EXPERT GROUP RECOMMENDATIONS


The scientists present at the 15th WMO/IAEA Meeting of Experts on Carbon Dioxide, Other Greenhouse Gases and Related Tracers Measurement Techniques, 7-10 September 2009 in Jena, Germany, recommend the following procedures and actions, to achieve the adopted WMO goals for the GAW network compatibility among different laboratories and various components as summarised in Table 1. These goals are motivated from the perspective of the required data quality and compatibility for interpretation of global or continental scale atmospheric data, obtained from different laboratories, and e.g. jointly used in atmospheric transport model inversion studies. These compatibility goals should be reached in the respective specified mole fraction ranges observed in the global background troposphere (and where calibration scales are well defined by the WMO/GAW Central Calibration Laboratories). 


It is noted that the previously used term "comparability" has been replaced by "compatibility" in agreement with definitions in the 3rd edition of the "International vocabulary of metrology – Basic and general concepts and associated terms (VIM) (JCGM 200, 2008, see reference list).

The use of terminology based on standardized definitions as released by ISO (International Organization for Standardization; www.iso.org), in particular the Joint Committee for Guides in Metrology (JCGM) (for details see: http://www.iso.org/sites/JCGM/JCGM-introduction.htm), has been requested by GAW already since the WMO/GAW Report No. 142 (2001), "Strategy for the Implementation of the Global Atmosphere Watch Programme (2001 – 2007)".


Currently, some of the terms related to measurements as well as to Quality Assurance & Quality Control (QA/QC) in atmospheric science are used with different meanings and/or on the basis of different definitions. Since a closer link between GAW and BIPM (www.bipm.org) is now being established, as evidenced, for example, by the "WMO-BIPM Workshop on Measurement Challenges for Global Observation Systems for Climate Change Monitoring – Traceability, Stability and Uncertainty" in April 2010, the use of accepted terminology within GAW has become even more important. It is possible that a number of terms and ISO recommendations might not be familiar to the GAW community. Some terms might even require a revision of current usage within GAW.

Some special explanations might be helpful here in the context of the above-mentioned transition from "comparability" to "compatibility". "Comparability" means that results (of different labs) are comparable i.e. can be compared. In a metrological sense this simply means that results being on the same scale can be compared. By consistent use of the same scale for the same compound (in all steps such as measurements, determination of corrections etc), one will have comparability of results. "Compatibility" means that results are compatible, within a specified numerical value. Metrologically this means (an oversimplification): measured once, accepted everywhere (within a chosen value which is not the same as the total combined uncertainty). For instance, the total combined uncertainty in two labs might be ±0.1 permil (for example) and still results can be compatible within 0.01 permil.
Definitions of selected terms concerning recommended ISO terminology are given in Table 2. In particular, reference is made to the 3rd edition of the VIM, which has replaced the 2nd edition. The reader is also referred to the ISO publication "Guide to the Expression of Uncertainty in Measurement" (the abbreviation of this title is GUM, see reference list). For a glossary especially compiled for GAW purposes see http://gaw.empa.ch/glossary.html. More explanations, particularly with respect to the transition from VIM2 to VIM3, can be obtained from a presentation available via http://www.eqalm.org/Symposium09/Presentations/De%20Bievre.pdf. All GAW participants are strongly encouraged to take note of the ISO documents.

Table 1 - Recommended compatibility of measurements of components discussed

	Component
Compatibility goal                                        range in the unpolluted troposphere

	

	CO2


± 0.1 ppm  (± 0.05 ppm in the southern hemisphere)      360 … 420 ppm

	d13C-CO2

± 0.01 ‰                                                                          -7.5  … -9 ‰ vs. VPDB

	d18O-CO2

± 0.05 ‰                                                                          -2 … +2‰ vs. VPDB

	D14C-CO2

± 1 ‰                                                                                0 … 70‰

	O2/N2

     ± 2 per meg                                                                     -250 … -550 per meg

	CH4


± 2 ppb                                                                             1700 … 2000 ppb

	CO


± 2 ppb                                                                             30 … 300 ppb

	N2O


± 0.1 ppb                                                                          320 … 335 ppb

	H2 


± 2 ppb                                                                             450 … 600 ppb

	SF6


 ± 0.02 ppt                                                                         5 … 9 ppt


The numbers given in the Table 1 also reflect the currently achievable minimal measurement uncertainty (1 sigma) for individual analyses of most species, except for 14CO2 or O2/N2 (this also concerns the currently achieved compatibility of measurements in different laboratories for these species). There is no international WMO/GAW CCL for O2/N2 measurements and international comparisons indicate that the consistency between any two laboratories is not better than ± 5 per meg. For 14CO2 analyses there is only little experience available on the long-term compatibility of different laboratories, but for global as well as regional applications the reproducibility for individual measurements should be better than ±2‰.
Table 2 - Definitions of selected terms related to data quality (updated according to VIM3)

	Term
	Definition
	Ref.

	
	
	

	accuracy

Measurement accuracy
	closeness of agreement between a measured quantity value and a true quantity value of a measurand a)
NOTE 1 The concept ‘measurement accuracy’ is not a quantity and is not given a numerical quantity value. A measurement is said to be more accurate when it offers a smaller measurement error.

NOTE 2 The term “measurement accuracy” should not be used for measurement trueness and the term

measurement precision should not be used for ‘measurement accuracy’, which, however, is related to both these concepts.

NOTE 3 ‘Measurement accuracy’ is sometimes understood as closeness of agreement between measured quantity values that are being attributed to the measurand.
	VIM

	measurand
	quantity intended to be measured
	VIM

	measurement trueness

trueness 
	closeness of agreement between the average of an infinite number of replicate measured quantity values and a reference quantity value a)
NOTE 1 Measurement trueness is not a quantity and thus cannot be expressed numerically, but measures for closeness of agreement are given in ISO 5725.

NOTE 2 Measurement trueness is inversely related to systematic measurement error, but is not related to random measurement error.

