC, 2000; Pacala et al., 2001; Houghton,
1999; Dixon et al., 1990; Houghton and Hackler, 1999;
Kauppi et al., 1992). Where more than one estimate
for a given region was available, a mid-point of the
estimate range was used. The ocean region prior flux
estimates were prescribed as zero.

The prior flux uncertainty is important for keeping
the estimated fluxes within biogeochemically realis-
tic bounds. For land regions we chose growing season
net flux (GSNF, the sum of monthly mean exchange
for months exhibiting net uptake) as provided by the
CASA model of net ecosystem production (Randerson
et al., 1997). Since it is unlikely that an annual mean
residual land flux would exceed the GSNF, this pro-
vides a reasonable, ecologically relevant upper bound.
The prior ocean uncertainties were guided by the ag-
gregate estimates given in Takahashi et al. (1999),
which suggest a total global oceanic uncertainty ap-
proximately 70% of the total oceanic exchange. Be-
cause this level of uncertainty tightly constrains some
oceanic regions to the prior flux estimate, the aggre-
gate uncertainty was increased to 140% of the total
net oceanic exchange. The uncertainty in individual
oceanic basis function regions was proportional to the

Tellus 55B (2003), 2
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area of the region and the proportion of sampled grid
points in the region.

We invert 5-yr mean measurements for 1992–
1996 at 76 sites taken from the GLOBALVIEW-
2000 dataset (GLOBALVIEW-CO2, 2000). GLOB-
ALVIEW is a data product that interpolates CO2 mea-
surements to a common time interval. Gaps in the data
are filled by extrapolation from marine boundary-layer
measurements. Sites were chosen where the extrapo-
lated data accounts for less than 30% of total data for
the 1992–1996 period. Law et al. (2003) varied this
extrapolated data limit to test the sensitivity of the in-
version to alternative data sets.

The uncertainty attached to each data value, C(D),
was derived from the residual standard deviation
(RSD) of individual observations around a smoothed
timeseries as given by GLOBALVIEW-CO2 (2000).
This choice was based on the assumption that the dis-
tribution 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. Di-
rect use of the RSD values for the data uncertainty
within the inversion results in a reduced χ2 [eq. (9)]
that is much smaller than unity. This indicates that
the predicted concentrations fit the data much better
than the uncertainty assigned to the data itself, and
that the uncertainty should be reduced. Therefore, the
RSD has been scaled as follows: the RSD was divided
by (8P)0.5, where P is the proportion of real data in
the record and the factor 8 accomplishes the χ2 ≈ 1
goal. Where this gave values less than 0.25 ppm, the
uncertainty was increased to 0.25 ppm. Finally, the un-
certainty was increased for those sites that are likely
to occur in the same model grid cell by the square root
of the number of co-located sites. This gave uncer-
tainties ranging from 0.25 ppm for remote, “clean air”
sites to 2.2 ppm for continental, “noisy” sites and a re-
duced χ 2 averaged across the models of 0.97, close to
the desired value of one. Law et al. (2003) demon-
strate the sensitivity of the inversion to the choice
of C(D).

Additional prior constraints included in the inverse
calculation are the global atmospheric CO2 growth rate
(3.274 ± 0.074 Gt C yr−1) and a global CO2 concentra-
tion background value (355 ± 100 ppm). The growth
rate and uncertainty are the mean and standard de-
viation of the 1992–1996 trends at the observational
stations used in this study via a fit that includes a linear
trend and harmonics.

3. Results

3.1. Background simulation results

The forward simulations of the four background
fluxes provide a measure of model-to-model transport
differences, and explain many of the features found
in the inferred regional fluxes to be discussed in Sec-
tion 3.2. Figure 2 shows the surface CO2 concentra-
tions resulting from the sum of the background fluxes
for each of the models. Maxima associated with the
fossil fuel emissions and the annually balanced, sea-
sonal biosphere exchange are evident and vary consid-
erably from model to model. Maxima associated with
the fossil fuel emissions are centered over the indus-
trial source regions of the United States, Europe and
the Asian Pacific. Maxima associated with rectifica-
tion of the biosphere exchange are broadly distributed
over forested areas in North America and Eurasia.
Regional minima in concentration are simulated over
the Southern Ocean and to a lesser extent over the
North Atlantic Ocean in response to the background
ocean fluxes. Surface concentration responses range
from very weak (TM2 and the UCI variants) to strong
but localized (GCTM) to very strong over large ar-
eas (MATCH:NCEP, UCB). As was found previously
(Law et al., 1996; Denning et al., 1999), there does not
appear to be a systematic difference between mod-
els driven by analyzed winds and those using GCM
winds.

Figure 3 shows the zonal mean surface CO2 concen-
tration resulting from each of the background fluxes
separately and summed. The maximum fossil fuel con-
centrations occur around 50 ◦N and vary by almost 2
ppm among the models. Southern Hemisphere concen-
trations also vary with CSU, MATCH:MACCM2 and
NIRE producing the highest concentrations. The inter-
hemispheric difference (IHD) (mean Northern Hemi-
sphere surface-layer concentration minus mean South-
ern Hemisphere surface-layer concentration) in these
simulated surface responses provides a convenient in-
dex (not always an accurate indicator; see Denning
et al., 1999) to summarize both meridional and verti-
cal model transport, and is indicated in the figure for
the fossil fuel and total background responses. CSU,
TM2 and JMA exhibit the smallest IHD values indi-
cating relatively rapid mixing away from source areas
(vertical or meridional or both). The ratio of largest
fossil fuel IHD to smallest IHD is 1.5 compared to 2.0
for the fossil simulation results from TransCom 1, in-
dicating a convergence of model simulations for this
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Fig. 2. Annual mean surface CO2 concentration (ppm) resulting from the combined (relative to a background concentration
of 350 ppm) background fluxes for each of the models. The UCIb model variant is not shown since its surface distribution is
very similar to the UCI standard version. The global mean surface concentration is also computed for each model.
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Fig. 3. Annual mean, zonal mean surface CO2 concentration (ppm) resulting from the individual and combined (relative to
a background concentration of 350 ppm) background fluxes for each of the models. The interhemispheric difference (ppm)
for the background fossil and combined background CO2 is listed in the key for each model. Note that the scale is different
for each of the plots.

flux response. The 1990 fossil distribution used in this
study is the same as that used in TransCom 1 but the
total emission is 5.81 Gt C yr−1 compared to the 5.3 Gt
C yr−1 previously used. Allowing for this difference,
eight of the TransCom 1 models had IHDs below the
current range (Law et al., 1996) indicating an evolution
to less vigorous interhemispheric transport.

The zonal mean surface concentration for the bio-
sphere exchange shows more spread in the northern
mid- to high latitudes than for fossil fuel emissions.
In TransCom 1 (using a different biosphere exchange)
the model results clustered into two groups. Here, this
clustering is less evident, with models spread through-
out the 3.5 ppm range of concentrations around 60–
70 ◦N. The highest concentrations (strongest rectifica-
tion) are produced by MATCH:NCEP, while the weak-
est rectification is produced by the TM2 model. The
RPN model produces relatively large equatorial con-
centrations, while the NIRE concentrations are greater
than for other models around 20–30 ◦N. Besides the
large variation in zonal mean response to these annu-

ally balanced fluxes, the models exhibit large varia-
tions in the spatial structure of the rectifier response
within latitude zones (Fig. 2). Some strongly rectify-
ing models (e.g., SKYHI, MATCH:MACCM2, RPN)
limit concentration maxima to the immediate forcing
areas over North America and Asia, where there are no
stations. Others (NIES, NIRE, UCB, MATCH:NCEP)
generate broad concentration maxima over the north-
ern high latitudes and consequently have substantial
impact at observing sites.

The zonal mean surface concentrations for the ocean
exchange show similar structure for all models. The
tropical source and extratropical uptake results in a
small maximum concentration in the tropics, which
varies by about 0.5 ppm across the models. Variations
in the concentration minima are larger, particularly
around 50–60 ◦S. SKYHI produces the lowest concen-
trations in both hemispheres, while MATCH:CCM3
exhibits low concentrations across all latitudes. RPN
exhibits the largest equatorial maximum concentra-
tion. The greatest tropical/extratropical gradient is
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exhibited by SKYHI, while UCI and UCIb exhibit the
smallest gradients.

The zonal mean surface concentration for the total
background fluxes shows how some models respond
similarly to the background fluxes while others exhibit
offsetting responses. For example, while responding
strongly to fossil fuel fluxes over the northern extra-
tropical source region, MATCH:CCM3 and RPN ex-
hibit only a moderate response to the seasonal bio-
sphere exchange. Similarly, MATCH:MACCM2 and
NIES, which have a moderate fossil fuel response,
show a stronger response to the seasonal biosphere
exchange.

The remaining models show some similarity in their
response to the background fluxes. In these cases, mod-
els that produce large surface gradients for fossil fuel
also tend to produce large gradients for the background
ocean exchange and exhibit a strong biospheric recti-
fier. This is broadly consistent with both vertical trap-
ping of CO2 in the lower model layers and with weaker
advective mixing as compared to models exhibiting
smaller gradients.

The spatial structure of surface CO2 simulated by
each model in response to the total of these background
fluxes is different from the observed spatial variation
of the observations. Because the background fluxes
are fixed, the adjustment of the 22 regional fluxes is
employed in the inversion to minimize this residual
concentration response (RCR). The RCR values at all
the observing stations (smoothed) is plotted for each
model in Fig. 4. All models show positive RCR values
in the northern mid-latitudes, implying the need for
CO2 uptake there. The greatest differences in RCR
values between models are over the northern mid-
latitudes (Fig. 4a). The standard deviation of these
RCR values across the 17 models is less than 0.4 ppm
at most stations, and greater than 1.0 ppm at 6 stations.
The greatest variability is at Hungary (σ = 2.4 ppm;
47 ◦N, 16.7 ◦E).

Models with smaller background IHD values (CSU,
JMA, MATCH:MACCM2) simulate higher RCR val-
ues over the southern extratropics relative to those with
larger background IHD values (UCB, MATCH:NCEP,
MATCH:CCM3). This suggests a potential relation-
ship between interhemispheric transport and the mag-
nitude of the inferred fluxes in the southern regions.
Models with vigorous interhemispheric transport may
require greater uptake over the southern extratropics
relative to those models that exhibit weaker interhemi-
spheric transport. Over the northern middle latitudes,
where the model spread is greatest, the consistently

largest RCR values are simulated by MATCH:NCEP,
NIRE and UCB, and the smallest are simulated by
TM2, CSU, CSIRO and JMA. These “clusters” of re-
sponses may produce similarly clustered inferred re-
gional flux estimates.

The longitudinal distribution of the RCR values
over the northern middle latitudes varied considerably
among the models (Figs. 4b and 4c), particularly at
continental sites near source regions (ITN, BAL, SCH
and HUN). In general, RCR values increased from
west to east across North America and Europe, which
suggests the need for terrestrial uptake in these regions.
The largest west to east gradients over North America
were exhibited by NIRE and RPN, while the smallest
belong to UCIb and TM2. UCIb and TM2 also had the
smallest gradients over Europe while MATCH:NCEP
and TM3 had the largest.

3.2. Inversion results

3.2.1. Model mean sensitivity. The model mean re-
sults for the control inversion were presented by Gur-
ney et al. (2002). They found a Southern Ocean sink
considerably weaker than the prior estimate of Taka-
hashi et al. (1999). Furthermore, this result was not
sensitive to the transport model used and was well con-
strained by observations. They also found reasonably
strong data constraints over the northern continents,
with uptake distributed relatively evenly across the
northern land regions. Finally, they found a very weak
data constraint in the tropics, with tropical flux esti-
mates depending mostly on prior information, mass
balance constraint and model transport.

To test the dependence of the model-mean inver-
sion on the prior fluxes and their uncertainties, we
performed the series of sensitivity tests described in
Table 2. The first represents inversions in which the
prior flux uncertainties for both land and ocean basis
function regions were increased to 2, 5 and 10 Gt C
yr−1, bringing the inversions closer to methods that
do not use prior information to constrain the flux esti-
mates. The results of this test are presented in Fig. 5.
For most regions, the mean flux estimates (X symbols)
are very insensitive to the prior information, and lie
within the uncertainty range of the control inversion.
Exceptions are regions with few (or no) stations: the
tropical and South Atlantic (all cases), northern Africa
(±5 and ±10 Gt C yr−1 cases) and southern Africa and
South America (±10 Gt C yr−1 case).

For each model and region, the figure depicts an es-
timated flux and two uncertainty measures. The first
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Fig. 4. (a) Smoothed (mean of 10◦ latitudinal bins) residual concentration response (ppm) at the 76 CO2 observational stations
for each of the models. (b) Smoothed (three station running mean) residual concentration response (ppm) at North American
stations within the 30 ◦N to 70 ◦N longitudinal band. Longitudes are listed for stations located outside the center of the
running mean. (c) Same as (b) but for Europe.

uncertainty measure is the within-model uncertainty
(circles) defined in eq. (7). The magnitude of the de-
crease from the prior uncertainty indicates the degree
to which the final flux estimate is constrained by the
measurements. Figure 5 shows that for some regions
the data constraint dominates. At the other extreme, the

within-model uncertainty for some regions increases
significantly as the prior flux uncertainty is increased.
This indicates that these regions, for example tropical
America, are poorly constrained by the CO2 observa-
tions. Note that since the overall growth rate of CO2

in the atmosphere is specified with small uncertainty
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Table 2. Brief description of the sensitivity tests

Test 1 (“Loose Priors”): The prior flux uncertainties for both land and ocean basis function regions are increased to 2, 5
and 10 GtC yr−1. These cases bring the inversion closer to those methods that do not use prior information
to constrain the flux estimates.

Test 2 (“Zero Land Priors”): The prior basis function land fluxes are set to zero. Since many tropical regions are not
well observed, it is important to check how sensitive the flux estimates are to the inclusion of land-use change
information in the prior flux estimates.

