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Abstract: The Global Carbon Cycle can be modelled by a Bayesian synthesis inversion technique, where
measured atmospheric CO2 concentrations and isotopic compositions are analysed by use of an atmospheric
transport model and estimates of regional sources and sinks of atmospheric carbon. The uncertainty associated to
carbon flux estimates even on a regional scale can be improved considerably using the inversion technique, hi
this approach, besides the necessary control on the precision of atmospheric transport models and on the
constraints for surface fluxes, an important component is the calibration of atmospheric CO2 concentration and
isotope measurements. The recent improved situation in respect to data comparability is discussed using results
of conducted interlaboratory comparison exercises and larger scale calibration programs are proposed for the
future to further improve the comparability of analytical data.

The long lifetime and rapid mixing of CO2 in the atmosphere provides a large scale
integration of surface fluxes, while, with sufficient measurement precision, a signature of
individual surface source or sink regions can still be detected. The 3-dimensional Bayesian
synthesis inversion technique was introduced to global carbon cycle modelling by Enting [1].
Measurements of atmospheric CO2 mixing ratios and stable carbon isotope ratios from
globally distributed sampling sites for selected years were interpreted using an atmospheric
transport model to determine regional sources and sinks of atmospheric carbon. The inversion
process is inherently unstable, and requires additional constraints, in this case the spatial
distribution of known sources and sinks, and prior estimates of the surface fluxes. When those
prior estimates are independently and rigorously determined, the Bayesian technique provides
a promising framework within which the various studies of regional carbon fluxes (and
associated process information) can be reconciled with changes in the global atmospheric
carbon content. A particular advantage is the potential for systematic treatment of uncertainty
in the various components of the inversion. The application to global carbon budgeting is still
in the early stages of development.

Recently, Rayner [2] developed a 3D time-dependent inversion model to determine
interannual variability in the regional terrestrial and oceanic uptake of fossil fuel CO2 over the
last two decades. The Rayner [2] study is used here, as a benchmark against which the
potential for improved precision and spatial resolution of flux estimates from atmospheric
composition measurements is explored.

In the Rayner study [2], extended records of monthly average concentrations of CO2 in
background air measured at 12 or 25 selected sites in the NOAA/CMDL (Climate Monitoring
and Diagnostics Laboratory) global flask-sampling network were employed. Partitioning of
carbon between oceanic and terrestrial reservoirs used 13C/12C in CO2 from one site and used
a new determination at the same site (Cape Grim) of the trend in O2/N2 over two decades
[3,4]. The small number of selected sites for CO2, can be compared to the current number of
global sampling sites which approaches 100, many with decadal records and longer. For
13C/12C, at least two global sampling networks have made measurements from several sites
since the early 1980's [5,6], yet only one site record was used. In the case of O2/N2 there is no
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other reliable information available over this time frame. The limited site selections for the
Rayner study [2] reflect a very real concern about the quality and intercalibration of records
from different measurement laboratories.

Figure 1 is adapted from Rayner et al. [2], and illustrates the uncertainty allocated to
prior flux estimates (Figure la) and the modified uncertainties resulting from the inversion of
the atmospheric measurements (Figure lb). The grid-scale of the inversion model has
dimensions of 8° latitude x 10° longitude. The numbers refer to flux uncertainties (in Gt C-a"1)
representative over 25 larger aggregated areas selected as characteristic source regions for the
prior source estimates.

"• ' • i 'A i,~ i . *

f • .

1.30

1.10

0.95

0.35

0.75

0.85

0.55

0.45

0.35

0.25

0.15

0.35

Predicted uncertainty (GtC/yr)

Figure 1. Prior and predicted estimates of uncertainty in air-surface fluxes of CO2 as the
result of a 3D Bayesian synthesis inversion of atmospheric CO?, 5 C and O/N2 data from
selected sites for the period 1980-1995 [2J.

A reduction in uncertainty in a region from Fig. la to lb indicates that effective
constraints are imposed by the atmospheric measurements, and it is no coincidence that the
larger improvements occur in regions best represented by atmospheric sampling sites (for
example, North America compared to South America). There are still regions of the globe
where uncertainties are relatively large (~±1 Gt C-a"1, compared to global fossil fuel emissions
of around 6 Gt C-a"1). Even where uncertainties appear relatively small, e.g. North America at
±0.5 Gt C-a'1, this should be viewed against the net derived sink in this study of 0.3 Gt C-a"1
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and the total fossil source of ~1.6 Gt C-a"1. Uncertainties are often reduced when regions are
aggregated, but even regions in Figure 1 are too large for many policy needs.