NOTE 3 Measurement accuracy should not be used for ‘measurement trueness’ and vice versa.
	VIM

	metrological traceability
	property of a measurement result whereby the result can be related to a reference through a documented unbroken chain of calibrations, each contributing to the measurement uncertainty 
	VIM



	metrological comparability of measurement results

Comparability
	comparability of measurement results, for quantities of a given kind, that are metrologically traceable to the same reference.
	VIM

	metrological compatibility
	property of a set of measurement results for a specified measurand, such that the absolute value of the difference of any pair of measured quantity values from two different measurement results is smaller than some chosen multiple of the standard measurement uncertainty of that difference b)
NOTE 1 Metrological compatibility of measurement results replaces the traditional concept of ‘staying within the error’, as it represents the criterion for deciding whether two measurement results refer to the same measurand or not. If in a set of measurements of a measurand, thought to be constant, a measurement result is not compatible with the others, either the measurement was not correct (e.g. its measurement uncertainty was assessed as being too small) or the measured quantity changed between measurements.

NOTE 2 Correlation between the measurements influences metrological compatibility of measurement results. If the measurements are completely uncorrelated, the standard measurement uncertainty of their difference is equal to the root mean square sum of their standard measurement uncertainties, while it is lower for positive covariance or higher for negative covariance.

	VIM

	measurement bias

Bias
	estimate of a systematic measurement error
	VIM

	measurement precision
precision


	closeness of agreement between indications or measured quantity values obtained by replicate measurements on the same or similar objects under specified conditions a)
NOTE 1 Measurement precision is usually expressed numerically by measures of imprecision, such as standard deviation, variance, or coefficient of variation under the specified conditions of measurement.

NOTE 2 The ‘specified conditions’ can be, for example, repeatability conditions of measurement, intermediate precision conditions of measurement, or reproducibility conditions of measurement (see ISO 5725-3:1994).

NOTE 3 Measurement precision is used to define

measurement repeatability, intermediate measurement precision, and measurement reproducibility.

NOTE 4 Sometimes “measurement precision” is erroneously used to mean measurement accuracy.
	VIM

	measurement repeatability
repeatability


	measurement precision under a set of repeatability conditions of measurement c)
	VIM

	Measurement reproducibility
Reproducibility
	measurement precision under reproducibility conditions of measurement c)
NOTE Relevant statistical terms are given in ISO 5725-1:1994 and ISO 5725-2:1994.
	VIM

	measurement uncertainty

Uncertainty
	non-negative parameter characterizing the dispersion of the quantity values being attributed to a measurand, based on the information used

NOTE 1 Measurement uncertainty includes components arising from systematic effects, such as components associated with corrections and the assigned quantity values of measurement standards, as well as the definitional uncertainty. Sometimes estimated systematic effects are not corrected for but, instead, associated measurement uncertainty components are incorporated.

NOTE 2 The parameter may be, for example, a standard deviation called standard measurement uncertainty (or a specified multiple of it), or the half-width of an interval, having a stated coverage probability.

NOTE 3 Measurement uncertainty comprises, in general, many components. Some of these may be evaluated by Type A evaluation of measurement uncertainty from the statistical distribution of the quantity values from series of measurements and can be characterized by standard deviations. The other components, which may be evaluated by Type B evaluation of measurement uncertainty, can also be characterized by standard deviations, evaluated from probability density functions based on experience or other information. d)
NOTE 4 In general, for a given set of information, it is

understood that the measurement uncertainty is associated with a stated quantity value attributed to the measurand. A modification of this value results in a modification of the associated uncertainty.
	VIM

	standard measurement uncertainty 

standard uncertainty
	measurement uncertainty expressed as a standard deviation
	VIM

	coverage factor
	number larger than one by which a combined standard measurement uncertainty is multiplied to obtain an expanded measurement uncertainty

NOTE A coverage factor is usually symbolized k (see also ISO/IEC Guide 98-3:2008, 2.3.6).
Remark: A coverage factor of k=2 typically yields expanded uncertainties that correspond to a 95%-confidence interval.
	VIM

	measurement error

Error
	measured quantity value minus a reference quantity value

NOTE 1 The concept of ‘measurement error’ can be used both a) when there is a single reference quantity value to refer to, which occurs if a calibration is made by means of a measurement standard with a measured quantity value having a negligible measurement uncertainty or if a conventional quantity value is given, in which case the measurement error is known, and b) if a measurand is supposed to be represented by a unique true quantity value or a set of true quantity values of negligible range, in which case the measurement error is not known.

NOTE 2 Measurement error should not be confused with production error or mistake.
	VIM

	systematic measurement error
Systematic error
	component of measurement error that in replicate measurements remains constant or varies in a predictable manner

NOTE 1 A reference quantity value for a systematic measurement error is a true quantity value, or a measured quantity value of a measurement standard of negligible measurement uncertainty, or a conventional quantity value.

NOTE 2 Systematic measurement error, and its causes, can be known or unknown. A correction can be applied to compensate for a known systematic measurement error.

NOTE 3 Systematic measurement error equals measurement error minus random measurement error.
	VIM


a)  Note that accuracy, trueness and precision are qualitative concepts and should be avoided in quantitative expressions.

b)  1. For example, difference in a comparison of measurements of a species in a discrete sample with the hourly average for the same hour in which the discrete sample was collected.
2. In the case of significantly different variances of the two sample sets, the difference of the mean may not be meaningful. The Wilcoxon-Mann-Whitney test can be used to test for statistical significance.

c)  Repeatability and reproducibility may be expressed quantitatively in terms of the dispersion characteristics of the results. In practice quantitative expressions of repeatability or reproducibility often refer to a dispersion of ± 1 standard deviation.
d)  The concept of "uncertainty" is explained in detail in the GUM (see reference list).
The following definitions and units are used throughout this document:

Mole fractions of substances in dry air:

ppm = mol/mol = 10-6 mole of trace substance per mole of dry air

ppb = nmol/mol = 10-9 mole of trace substance per mole of dry air

ppt = pmol/mol = 10-12 mole of trace substance per mole of dry air

Isotope or molecular ratios:

Isotope ratio data are expressed as deviations from an agreed-upon reference using the delta notation:
δ = (Rsample/Rreference – 1)  with  R = [heavy isotope]/[light isotope].

δ-values are communicated in multiples of 1000 (‰; per mill ‘units’). 

The international reference for δ13C is VPDB. For δ18O, multiple references are in use (VPDB, VSMOW, air-O2). 
The delta notation is also used to express relative abundance variations of O2/N2 (and Ar/N2) ratios in air:

δO2/N2 = (Rsample/Rstandard – 1) with R = O2/N2  (see also Section 5)

The respective international air standard is not established, yet. The Scripps Institution of Oceanography (SIO) local O2/N2 scale, based on a set of cylinders filled at the Scripps Pier is the most widely used scale.