Test 3 (“No Rect”): The background biospheric exchange is set to zero. This tests the sensitivity of the flux estimates to
the rectifier. This case was also shown in Gurney et al. (2002) but here we also show individual model results.

Test 4 (“Adjust Rect”): The background biosphere exchange flux uncertainty is set to ±100%. This tests what rectifier
magnitude the inversion estimates.

Test 5 (“Zero Ocean”): The background ocean exchange is set to zero. This tests whether the inversion is sensitive to the
spatial distribution in the background ocean flux.

Fig. 5. Results of ‘Loose Priors’ case (sensitivity test 1). The control inversion is denoted by the leftmost set of symbols
[crosses, posterior flux estimate (includes background ocean exchange); circles, within-model flux uncertainty; whiskers,
between-model flux uncertainty; outer box, prior flux uncertainty]. The ±2 Gt, ±5 and ±10 Gt C yr−1 prior uncertainty cases
are denoted progressively to the right of the control inversion. All uncertainties represent 1σ . Mean does not include CSIRO.
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(0.074 Gt C yr−1), the sum of the fluxes from the poorly
constrained regions is fixed. As the priors are relaxed,
dipoles of unrealistically large sources and sinks ap-
pear in these regions, but cancel each other to retain
the observed mass of CO2 in the atmosphere.

The second uncertainty measure is the standard de-
viation of the flux estimates across the ensemble of
models (error bars) as defined in eq. (8). This measure
indicates the degree to which transport model differ-
ences contribute to the range of flux estimates. Over-
all, the between-model uncertainty increases with the
within-model uncertainty in Fig. 5. This reflects the
increasing sensitivity of the inversion to differences in
transport as the prior flux uncertainty is increased. As
the priors are “loosened,” we also obtain a somewhat
closer fit to the observations: the mean data mismatch
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Fig. 6. Results of sensitivity tests 2–5. The control inversion is denoted by the leftmost set of symbols (as in Fig. 5). The
‘Zero Land Priors’ case (sensitivity test 2), ‘No Rect’ case (sensitivity test 3), ‘Adjust Rect’ case (sensitivity test 4), and ‘Zero
Ocean’ (sensitivity test 5) are denoted progressively to the right. Mean does not include CSIRO.

drops from 0.89 ppm for the control inversion to 0.77
ppm for ±10 Gt C yr−1 case. This modest decrease in
the mean data mismatch further suggests a general lack
of sensitivity to the prior flux constraints chosen for
the control inversion. The large between-model uncer-
tainty in some regions means that, while the mean esti-
mated flux can be relatively stable, individual models
can give some very large fluxes. Overall, we conclude
that in regions with strong data constraint, the inferred
fluxes are insensitive to the prior fluxes, whereas in re-
gions with few observations the fluxes are sensitive to
both prior information and differences in model trans-
port.

Figure 6 shows results from the other four sensitivity
tests. When the land prior fluxes are set to zero only
the estimated tropical Asian flux changes by greater
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than 0.2 Gt C yr−1. Even for this region, the new flux
estimate does not lie outside the control uncertainty
range, which at 0.74 Gt C yr−1 is not much smaller
than its prior uncertainty of 0.87 Gt C yr−1. This is be-
cause none of the 76 sites used in the control inversion
contributes much constraint to this region.

As described in Gurney et al. (2002), removing the
background biosphere fluxes (third set of estimates
in Fig. 6) has a large impact in some northern regions
where rectification is pronounced; mean flux estimates
change by up to 1.1 Gt C yr−1 and between-model un-
certainty is generally reduced. For example, in almost
all models, Boreal Asia changes from a moderate sink
to a moderate source. In Test 4, we allow the inversion
to optimize the magnitude of the seasonal rectifier by
associating a large prior uncertainty (±100%) with the
annually balanced biospheric flux. This tends to pro-
duce fluxes that are mid-way between the control and
the ‘No Rect’ case, consistent with the 50% reduc-
tion in the model mean annually balanced biospheric
exchange. In the final test, removing the background
ocean flux had a larger impact in many of the land re-
gions compared to oceanic regions, probably due to the
generally larger prior uncertainties for land regions.
However, none of the flux changes is larger than the
control within-model uncertainties for the appropriate
region.

3.2.2. Individual model results. Table 3 lists the con-
trol inversion flux estimates for the individual models
when the land and ocean regions have been aggregated
separately into the southern extratropics, tropics and
northern extratropics. Figure 7 shows similar informa-
tion, plotted as differences from the model mean flux
for each region, along with flux differences for the
‘No Rect’ (test 3) and ‘Zero Ocean’ (test 5) sensitivity
tests. The total land and total ocean flux estimates ex-
hibit considerable spread and are anti-correlated since
the total source is constrained. MATCH:NCEP and
CSIRO produce flux estimates that lie outside the rel-
atively large within-model uncertainties on the total
land and total ocean regions. Removal of the back-
ground ocean flux reduces the extent to which these
two models are outliers, with their flux estimates now
inside the within-model uncertainty range. It is not
clear why these two models respond in this way, since
the strength of their responses to the background ocean
tracer are similar to those of other models.

For the northern, tropical and southern regions, there
is greater model spread for the aggregated land re-
gions than for the oceans. This is driven by a com-
bination of the larger variability in model response

to annually balanced biospheric versus oceanic back-
ground fluxes (Figs. 2 and 3) and the larger prior flux
uncertainties for land versus ocean regions. The in-
fluence of the annually balanced biospheric flux re-
sponse is indicated by the considerable reduction in
model spread in the ‘No Rect’ sensitivity test. Fur-
ther evidence for this relationship is indicated by a
strong correlation (r = −0.74) between the estimated
northern land flux for each model and the annually bal-
anced biosphere IHD values whereas there is no cor-
relation with the fossil fuel IHD values (r = −0.04).
Finally, the largest northern land changes between
the control inversion and the ‘No Rect’ sensitivity
test occur for those models with the largest rectifier:
MATCH:NCEP, MATCH:MACCM2, NIES, UCB and
TM3.

The tropical land flux estimates are negatively cor-
related (r = −0.81) with the northern land estimates.
This occurs because the global growth rate is specified
and with little observational constraint near the tropical
continents, these tropical regions act as a repository for
the flux residual remaining after optimization is made
to regions with stronger observational constraints. Not
surprisingly, MATCH:NCEP, with the largest rectifier,
exhibits the largest tropical land flux change (2.2 Gt C
yr−1 source to −0.1 Gt C yr−1 sink) when the rectifier
is excluded in the ‘No Rect’ test.

The aggregated southern ocean flux estimates show
the least amount of model spread. As suggested by
the correlation (r = 0.55) between the total back-
ground flux IHD and the aggregated southern ocean
posterior flux estimate, weaker interhemispheric trans-
port (large background IHD values) correlates with
less aggregated southern ocean uptake relative to the
background ocean flux (−1.8 Gt C yr−1). This lends
support to our speculation that weak interhemispheric
transport leads to lower southern hemisphere RCR val-
ues which, in turn, result in less uptake in the aggre-
gated southern ocean relative to the background flux
in this region. However, this relationship does not hold
when the southern land and southern ocean are com-
bined, suggesting the influence of other factors such
as anomalously strong responses at particular stations
or compensating tradeoffs with other regions.

Table 4 lists the individual model flux estimates
and their uncertainties for all 22 land and ocean re-
gions. Figure 8 shows similar information plotted as
differences from the model mean flux for each region,
for the control inversion and the ‘No Rect’ sensitiv-
ity test. Table 5 lists the change in individual model
flux estimates when the inversion is run without the
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Fig. 7. Aggregated posterior flux differences from the model mean for the control inversion (top row in each box), the ‘No
Rect’ case (sensitivity test 3, middle row in each box) and the ‘Zero Ocean’ case (sensitivity test 5, bottom row in each box).
The box represents the within-model uncertainty (1σ ). Regional aggregation is as follows: North land (Boreal N America,
Temperate N America, Europe, Boreal Asia, Temperate Asia), North ocean (N Pacific, Northern Ocean, N Atlantic), Tropical
land (Northern Africa, Tropical Asia, Tropical America), Tropical ocean (W Pacific, E Pacific, Tropical Atlantic, Tropical
Indian), South land (Southern Africa, Australia, S America), South ocean (S Pacific, S Atlantic, S Indian, Southern Ocean).

background biospheric exchange. Most model flux es-
timates lie within the estimated uncertainty for the re-
spective regions in Fig. 8. This demonstrates that the
within-model uncertainty encompasses most transport
differences with different models providing the ex-
treme or outlying estimates in different regions. As
was noted in the aggregated flux estimates, some of
the outlying total zonal estimates can be attributed to
the meridional gradient of the background fluxes. Re-
sults for the complete 22 basis function regions ex-
hibits some longitudinal tradeoffs as well. For exam-
ple, many models with large uptake in extratropical
Asia such as MATCH:MACCM2. MATCH:NCEP and
CSIRO show large downwind sources in the North Pa-
cific region. Models with small combined uptake in ex-
tratropical Asia, such as TM2, show the largest uptake
in the North Pacific.

The two models with the greatest combined uptake
in North America, RPN (−1.11 Gt C yr−1) and NIRE
(−1.06 Gt C yr−1), support the suggestion that large
west to east declines in the RCR values are related to
enhanced uptake. However, models with the smallest

North American uptake (UCIb and GCTM) are not
those with the smallest west to east gradient. Over
Europe, the models with the smallest west to east gra-
dient, UCIb and TM2, are among the three models
with the smallest European uptake. Among those with
the largest European west to east RCR gradient, both
NIES and TM3 also exhibit among the greatest lev-
els of uptake. UCB, however, has an average gradient
but considerable uptake in Europe. In northern extra-
tropical Asia, the relationship between the RCR west
to east gradient and the estimated flux appears less
consistent.

Another example of a relationship between the
background fluxes and the model estimates of region-
specific fluxes arises in the Southern Ocean region.
Models that estimated the smallest uptake for the
Southern Ocean region, SKYHI and MATCH:NCEP,
were also models that responded most strongly to the
background ocean flux (Figs. 2 and 3), particularly in
the southern extratropics. They were also among the
models with the lowest RCR values in the southern
extratropics. Similarly, the responses of the CSIRO
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Fig. 8. Posterior flux differences from the 16 model mean for the control inversion (top row in each box) and the ‘No Rect’
case (sensitivity test 3, bottom row in each box). The boxes represent the 16 model mean within-model uncertainty (1σ ).

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

In contrast to the dependence of the estimated fluxes
on the gradients in the background concentrations,
there are a variety of instances in which outlying
flux estimates are much more dependent on model
responses at particular sites. For example, two mod-
els produce very large uptake for temperate North
America, NIRE and RPN, but for different reasons.
RPN is one of two models with a pronounced fos-
sil fuel response, particularly over temperate North
America. RPN also exhibits one of the weaker recti-
fier responses. As a result, RPN exhibits the largest
uptake for the temperate North American region but
shows little change in North America when the back-
ground biospheric exchange is removed. NIRE has
larger responses than other models at Key Biscayne
for background fossil and biospheric fluxes and for
the temperate North American region. This results in
significant uptake for the NIRE model in the temperate
North American region, greater than all the models ex-
cept RPN. This is confirmed by an inversion in which
CO2 data for Key Biscayne are excluded. The NIRE
flux difference from the mean is reduced from −0.76
to −0.24 Gt C yr−1.

As with the aggregated flux estimates, Table 5 shows
significant changes over the northern land regions

when the background biosphere exchange is removed
from the inversion. In particular, large changes occur
over Boreal Asia where nearly all of the models shift
from uptake to emissions. The tropical land regions
also exhibit shifts when inverting without the annu-
ally balanced biosphere. In particular, northern Africa
becomes a sink instead of a source in many models (or
in the case of NIRE, a much reduced source) when the
annually balanced biosphere is removed. This appar-
ent compensation between northern rectifier response
and tropical terrestrial fluxes results from the global
mass balance constraint and the relatively small ocean
priors.

Models that exhibit significant surface gradients in
response to the biospheric exchange are not always
the models showing large shifts when the inversion
excludes this background flux. This is due to the spa-
tial pattern of the rectifier in relation to the position of
the observational stations. For example, SKYHI shows
one of the larger rectifiers (Figs. 2 and 3), but shows
only a moderate shift in estimated flux when the back-
ground biospheric flux is removed. This is due to the
somewhat limited horizontal transport of background
biospheric flux near the surface over northern and east-
ern Asia. Since the four stations nearest to this region
are located towards the eastern edge of the Asian con-
tinent, the response at these stations does not reflect
the strength of the SKYHI rectification over central
portions of Asia.