The potential advantages; of the atmospheric inversion approach compared to more
conventional on-the-surface carbon accounting methods are that: firstly, flux estimates are
firmly bounded by the global growth rate of atmospheric CO2, perhaps the best determined of
all inputs to a global carbon budget. Secondly, if the regional uncertainties can be reduced to
levels small enough to detect important changes in net continental emissions and uptakes, then
atmospheric monitoring provides an opportunity for continuous, relatively low cost, globally
consistent monitoring. The Kyoto Protocol, 1997 and more recently, COP4 of the UN
Framework Convention on Climate Change, Buenos Aires, November 1998, present a new
and urgent challenge to the atmospheric community to provide and monitor regional carbon
fluxes for verification and/or regulatory purposes.

Of the three broad inputs to the Bayesian synthesis inversion, namely atmospheric
transport models, surface flux constraints and atmospheric measurements, all have
experienced rapid progress over the last few years. In the atmospheric transport area, the
problem of estimating GCM model error is significant. However progress has occurred: (a)
with increasing availability of analysed wind fields [7] (permitting an examination of the
impact of inter-annual variation in transport on measured parameters) and (b) with
identification of model differences in the on-going series of TRANSCOM model comparisons
(e.g. [8,9]). Considerable research effort is now focussed on "bridging the scale gap" between
the typical grid cells of the transport models and the volume of atmosphere represented by the
atmospheric measurement at surface sites. This research introduces boundary layer and
regional transport models, direct flux measurement campaigns and vertical profiling of CO2
and related trace species. Significant remaining uncertainties are perceived, for example in the
representation of mass transport in the tropical areas.

A flood of new information is also emerging on the interaction between terrestrial
ecosystems and the atmosphere with process oriented campaigns focussed on major
ecosystems such as the Amazon and Siberia. Recent perspectives and a summary of the
advances in knowledge of the understanding of the role of the terrestrial biosphere in the
global carbon cycle is provided by [10,11]. The situation is similar for the interaction with the
worlds oceans. Extensive on-going surveys of ocean parameters are elucidating air-sea gas
exchange constraints on carbon uptake by the oceans [12,13], while similar constraints are
emerging from the development of ocean general circulation models, e.g. [14,15]. The formal
integration of the information on terrestrial and oceanic fluxes as additional constraints in the
Bayesian inversion framework is in its infancy. Even with these various streams of
information, the carbon cycle remains an under-determined system which requires more and
better calibrated measurements.

The rest of this contribution concentrates on recent and potential progress in the
measurement of atmospheric CO2 mixing ratios and related species. The challenge for such
measurement programs is to monitor, with high precision, the temporal changes and/or spatial
gradients of CO2 and related species. Conventional methodologies for monitoring atmospheric
CO2, developed over the past 40 years, show a number of shortcomings when examined in the
light of the requirements for improved estimates of regional fluxes from baseline atmospheric
composition measurements.

Measurements of carbon dioxide mixing ratios are made at over 100 globally
distributed "baseline" sites (i.e. fixed or mobile sites for which measurements reflect CO2
behaviour over large spatial scales). The requirement for large scale representation has heavily
influenced global sampling strategies in so far as the great majority of sampling sites is
located to access marine boundary layer air. In fact, for the smaller sampling networks, zonal
representation was a common assumption. Furthermore, data are still generally selected to

27



reinforce the marine boundary layer bias, though this is changing. Most results are now
reported to one or more data banks, including the Carbon Dioxide Information Analysis
Center (CDIAC) World Data Centre — A, for Atmospheric Trace Gases, established in 1982
by the Oak Ridge National Laboratory, Tennessee, USA and the World Meteorological
Organisation (WMO) World Data Centre for Greenhouse Gases (WDCGG) in the Japan
Meteorological Agency, established in 1990. hi late 1995, a Co-operative Atmospheric Data
Integration Project (CADIP-CO2) was commenced in NOAA Climate Monitoring and
Diagnostics Laboratory (CMDL), USA, using data from much the same sources, with the aim
of providing an integrated "globally-consistent" data set, GLOBALVIEW-CO2, for modelling
studies. At the heart of GLOBAL VIEW is a data extension and integration technique [16]
which addresses difficulties such as those related to missing data or introduction of new
stations, however inter-laboratory calibration remains a problem.