δO2/N2 values are expressed in multiples of 106 or per meg ‘units’.

1.
CALIBRATION OF GAW MEASUREMENTS – WMO/GAW CENTRAL CALIBRATION LABORATORIES

1.1

Background


Round-robin comparisons of laboratory standards and comparisons of field measurements and samples over the last decades have regularly shown differences in trace gas measurements larger than the target compatibility for merging data from different field sites (see Table 1). These systematic differences contribute to uncertainties in the location and magnitude of surface fluxes derived from atmospheric composition measurements. The WMO/GAW Central Calibration Laboratories (CCL) for important greenhouse and trace gases therefore remain one of the fundamental components of the WMO/GAW network (WMO GAW Strategic Plan, WMO/GAW Report No. 172, 2007) to achieve and maintain compatibility of global observations from different laboratories.  

WMO/GAW CCLs currently exist for the following trace gases: carbon dioxide (CO2, at NOAA/ESRL), methane (CH4, at NOAA/ESRL), nitrous oxide (N2O, at NOAA/ESRL), carbon monoxide (CO, at NOAA/ESRL), and stable isotopes in CO2 (only for CO2-in-air measurements, at Max-Planck Institute for Biogeochemistry (MPI-BGC)). At the 15th WMO Experts Meeting in Jena, Germany, the Max-Planck Institute for Biogeochemistry (MPI-BGC, Jena, Germany) has been asked and agreed to act as the WMO/GAW CCL for molecular hydrogen (H2) measurements. NOAA/ESRL has been asked and agreed to act as the WMO/GAW CCL for sulphur hexafluoride (SF6).


In this section, the general requirements for WMO/GAW CCLs and general issues to maintain calibration of observations by GAW laboratories are discussed. Additional trace gas-specific needs are dealt with separately in subsequent sections. 
1.2
General requirements for Central Calibration Laboratories

a) For gas species and isotopic ratios, the CCL maintains the WMO Mole Fraction Scale for the respective species in air by carrying out regular determinations of this primary scale with primary methods linking it to fundamental quantities (SI). The scale is embodied in an adequate set of gas mixtures-in-air in large high-pressure cylinders (called “WMO Primary Standards”). 

b) The CCL carries out comparisons with independent primary scales, established either through gravimetric, manometric, or other means.  For the stable isotope scale of CO2 in air, the CCL establishes the link to the respective international stable isotope scales (e.g. VPDB for δ13C).  

c) While the WMO scale for each trace gas is defined and maintained by an operational, designated CCL, WMO and IAEA recommend that all monitoring systems be formally traceable to Primary Reference Materials or Fundamental Constants (SI) through National Metrology Institutes (NMI) and the International Bureau of Weights and Measures (BIPM). This is an essential pre-requisite for a comprehensive, homogeneous monitoring system in the future. 

d) The WMO/GAW and IAEA Expert committees undertake the responsibility for the evaluation of the effectiveness of such measures and for recommending modifications to existing protocols.

e) The CCL will update its scale when warranted, as the gas mole fractions of the WMO Primary Standards may become better known over time through repeated primary reference measurement procedures and comparisons.  Revisions of the WMO Scale by the WMO/GAW CCL must be distinguished by name, such as WMO X2007, and the appropriate version number should be included in each standard calibration report. The CCL archives all earlier versions of the WMO scale.

f) The CCL provides complete and prompt disclosure of all relevant data pertaining to the maintenance and transfer of the primary scale, such as manometric calibration procedures and results, and an estimate of the expected uncertainty introduced by the calibration transfer procedure to each individual standard, and the mixing ratio and isotopic range of CO2 in standards used for this calibration transfer procedure.   

g) The CCL provides calibrated reference gas mixtures (gas mixtures-in-air, called “transfer standards”) at the lowest possible cost.

h) In view of different specific sensitivities of various instrumentation to the isotopic composition of the analytes, the isotopic composition of CO2 in transfer standards should be close to atmospheric levels. If the preparation of the standard gas involves the addition of CO2 the CCL provides information on the isotopic composition of this added CO2 and the approximate fraction of this admixture to the total CO2 in air.   

i) The CCL provides for a backup in case a catastrophic event occurs.

j) The CCL, or a designated WMO/GAW World Calibration Centre, organizes round-robin comparisons of laboratory calibrations by distributing sets of high-pressure cylinders to be measured by participating laboratories. The round-robin comparisons are to be used for an assessment of how well the laboratories are maintaining their link to the WMO Mole Fraction Scale. They are not to be used for re-defining laboratory calibration scales, because that would effectively establish two or more traceable paths to the primary scale instead of a single hierarchical path.  It is recommended that round-robins are repeated once every two years. However, comparisons of reference gases by themselves are not sufficient to ensure that atmospheric measurements are compatible to the degree that is required (see Section 11). 

k) In order to maximize the usefulness of round-robin results, circulation of cylinders is discontinued after two years at latest, and results are evaluated even if not all labs were able to yet analyse the tanks. A new round-robin will then be started with the labs that had not been included before to be first in line. Tracking tank circulation and data submission will be more rigorous than in earlier round-robins with the status of tank circulation and data submission being posted online on a Web Page to be installed and maintained by ESRL. Analysis of CO2 mole fractions has the highest priority in the round-robins, but laboratories are encouraged to measure multiple species if time (all analyses must be finished in 4 weeks) and air consumption allow for.
1.3
Maintenance of calibration by GAW measurement laboratories
a) All laboratories that participate in the GAW Programme must calibrate and report measurements relative to a single carefully maintained scale, the WMO Mole Fraction Scale for gas mole fractions in dry air, including its version number.  Each GAW measurement laboratory must actively maintain direct traceability to the WMO Scales. This may be maintained by a network calibration centre of GAW partners. This facility must have in-house (secondary) standards regularly re-calibrated by the CCL. Its calibration strategy should avoid additional standard levels in the calibration hierarchy and try to keep the secondary standards for many years so that a calibration history can be built for each of them.
b) It is recommended that each WMO/GAW measurement laboratory or network calibration centre maintains a strictly hierarchical scheme of transferring the calibration of its in-house secondary standards to working standards, and from working standards to atmospheric measurements. Traceability via a unique path will, in principle, enable the unambiguous and efficient propagation of changes (including retro-active changes) in the assigned values of higher-level standards all the way to measured values for atmospheric air.