Tellus 55B (2003), 2
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Table 4. Posterior fluxes and uncertainties (1σ, GtCyr−1) for individual models, control inversiona

MATCH: MATCH:
Region\Model CSU UCB UCI UCIs UCIb JMA CCM3 NCEP

Boreal NA 0.21 ± 0.57 0.04 ± 0.23 0.45 ± 0.29 0.00 ± 0.37 0.51 ± 0.27 0.22 ± 0.53 −0.04 ± 0.04 −0.01 ± 0.38
Temperate NA −1.02 ± 0.57 −0.16 ± 0.55 −0.64 ± 0.62 −0.34 ± 0.61 −0.55 ± 0.62 −0.93 ± 0.64 −0.40 ± 0.53 −0.77 ± 0.43
Trop America 1.28 ± 1.09 1.06 ± 1.06 0.76 ± 1.02 0.83 ± 1.04 0.61 ± 0.99 0.74 ± 1.13 0.72 ± 1.06 0.36 ± 1.09
South America −0.13 ± 0.98 −0.18 ± 0.91 −0.24 ± 0.90 0.12 ± 0.96 −0.24 ± 0.90 0.20 ± 1.01 −0.48 ± 0.94 −1.03 ± 0.88
Northern Africa 0.30 ± 1.08 −0.10 ± 0.94 −1.16 ± 0.95 −1.36 ± 0.86 −1.16 ± 0.95 −0.41 ± 1.08 −0.85 ± 0.97 0.46 ± 0.91
Southern Africa −0.78 ± 0.80 −0.79 ± 0.82 0.37 ± 0.64 −0.31 ± 1.02 0.42 ± 0.66 −0.20 ± 1.13 −0.29v0.78 −1.03 ± 0.74
Boreal Asia 0.71 ± 0.52 −0.53 ± 0.55 0.09 ± 0.58 0.00 ± 0.53 −0.18 ± 0.56 −0.89 ± 0.55 −0.63 ± 0.64 −1.41 ± 0.43
Temperate Asia −1.62 ± 0.79 −1.21 ± 0.59 −0.99 ± 0.81 −0.64 ± 0.69 −1.03 ± 0.79 0.14 ± 0.79 −0.96 ± 0.60 −0.47 ± 0.54
Tropical Asia 1.23 ± 0.73 1.19 ± 0.79 0.08 ± 0.80 −0.22 ± 0.73 0.15 ± 0.80 0.54 ± 0.70 0.83 ± 0.78 1.34 ± 0.76
Australia 0.19 ± 0.33 0.59 ± 0.36 0.52 ± 0.34 0.51 ± 0.30 0.53 ± 0.29 0.12 ± 0.26 0.43 ± 0.30 0.05 ± 0.19
Europe −0.82 ± 0.50 −1.01 ± 0.39 −0.32 ± 0.52 −0.55 ± 0.43 −0.18 ± 0.54 −0.52 ± 0.54 −0.47 ± 0.51 −0.90 ± 0.30
N Pacific −0.46 ± 0.28 −0.20 ± 0.35 −0.68 ± 0.37 −0.22 ± 0.33 −0.58 ± 0.34 −0.07 ± 0.40 0.16 ± 0.31 0.21 ± 0.23
W Pacific −0.16 ± 0.30 −0.04 ± 0.35 −0.48 ± 0.35 0.44 ± 0.31 −0.38 ± 0.29 −0.12 ± 0.37 −0.03 ± 0.32 0.00 ± 0.35
E Pacific 0.67 ± 0.45 0.70 ± 0.34 1.09 ± 0.33 0.55 ± 0.30 1.10 ± 0.33 0.49 ± 0.36 0.81 ± 0.39 0.53 ± 0.39
S Pacific −0.15 ± 0.48 0.09 ± 0.59 0.38 ± 0.56 0.12 ± 0.63 0.37 ± 0.50 0.28 ± 0.61 −0.18 ± 0.52 0.27 ± 0.51
Northern Ocean −0.37 ± 0.15 −0.46 ± 0.17 −0.65 ± 0.21 −0.49 ± 0.18 −0.64 ± 0.20 −0.29 ± 0.17 −0.24 ± 0.12 −0.10 ± 0.13
N Atlantic −0.87 ± 0.35 −0.48 ± 0.29 −0.24 ± 0.32 −0.38 ± 0.32 −0.37 ± 0.29 −0.36 ± 0.33 −0.59 ± 0.30 −0.12 ± 0.28
Tropical Atlantic −0.21 ± 0.31 −0.24 ± 0.34 −0.09 ± 0.36 0.02 ± 0.33 −0.09 ± 0.35 −0.01 ± 0.34 −0.01 ± 0.32 −0.04 ± 0.34
S Atlantic −0.05 ± 0.44 −0.12 ± 0.44 −0.04 ± 0.46 0.08 ± 0.43 −0.03 ± 0.46 −0.03 ± 0.43 −0.10 ± 0.45 −0.05 ± 0.43
Southern Ocean −0.79 ± 0.29 −0.44 ± 0.23 −0.75 ± 0.36 −0.41 ± 0.26 −0.79 ± 0.35 −0.61 ± 0.27 −0.25 ± 0.22 −0.15 ± 0.19
Trop Ind Ocean 0.60 ± 0.50 −0.17 ± 0.32 0.30 ± 0.40 0.06 ± 0.46 0.25 ± 0.33 −0.39 ± 0.43 −0.15 ± 0.38 0.09 ± 0.36
S Indian Ocean −0.56 ± 0.37 −0.34 ± 0.36 −0.56 ± 0.41 −0.59 ± 0.39 −0.51 ± 0.39 −0.71 ± 0.38 −0.10 ± 0.33 0.01 ± 0.27
Glbl offset (ppm) 352.9 ± 0.2 352.6 ± 0.2 352.6 ± 0.2 352.3 ± 0.2 352.4 ± 0.2 352.9 ± 0.2 352.3 ± 0.2 352.5 ± 0.2

aThe background ocean flux has been included in the oceanic fluxes.

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

4. Discussion and conclusions

The TransCom 3 experiment has afforded the first
thorough investigation of the extent to which trans-
port differences among tracer models contribute to the
overall uncertainty in inversion estimates of carbon
sources and sinks. Fortunately, most of the models that
have been used to perform carbon cycle inversions in
the last decade participated in the current experiment.
In addition to investigating the sensitivity of carbon in-
versions to transport, we have been able to compute a
model mean result and test the sensitivity of the model
mean to various aspects of the inversion setup. A com-
panion paper (Law et al., 2003) extends these sensitiv-
ity tests by exploring the response of the model mean
and individual model flux estimates to changes in the
observation network, the observational uncertainties,
baseline data selection criteria and time period.

The first and perhaps most important result of this
experiment is that model transport is as large a contrib-
utor to the inversion uncertainty as the error produced
by limited CO2 observations. Some of the individual
model estimated fluxes can be readily attributed to how
they respond to the background flux fields. Models
that exhibited large CO2 concentration maxima near
and downwind of large background fluxes estimate
large uptake in those same regions in order to best
match the CO2 observations. Models with small CO2

concentration maxima estimated less uptake near the
background fluxes but compensated further downwind
over ocean regions with weaker sources or small sinks.
The model response to background fluxes was not al-
ways the best predictor, however. Many of the regional
flux estimates for individual models were the result of
strong responses at particular stations or subtle trade-
offs and compensation among regions.

The response to surface SF6 fluxes was evaluated
in the previous TransCom 2 experiment (Denning
et al., 1999). Models exhibiting small surface con-
centration maxima like TM2 and an earlier variant of
the UCB model systematically underestimated the ob-
served meridional gradient of SF6 in the remote ma-
rine boundary layer, so these models probably also un-
derestimate regional fluxes in the present inversions.
On the other hand, models exhibiting large surface
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Table 4. (cont’d.)

MATCH:
MACCM2 NIES NIRE RPN SKYHI TM2 TM3 GCTM CSIRO

−0.21 ± 0.32 0.62 ± 0.44 0.49 ± 0.44 0.71 ± 0.28 0.20 ± 0.37 0.39 ± 0.51 0.03 ± 0.52 0.57 ± 0.25 0.33 ± 0.41
−0.64 ± 0.50 −0.95 ± 0.46 −1.60 ± 0.44 −1.77 ± 0.33 −1.06 ± 0.49 −1.09 ± 0.47 −0.91 ± 0.41 −0.41 ± 0.51 −0.63 ± 0.48
0.85 ± 1014 1.05 ± 10.2 −0.89 ± 1.07 −0.01 ± 0.95 1.08 ± 0.98 0.40 ± 1.18 1.41 ± 0.92 −0.11 ± 1.17 0.87 ± 1.05
−0.39 ± 1.00 0.07 ± 0.94 0.12 ± 0.91 −0.17 ± 0.85 −0.62 ± 0.85 0.77 ± 0.99 −0.33 ± 0.92 −0.12 ± 0.95 −0.85 ± 0.87
−0.12 ± 1.13 0.66 ± 0.88 1.44 ± 0.94 −0.15 ± 0.80 0.96 ± 1.06 −1.15 ± 1.08 −0.45 ± 0.95 0.37 ± 1.02 −0.05 ± 1.01
−0.58 ± 1.15 −0.33 ± 0.91 0.02 ± 0.93 0.18 ± 0.51 −0.25 ± 1.19 −0.28 ± 1.02 −0.59 ± 1.04 −0.64 ± 1.17 −0.81 ± 1.15
−0.99 ± 0.63 −1.34 ± 0.37 −0.94 ± 0.44 −0.18 ± 0.48 −0.52 ± 0.40 −0.08 ± 0.54 −0.63 ± 0.48 −0.76 ± 0.38 −1.70 ± 0.58
−1.41 ± 0.71 −0.32 ± 0.62 −0.10 ± 0.68 0.05 ± 0.67 −1.14 ± 0.62 0.04 ± 0.61 −0.61 ± 0.36 0.31 ± 0.59 −0.24 ± 0.70
1.09 ± 0.79 0.44 ± 0.72 0.67 ± 0.67 1.13 ± 0.66 0.90 ± 0.68 0.57 ± 0.79 0.44 ± 0.72 0.49 ± 0.72 0.44 ± 0.72
0.65 ± 0.35 0.12 ± 0.24 0.27 ± 0.15 −0.22 ± 0.22 0.37 ± 0.22 0.15 ± 0.14 0.41 ± 0.27 0.36 ± 0.19 0.40 ± 0.36
−0.13 ± 0.51 −1.22 ± 0.35 −0.32 ± 0.29 −0.78 ± 0.34 −0.62 ± 0.33 −0.02 ± 0.58 −1.01 ± 0.29 −0.94 ± 0.32 −0.47 ± 0.41
0.10 ± 0.33 0.06 ± 0.21 −0.66 ± 0.21 −0.44 ± 0.18 −0.63 ± 0.16 −0.92 ± 0.30 0.08 ± 0.26 −0.60 ± 0.21 0.28 ± 0.26
0.09 ± 0.38 −0.54 ± 0.30 −0.43 ± 0.21 −0.18 ± 0.18 −0.10 ± 0.34 −0.19 ± 0.28 0.08 ± 0.26 0.11 ± 0.26 −0.11 ± 0.36
0.98 ± 0.33 0.64 ± 0.33 0.69 ± 0.27 0.25 ± 0.32 0.36 ± 0.34 0.47 ± 0.20 0.46 ± 0.32 0.51 ± 0.28 0.76 ± 0.42
−0.84 ± 0.56 0.42 ± 0.43 0.44 ± 0.28 0.44 ± 0.43 −0.90 ± 0.52 0.20 ± 0.52 −0.41 ± 0.66 0.13 ± 0.57 0.02 ± 0.60
−0.19 ± 0.13 −0.19 ± 0.17 −0.23 ± 0.14 −0.17 ± 0.13 −0.04 ± 0.09 −0.34 ± 0.18 −0.09 ± 0.13 −0.34 ± 0.09 0.09 ± 0.08
−0.20 ± 0.30 −0.41 ± 0.29 −1.20 ± 0.26 −0.72 ± 0.26 −0.25 ± 0.20 −0.34 ± 0.27 0.09 ± 0.27 −0.67 ± 0.27 −0.51 ± 0.28
−0.04 ± 0.31 0.08 ± 0.34 0.40 ± 0.28 0.11 ± 0.29 −0.14 ± 0.28 −0.13 ± 0.32 −0.06 ± 0.32 −0.14 ± 0.24 0.33 ± 0.32
−0.17 ± 0.42 0.02 ± 0.37 0.03 ± 0.39 0.12 ± 0.43 0.15 ± 0.33 −0.08 ± 0.43 −0.13 ± 0.41 −0.17 ± 0.41 0.19 ± 0.37
−0.24 ± 0.27 −0.84 ± 0.30 −0.51 ± 0.29 −0.29 ± 0.24 −0.05 ± 0.16 −0.74 ± 0.35 −0.32 ± 0.25 −0.34 ± 0.22 −0.34 ± 0.16
−0.24 ± 0.44 −0.47 ± 0.34 −0.18 ± 0.26 −0.53 ± 0.39 −0.31 ± 0.31 −0.15 ± 0.25 0.05 ± 0.33 −0.32 ± 0.29 −0.44 ± 0.43
−0.19 ± 0.27 −0.38 ± 0.31 −0.33 ± 0.31 −0.20 ± 0.33 −0.19 ± 0.26 −0.29 ± 0.34 −0.29 ± 0.29 −0.09 ± 0.26 −0.34 ± 0.33
352.6 ± 0.2 352.7 ± 0.2 352.3 ± 0.2 352.5 ± 0.2 352.6 ± 0.2 352.7 ± 0.2 352.6 ± 0.2 352.5 ± 0.2 352.6 ± 0.2

concentration maxima like TM3, which performed
better at marine stations, tended to overestimate conti-
nental concentrations of SF6 near source regions, pos-
sibly reflecting excessive vertical trapping of tracer.
A combination of model resolution, resolved advec-
tive transport and subgrid-scale vertical transport de-
fines this tradeoff between meridional gradients and
regional concentration extrema which produce most
of the variability in model response and therefore in
flux uncertainty.

When the fluxes in the current experiment are ag-
gregated into three zonal bands for the ocean and land,
they provide some instructive examples of model be-
haviour in estimating zonally integrated fluxes. The
tight ocean constraints of the inversion setup and the
greater variability in model response to the terrestrial
background fluxes explain the greater model spread in
the estimates for land versus ocean regions. Removal
of the background biospheric exchange considerably
reduces the model spread over land. Furthermore, the
tropical land exchange is inversely related to the north-
ern land uptake, highlighting the influence of the lim-
ited observational constraint in the tropical regions and
the required compliance with the overall meridional
gradient in the CO2 observations. The influence of the
rectifier emphasizes the need to observe and under-
stand this phenomenon. Because incorrect spatial and
temporal structure in this background flux cannot be

adjusted by the inversion procedure, errors in the spec-
ification of the background flux will be aliased into
errors in the regional flux estimates. Future TransCom
work in which fluxes are adjusted on a monthly ba-
sis will eliminate much of the fixed temporal structure
required by the current annual mean inversion.

The last conclusion that can be drawn from the ag-
gregated flux estimates is the relationship between the
Southern Ocean uptake and interhemispheric trans-
port; models with large background flux IHDs and
hence weak interhemispheric transport tend to esti-
mate the greatest reduction in uptake when compared
to the background ocean flux for this region. Like many
of the other broad relationships between the back-
ground fluxes and the estimated model fluxes, this re-
lationship is not universal to all the models and some
exceptions remain.