Around 17 different laboratories from 12 nations are involved in the measurement and
reporting of CO2 data to these data banks. Historically, the WMO has taken responsibility for
the intercalibration of measurements in different laboratories. Primary activities have involved
the establishment of a Central Calibration Laboratory to maintain and provide access to
"primary" CO2-in-air standards measured with high precision manometric techniques, and
initiation of blind "round-robin" intercalibrations involving the circulation of high pressure
cylinders containing CO2-in-air among participating laboratories, hi addition the WMO has
provided a forum of "CO2 Measurement Experts", now held every two years to assess
progress and plan future activities, with each meeting resulting in a WMO technical report.

Results from two recent WMO CO2 round robins are summarised in Figure 2, adapted
from WMO technical reports (Pearman, 1993; Peterson, 1997). As an example of the
procedure, the most recent round-robin, (b), was proposed at the July 1995 8* WMO CO2-
Experts Meeting in Boulder, USA, and was completed in time for an initial assessment at the
9th Meeting of Experts on the Measurement of Carbon Dioxide Concentration and Associated
Tracers (endorsed by International Atomic Energy Agency), Aspendale, Australia, 1-
4 September 1997. NOAA CMDL prepared three sets of three cylinders of air with nominal
CO2 mixing ratios of 345, 360 and 375 ppm. Each set was distributed to one of three groups
of around 8 laboratories (in North America & the Southern Hemisphere, Asia, and Europe). A
target inter-laboratory precision of 0.05 ppm was identified by this community to achieve a
"network precision" of 0.1 ppm. This precision is appropriate for the merging of data from
different sites to estimate regional fluxes via synthesis inversion studies [17]. This level of
precision is comparable to that of an individual measurement in the better operational
systems; the "target" precision of 0.05 ppm refers more to the requirement for precise average
temporal values (e.g. annual or seasonal) and for precise large-scale values (e.g. GCM grid
scale to hemispheric). Note that Figure 2 results usually represent the average of multiple
measurements on a cylinder.

The most important point to be drawn from Figure 2 is that there are significant
(>0.05 ppm) and variable calibration differences between laboratories, which are not currently
accounted for in the CDIAC and WDCGG data bases, or in the GLOBALVIEW data
assimilation. Another general observation is that there is a significant overall improvement
going from the first to second round-robin (while the actual laboratories are not identified, the
identification of country is sufficient to make this inference). However, in the second, more
precise, intercalibration a new concern about linearity emerges, with a majority of participants
measuring lower than the low mixing ratio tank and higher than the high mixing ratio tank.
The fact that the degree of "non-linearity" varies widely suggests that this in an issue for many
laboratories; it also argues for an independent verification of both the manometric technique
and the scale propagation, e.g. by using gravimetric dilution techniques.
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Figure 2. WMO round robin inter calibrations ofCO2 measurement laboratories (identified by
country only). Plotted are measured differences from mixing ratios assigned by NOAA
CMDL. (a) is for a circulation conducted between 1991-93, and (b) between 1995-97.

The unsatisfactory situation for CO2 mixing ratio intercalibration is also evident for
813C of CO2. The International Atomic Energy Agency (IAEA) conducts a co-operative
research program on "Isotope-aided Studies of Atmospheric Carbon Dioxide and Other
Greenhouse Gases" with an objective of providing whole air standards for the measurement of
greenhouse gas isotopes. Figure 3 shows preliminary results from the first circulation of
"CLASSIC" (Circulation of Laboratory Air Standards for Stable Isotope inter-Comparisons)
standards, where the initial round-robin has been restricted to 4 laboratories with the longest
involvement in sampling the background atmosphere from a network of stations. Here the
community has set a required target precision of 0.01 %o for temporal or large-scale averages,
which is even more demanding than the case with CO2 mixing ratios since typical precision
on an individual measurement is around 0.03 %o.

Preliminary results of this round robin are given in Figure 3 [18]. Measured
differences are reported with respect to initial measurements conducted at CSIRO in
November 1996. CSIRO (2) refers to CSIRO measurements conducted after circulation in
July 1998, confirming the stability of the tank standards. Measurements on pure CO2 samples
scatter between ^t0.02%o, outside the required target. For the analyses of the whole-air
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standards the situation is much worse, with reported values scattered over a range of almost
±0.1 %o, suggesting serious differences between pre-treatments to extract CO2 from air.
Furthermore, there also appears to be a linearity problem with the CSIRO measurement
compared to the other three laboratories.