c) In order to minimise the risk of creating offsets that are coherent among laboratories within the same region, each laboratory should maintain the shortest feasible direct link to the WMO Primary Standards.

d) Because of ongoing improvements in measurement technology it is possible that individual laboratories or groups of laboratories may be able to maintain excellent precision in scale propagation from their laboratory standards to lower level standards, which could be beyond the precision with which laboratory standards can be tied to the WMO scale. Internal scales of this sort must also remain tied to the WMO scale to the extent possible. 

e) Laboratories should, when they find inconsistencies between calibration gases received from the CCL, bring those results to the attention of the CCL.

f) We recommend the use of natural air and that, when trace gases, in particular CO2, are adjusted in reference air mixtures, the isotopic composition of the cylinder trace gas remains close to that in air to minimize the influence of isotopic composition on calibrations.  We recommend further a very thorough process of elimination of leaks, minimization of thermal gradients, and horizontal storage of cylinders in order to minimize the risk of fractionation between the gas components in the cylinder.

g) Acknowledging that greenhouse gas measurements will come under greater scrutiny in coming years and that remote sensing techniques are emerging for measuring greenhouse gases, WMO/GAW CCLs should ensure that calibration scales are and remain traceable to SI units. Working closely with metrology institutes and the BIPM can help ensure such traceability.  

h) Engaging the remote sensing community in calibration (and validation) with ground-based measurements is essential for ensuring that this type of data can be used in high resolution analyses without introducing spatial and temporal biases.  Such engagement should not be limited to the CCLs alone, as individual scientists or research groups making vertical profiles can contribute significantly to this effort.  

2.
SPECIFIC REQUIREMENTS FOR CO2 CALIBRATION

2.1
Background


The general goals for compatibility of measurements of CO2 in air are stated above in Table 1. The target of 0.1 ppm for the Northern and 0.05 ppm for the Southern Hemisphere is intended to address small, globally significant gradients over large spatial scales (for example Southern Ocean fluxes). However, also over continental and even densely inhabited and semi-polluted regions such as Europe spatial gradients of free tropospheric (non-boundary layer) CO2 mole fractions may be small so that also for regional networks the compatibility goal for the Northern Hemisphere is still considered to be adequate.
2.2
Current CO2 calibration and comparison activities


The primary scale for CO2 ranges from approximately 70 mol/mol (covering atmospheric values in ice cores) to 3000 mol/mol (covering dissolved CO2 in the oceans). The scale is currently embodied in a set of 15 CO2-in-air mixtures in large high-pressure cylinders covering the ambient range 250-520 ppm, and in another 20 cylinders providing both a backup and a larger range.
2.3
Recommendations for CO2 calibration and comparison activities
a) Since the WMO scale was maintained until 1995 by the Scripps Institution of Oceanography (SIO), comparisons with SIO are especially relevant.  It is recommended that remaining uncertainties associated with the SIO pre-1995 WMO scale and its transfer to NOAA are resolved.

b) The CO2 isotopic composition of distributed reference standards should be kept in the range of ambient atmospheric CO2 to avoid isotopic measurement bias during instrument calibration, with spiking gases as close as possible to ambient CO2. The isotopic composition of distributed standard gases should be roughly determined by the CCL. 

c) The CCL is encouraged to make available on its web site the calibration results of all GAW laboratory standards based on previous versions of the scale as well as those based on the current scale.  

d) In order to make possible a level of consistency of ±0.03 ppm or less among the CO2 calibration scales of laboratories participating in the WMO/GAW Programme, the CCL shall aim to provide the calibrated standards for transfer of the CO2 scale to secondary and tertiary standards at that level of consistency. 

e) Each WMO/GAW measurement laboratory or network calibration centre of GAW partners must actively maintain its link to the WMO Scale by having a subset of its in-house standards for CO2 (covering the measurement range) re-calibrated by the CCL every three years.

3.
SPECIFIC REQUIREMENTS FOR CO2 STABLE ISOTOPE CALIBRATION


The general goals for compatibility of stable isotope measurements of CO2 in air are stated above in Table 1. The δ13C target of 0.01 per mill is intended to address small, globally significant gradients over large spatial scales (for example Southern Ocean isotopic disequilibrium fluxes). For ecological or biogeochemical studies of predominantly local or regional significance, a reduced δ13C compatibility goal of 0.05 per mill is considered to be adequate.
3.1
Background

During the two years since the 2007 WMO CO2 Experts Meeting considerable progress concerning the stable isotope calibration of CO2 in air measurements have been made. The introduction of the Jena Reference Air Set (JRAS) - an effort to bring about a unifying scale anchor for δ13C and δ18O measurements of CO2 in air, has reiterated the need for a consistent use of the 17O correction. JRAS also highlighted uncertainties in the anchoring of local scales to VPDB and gave indications of instrument specific scale contraction issues. This along with results from ongoing inter-laboratory comparison programs has led to an extension of the role of the Central Calibration Laboratory for stable isotopes of CO2 in air. Starting 2010, MPI-BGC in Jena will, in addition to the JRAS gases also provide calibrated high-pressure air tanks to allow for a common calibration of the CO2 in air scale at atmospheric isotope composition.    

3.2
Current CO2 stable isotope calibration and comparison activities


The major difficulties in bringing stable isotope ratio results closer together have been identified. These are
a) Scale contraction (‘η’-effect) during mass spectrometric measurements; this affects mostly δ13C measurements, arising from the fact that the scale origin (defined by NBS 19) is 10 ‰ away from air isotope values. 

b) The ‘η’-effect is not a major problem for δ18O. Here, exchange with water during sample storage and inconsistent scales between laboratories seem to be the main culprits.

c) Further inconsistencies between laboratories arise from different algorithms and/or parameterizations of the necessary corrections for 17O and N2O.

d) Failure to report assignment uncertainties in the isotopic composition of gas used as a reference.