Examination of the 22 regional flux estimates across
the models further indicates some relationships to the
background flux responses, though generalization is
much more challenging. For example, models with
a strong response to the background ocean flux esti-
mate the least uptake in both the Southern Ocean and
northern ocean regions. Models with large west to east
RCR gradients across North America and Europe are
among the models with the greatest uptake in these re-
gions. However, models with small gradients are not
necessarily those with little uptake in these regions.
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Furthermore, the estimated fluxes in northern extrat-
ropical Asia appear to have a limited relationship to the
distribution of background flux response. Asia, how-
ever, is where the largest changes occur in individual
model flux estimates when the background biosphere
exchange is removed from the inversion. Most mod-
els exhibit large changes in their estimated flux when
this change is made, often changing from a sink to a
source.

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

In contrast to the individual model flux estimates,
the model mean fluxes outside of the tropical regions
appear to be relatively insensitive to changes in esti-
mates of the prior fluxes and prior flux uncertainties.
Less uptake in the Southern Ocean than has been im-
plied by oceanographic observations and a large and
an evenly distributed sink over the northern continents
remain despite dramatically increasing the uncertainty
bounds on the prior fluxes, eliminating the prior fluxes,
or eliminating the biospheric and oceanic background
fluxes. In this sense the model mean estimates can be
considered robust to these aspects of the inversion set-
up. A companion study (Law et al., 2003) finds the
model mean flux estimates to be relatively insensitive
to variations in the incorporation of the observational
data.

A better understanding of regional carbon budgets
in the middle latitudes depends on improving the sim-
ulated transport, whereas confidence in fluxes over
the tropical continents is primarily limited by sparse
data. The tropical land fluxes are determined primar-
ily by global mass balance and the fluxes in better
observed regions such as the northern extratropical re-
gions. Combined with the lack of observational con-
straint is the tendency for deep mixing in the tropics,
which leads to weak responses at the surface in these
regions. The tradeoff between an uncertain rectifier
in the northern extratropics and the poor tropical data
constraint induces compensating fluxes. Models with
strong rectifiers are able to generate large northern up-
take and still maintain global mass balance by intro-
ducing large tropical sources, and vice versa. Improv-
ing the tropical observations might therefore provide a
better constraint on the rectifier effect and therefore on
mid-latitude fluxes. Conversely, a better understanding
of northern rectifier effects would probably produce
better estimates of tropical carbon budgets.
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44 1. Introduction

45 [2] The spatial and temporal pattern of atmospheric CO2

46 can be used to infer sources and sinks of carbon through the
47 inversion of atmospheric tracer transport. A quantitative
48 understanding of sources and sinks in both space and time is
49 an essential ingredient to reliably predicting future levels of
50 atmospheric CO2. The use of the inversion technique has
51 been employed at a variety of temporal and spatial scales.
52 With the increase in spatial coverage of CO2 observations
53 and the development of 3D tracer transport models, recent
54 inversions have been performed at the continental scale and
55 have explored both the seasonal cycle of carbon sources and
56 sinks and their interannual variability [Enting et al., 1995;
57 Fan et al., 1998; Rayner et al., 1999; Bousquet et al., 1999,
58 2000; Baker, 2001; Gurney et al., 2002; Peylin et al., 2002;
59 Gurney et al., 2003]. Further reductions in spatial scale have
60 been attempted through the use of adjoint transport models
61 though the current global CO2 observational network
62 poses a constraint on the reliability of fluxes estimated at
63 subcontinental scales [Kaminski et al., 1999; Rödenbeck et
64 al., 2003].
65 [3] Estimates of continental carbon sources and sinks in
66 the last decade have shown considerable disagreement.
67 Though many aspects of these studies share common
68 elements, different tracer transport models were often used.
69 The primary goal of the TransCom 3 experiment was to
70 assess the contribution of tracer transport to the spread of
71 atmospheric CO2 inverse results and builds on the earlier
72 TransCom work [Law et al., 1996; Denning et al., 1999].
73 The experiment can also test other sensitivities in the
74 inversion process (e.g., inversion set-up, observational
75 data choices) since more reliable results are expected by
76 examining sensitivities with a range of transport models
77 than with just one or two.
78 [4] TransCom 3 was designed to estimate carbon sources
79 and sinks at annual, seasonal, and interannual timescales.
80 Annual mean results have already been published elsewhere
81 and have reported on the model mean results of the control
82 or ‘‘base case’’ inversion, the sensitivity of this control case
83 to inversion set-up/observational network choices, and
84 model-to-model differences [Gurney et al., 2002, 2003;
85 Law et al., 2003]. Analysis of the interannual results are
86 currently underway.
87 [5] Here we present an average seasonal inversion result.
88 In this experiment, we estimate fluxes for each month of
89 an average year determined as the mean of the 1992 to
90 1996 period. Section 2 provides a description of the
91 methods employed including the choices involved in
92 creating the control inversion set-up. Section 3 presents
93 the model mean results of the control inversion including
94 sensitivity to aspects of the inversion set-up. Section 4
95 contrasts the current results to the annual mean control
96 inversion and discusses possible mechanisms responsible
97 for the estimated regional fluxes. This paper focuses on
98 the model average results. Future work will explore the
99 model-to-model differences. While the model average is

100not presented as the mean of a randomly varying statistical
101ensemble, it does represent a compact representation of the
102tendencies inherent in the majority of models used in
103inverse work in recent years. It is important to note that
104individual model estimates cannot be judged by their
105proximity to the model mean.

1062. Methods

107[6] The inversion approach used in this study follows the
108Bayesian synthesis method [Tarantola, 1987; Enting, 2002]
109A detailed description of the formalism employed and
110references to source material is given in previous work for
111the annual mean TransCom inversion [Gurney et al., 2003].
112The method used here is the same except that monthly mean
113CO2 observations are used rather than the annual mean
114values.
115[7] Because results from a group of transport models will
116be presented, two different measures of uncertainty will be
117computed in the present work. The RMS of the individual
118model flux uncertainties can be calculated as
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120where S is a model flux estimate and C (S )n represents
121the monthly posterior uncertainty estimates for each model.
122We designate this mean uncertainty the ‘‘within-model’’
123uncertainty. The spread of flux estimates across models is
124represented by the standard deviation,
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126and designated the ‘‘between-model’’ uncertainty. Unless
127specifically noted, all uncertainties quoted in the text
128represent the total uncertainty which are the within- and
129between-model combined in quadrature.

1302.1. Experimental Design

1312.1.1. Forward Simulations
132[8] Twelve transport models (or model variants) ran a
133series of forward CO2 tracer simulations [Gurney et al.,
1342000] in order to construct model-specific response
135functions used to perform the inversion for seasonal carbon
136sources and sinks. Though monthly fluxes are resolved in
137the current study, the same 12 transport models were also
138included in an annual mean inversion and are described in
139detail in previous work [Gurney et al., 2003].
140[9] For the seasonal experiment presented here, the
141forward simulations were run as greens functions. A total
142of 268 tracers were simulated by each model, four of
143which were ‘‘background’’ global fluxes and 264 of which
144were region/month fluxes representing a combination of
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145 12 months and the 22 land and ocean regions described in
146 the annual mean inversion experiment [Gurney et al., 2002].
147 The background fluxes were emitted for a single year, then
148 discontinued, allowing the CO2 concentration field to decay
149 for the following 2 years of simulation. The region/month
150 flux combinations were emitted for a single month then
151 discontinued for the remainder of the 3-year simulation.
152 These responses were converted to a single 12-month
153 stationary response by compositing like months (summing
154 all Januaries, all Februaries, etc., in the 3-year span) and
155 detrending (removing the concentration trend resulting from
156 the constant emissions in the forward simulations).
157 [10] The four background fluxes consisted of 1990 and
158 1995 fossil fuel emission fields, an annually balanced,
159 seasonal biosphere exchange and air-sea gas exchange
160 [Andres et al., 1996; Randerson et al., 1997; Takahashi et
161 al., 1999; A. L. Brenkert, Carbon dioxide emission
162 estimates from fossil-fuel burning, hydraulic cement
163 production, and gas flaring for 1995 on a one degree grid
164 cell basis, available at http://cdiac.esd.ornl.gov/ndps/
165 ndp058a.html]. These fluxes are included in the inversion
166 with a small prior uncertainty so that their magnitude is
167 effectively fixed. The 264 region/month fluxes estimated by
168 the inversion are deviations from these global background
169 fluxes for each month in a climatological year. The
170 background fossil fuel emission fluxes were prescribed
171 without seasonality. The neutral terrestrial fluxes were purely
172 seasonal, and the background ocean fluxes were prescribed
173 with both seasonal variations and annual mean uptake.
174 [11] Further details and references for the forward fluxes
175 are given by Gurney et al. [2002]. Full details of the
176 experimental protocol are presented by Gurney et al.
177 [2000].
178 2.1.2. Inversion Set-Up and Observational Data
179 [12] Prior estimates of the fluxes in each of the 264
180 region/month flux combinations were determined from
181 independent estimates of terrestrial and oceanic exchange.
182 The land region prior flux estimates incorporate results from
183 recent inventory studies and are identical to the annual mean
184 values used in the annual mean inversion [Gurney et al.,
185 2003]. Where more than one estimate for a given region was
186 considered, a midpoint of the estimate spread was used.
187 Because the land region prior fluxes are only available as
188 annual mean values, these were distributed evenly over
189 those months considered the most likely to capture the
190 emission or uptake implied by the prior flux. The ocean
191 region prior flux estimates were prescribed as zero for each
192 month.
193 [13] The prior flux uncertainty is important for keeping
194 the estimated fluxes within biogeochemically realistic
195 bounds. For land regions in a given month, we chose the
196 combination of the uncertainties employed in our annual
197 mean control case [Gurney et al., 2002], and 30% each of
198 NPP and respiration provided by the CASA model of net
199 ecosystem production [Randerson et al., 1997]. Since it is
200 unlikely that a given region/month flux adjustment would
201 exceed these values, this provides a reasonable, ecologically
202 relevant upper bound. The prior ocean uncertainties were
203 twice the annual mean uncertainty values used in the annual
204 mean control inversion.

205[14] We invert 5-year (1992–1996) mean measurements
206for each month at 75 sites taken from the GLOBALVIEW-
2072000 data set [GLOBALVIEW-CO2, 2000]. GLOBALVIEW
208is a data product that interpolates CO2 measurements to a
209common time interval. Gaps in the data are filled by
210extrapolation from marine boundary layer measurements.
211Sites were chosen where the extrapolated data accounts for
212less than 30% of the 1992–1996 period. This station set is
213identical to that used in the annual mean inversion
214published previously except in the current experiment,
215the station in Darwin, Australia, was removed due to
216recent work showing Darwin as unrepresentative of the
217region [Law et al., 2003]. The uncertainty attached to
218each data value, C(D), was derived from the monthly
219residual standard deviation (RSD) of individual observa-
220tions around a smoothed time series as given by
221GLOBALVIEW. This choice was based on the assumption
222that the distribution of RSD (higher RSD values for
223northern and continental sites and lower RSD values for
224Southern Hemisphere oceanic sites) reflects the high-
225frequency variations in transport and regional flux that
226large-scale transport models are unable to accurately
227simulate. GLOBALVIEW-CO2 [2000] provides monthly
228RSD values averaged over 1979–1996 and annual RSD
229values for each separate year. To obtain monthly values for
2301992–1996, we scale the 1979–1996 monthly values by
231the ratio of the 1992–1996 mean annual RSD to the
2321979–1996 mean annual RSD.
233[15] Direct use of the RSD values for the data uncer-
234tainty results in a total reduced c2 that is much smaller
235than unity [Tarantola, 1987, p. 212]. This indicates that
236the predicted concentrations fit the data much better than
237the uncertainty assigned to the data itself and that the
238uncertainty should be reduced. The aim is to scale the RSD
239such that the inversion produces a total c2 of 1.0. When
240making this adjustment, we limit the reduction such that the
241minimum uncertainty at any site is equivalent to 0.25 ppm
242on the annual mean concentration and we also adjust
243the uncertainty for data records that are co-located. The
244details are as follows: the RSD was divided by (3.6*P)0.5

245where P is the proportion of real data in the record and 3.6 is
246chosen to satisfy our total c2 criteria. These monthly
247uncertainties were converted to equivalent annual uncer-
248tainties with the following expression:

sa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiP12
m¼1

s2m

s

A
; ð3Þ

250where sa is the equivalent annual uncertainty, sm is the
251monthly uncertainty, and A represents the autocorrelation
252timescale for the specific station (typically around 4 months).
253If the annualized uncertainty was less than the minimum
254uncertainty used in the annual mean control inversion of
2550.25 ppm, the monthly uncertainty values were increased to
256an uncertainty given by

smin
m ¼ 0:25*

ffiffiffi
A

p
: ð4Þ
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258 Finally, the uncertainty was increased for those sites that
259 are likely to occur in the same model grid-cell. These
260 adjustments gave values ranging from 0.17 ppm for a given
261 month at remote, ‘‘clean air’’ sites to 4.8 ppm for continental,
262 ‘‘noisy’’ sites and a mean total c2 averaged across the
263 models of 1.0.

265 3. Results

266 3.1. Background Simulation Results

267 [16] The forward simulations of the four background
268 fluxes provide a measure of model-to-model transport
269 differences. Figure 1 shows the zonal mean seasonality of
270 the model response to the background fluxes at the surface.
271 The seasonality for each of the models reflect both the
272 seasonality in the surface forcing and transport.
273 [17] A strong seasonal response is evident in the Northern
274 Hemisphere for the MATCH variants, NIES, NIRE, and
275 TM3 while CSU, JMA, UCI, and TM2 exhibit weak
276 northern seasonality. The response of the GCTM model
277 shows a winter maximum that places it in the middle of

278the participating models but exhibits a strong summer
279concentration minimum.
280[18] The spatial extent of the maxima is also variable
281among the models. Of those models with a pronounced
282seasonal response, MATCH:NCEP and NIES show winter
283maxima that stretch almost evenly from 45�N to the pole
284whereas the other strongly seasonal models exhibit less
285extensive winter maxima.
286[19] Though the full latitudinal distribution of the back-
287ground simulation provides a useful overview of the
288different model responses, the inversion results are driven
289by CO2 observations at the stations only. Figure 2 shows
290the simulated background seasonal amplitude at stations
291north of 35�N latitude plotted against the observed sea-
292sonal amplitude. In this figure, the seasonal amplitude is
293defined as the background response difference between the
294average of October through March (maximum) and the
295average of June through August (minimum) at the stations.
296The figure also provides the average amplitude value
297across all the stations north of 35�N for each of the models
298and a one-to-one line.