The situation is even more serious than indicated by the round-robin comparisons.
Since 1992, with the aim of confirming our ability to merge data from two different measuring
laboratories, CMDL and CSIRO commenced an "operational intercalibration" (also referred
to as the ICP, Inter-Comparison Program, also the "flask-air-sharing" comparison). Both
CSIRO and CMDL networks collect pairs of flasks 3-4 times per month, from the Cape Grim
station on the north-west tip of Tasmania. Approximately twice per month, one of a pair of
CMDL flasks has been routinely routed through CSIRO's GASLAB for analysis prior to
analysis in CMDL and Institute for Alpine and Arctic Research, University of Colorado
(INSTAAR, for the isotopic measurements on CMDL flask samples). The process is
facilitated by the unusually small sample requirements for precise analysis in GASLAB [19].
Once per month, the results of the multi-comparisons (CO2, CH4, CO, N2O, H2, 8 C, 8 O) in
both routine flask sampling of Cape Grim air from each laboratory and from the ICP flasks are
automatically processed, and reported via ftp in both laboratories [20].
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Figure 3. IAEA round robin intercalibrations of 8 C of CO2 using both pure CO2 (GS20)
and whole air in high pressure cylinders (in which 81 C is related to CO2 mixing ratio
difference from ambient values by ~ -0.05%o ppm"). USA and Japanese measurement
laboratories are identified by number only. Plotted are measured differences from 813C
assigned by CSIRO prior to circulation. CSIRO(2) refers to analyses after circulation.

No systematic influence of GASLAB measurements on CMDL flasks has been
detected. Figure 4 shows the results of the ICP flask comparisons for CO2 and for 813C.
Compared to cylinder inter-comparisons, the precision on the ICP comparisons is low
(individual measurements) but the frequency is high. The CO2 results are startling. The
Australian calibration scale was established to within -0.01 ppm at ambient CO2 mixing ratios
by repeated analysis of 10 cylinders initially characterised by CMDL. Return of a subset of the
cylinders after two years confirmed this agreement to within a few hundredths of a ppm, as
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have comparisons of other cylinders. Despite this agreement in calibration scales (see also
Figure 2b, Australia), there is a consistent mean difference (CSIRO-CMDL) in the ICP flasks
of0.17±0.17ppm.

The reason for this offset in flasks compared to high pressure cylinders is not yet fully
understood. However, development of a low flow (15 mL-min"1), high precision (~7 ppb) and
highly stable NDIR CO2 analyser at CSIRO (G. Da Costa and L.P. Steele, in preparation) has
provided clues that implicate high pressure regulators as a likely contributor to such offsets.
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Figure 4: (CSIRO-INSTAAR) measured differences on Cape Grim air from the same flask as
a function of flask collection date, for CO2 (circles) and S13C (triangles).

The 813C comparison in Figure 4 illustrates another advantage of the ICP. The
(CSIRO-INSTAAR) difference begins at close to zero, or slightly negative, and early in 1994
jumps to a positive value. After 1994, the difference is consistent with high pressure cylinder
inter-comparisons included in Figure 3. The discrepancy between the laboratories, if applied
globally, translates in a partitioning error of around 1 Gt C-a'1 between the two laboratories.
The continuity of the ICP data has permitted detection of the onset of the problem with
reasonable accuracy, and the identification of possible contributing factors which occurred
around this time.
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It is clear that such unanticipated discrepancies between results from different
measuring laboratories are a major obstacle for high precision merging of data sets. The
merging is highly desirable from the point of view of maintaining adequate spatial monitoring
of global trends and for identification of regional source/sink changes from atmospheric
inversion techniques. From this perspective, we conclude this paper by outlining an
international calibration strategy which aims to overcome identified shortcomings in the
present methods. The strategy is also aimed at providing frequent, low-cost access to a
constantly monitored international calibration scale, which is currently not an option,
particularly for new laboratories from developing countries. It grows out of the IAEA
CLASSIC strategy, and we call it here "CLASSIC-AL" (CLASSIC for All Laboratories).
While CLASSIC specifically targets CO2 stable isotopes, CLASSIC-AL is seen as providing
calibration for the majority of long-lived trace gas species in ambient air.