These problems have now been fully recognized and documented. It is agreed that progress in this area requires the availability of whole-air standards firmly anchored on VPDB-CO2 scale by the Central Calibration Laboratory. The CCL should make these gases available in glass flasks as well as in high-pressure cylinders, as distribution of calibrated pure CO2 alone will not be able to resolve the issues. Investigations addressing effects of memory or cross contamination locally may prove more efficient when aspects of sample extraction and mass spectrometric measurement can be studied separately. For a reliable compatibility assessment between laboratories, generation and maintenance of the full traceability chain to the primary (VPDB) scale is necessary and should be provided in the future. Progress in this area can be measured as implemented in the form of the various inter-laboratory comparison programs.

3.3 Central Calibration Laboratory for stable isotopes of CO2 in air


MPI-BGC has agreed to continue the role of a CCL for stable isotopes of CO2 in air. In addition to supplying the community with JRAS gases, the MPI-BGC is asked to provide calibrated high-pressure cylinders filled with either Northern Hemisphere clean air (from Northern Germany) or Southern Hemisphere air (from Australia). These cylinders are intended to provide a working standard (or surveillance gas) in the local laboratories. 


Support from participating laboratories to provide a limited number of cylinders containing clean air will be sought (preferably marine Southern Hemisphere air (δ13C ( -8 ‰)). These will serve as a suite of quasi-primaries in the CCL, calibrated by the MPI-BGC at air-isotope values and marking the ambient atmosphere range independent of availability of other, solid reference materials and associated procedures.

3.4 Recommendations for CO2 stable isotope calibration and comparison activities

a) 17O-correction: For removing the 12C16O17O contribution from the mass spectrometrically measured 45δ results, use of the ratio assumption set provided by Assonov and Brenninkmeijer (2003a, b), as recommended by the 13th and 14th WMO experts meetings is reiterated. Further, to ensure that the effect of the 17O-correction is kept at a minimum, the use of air references is recommended and the use of reference materials with a large deviation in δ18O (e.g. NBS 18) should be avoided. In order to provide a consistent link to the VPDB–CO2 scale (as defined through NBS 19-CO2) the CCL is advised to apply corrections based on the Assonov-Brenninkmeijer ratio assumption set exclusively. The CCL is asked to assist in linking present day measurements to historical data records, which have been using other corrections to remove the 12C16O17O isobaric interference. 
b) N2O-correction: The N2O correction has been the subject of several publications, which through different experimental approaches lead to a common size for the correction. The CCL is asked to implement the required correction and verify its validity over time. With the provision of reference air, ambiguities in the N2O correction of different laboratories will be extremely small and should not interfere with the quantitative results. As a control measure, the CCL is asked to provide air with varying N2O concentration occasionally (also without N2O) to the participating laboratories and report the results on its web site. 

c) JRAS: For improving data compatibility at air isotopic composition the Jena Reference Air Set (JRAS) will be expanded to include a reference point at atmospheric CO2 levels (δ13C ( -8 ‰). In lieu of a calcite with suitable isotope composition, clean air will be used for this purpose. This will be decanted from Southern Hemisphere air in a high-pressure cylinder (courtesy of CSIRO, Australia). With a single 50-L cylinder filled up to 200 bar, more than 1000 reference flasks can be provided, thus making sure that the distributed air originates from the same source for the foreseeable future. Standardized procedures to use JRAS locally as a scale anchor will be circulated before the next meeting. Initially it is recommended that JRAS be used as a second anchor in parallel to the existing local scale anchor with the intention to switch to the common scale anchor, once a sufficient overlap has been established.

d) Inter-Laboratory Comparisons: All laboratories are encouraged to continue their participation in the existing inter-laboratory comparison activities. These are required to monitor remaining scale differences so that possible discrepancies can be addressed as they arise. A comprehensive comparison activity should include all forms of samples, i.e. flasks as well as low- and high-pressure cylinders and very homogeneous pure CO2 ampoules. Reported values must be accompanied by estimates of uncertainties, including a description of their derivation in accompanying metadata. 

e) Instrument-specific scale contraction: Further investigation of the indications of instrument- specific influences on scale contraction is needed. Specifically it should be investigated whether there is a scale contraction effect, which might be common or typical for certain instrument brands or batches of them. Analytical protocols to either eliminate or to quantify the scale contraction effect and monitor its magnitude over time should be developed locally. This information should be provided together with communicated data.

f) Selection of laboratory working gases. During Isotope Ratio Mass Spectrometer (IRMS) measurements scale contraction and memory effects critically depend on the reference gases in use. More specifically, the results are affected by the isotopic distance between these gases. To minimize such effects, the isotopic composition of the working reference gases should be as close as possible to that of CO2 in ambient air.
4.
SPECIFIC REQUIREMENTS FOR RADIOCARBON IN CO2 CALIBRATION

4.1
Background


Standardization of radiocarbon analysis has been well established in the radiocarbon dating community for many years, and the new Oxalic Acid Standard (NIST SRM 4990C) has been agreed upon as the main standard reference material. Other reference materials of various origin and 14C activity are available and distributed by IAEA and some other agencies. 


For atmospheric measurements of 14C in CO2, two main sampling techniques are used: High-volume CO2 absorption in basic solution or by molecular sieve and whole-air flask sampling (typically 1.5-5 L flasks). Two methods of analysis are used: conventional radioactive counting and Accelerator Mass Spectrometry (AMS). The current level of measurement uncertainty for 14C in CO2 is 2-5‰, with a few laboratories at slightly better than 2‰ uncertainty. As atmospheric gradients in background air are currently very small, a target level of 1‰ for compatibility of measurements from different laboratories is recommended (Table 1). 

4.2
Current 14CO2 calibration and comparison activities
The first comparison activity for Δ14C in CO2 was initiated at the 13th WMO/IAEA Meeting of CO2 Experts in Boulder Colorado (WMO/GAW Report No. 168, 2006). Preliminary results were reported (see Miller et al., this volume). Six laboratories participated by sending flasks to NOAA/ESRL/GMD to be filled with air from two whole-air reference cylinders for CO2 extraction, target preparation and 14C AMS analysis. 