Figure 1. Zonal mean monthly predicted concentration driven by the background fluxes (fossil fuel,
seasonally balanced biosphere exchange, ocean exchange) for each of the participating tracer transport
models. See color version of this figure at back of this issue.
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299 [20] Consistent with Figure 1, some of the models
300 exhibit weak northern seasonality (CSU, TM2, UCI, and
301 JMA) while others produce greater seasonality (NIRE,
302 NIES, and M:NCEP). This spread in model behavior has
303 been previously noted for both biosphere CO2 and the SF6
304 tracer and tends to relate to the vigor of vertical transport
305 [Gurney et al., 2003; Denning et al., 1999]. Both the
306 magnitude and the model spread evident in the seasonal
307 response to the background fluxes are dominated by the
308 background biosphere exchange. Through the inversion
309 process, in which mismatches between the background
310 response and the observed concentration are minimized
311 (modulated by the station uncertainty), models that under-
312 estimate the background seasonality must construct sources
313 and sinks in order to amplify the seasonal exchange with the
314 surface and vice versa.
315 [21] Previous TransCom work with a different neutral
316 biosphere exchange and a somewhat different group of
317 tracer transport models showed consistent overestimation
318 of the seasonal amplitude in the Northern Hemisphere
319 [Law et al., 1996, Figure 10]. Since the biospheric exchange
320 dominates the seasonality of the background flux, this

321suggests that the current CASA neutral biosphere fluxes
322are much more consistent with the CO2 observations than
323fluxes used in the past.

3253.2. Inversion Results

3263.2.1. Model Mean Results
327[22] Figure 3 shows the control case estimated seasonal
328fluxes, prior fluxes, and uncertainties for the ocean and land
329regions combined into north, tropical, and south aggregates.
330The estimated fluxes do not include fossil fuel and represent
331the average across the 12 models.
332[23] Two measures of uncertainty are presented in
333Figure 3 (see section 2). For any region, the ‘‘within
334uncertainty’’ (distance from posterior flux to circles) must
335be smaller than the prior flux uncertainty (distance from
336prior flux to heavy dashed lines). The magnitude of the
337decrease indicates the degree to which the final flux
338estimate is constrained by the measurements. The northern
339extratropics and the southern extratropical oceans exhibit
340the greatest reduction in uncertainty due to the greater
341number of observing sites and sites with relatively small
342data uncertainty.

Figure 1. (continued)
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343 [24] The ‘‘between uncertainty’’ (error bars) indicates the
344 degree to which transport model differences contribute to
345 the range of flux estimates. On land, between uncertainties
346 are largest in the tropical region. The ocean regions exhibit
347 between uncertainties that are largest over the tropics and
348 southern latitudes. The uncertainty also varies over the
349 course of the year. For example, the northern land region
350 exhibits the largest between uncertainty during the northern
351 growing season.
352 [25] The relative magnitude of these two uncertainty
353 measures provides a reflection of the extent to which the
354 flux estimates are limited by uncertainty associated with the
355 observational data versus the uncertainty associated with
356 transport differences. As can be seen in Figure 3, the
357 northern extratropical regions where more observing
358 stations are available show between uncertainty values that
359 are larger than the within values. In those regions where
360 observations are limited, such as the tropical regions and the
361 southern land regions, the opposite occurs. In some regions
362 such as the southern extratropical oceans, the dominance
363 of simple advective flow and the relative availability of
364 observations with small variability combine to provide
365 between and within uncertainties that are of similar magni-
366 tude and represent a significant reduction of uncertainty
367 from the prior.
368 [26] In the Northern Hemisphere land region, the estimated
369 fluxes in Figure 3 show less emission during March, April,
370 and September and greater uptake during July relative to the
371 prior flux. Significant monthly departures from the prior
372 oceanic flux occur in all of the aggregated ocean regions
373 showing greater seasonality in all instances. However, the
374 correlation (0.66) in the estimated seasonality between
375 the ocean and land for the northern latitudes suggests
376 the possibility that some of the land seasonality is being
377 misallocated to the neighboring ocean region. This is further
378 explored in section 3.2.2 where the sensitivity to prior
379 uncertainties is tested.

380[27] Disaggregation of the land regions is shown in
381Figure 4. Tropical and Southern America are not shown
382as very few significant departures from the prior flux occur
383in any months. In addition to the total prior flux shown in
384Figure 4 for each of the land regions, the portion of the prior
385flux associated with the neutral biosphere exchange is
386shown. The difference between these two priors is the flux
387derived from inventory studies as discussed in section 2.1.2.
388[28] In Boreal North America there are deviations outside
389of the uncertainty range from the prior model in April, June,
390and August. The departures in June and August suggest a
391phase shift in the growing season with the estimated uptake
392occurring later in the year. Model spread is largest in the
393summer months and is primarily due to discrepancy among
394the models concerning the timing of the maximum seasonal
395uptake.
396[29] Europe shows significant deviations from the peak of
397the growing season in June through September with greater
398net uptake during these months. This increased net uptake
399relative to the prior is exhibited by every model.
400[30] Boreal Asia shows results similar to the boreal region
401of North America. Small but significant adjustments to the
402prior flux occurs in March and April indicating a reduction
403in early spring emissions. Less net uptake is indicated in
404June and more net uptake is indicated in July. In Temperate
405North America, the estimated fluxes exhibit a lessened
406seasonal amplitude relative to the prior estimates with
407significant deviations occurring in spring and late fall
408months.
409[31] Temperate Asia exhibits a large deviation from
410the prior flux in the month of June with model mean
411uptake estimated at �5.1 ± 2.6 Gt C/year as opposed to
412�1.2 Gt C/year for the prior estimate. As a result, the
413overall timing of the summer uptake maximum is shifted
414(June/July) toward the spring relative to the prior seasonality
415(August). This could be due to an error in the timing of the
416prior seasonality (CASA model output) or a real advance of

Figure 2. Simulated background seasonal amplitude versus the observed amplitude at stations north of
35�N. Amplitude is defined as the mean October-March concentration minus the mean June-August
concentration. The station average simulated values are provided in the legend. The observed station
average is 5.6 ppm. A one-to-one line is included. See color version of this figure at back of this issue.
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417 net uptake in the 1992 to 1996 time period (assuming
418 the prior model was correctly capturing the long-term
419 seasonality of this region). Only M:MACCM2 places the
420 maximum net uptake in August although July has nearly
421 the same level of net uptake. The two African land regions

422and Tropical Asia show some significant departures from the
423prior flux but due to a lack of observational constraint the
424flux estimates are unreliable. Australasia exhibits departures
425from the prior estimate in the austral fall changing from a net
426source to a net sink in April.

Figure 3. Model mean estimated flux, prior flux, prior uncertainties, and posterior uncertainties for
aggregated land and ocean regions. The fluxes do not include fossil fuel emissions. Different scales are
used for the land and ocean regions.
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427 [32] Disaggregation of selected ocean regions is shown in
428 Figure 5. In many cases, greater seasonality in ocean
429 exchange is implied in the inverse results than was present
430 in the prior ocean flux.
431 [33] All of the northern ocean regions exhibit heightened
432 seasonality with both the North Pacific and the North

433Atlantic showing seasonality that is somewhat out of
434phase with the prior ocean exchange. As mentioned in the
435discussion of Figure 3, the estimated seasonality has
436similarities to the adjacent terrestrial seasonal cycle and
437may be an indication that terrestrial flux is being incorrectly
438allocated to neighboring ocean regions. In the case of the

Figure 4. Model mean estimated flux, total prior flux, neutral biosphere prior flux, prior uncertainties,
and posterior uncertainties for selected land regions. Numerical estimate of annual mean flux and total
uncertainty is provided in each figure. Note that the vertical scale varies. The fluxes do not include fossil
fuel emissions.
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439 Southern Ocean region, the fall and spring exchange esti-
440 mated here suggests less uptake than the prior flux. This
441 may explain the discrepancy between the annual mean
442 estimates of ocean flux derived from DpCO2 measurements
443 and those estimated with the inverse estimate [Gurney et al.,

4442002]. The greatest differences between the prior and
445estimated flux occur during the austral fall and spring
446months. Ocean CO2 measurements are typically only taken
447during the summer months. Recent ocean measurements
448taken during January and August 2000 in the Indian

Figure 5. Model mean estimated flux, total prior flux, prior uncertainties, and posterior uncertainties for
selected ocean regions. Numerical estimate of annual mean flux and total uncertainty is provided in each
figure. Note that the vertical scale varies. The fluxes do not include fossil fuel emissions.
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449 Antarctic sector of the Southern Ocean support this
450 hypothesis. These measurements showed seasonal varia-
451 tions in pCO2 values south of 50�S that indicateCO2 uptake
452 in summer and emission in winter [Metzl et al., 2001].
453 Furthermore, a 1D biogeochemical simulation performed in
454 the same study for all months in the year 2000 showed a
455 seasonality similar to that found here. If the seasonality
456 exhibited in this work is true for other parts of the Southern
457 Ocean, this would reduce the Southern Ocean DpCO2-based
458 uptake estimate, which is currently determined predomi-
459 nantly by summer measurements.
460 [34] All the tropical ocean regions shown in Figure 5
461 exhibit greater uptake during the July to September months
462 compared to the prior flux estimate. A small annual mean
463 net uptake is estimated in these ocean regions in contrast to
464 the small annual mean sources of the prior flux estimate. In
465 the case of the tropical Indian Ocean, the annual mean
466 uptake is driven by the Seychelles observations. Removal
467 of this station from the inversion changes this region from
468 an annual mean net sink to an annual mean net source
469 (+0.7 ± 0.4 Gt C/year). The total annual mean tropical
470 ocean flux is estimated as approximately neutral due to the
471 greater net emission from the East Pacific region (0.66 ±
472 0.3 Gt C/year).
473 [35] In both the land and oceanic regions the relative
474 magnitude of the two uncertainty measures is strongly
475 dependent upon the number of observing sites and the
476 amount of error they are assigned. This difference is most
477 evident when comparing the tropical regions, where obser-
478 vations are sparse, and the northern extratropical regions
479 where observations are much more common. The within
480 uncertainty is large in the tropical regions compared to the
481 uncertainty due to model spread. Conversely, the within
482 error is relatively small in the northern extratropics com-
483 pared to the model spread. The increase in model spread in
484 regions with greater observational constraint is largely due
485 to the fact that the differences in model transport are more
486 often quantified where observations exist.
487 3.2.2. Sensitivity to Prior Flux Uncertainties
488 [36] One can vary the prior flux uncertainty to further
489 explore the level to which the prior flux is influencing the
490 inversion results. This has been accomplished by increasing
491 the prior flux uncertainties to 2, 5, and 10 times the levels
492 used in the control case inversion. Figure 6a shows the
493 results of this sensitivity test for a few selected regions.
494 Regions for which observations provide constraint show
495 little change as the prior flux uncertainty is increased.
496 However, regions where data is sparse (tropical land and
497 South Atlantic) show considerable sensitivity to the prior
498 uncertainty. This confirms the limited confidence that
499 should be placed on the tropical land and certain ocean
500 regions suggested by the flux uncertainties presented in
501 Figures 3, 4, and 5. Because these regions have very little
502 data constraint, they tend to be constrained by the prior and
503 prior uncertainty level unless required to compensate for
504 changes in those regions with data constraint such as the
505 northern land and many of the ocean regions. This com-
506 pensation is a direct result of the requirement to maintain
507 the global mass balance defined by the atmospheric growth
508 rate. This is most obvious in the case of the Tropical and

509South Atlantic Ocean regions where large anti-correlated
510fluxes observed.
511[37] Figure 6a also shows an extreme sensitivity test in
512which the background biosphere exchange amplitude has
513been reduced to 50% of that used in the control case in all
514months. This further confirms the data constraint evident in
515the northern extratropical regions and the limited confidence
516that accompany the tropical land and certain ocean regions.
517[38] In order to test the possibility that terrestrial season-
518ality is ‘‘leaking’’ into the estimated fluxes for the northern
519oceanic regions, the inversion was run with reduced (factor
520of 4) prior uncertainties for the North Pacific, Northern
521Ocean, and North Atlantic regions. These ocean regions are
522then strongly constrained to mimic the prior flux seasonal-
523ity. Figure 6b shows the resulting fluxes and difference for
524the summation of the northern land regions (Boreal and
525Temperate North America, Boreal and Temperate Asia,
526Europe). As shown in Figure 6b, the suppression of the
527heightened seasonality for the northern ocean regions is
528shifted to the adjacent land regions and follows the terres-
529trial seasonal cycle quite closely. The magnitude of the flux
530difference is small compared to the northern land seasonal
531fluxes, so this has little impact on the estimated fluxes for
532land. Though not conclusive, the result of this test is
533consistent with leakage of land fluxes into the adjacent
534ocean regions. Though not performed in the TransCom 3
535experiment, inclusion of carbon isotope or O2/N2 values
536would more conclusively test this hypothesis.
5373.2.3. Predicted CO2