Since high freight costs and long delays are a major constraint on circulating high-
pressure standards for round-robin exercises, CLASSIC-AL is structured around
4 geographically distributed "HUB" Laboratories (e.g. USA, Europe, Japan, Australia), see
Figure 5. Here, the Australian HUB is allocated a special "CORE" role based on its ability to
prepare high pressure standards and high quality, low-pressure sub-samples from high
pressure cylinders, to quickly assess regulator effects on CO2, to produce state-of-the art
precision measurements on a wide range of key trace gas species using unusually small
sample sizes and its established pioneering role in operational intercalibrations with
CMDL/INSTAAR, as well as Japanese, French, German, Canadian and New Zealand
laboratories. Other laboratories might also wish to be considered for some or all of this central
role, though at least initially, there is a requirement for uniformity of methodology, best
achieved through one laboratory.

A common HUB scale is maintained by a variety of approaches:

1. An upgraded CLASSIC rotation between the HUB laboratories is conducted at least once
per year. With upgraded and certified regulators, CO2, 8

13C, 518O, CH4, N2O, CO, H 2 , etc.
can be established to high precision (e.g. CO2 -^0.01 ppm, 813C ~ ±0.01 %o) with respect
to the CORE laboratory scale for air standards covering the full range of anticipated clean
air values. The CLASSIC high-pressure cylinders are accompanied by a range of pure-CO2
standards for the isotope measurements. The CLASSIC rotation, though relatively
cumbersome and expensive, provides a long standard lifetime (decades for the air
standards, and many decades for CO2 isotope standards). It also provides precise detector
response information from both air and pure CO2 standards.

2. It introduces "CLASSIC JNR" exchanges between the CORE laboratory and the other
three HUB laboratories. The containers are high-quality, electropolished, four-litre
stainless steel filled at 1-4 bar pressure by decanting from high-pressure cylinder air
standards comprising CO2-free air (CO2 stripped from ambient Southern Hemisphere
marine boundary layer air) plus —360 ppm of GS20 (or equivalent, with near ambient CO2
isotopic ratios). The CLASSIC JNR air standards provide moderate to high precision (e.g.
CO2 ~ ±0.01 to 0.03 ppm, 813C ~ ±0.01 to 0.03 %o, depending on required sample size),
and have moderate frequency (~4 per year). Possible complications related to high-
pressure regulators are avoided.

3. It maintains/upgrades flask air-sharing (ICP) programs for Cape Grim samples and
introduces new ICP programs where they become possible. This is seen as a verification
step. It uses exact sample methodology, has high frequency (2-4 per month), but with
lower precision (e.g. CO2 ~ ±0.1 ppm, 813C ~ ±0.03 %o).
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Figure 5. Proposed CLASSIC-AL international calibration strategy for laboratories
measuring long-lived atmospheric trace gases in air. Identification of laboratories is nominal
only.

4. The CORE laboratory prepares and provides each HUB laboratory with calibrated high-
pressure cylinders of Southern Hemisphere marine boundary layer air, plus CLASSIC JNR
type containers and the technology to decant into these for frequent provision to regional
laboratories to propagate and maintain the HUB scale.

5. The HUB structure permits rapid assessment and dissemination of community-approved
calibration scale adjustments (e.g. arising from new manometric or gravimetric
determinations), or of new methods (e.g. "continuous flow" technology for 813C, D. Lowe,
NIWA, NZ, personal communication).

Initial funding is required to establish the CORE and HUB capability in existing
advanced laboratories, and to secure their long-term involvement. Once the HUB scale is
established quite modest regional funding is expected to maintain operation and access. The
current strategy is to seek endorsement from WMO and IAEA, and a commitment to continue
their roles for planning, assessment and dissemination of results, with particular
encouragement to laboratories from developing countries. Coordinated establishment costs
and regional operating costs are being sought from international funding bodies with a charter
to support atmospheric composition/climate change research.
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We speculate here on the improvements to atmospheric inversion studies of air-sea
and air-land carbon fluxes that might flow from more effective global calibration strategies for
CO2, 813C and O2/N2. A realistic ambition for the precision of year-to-year and large spatial
scale differences over the next 5 years for >100 station networks, i.e. using merged data from
different measurement laboratories, is close to an order of magnitude improvement (0.2 to
0.02 ppm, 0.2 to 0.02 %o for CO2, 8

13C respectively). For O2/N2, perhaps 20-50 sites might
contribute to similar precision improvements. With parallel improvements in atmospheric
transport and surface flux parameterization, surface fluxes on current GCM grid scales may be
improved from current levels of ~1 Gt C-a'1 to better than 0.1 Gt C-a"1.
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