Calibration and comparison with whole-air standards is difficult in the case of large-volume sampling and conventional counting techniques as sample volume is generally larger than 20 cubic meters of air. Therefore, these techniques will generally rely on the Standard Reference Materials distributed by IAEA. However, in one particular case it was possible to perform an ongoing comparison over more than two years by AMS and conventional measurements which yielded very promising results (see Vogel et al., this volume).
4.3
Recommendations for 14CO2 calibration and comparison activities

a) We recommend that laboratories conducting small-volume flask sampling and AMS analysis should use whole air cylinders as a target/surveillance material that is similar to the air samples measured and, potentially, as a secondary standard. 
b) We recommend a workshop to discuss the use of whole-air cylinders as reference material for Δ14C in CO2.
c) We recommend continuation of the whole-air comparison at a frequency of once per year or more.
d) As the current comparison excludes the laboratories using high-volume sampling techniques, we propose the following potential methods for future comparison that could include laboratories using either type of sampling technique: (1) Splitting and dissemination of high-volume pure CO2 samples to the laboratories, (2) Co-located sampling at observation stations. 

5.
SPECIFIC REQUIREMENTS FOR O2/N2 CALIBRATION

5.1
Background


Measurements of the changes in atmospheric O2/N2 ratio are useful for constraining sources and sinks of CO2 and testing land and ocean biogeochemical models. The relative variations in O2/N2 ratio are very small but can now be observed by at least six analytical techniques. These techniques can be grouped into two categories: (1) those which measure O2/N2 ratios directly (mass spectrometry and gas chromatography), and those which effectively measure the O2 mole fraction in dry air (interferometric, paramagnetic, fuel cell, vacuum ultraviolet photometric). A convention has emerged to convert the raw measurement signals, regardless of technique, into equivalent changes in mole ratio of O2 to N2. For mole-fraction type measurements, this requires accounting for dilution due to variations in CO2 and possibly other gases. If synthetic air is used as a reference material, corrections may also be needed for differences in Ar/N2 ratio. By convention, O2/N2 ratios are expressed as relative deviations compared to a reference 



 δ(O2/N2) = (O2/N2)sample / (O2/N2)reference  -1

where δ(O2/N2) is multiplied by 106 and expressed in “per meg” units. Per meg is a dimensionless unit equivalent to 1 per meg = 0.001 per mille. The O2/N2 reference is typically tied to natural air delivered from high-pressure gas cylinders.  As there is no common source of reference material, each laboratory has employed its own reference, and hence it has not been straightforward to report measurements on a common scale. 

The practice of basing O2/N2 measurements on natural air stored in high-pressure cylinders appears acceptable for measuring changes in background air, provided the cylinders are handled according to certain best practices, including orienting cylinders horizontally to minimize thermal and gravitational fractionation. Nevertheless, improved understanding of the source of variability of measured O2/N2 ratios delivered from high-pressure cylinders is an important need of the community.  An independent need is the development of absolute standards for O2/N2 calibration scales to the level of 5 per meg or better. 


The appropriateness of using the “per meg” unit to describe 10-6 changes in relative ratios has recently been questioned by terminology experts of the International Union of Pure and Applied Chemistry (IUPAC) who recommend instead using the term “part per million” (ppm). Unfortunately, the IUPAC recommendation is not acceptable to our community as long as the “ppm” is used to describe simple mole fractions, a practice which is too deeply engrained in the language of our community, and indeed the wider public, to be easily changed. Expressing observed O2 changes in mole fractions would cause widespread confusion and interpretation difficulties, because the O2 mole fraction can be significantly influenced by changes in other species. For example, a 1 ppm increase in CO2 in an air parcel (with no other changes) would, simply by dilution, decrease the O2 mole fraction by ~0.21 ppm, and could be erroneously interpreted as an O2 flux change. The same dilution process also occurs for every other species, but is negligible in almost all applications. For example, a 1 ppm increase in CH4 in an air parcel would dilute the CO2 mole fraction by ~0.0004 ppm. Thus, expressing atmospheric O2 changes as O2/N2 ratios was explicitly established because of the unique situation of needing to quantify changes for a gas species which is not a trace gas.


The relationship between changes in O2/N2 ratio and equivalent changes in O2 mole fraction has been discussed in peer-reviewed literature. However, confusion does still exist. Adding 1 µmol of O2 per mole of dry air increases the O2/N2 ratio by 4.77 per meg, which establishes an equivalency of 4.77 per meg per ppm (Keeling et al., 1998). The confusion arises because the increase in mole fraction of O2 caused by this addition is not 1 ppm, but rather 0.79 ppm. The increase in mole fraction is smaller than 1 ppm because the total number of moles has also increased. For a trace gas, in contrast, adding 1 µmol/mol of dry air increases the mole fraction by almost exactly 1 ppm.  The factor 4.77 per meg per ppm relates the change in O2/N2 ratio to the equivalent change in a trace gas, and is thus the relevant factor for most applications, e.g. calculating changes in O2/N2 ratios in an air parcel resulting from O2 fluxes. The alternate factor of 4.77/0.79 = 6.04 per meg per ppm can also be relevant in certain applications, however, such as for calculating instrument response functions (Kozlova et al., 2008, p. 4). 

5.2
Current O2/N2 calibration and comparison activities


At the 12th WMO CO2 Experts Meeting in Toronto (WMO/GAW Report No. 161, 2005) the Global Oxygen Laboratories Link Ultra-precise Measurements (GOLLUM) programme was initiated to provide constraints on the offsets between the different laboratory scales and to clarify the requirements for placing measurements on a common scale. There are two components to this programme, each of which has been running since 2005: a “sausage flasks” comparison programme, and a “round-robin cylinder” comparison programme. The sausage flask programme compares the laboratories’ ability to extract and analyse air from a small flask sample, whereas the round-robin cylinder programme compares the laboratories’ calibration scales, and their methods for extracting and analysing air from high-pressure gas cylinders.  


Details of the GOLLUM programme can be found in the WMO/GAW Report No. 161 (2005) and at a dedicated web site: http://gollum.uea.ac.uk/. The programme is coordinated by A. Manning at the University of Each Anglia (UEA), with the laboratory of R. Keeling at Scripps Institution of Oceanography (SIO) serving as the point of origin for the round-robin programme and the hub for the sausage-flask programme. 


At the time of the 15th WMO Experts meeting, three circuits of the two sets of round-robin cylinders were completed and four sets of sausage flasks had been distributed. The repeated analyses at SIO, two years after their initial measurement, showed the change in the cylinders was zero to within ±3 per meg, the estimated precision of a trend measurement in the SIO lab. All results are shown in detail on the web site. Data are shown on the web page within 1 week of being received; however, as is often the case with comparison programmes, some participants are not providing their data in a timely fashion.