538[39] Figure 7a shows the difference between the model
539mean predicted CO2 concentration and the observed CO2 at
540all stations and months. The largest mismatches occur for
541Hungary (HUN: 16.7�E, 47�N) in winter, which is likely
542due to the difficulty of matching concentrations at a site
543with large observed variability not expected to be captured
544by the global scale transport models used in this study.
545Fortunately, this station has large ‘‘data uncertainty’’ (1.4 to
5464.0 ppm), so models are only weakly required to match the
547observed concentration. When the mismatches are scaled
548by their assigned uncertainty, a different picture emerges.
549This quantity, the station by station contribution to the cost
550function or ‘‘c2 per station,’’ is formally expressed as

c2
i ¼

Ds
i � Do

i

 �2
s2i

; ð5Þ

552where Di
s is the simulated concentration at station i and Di

o

553is the observed concentration at station i with uncertainty sI
554[Peylin et al., 2002]. Values much greater than 1 indicate
555that the difference between the predicted and observed
556concentration at that station is much greater than the
557uncertainty assumed in the inversion. This suggests that the
558uncertainty assigned to these stations is too small and,
559hence, they may be influencing the inversion result more
560than is warranted.
561[40] Figure 7b shows the annual mean of these values
562against station latitude. One station in particular, Cape
563Rama India (CRI: 73.8�E, 15.1�N) shows an annual mean
564ci

2 value of 3.4, indicating that the mismatch between the
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565 predicted and observed CO2 concentration is almost twice
566 the assigned uncertainty. Upon closer examination, this is
567 primarily due to the ci

2 value in the month of February
568 (14.7), which is due to a combination of low assigned

569uncertainty (0.8 ppm) and relatively large mismatches
570(model mean of 2.8 ppm). Other stations with two or
571more months exceeding a ci

2 value of 4 are Guam (GMI:
572144.8�E, 13.4�N, December, January, March), Izana,

Figure 6a. Model mean control flux, and estimated fluxes with prior uncertainties scaled by factors of
2, 5, and 10 for selected land and ocean regions. Also shown are the results for a case in which the
background biosphere exchange is reduced to 50% of that used in the control run. The total uncertainty
(between and within uncertainty) for the control case is provided. Note that the vertical scale varies.
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573 Canary Islands (IZO: 16.5�W, 28.3�N, June, July), Utah,
574 United States (UTA: 113.7�W, 39.9�N, January, February),
575 Colorado, United States, 5000 m (CARR: 104.8�W, 40.9�N,
576 March, April), Plateau Rosa, Italy (PRS: 7.7�E, 49.3�N,
577 June, July), and Hungary (December, January). Sensitivity
578 tests of the annual mean inversion found similar results for
579 Guam and Cape Rama India [Law et al., 2003].
580 [41] By the same token, ci

2 values much less than one
581 indicate stations for which the assigned uncertainty may be
582 too large and should, therefore, contribute more to the total
583 c2 value. Stations for which the annual mean ci

2 value is
584 less than 0.25 (indicating mismatches 1

�
2

the assigned
585 uncertainty) include Bass Strait, Tasmania (AIA: 144.3�E,
586 40.5�S), South Pole (SPO: 24.8�W, 90�S), Halley Bay,
587 Antarctica (HBA: 25.5�W, 75.7�S), Syowa Station, Antarc-
588 tica (SYO: 39.6�E, 69�S), Mawson Station, Antarctica
589 (MAA: 62.9�W, 67.6�S), and Palmer Station, Antarctica
590 (PSA: 64�W, 64.9�S). All of these stations are in the
591 southern high latitudes.
592 [42] In order to confirm that these stations are either
593 providing too much or too little weight to the inversion, a
594 number of tests have been performed. In the first, the stations
595 with largeci

2 values are removed from the inversion. In the
596 second, the stations with small ci

2 values are adjusted such
597 that their uncertainty is reduced by a factor of 2. In the last
598 test, both of these changes are made. The results are shown
599 in Figure 8 The tropical regions show the most significant
600 changes, and independent tests (not shown) indicate that
601 these are due primarily to the removal of the Guam and
602 Cape Rama India stations. Reduction of the uncertainty
603 associated with the southern high latitude stations had a
604 negligible impact on the regional fluxes except for some
605 small changes in the South Indian Ocean region.
606 [43] Given the much greater number of observing sites
607 over the northern extratropics, the removal of a few sites
608 has little impact on the fluxes in those regions. However,
609 the removal of Guam and Cape Rama, India, constitute a
610 considerable reduction in observational constraint in the

611tropics and hence, lead to changes in those regions
612primarily.

6144. Discussion

6154.1. Comparison to Annual Mean Inversion

616[44] Table 1 presents the model mean, annual mean carbon
617flux estimates for each of the land and ocean regions
618considered in this study. In addition, the model mean flux
619estimates from the previously published annual mean
620inversion are included for comparison. The two studies show
621considerable agreement in all regions with the exception of
622Northern Africa. The current study estimates an annual
623mean release from this region (0.79 ± 1.0 Gt C/year)
624compared to the previous study which estimated no net flux
625(0.01 ± 1.3 Gt C/year). However, given the large amount of
626uncertainty associated with the estimates for this region,
627the change lies within the uncertainty. Since the global
628total atmospheric growth rate is identical in the two studies,
629the difference in Northern Africa must be compensated for
630elsewhere. This occurs equally across the Tropical Asia and
631Australasia regions, both of which are also estimated with
632considerable uncertainty. Examination of the aggregated land
633and ocean totals indicates that the differences between the
634two studies reflect compensatory fluxes between the Tropical
635and Southern land and ocean regions, respectively.
636[45] In the northern extratropical regions, the current study
637estimates a slightly larger annual mean net uptake in Europe
638but produces less uptake in Temperate and Boreal Asia.
639However, each of these differences is well within the
640estimated uncertainty.
641[46] The consistency between the annual mean inversion
642and the annual mean calculated from the seasonal inversion
643is consistent with a recent study exploring various aspects of
644the CO2 inversion problem [Peylin et al., 2002]. In their 17-
645region inversion, which studied results from three models,
646the authors found regional model mean differences no larger
647than 0.5 Gt C/year.

6494.2. Posterior Flux Amplitude

650[47] As suggested in section 3.1, the posterior flux sea-
651sonality for the northern land, in particular, will reflect
652adjustments to the background responses such that the total
653predicted CO2 seasonal cycle best matches the observed
654CO2 seasonal cycle. Figure 9a (r2 = 0.7) shows the model-
655specific relationship between the estimated northern land
656flux amplitude and the northern extratropical background
657concentration amplitude (the values in Figure 2 legend). As
658expected, those models which generated relatively weak
659seasonality when driven by the background fluxes (UCI,
660JMA, TM2, UCB), generate estimated northern land flux
661amplitudes that are generally the largest among the 12
662models. Models which generated strong seasonality in
663response to the background fluxes (MATCH:NCEP, NIRE,
664TM3, GCTM) require less seasonal adjustment in order to
665match the CO2 observations over the northern extratropics.
666[48] A similar relationship is evident when these indices
667are considered in conjunction with the annual mean esti-
668mated northern land flux. Figure 9b (r2 = 0.6) shows the
669model-specific relationship between the northern extratrop-

Figure 6b. Estimated fluxes for the control case, the case
in which prior uncertainties for the North Pacific, Northern
Ocean, and North Atlantic are reduced by a factor of 4, and
the difference. The fluxes represent the sum of the Boreal
North America, Temperate North America, Boreal Asia,
Temperate Asia, and Europe regions.
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670 ical background concentration amplitude and the estimated
671 annual mean northern land flux. Most of the models which
672 generated weak seasonality in response to the background
673 fluxes (UCI, JMA, TM2) and required more seasonal flux
674 adjustment also infer the smallest annual mean uptake in
675 the northern land regions. The relationships exhibit some
676 scatter. For example, UCB which was one of the models
677 with a weak background response amplitude requires a
678 relatively large northern land sink. This may be due to the
679 strong background response to winter emissions but a
680 relatively weak response to summer uptake (see Figure 1a).
681 [49] In previous work, the annual mean northern land flux
682 correlated with the strength of the model rectifier and the
683 distribution of the models follows closely the distribution
684 found in Figure 9 [Gurney et al., 2003]. Hence models

685which respond vigorously to the background fluxes,
686simulate strong annual mean rectifiers, require less seasonal
687flux adjustment and require the largest northern land sink to
688best match observed CO2.

6904.3. Mechanistic Implications of the Inverse Estimates

691[50] Consistent with a variety of other studies, a large
692northern extratropical land sink (�2.5 ± 1.2 Gt C/year) is
693evident in the results presented here [Tans et al., 1990; Ciais
694et al., 1995; Fan et al., 1998; Bousquet et al., 1999;
695Kaminski et al., 1999; Pacala et al., 2001; Baker, 2001;
696Peylin et al., 2002]. Our annual mean uptake is greater in
697Temperate North America (�0.90 ± 0.5 Gt C/year) and
698Europe (�0.98 ± 0.4 Gt C/year), with less uptake in
699Temperate Asia (�0.43 ± 0.7 Gt C/year) and Boreal Asia

Figure 7. (a) Difference between the model mean predicted CO2 concentration and the observed. The
model mean dramatically underestimates winter concentrations at Hungary. (b) Model/Annual mean of
the c2 per station values. Largest values are noted for Cape Rama India (CRI), Guam (GMI), and Izana
Observatory (IZO).
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Figure 8a. Station sensitivity for selected land regions. Estimated flux for the control inversion
(75 stations), an inversion with 68 stations (removed CRI, GMI, IZO, UTA, Carr 5000m, PRS, and
HUN), the control inversion with halved uncertainty on six southern stations (Bass Strait, SPO, HBA,
SYO, MAA, and PSA), and an inversion with the combination of these two station adjustments. Note that
the vertical scale varies. The fluxes do not include fossil fuel emissions.
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700 (�0.39 ± 0.7 Gt C/year). A number of different hypotheses
701 have been proffered to explain this residual uptake. These
702 include fertilization by Nitrogen or CO2 itself, changes in
703 temperature and precipitation, and alterations in land-use
704 [Houghton et al., 1998; Schimel et al., 1996; Prentice et al.,
705 2001]. Though the flux estimates in Figures 3, 4, and 5
706 cannot explicitly test these hypotheses, the broad features in
707 the northern land regions may provide some useful additions
708 to the current evidence supporting the various proposed
709 uptake mechanisms. Both Boreal Asia and Europe show

710greater uptake or lessened respiration at the height of the
711growing season when compared to the seasonally balanced
712prior flux. Even when additional uptake as estimated by
713inventory studies is included, the peak European uptake is
714significantly greater than the prior flux. One possible
715explanation of this is the use of air temperature rather than
716soil temperature in the CASA model used to generate the
717prior flux estimates. This would tend to increase the level of
718heterotrophic respiration and hence offset the net uptake
719over the growing season. This is further suggested by the

Figure 8b. As in Figure 8a but for selected ocean regions.
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720 difference in many of these northern land regions during the
721 winter. Europe, Boreal Asia, Temperate North America, and
722 Temperate Asia all contain months where the estimated flux
723 is lower than the prior value, suggesting less winter
724 respiration than the prior model. Differences in peak
725 growing season uptake could also be due to errors in the
726 NPP estimated in the prior model which are primarily driven
727 by NDVI measurements [Potter et al., 1993]. This is also
728 relevant for the considerable mismatch of peak uptake in the
729 Temperate Asian region. Many of the models in this study
730 place the maximum uptake in June, whereas the prior model
731 placed the maximum in August. This difference in peak
732 uptake suggests that the June CO2 concentration, driven
733 primarily by the background biosphere exchange, is too high
734 relative to observations and hence a large sink is required to
735 reduce this mismatch.
736 [51] Because the Temperate Asian region spans latitudes
737 from roughly 15�N to 45�N and has only a few CO2

738 observing sites, the difference may be due to poor regional
739 representation in the inverse estimate [Kaminski et al.,
740 2001; Engelen et al., 2002]. Such ‘‘representation error’’ is
741 further suggested by performing the inversion without
742 the Ulann Uul Mongolia (UUM: 111.10�E, 44.5�N),
743 Tae-ahn Peninsula (TAP: 126.13�E, 36.73�N), and Ryori
744 Japan (RYO: 141.83�E, 39.03�N) CO2 observing stations.
745 Removal of these stations results in a more even distribution
746 of uptake across the June to August timeframe. The

747seasonality of these three influential stations within and
748downwind of the Temperate Asian region are likely not
749representative of the region as a whole. Hence the
750background biospheric exchange generates CO2 levels that
751reflect the whole region while the inverted fluxes are driven
752by a small spatially biased sample of atmospheric CO2 as
753measured by these influential stations. Subdivision of the
754Temperate Asia region may result in a less biased posterior
755flux estimate but would likely increase the posterior
756uncertainty. The motivation for limiting the number of
757inverted regions is the reduction of random error and the
758need to limit the computation burden of the forward model
759simulations. This trade-off between random error and bias is
760further discussed in recent work [Baker, 2001].
761[52] This source of error in the inversion set-up itself is
762one source of potential bias that is very likely present in
763undersampled regions. The other primary source of error in
764the inversion approach is error due to transport. TransCom
765was initially devised to explore that magnitude of the
766transport error. However, only the random component (the
767between uncertainty estimates) can be quantified here. In
768considering the model mean flux estimates, this error may
769be minimized through the use of the model average.
770However, all models may contain the same transport biases
771and therefore result in biased flux estimates.
772[53] Both the boreal regions show a slight delay in the
773onset of growing season uptake relative to the prior model.

t1.1 Table 1. Annual Model Mean Flux Estimates, Uncertainties, and Results From Previously Published Annual Mean Inversion Study