In addition to preparing cylinders for the GOLLUM programme, the Keeling lab at SIO has been preparing high-pressure cylinders for a number of laboratories. These cylinders have provided another means to assess laboratory scale differences and may assist in developing a common scale.

5.3
Recommendations for O2/N2 calibration and comparison activities
a) Continue both, the round-robin cylinder and sausage flask components of the GOLLUM programme for the indefinite future. 
b) Expand the round-robin cylinder program to include: 
-
an additional suite of circulating cylinders equipped with “dip-tubes” to minimize influence of thermal fractionation.
-
an additional suite of circulating cylinders that incorporate those field stations making in situ measurements of atmospheric O2 and which are not presently included in any O2 comparison programme.
c) Sustain the web page for logistical support and for rapid dissemination of results of the GOLLUM programme. Expand the web page by adding results of the sausage flask programme, and including pressure histories of the round-robin cylinders.

d) Encourage the timely delivery of comparison results by all participants. 
e) Encourage SIO to continue to provide reference gases to laboratories on request at reasonable cost.

f) Encourage additional efforts, such as overlapping flask sampling from different programmes, to compare O2/N2 scales and methods between programmes. 

g) Encourage the standardisation of existing O2/N2 techniques, and particularly to identify and correct weaknesses in laboratories’ current techniques in sample collection, sample analysis, and in defining and propagating calibration scales.
h) It is recommended that an effort be undertaken to produce gravimetric standards for O2/N2 to solidify the long-term calibration of O2/N2 measurements. 

i) Continue using the per meg unit to report O2/N2 ratios.

6.
SPECIFIC REQUIREMENTS FOR CH4 CALIBRATION
6.1
Background

At the 12th WMO/IAEA Meeting of Experts on Carbon Dioxide Concentration and Related Tracers Measurement Techniques it was agreed that NOAA/ESRL would assume the role of the WMO/GAW Central Calibration Laboratory (CCL) for methane. 
6.2
Current CH4 calibration and comparison activities

The NOAA04 scale was designated as the official calibration scale consisting of 16 gravimetrically prepared primary standards which cover the nominal range of 300 to 2600 nmol/mol, so it is suitable to calibrate standards for measurements of air extracted from ice cores and contemporary measurements from GAW sites. This new scale results in CH4 mole fractions that are a factor of 1.0124 greater than the previous scale (now designated CMDL83) (Dlugokencky et al., 2005). The range of secondary transfer standards is the same as the range of the WMO Primary Standards.  

6.3
Recommendations for CH4 calibration and comparison activities
a) The CCL will transfer the CH4 scale to calibrated CH4-in-air standards with an uncertainty of <1 nmol/mol. 
b) All laboratories that participate in the GAW Programme must calibrate measurements relative to the WMO CH4-in-air mole fraction scale and report them to the WMO/GAW World Data Centre for Greenhouse Gases in Japan.

c) Each GAW measurement laboratory or network calibration centre of GAW partners must actively maintain its link to the WMO Scale by having its in-house secondary standards for CH4 re-calibrated by the CCL every six years.

d) CH4 isotope calibration: The need for a standardized calibration of methane in air is also being recognized. A group will be formed to investigate strategies for providing a calibration of isotopes of methane in air (13C and 2H) to the accepted IAEA scales (V-PDB and V-SMOW), and also for preparing and providing secondary standards of CH4-in-air to be distributed to interested labs for comparisons. 

7.
SPECIFIC REQUIREMENTS FOR N2O CALIBRATION

7.1
Background

Measurements of nitrous oxide are made by a number of laboratories around the world in order to better understand the sources and sinks of this greenhouse gas. While measurement precision and compatibility are improving, systematic differences between mole fractions reported by different laboratories are still large compared to atmospheric gradients. The mean interhemispheric difference in N2O mole fraction is around 1 ppb and the pole-to-pole difference is 2 ppb. These global differences are 0.3-0.6% of the recent mean mole fraction of N2O in the troposphere. This necessitates not only high measurement precision, but also high consistency among assigned values for standards. Compatibility of measurements from different laboratories of 0.1 ppb is needed. NOAA/ESRL/GMD serves as the WMO/GAW CCL for nitrous oxide. 

7.2
Current N2O calibration and comparison activities
NOAA/ESRL/GMD maintains a gravimetrically-prepared N2O-in-air standard scale consisting of 13 WMO Primary Standards covering the range of 260 – 370 nmol/mol (Hall et al., 2007). The reproducibility of NOAA N2O calibrations (2 sigma) is estimated to be 0.16 nmol/mol at the 95% confidence level (k=2).
7.3
Recommendations for N2O calibration and comparison activities
a) Each GAW measurement laboratory or network calibration centre of GAW partners must actively maintain its link to the WMO Scale by having its laboratory standards for N2O re-calibrated by the CCL every three years.

b) We encourage the development of new or improved techniques that would lead to improvements in precision and reproducibility, including the amount of calibration gases required.  Experience with new techniques should be shared with the community through newly formed web-based discussion groups. 

c) The CCL and the WCC should work together to establish more frequent comparisons among GAW stations and other key laboratories that measure N2O. Given the difficulties involved in N2O measurement, the frequency of current round-robin activities is insufficient for quality control purposes.

8.
SPECIFIC REQUIREMENTS FOR SF6 CALIBRATION
8.1

Background

Sulfurhexafluoride (SF6) is a long-lived trace gas with strong infrared absorbance properties.  Emissions of SF6 are 23900 times more effective than CO2 on a per-mass basis over a 100-year time scale. The tropospheric mixing ratio of SF6 has increased steadily, with a growth rate of 0.2- 0.3 ppt yr-1. The steady growth rate and long lifetime (~3200 years) make it a useful tracer of atmospheric transport, including stratospheric “age-of-air determination”. Because SF6 is almost entirely anthropogenic in origin, used primarily in electrical power distribution, it is a potentially powerful tracer of anthropogenic activity on global and regional scales.   