Region
Mean Estimated
Flux, Gt C/year

‘‘Within’’ Uncertainty,
Gt C/year

‘‘Between’’ Uncertainty,
Gt C/year

Gurney et al. [2002]
Inversion,aC/year

Flux Difference,
Gt C/yeart1.2

Boreal North America 0.20 0.18 0.28 0.28 �0.08t1.3
Temperate North America �0.89 0.22 0.32 �0.82 �0.07t1.4
Tropical America 0.74 0.73 0.77 0.67 0.07t1.5
South America �0.24 0.64 0.61 �0.12 �0.12t1.6
Northern Africa 0.79 0.54 0.85 �0.01 0.78t1.7
Southern Africa �0.51 0.58 0.60 �0.29 �0.22t1.8
Boreal Asia �0.36 0.23 0.51 �0.60 0.23t1.9
Temperate Asia �0.41 0.34 0.74 �0.42 0.01t1.10
Tropical Asia 0.27 0.45 0.94 0.42 �0.15t1.11
Australasia �0.10 0.14 0.15 �0.15 0.05t1.12
Europe �0.96 0.18 0.43 �0.61 �0.35t1.13
North Pacific �0.32 0.14 0.28 �0.25 �0.06t1.14
West Pacific �0.21 0.15 0.27 �0.15 �0.05t1.15
East Pacific 0.66 0.18 0.27 0.63 0.03t1.16
South Pacific 0.51 0.29 0.49 0.49 0.01t1.17
Northern Ocean �0.27 0.08 0.17 �0.30 0.02t1.18
North Atlantic �0.29 0.15 0.30 �0.45 0.16t1.19
Tropical Atlantic �0.10 0.18 0.16 �0.05 �0.05t1.20
South Atlantic �0.05 0.24 0.07 �0.04 �0.01t1.21
Southern Ocean �0.55 0.17 0.33 �0.47 �0.08t1.22
Tropical Indian Ocean �0.33 0.19 0.26 �0.34 �0.01t1.23
South Indian Ocean �0.39 0.19 0.22 �0.24 �0.15t1.24

Northern land �2.42 0.30 1.09 �2.16 �0.26t1.26
Tropical land 1.80 0.78 1.65 1.10 0.70t1.27
Southern land �0.85 0.70 0.94 �0.56 �0.29t1.28
Northern ocean �0.88 0.24 0.51 �1.00 0.12t1.29
Tropical ocean 0.03 0.37 0.41 0.09 �0.06t1.30
South ocean �0.49 0.39 0.51 �0.26 �0.22t1.31

Total Land �1.46 0.62 0.75 �1.62 0.16t1.33
Total Ocean �1.34 0.62 0.75 �1.18 �0.16t1.34

Global Total �2.81 0.01 0.00 12.80 �0.00t1.36
aThis reflects an annual mean inversion without the Darwin observing station.t1.37
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774 As suggested by other work, this may be the result of earlier
775 Spring thaw, resulting in an imbalance of respiration over
776 photosynthesis [Goulden et al., 1998]. In the month of June,
777 this would require a 50% and 38% increase in the prior
778 model respiration flux in order to match the estimated flux
779 for the Boreal North American and Boreal Asian regions,
780 respectively.

782 5. Conclusions

783 [54] With the participation of 12 atmospheric tracer trans-
784 port models, a control case has been constructed to charac-
785 terize the seasonal sources and sinks of carbon as another
786 step in the TransCom atmospheric CO2 inversion experi-
787 ment. In order to construct this control inversion, decisions
788 regarding prior fluxes, flux uncertainties, observational data
789 and observational data uncertainties have been made.
790 [55] As found in recent TransCom work, the model
791 responses to the background tracers provide a first indica-
792 tion of model to model differences. In the current experi-

793ment, the amplitude of the background flux response was
794inversely related to the amplitude of the estimated northern
795land flux. Furthermore, those models that exhibit a weak
796response amplitude to the background flux are among the
797models with the smallest northern land sink. This relation-
798ship is consistent with earlier TransCom results showing the
799relationship between models that tend to rectify seasonal
800exchange with the biosphere and the annual mean estimated
801net uptake over the northern land.
802[56] For the northern land regions, the model mean results
803show deviations from the prior flux in both the growing
804season and during winter months. Most notable are the
805significantly greater uptake during the height of the growing
806season over Europe compared to the prior model. Temperate
807North America and Boreal Asia exhibit less emission during
808some winter months, while a 2-month discrepancy exists
809regarding the timing of peak uptake in Temperate Asia.
810[57] The northern oceans show heightened seasonality
811that may be due to misallocation of terrestrial flux to
812adjacent oceanic regions. As with the earlier annual mean
813inversion results, the Southern Ocean region exhibits less
814carbon uptake than DpCO2 measurements would suggest.
815There is general agreement between the DpCO2-based prior
816flux and the fluxes estimated here for Austral summer, but
817significant departures during fall and spring months occur
818suggesting that the timing of DpCO2 observations may be,
819in part, responsible for the discrepancy.
820[58] Owing to limited CO2 observations, tropical regions,
821particularly over land, show considerable uncertainty and
822may contain unrealistic seasonal swings in flux due to
823unconstrained adjustments to maintain the global mass
824balance constraint. These regions are far more sensitive to
825prior flux uncertainties than the northern extratropics which
826show insensitivity to this aspect of the inversion set-up.
827[59] The timing of the differences between the prior
828model and the estimated fluxes suggest that respiration
829may play an important role in either errors in the prior
830model or real changes in the winter flux for the northern
831extratropical land regions. In particular, changes in the
832timing of increased springtime respiration versus photosyn-
833thesis may explain the lessened net spring uptake in Boreal
834North America and Boreal Asia.
835[60] Biases caused by transport error across all models or
836representation error are potential limitations to this method.
837However, only random errors are characterized in this study.
838Furthermore, interpretation is somewhat limited by exami-
839nation of a single 5-year mean and the use of the single
840station network used here. Though we have tested the model
841mean inversion result to some aspects of the inversion set-
842up, this is not exhaustive, and future work will test further
843elements, in particular those related to station choices and
844uncertainties. Finally, interannual variations in seasonality,
845which may give further mechanistic insight, have not been
846explored in this study.
847[61] Further results from the TransCom experiment are
848forthcoming. In particular, results are expected from an
849interannual inversion, model to model comparisons, and a
850comparison of inverse results using different inversion
851approaches. These constitute the last primary elements of
852the TransCom 3 intercomparison and should shed further

Figure 9. (a) Estimated Northern land flux amplitude
(October through March minus June through August)
versus the northern extratropical background (fossil plus
neutral bio plus background ocean) response amplitude (r2 =
0.75). (b) Northern land flux versus the northern extra-
tropical background response amplitude (r2 = 0.62).
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853 light on the sources and sinks of carbon and the sources of
854 uncertainty in making these inverse estimates.
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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 of the participating tracer transport
models.
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Figure 1. (continued)
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Figure 2. Simulated background seasonal amplitude versus the observed amplitude at stations north of
35�N. Amplitude is defined as the mean October-March concentration minus the mean June-August
concentration. The station average simulated values are provided in the legend. The observed station
average is 5.6 ppm. A one-to-one line is included.
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4.1 Introduction 

The TransCom 3 interannual CO2 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 CO2 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 CO2 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 δ13C 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 CO2 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 CO2 
observations themselves. Absolute flux estimation relies on spatial CO2 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 CO2 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 CO2 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, Rödenbeck and colleagues (2003b) performed an interannual CO2 inversion study using the TM3 
tracer transport model and five different station networks, ranging in size from 11 to 35 stations. The period 
examined extended from 1980 to 2000 and the authors discretized the spatial domain into 8º latitude x 10º 
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 CO2 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 
CO2 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 CO2 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 

                                                             
1 There are two other 3D time-dependent studies that were published at roughly the same time (Law, 1999; Dargaville and Simmonds, 
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 CO2 inversions. The reason follows from the fact that mass-balance inversion must 
generate observed CO2 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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with the model mean. Sensitivity to the prior flux uncertainty, CO2 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 CO2 observations are used for a number of contiguous years rather than annual average CO2 
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. 

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. 
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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 CO2 observational data were derived from the GLOBALVIEW-2002 dataset (GLOBALVIEW-CO2, 
2002). GLOBALVIEW is a data product that interpolates CO2 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 estimates. Table A4.1 (Appendix) contains details of the six 
different networks created.  

Two criteria were employed to arrive at the 
network choices. First, in order to be 
included in a network, a station could not 
have more than a certain number of 
contiguous years in which the proportion of 
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 GLOBALVIEW. 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. GLOBALVIEW provides monthly RSD 
values averaged over 1979-2002 and annual RSD values for each separate year. To obtain monthly values 

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

Figure 4.1. Locations of the stations for the a) smallest (23) and b) 
largest (114) CO2 observational networks. 
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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 χ2 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 χ2 of 1.0. The details are as follows: the RSD was 
divided by (β*P)0.5 where P is the proportion of real data in the record and β is chosen to satisfy our total χ2 
criteria for the particular network. The values for β 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: 

( ) ( ) ( ) ( )
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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: 

T=Q OPO           (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 
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 
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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 CO2 observations.3 In those regions for 
which CO2 observing stations are neither within or downwind of a region, the within uncertainty is larger 

                                                             
3 Prior uncertainties can also influence this balance if the prior uncertainty bounds constrict a data driven solution. 
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than the between uncertainty.4 On land, the tropics and southern extratropics show larger within than 
between uncertainty because these regions have few nearby CO2 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 CO2 observations and thus have within 
uncertainties that tend to be larger than the between. In those regions where CO2 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. 

                                                             
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 estimates (Gt C/year) for the six CO2 observation 
networks. The 1σ within and between uncertainty estimates are based on the 23 station network only. Note that all the 
vertical scales 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 CO2 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: 37.95º N, 77.53º 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 NOAA Climate Monitoring 
and Diagnostics Laboratory (NOAA CMDL). The CO2 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 4.3.3.2, 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: 36.27º N, 100.92º E) and Tenerife, Canary Islands (IZO: 28.30º N, 
16.48º 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_00D0 are nearly identical in the 
Southern Indian Ocean region.  

Figure 4.3. Error as a function of aggregated region 
and station network size. 
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driving the interannual variability in the inversion is the temporal variation in the observed CO2 
concentration.6 Though this simplifies the intermodel comparison, it regrettably limits the biogeochemical 
interpretation of the results (discussed later).  

 
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 CO2 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; 
Rödenbeck et al., 2003b; Bousquet et al., 2000; LeQuere 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 Niño-Southern 
Oscillation (ENSO) timing, as has been noted by many 
other investigators (Bousquet et al., 2000; Keeling et al., 
1995; Rayner et al., 1999b; Rödenbeck et al., 2003b). 
This can best be seen in figure 4.6c which 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 

atmosphere (Gu et al., 2003). 

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 CO2 
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 

Figure 4.6. Regionally aggregated, deseasonalized 
carbon fluxes from the inversion using the 23 station 
network. a) Land, b) ocean, c) totals. 
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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.  

4.3.3 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 CO2 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 CO2 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 CO2 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. 

4.3.3.1 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 CO2 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 CO2 
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.  

 

                                                             
8 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 as the prior uncertainty is loosened by 2x and 5x, 
respectively.  

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

4.3.3.2 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: 36.27º N, 100.92º 
E), Shemya Island (SHM: 52.72º N, 174.10º E), and Tenerife, Canary Islands (IZO: 28.30º N, 16.48º 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 Temperate 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: 44.45º N, 110.10º 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: 46.45º S, 51.85º W) and Ragged Point, Barbados (RPB: 13.17º N, 59.43º 
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: 40.53º S, 144.30º 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: 40.68º S, 144.68º 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: 29.15º S, 109.43º 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 CO2 
concentrations at the Amsterdam Island location (AMS: 37.95º N, 77.53º 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: 4.67º S, 55.17º 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 CO2 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 CO2 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 CO2 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 CO2 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 CO2 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. 

4.3.3.3 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 CO2 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. 

 
Figure 4.9. Deseasonalized interannual flux estimates 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 al., 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. 

 
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.  

 
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 CO2. 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. 
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” 1σ 
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 
4.3.3.1.13  

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. 

 
Figure 4.12. Model mean, time-averaged carbon exchange for the 1995 to 2000 time period across different CO2 
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 4.3.3.2, 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 4.3.3.2, the 1990s 
brought the first CO2 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 AIA 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 

 
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 CO2 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 4.3.3.2, this is due to the addition of the CO2 observing site at Easter Island (EIC: 
29.15º S, 109.43º 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 of section 4.3.3.1 in which certain regional groupings were considered more robust than certain individual 
regions. 
15 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 ΔpCO2 measurements (Gurney et al., 2002; Gurney 
et al., 2003; Gurney et al., 2004). Similar magnitudes are estimated here. However, recent updates to the 
ocean ΔpCO2 estimates bring these two results into agreement (Takahashi et al., 2002).16 The fluxes 
computed from the ΔPCO2 measurements are representative of the year 1995. For the Southern Ocean the 
updated carbon exchange based on the ΔpCO2 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 as estimated by the 
current study and other recent integrated sources. 

  Ocean 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)c -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)c 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 

a Estimates taken from Le Quere et al., 2003. IPCC, 2001 estimates (Prentice et al., 2001) were adjusted to account for the circulation 
effect of ocean O2. 
b Estimates taken from Plattner et al., 2002. IPCC, 2001 estimates (Prentice et al., 2001) were adjusted to account for larger O2 outgassing. 
c Inversion estimates have been corrected for river transport between land and ocean. 0.6 Gt C/year has been used (Sarmiento and 
Sundquist, 1992) 
d The average for the 1990s includes the years 1993 to 1999. This means that the global total uptake is not identical to the networks that 
span the entire decade of the 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/CO2/carbondioxide/text/10m_wind.prn  
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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 4.3.3.2 - 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 4.3.3.2, 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: 40.53º S, 144.30º 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 4.3.3.2, 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 
Rödenbeck and colleagues at the Max Planck Institute in Jena, Germany (Rödenbeck et al., 2003b). 

Rödenbeck et al. used one transport model but included a number of CO2 observing networks that span 
overlapping time periods. Rödenbeck et al. imposed strict guidelines regarding which station records would 
be used in the CO2 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. Rödenbeck 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 CO2 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 (Rödenbeck 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 Rödenbeck et al.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. Rödenbeck 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 Rödenbeck 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 Rödenbeck 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 Rödenbeck et al.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.  

 
Figure 4.14. Comparison of total land and total ocean fluxes from this study (bottom panels) and Rödenbeck et al., 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, Rödenbeck 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. Rödenbeck et al. find a long-term mean source for Europe whereas a 
significant sink is found here. The opposite occurs for Tropical Asia; Rödenbeck 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 Rödenbeck 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, Rödenbeck 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 Niño-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 eruptions (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 CO2 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 
Niña period, atmospheric CO2 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 CO2 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. 



 26 

 
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 eruption 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 CO2 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 
Amazonia, the temperature is the larger influence while in Tropical Asia 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. 
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The lag may be due to the seasonality of the northern extratropical land regions. Since theENSO index 
maxima tend to occur during 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 CO2 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 CO2 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 CO2 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 Niño-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: 

Ø 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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Ø 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). 

Ø Sampling in global tracer transport models and sampling in the real world are unquestionably 
different. Transport models cannot capture subgrid homogeneity in atmospheric CO2 which may 
be reflected in CO2 measurements. Though efforts are made to measure CO2 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: 

Ø Comparison to global biogeochemical modeling studies 

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

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

Ø 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 
CO2 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 CO2 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 CO2 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 CO2 inverse research. 
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Appendix 

Table A4.1 Station listing for the six CO2 observing networks used in 
the interannual inversion. Time period and the values for β are shown. 

23 stations: 
1980 - 2000 

26 stations: 
1980 - 1997 

30 stations: 
1980 - 1990 

60 stations: 
1990 - 2000 

100 stations: 
1993 - 2000 

114 stations: 
1995 - 2000 

β = 2 β = 2 β = 2 β = 1 β = 0.8 β = 1 
alt_06D0 alt_06D0 alt_06D0 alt_00D0 aia005_02D2 aia005_02D2 
asc_00D0 ams_11C0 ams_00D0 alt_06D0 aia015_02D2 aia015_02D2 
ams_11C0 asc_00D0 ams_11C0 alt_02D0 aia025_02D2 aia025_02D2 
azr_00D0 azr_00D0 asc_00D0 alt_04D0 aia035_02D2 aia035_02D2 
bhd_15C0 bhd_15C0 avi_00D0 ams_11C0 aia045_02D2 aia045_02D2 
brw_00C0 brw_00C0 azr_00D0 asc_00D0 aia055_02D2 aia055_02D2 
brw_00D0 brw_00D0 bhd_15C0 azr_00D0 aia065_02D2 aia065_02D2 
cmn_17C0 cba_00D0 brw_00C0 bhd_15C0 alt_00D0 alt_00D0 
gmi_00D0 cmn_17C0 brw_00D0 bme_00D0 alt_06D0 alt_06D0 
key_00D0 cmo_00D0 cba_00D0 bmw_00D0 alt_02D0 alt_02D0 
kum_00D0 gmi_00D0 cmn_17C0 brw_00C0 alt_04D0 alt_04D0 
mlo_00C0 key_00D0 cmo_00D0 brw_00D0 ams_11C0 ams_11C0 
mlo_00D0 kum_00D0 gmi_00D0 cfa_02D0 asc_00D0 asc_00D0 
nwr_00D0 mbc_00D0 key_00D0 cgo_00D0 azr_00D0 ask_00D0 
psa_00D0 mlo_00C0 kum_00D0 cgo_02D0 bal_00D0 azr_00D0 
sch_23C0 mlo_00D0 mbc_00D0 cgo_04D0 bhd_15C0 bal_00D0 
Sey_00D0 nwr_00D0 mlo_00C0 cmn_17C0 bme_00D0 bhd_15C0 
smo_00C0 psa_00D0 mlo_00D0 crz_00D0 bmw_00D0 bme_00D0 
smo_00D0 sch_23C0 nwr_00D0 gmi_00D0 brw_00C0 bmw_00D0 
spo_00C0 sey_00D0 psa_00D0 hba_00D0 brw_00D0 brw_00C0 
spo_00D0 smo_00C0 sbl_06D0 izo_00D0 car030_00D2 brw_00D0 
stm_00D0 smo_00D0 sch_23C0 izo_27C0 car040_00D2 bsc_00D0 
stmebc_00D0 spo_00C0 sey_00D0 key_00D0 car050_00D2 car030_00D2 
 spo_00D0 smo_00C0 kum_00D0 car060_00D2 car040_00D2 
 stm_00D0 smo_00D0 maa_02D0 cfa_02D0 car050_00D2 
 stmebc_00D0 spo_00C0 mhd_00D0 cgo_00D0 car060_00D2 
  spo_00D0 mid_00D0 cgo_02D0 cba_04D0 
  stm_00D0 mlo_00C0 cgo_04D0 cfa_02D0 
  stmebc_00D0 mlo_00D0 cmn_17C0 cgo_00D0 
  wes_23C0 mlo_02D0 cri_02D0 cgo_02D0 
   mqa_02D0 crz_00D0 cgo_04D0 
   nwr_00D0 eic_00D0 cmn_17C0 
   poc000_00D1 esp_02D0 cri_02D0 
   pocn05_00D1 esp_06D0 crz_00D0 
   pocn10_00D1 gmi_00D0 eic_00D0 
   pocn15_00D1 hba_00D0 esp_02D0 
   pocn20_00D1 hun_00D0 esp_06D0 
   pocn25_00D1 ice_00D0 gmi_00D0 
   pocn30_00D1 itn051_00C3 hba_00D0 
   pocs05_00D1 itn496_00C3 hun_00D0 
   pocs10_00D1 itn_00D0 ice_00D0 
   pocs15_00D1 izo_00D0 itn051_00C3 
   pocs25_00D1 izo_27C0 itn496_00C3 
   pocs30_00D1 jbn_29C0 itn_00D0 
   psa_00D0 key_00D0 izo_00D0 
   rpb_00D0 kum_00D0 izo_27C0 
   ryo_19C0 kum_04D0 jbn_29C0 
   sch_23C0 maa_02D0 key_00D0 
   sey_00D0 mhd_00D0 kum_04D0 
   shm_00D0 mhdcbc_11C0 kum_00D0 
   smo_00C0 mhdrbc_11C0 lef030_00C3 
   smo_00D0 mid_00D0 lef396_00C3 
   spo_00C0 mlo_00C0 lef_00D0 
   spo_00D0 mlo_00D0 lmp_28D0 
   spo_02D0 mlo_02D0 maa_02D0 
   stm_00D0 mnm_19C0 mhd_00D0 
   stmebc_00D0 mqa_02D0 mhdcbc_11C0 
   syo_00D0 nwr_00D0 mhdrbc_11C0 
   tap_00D0 poc000_00D1 mid_00D0 
   wlg_00D0 pocn05_00D1 mlo_00C0 
    pocn10_00D1 mlo_00D0 
    pocn15_00D1 mlo_02D0 
    pocn20_00D1 mnm_19C0 
    pocn25_00D1 mqa_02D0 
    pocn30_00D1 nwr_00D0 
    pocs05_00D1 poc000_00D1 
    pocs10_00D1 pocn05_00D1 
    pocs15_00D1 pocn10_00D1 
    pocs25_00D1 pocn15_00D1 
    pocs30_00D1 pocn20_00D1 
    psa_00D0 pocn25_00D1 
    rpb_00D0 pocn30_00D1 
    ryo_19C0 pocs05_00D1 
    sch_23C0 pocs10_00D1 
    sey_00D0 pocs15_00D1 
    shm_00D0 pocs25_00D1 
    sis_02D0 pocs30_00D1 
    smo_00C0 psa_00D0 
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    smo_00D0 rpb_00D0 
    smo_04D0 ryo_19C0 
    spo_00C0 sch_23C0 
    spo_00D0 sey_00D0 
    spo_02D0 shm_00D0 
    spo_04D0 sis_02D0 
    stm_00D0 smo_04D0 
    stmebc_00D0 smo_00C0 
    syo_00D0 smo_00D0 
    tap_00D0 spo_00C0 
    uta_00D0 spo_00D0 
    uum_00D0 spo_02D0 
    wlg_00D0 spo_04D0 
    wpo000_10D2 stm_00D0 
    wpon05_10D2 stmebc_00D0 
    wpon10_10D2 syo_00D0 
    wpon15_10D2 tap_00D0 
    wpon20_10D2 uta_00D0 
    wpon25_10D2 uum_00D0 
    wpon30_10D2 wes_23C0 
    wpos05_10D2 wis_00D0 
    zep_00D0 wlg_33C0 
     wlg_00D0 
     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_00D0 

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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5.1 Introduction 

The emissions of fossil fuel CO2 form a key component of atmospheric CO2 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 CO2 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 CO2 budget. 

1

N

obs ff oc nbio res
i

C C C C C
=

= + + +∑        (5.1) 

where Cobs represent the observed CO2 at a particular point in space and time, Cff represents the contribution 
to the observed CO2 due to global fossil fuel emissions, Coc, the contribution due to a chosen global oceanic 
flux, Cnbio, 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 CO2 can be defined as the difference between the observed CO2 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 CO2 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 CO2 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 1º x 1º scale and as annual means. Whether or not this is sufficient 
for the current trajectory of atmospheric CO2 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. 
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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 CO2, the results presented here have wide applicability to atmospheric CO2 
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 (1º x 
1º) are from Andres et al. (1996) and total 
5.812 GtC yr−1. The 1995 annual mean fossil 
source (1º x 1º) 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 CO2 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 (Lerner 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). 

These two gridded emissions datasets (or their 
immediate predecessors) are widely used as 
background fluxes in atmospheric CO2 
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.  

Figure 5.1. Fossil fuel emissions for a) 1990 and b) 1995. Units 
are 1000 tonnes C/grid cell and the grid cells are dimensioned 
1º x 1º. 
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In the first instance, much care has been taken to accurately account for the fossil fuel emissions around the 
globe. At the 1º x 1º 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 1º x 1º are also not captured, though such variability is not routinely challenged by 
atmospheric inversions to date. 

A number of atmospheric CO2 inversions 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. 
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 
(Blasing 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 
(Blasing 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 
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.  

Figure 5.2. a) Total fossil fuel CO2 emissions for the 
United States (Tg C/year). B) Peak to peak fossil fuel 
emissions for the United States. 
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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 CO2 concentration of the 
TransCom 3 models to 1990 fossil fuel emissions. The CO2 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. 

 
Figure 5.3. a) Annual/zonal mean surface CO2 concentration (ppm) resulting from 4 years constant emissions of 1990 
fossil fuel CO2 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 CO2 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 CO2 horizontally and vertically. (Denning et al., 1999).  

Figure 5.3b shows the annual/zonal mean surface CO2 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 CO2 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 CO2 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 CO2 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. 

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: 
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where , ,
n
i j mF is the new flux at grid cell with longitude index i, latitude index j, and month index m. 

, ,
o
i j mF 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 θj 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 90º 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 40º 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 40º 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 

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, CO2 concentration resulting 
from this flux at all the observing stations were generated from each of the regions, independently. The 
CO2 concentration associated with a given regional fossil fuel emissions pattern can then be scaled each 
year to reflect the spatiotemporal changes evident in the country level data. This can be seen by redrafting 
equation 5.1. 

11 22

1 1
( ) ( ) ( )i

obs i ff oc nbio res
i i

t t tC C C C Cα
= =
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where αi represents the fraction for a given region, i, in a given year, t, and f
i
fC  represents the fossil fuel 

emissions for a given region and year. This model run will be referred to as the “perturbed” interannual run. 

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

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. However, 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. 

5.3 Results 

5.3.1 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 CO2 
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 CO2 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 

Figure 5.5. Regional fossil fuel emissions as a fraction of 
the yearly global total. 

Figure 5.6. a) Annual/zonal mean surface CO2 
concentration resulting from seasonal fossil fuel emissions 
for four of the nine AFs (including the base case). b) CO2 
concentration difference between the 80% and base AF 
cases.
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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 CO2 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 CO2 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. 

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. 

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
Trop 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
Tropical 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
Tropical 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

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 CO2 concentration response (full CO2 
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concentration without initial condition of 350 ppm) at three northern stations; Hungary (HUN: 46.95ºN, 
16.65ºE), Mauna Loa (MLO: 19.53ºN, 155.58ºW), and North Carolina (ITN: 35.35ºN, 77.38ºW). 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. 

 
Figure 5.7. a) CO2 concentration response at three stations reflecting seasonal fossil fuel emissions. Five AFs for 
each of the three models are shown. b) CO2 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 JMA-CDTM model has little transport seasonality. 
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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.  

 

Figure 5.8. Global surface CO2 concentration response (ppm) for the months of February and August. Maps represent the 
difference between the 30% and base AF fossil fuel emissions 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 
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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). 

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.  

 

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 emissions cases. 
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Figure 5.10. Monthly mean inverse flux estimates for the Temperate North American and European land regions. 
Inverse flux estimates are shown for three fossil fuel AF cases (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 as the difference between the 30% 
and the base AF cases. 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 CO2 generated during these months near the surface. During the 
summer months, less uptake is required to counter the lessened fossil fuel CO2. 

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/σ2), 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 

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 CO2 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 CO2 observational station network chosen. The annual mean and the seasonal 
inversion utilized an average of CO2 observations for the years 1992 to 1996. Given the criteria detailed in 
Gurney et al., 2002, this led to a network comprised of 75 CO2 observing stations. 

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 
values.  

Both the European and adjacent Northern 
Ocean region are effected by the shifting 
fossil fuel spatial pattern. Both 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 
the European region are not completely 
orthogonal. Hence, some of the impact of 
the changing European fossil fuel emissions 
are attributed to the Northern Ocean region. 

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 CO2 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 

Figure 5.13. The impact of spatiotemporal changes on residual 
fluxes for two regions. The base interannual inversion results 
(black) and the perturbed interannual inversion results (red) are 
shown for the a) European region, and the b) Northern Ocean 
region. The heavy lines denote the 21 station network while the 
light lines denote the 117 station network. 
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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 CO2 
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 CO2 observations are primarily at the surface results in significant changes 
to the estimated regional fluxes that result from atmospheric CO2 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 CO2 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. 

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 CO2 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 CO2 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 CO2 emissions. Oftentimes, the 
emphasis is on emissions of other more short-lived but directly hazardous pollutants. However, 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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