SF6 is typically measured using GC-ECD techniques in a manner similar to that of N2O. There are currently three scales in use: NOAA, Univ. of Heidelberg, and SIO.  Although there have been few formal SF6 comparisons, informal comparisons show that scale compatibility is generally good (see e.g. www.cucumbers.uea.ac.uk). However, to be optimally useful as a tracer of atmospheric transport, consistency of scale must be exceptionally good (on the order of 0.02 ppt). In this regard, a commonly accepted scale does not exist. 
At the 15th WMO/IAEA Meeting of Experts on Carbon Dioxide, Other Greenhouse Gases and Related Tracers Measurement Techniques, NOAA/ESRL has agreed to serve as the WMO/GAW Central Calibration Laboratory (CCL) for atmospheric sulphur hexafluoride. NOAA/ESRL currently maintains a gravimetrically-prepared SF6-in-air standard scale consisting of 16 standards covering the range of 1 – 10 pmol/mol. Recent improvements in SF6 analysis have been made, such that 0.02 ppt reproducibility (1 sigma) of SF6 calibrations is now achievable.
8.2
Recommendations for SF6 calibration and comparison activities
a) Include SF6 in WMO/GAW round-robin experiments when possible.

b) Investigations are encouraged to explore advanced techniques to improve measurement precision.
c) Investigators with NOAA-assigned SF6 values dating prior to 2007 are encouraged to have their cylinders re-calibrated by NOAA/ESRL.  
9.
SPECIFIC REQUIREMENTS FOR CO CALIBRATION

9.1
Background 

CO is an important component in tropospheric chemistry due to its high reactivity with OH. It is the major chemically active trace gas resulting from biomass burning and fossil fuel combustion, and a precursor gas of tropospheric ozone. Most atmospheric measurements are based on collected air samples or in-situ analysis, although systematic measurements from satellites, aircraft and surface-based FTIRs are improving (WMO GAW/ACCENT Workshop, 2005). Differences among reference scales and drift of standards have been a serious problem for these in-situ CO measurements in the past. Spectroscopic retrieval of CO principally provides column abundances; wide geographical coverage of CO with some limited vertical resolution is becoming available from ground-based remote sensing as well as several satellite-based sensors (MOPITT-TERRA, SCIAMACHY-ENVISAT, TESS-AURA, AIRS-AQUA, GOSAT). The TCCON network of ground-based remote-sensing instruments provides both total column as well as vertically resolved information. The present recommendations will, however, pertain to the calibration of in-situ observation only; the validation of remote sensing data is a complicated separate issue not treated here.

9.2
Current CO calibration and comparison activities

Experience has shown that the accurate calibration of in-situ CO measurements is far from trivial. Mole fractions between 40 and 250 nmol/mol (and higher) should be determined with an expanded uncertainty of ±2 nmol/mol (k=2). The NOAA scale currently covers a range up to 500 nmol/mol and the CCL is gradually expanding the range up to 1000 nmol/mol with an estimated uncertainty of about 0.8% at those levels. Unlike CO2, for CO there is a low degree of standardization in analytical techniques deployed (WMO/GAW Report No. 168 (2006)). Specific calibration problems for CO are: (1) Some of the more traditional measurement techniques are non-linear and do not have the stability or precision for long-term measurements with low drift rates. (2) Gravimetric mixtures must be diluted to environmental levels, and at these levels CO mixing ratios in high-pressure cylinders may not be stable over time periods of several years. (3) The preparation of a gravimetric standard does not a priori guarantee that the actual CO mole fraction corresponds to the assumed one. Careful maintenance of the gravimetric scale and/or comparison with diluted gases from high-concentration cylinders (10 ppm) is regularly required. 


NOAA ESRL’s Carbon Cycle Greenhouse Gases Group has on two occasions organized round-robin tests involving 10 to 15 laboratories. This has helped “the international in situ CO measurement community” enormously, but also exposed some drift and inconsistency in the NOAA/ESRL calibration scale, as well as in the gravimetric technique. New analytical techniques have helped to eliminate most of these issues during the past years.

WMO through EMPA and its WMO/GAW WCC for CO has endeavoured to improve the international compatibility by implementing an audit system for CO measurements at Global GAW stations. Combining all experience gained so far, it is realistic to expect CO data to be expressed on one single scale that is traceable to a single source. For establishing global trends, and to get a sufficiently accurate estimate of the tropospheric burden, it seems that 1% expanded uncertainty (k=2) is now becoming both analytically attainable and scientifically sufficient. 

9.3
Recommendations for CO calibration at the WMO/GAW CCL and at GAW stations 

a) Compatibility of measurements at Global GAW stations of ±2 ppb (mean bias) and of standards with ±1 ppb or 0.5% repeatability (whichever is greater, expanded uncertainty, k=2) are needed. Comparisons of CO measurements among laboratories (through round-robins and other comparison sample exchanges) have documented differences in measurements among laboratories. They have proven useful in identifying inconsistencies and/or drift in CO standards and therefore are strongly encouraged. 

b) NOAA ESRL is the WMO/GAW CCL for carbon monoxide. In this capacity, they provide calibrated standards to GAW laboratories, and CO calibrations should be traceable to the scale maintained by NOAA ESRL. The CCL maintains 12 primary standards with CO mole fractions between 20 ppb and 500 ppb. Standards are contained in Luxfer cylinders fitted with brass valves obtained from Scott-Marin, Inc. Eight of these cylinders (50 to 300 ppb) have calibration histories since 2002, four more since 2008. All standards have been stable to within 1 ppb. The stability of the lowest standard (20 ppb) may slightly exceed this limit. The WMO-2000 scale was established based on several sets of gravimetric standards using the GC-HgO technique. Later on, the WMO-2004 scale was established based on Vacuum-UV Resonance Fluorescence (VURF) measurements. The CCL expects to prepare another set of gravimetric standards in 2010, creating the WMO-2010 scale. After consolidation, the CCL is expected to re-assign for all cylinders distributed since 1990 the mole fraction, including best estimates of uncertainty on this WMO-2010 scale. 
c) The CCL is encouraged to include the calibrations of CO in the NOAA database and make this available on the internet.
d) The CCL is responsible for documenting the evolution of the WMO CO scale and for communicating all revisions to the stations as well as to WCC-EMPA. 
e) The frequency of the preparation of gravimetric Primary Standards should be increased to a triennial to quadrennial interval to determine any long term drift of the scale. The CCL is presently in the process of establishing a capability of making accurate dilutions as a second means of assuring the stability of the WMO Primary Scale. 

f) Standard drift remains a serious issue for CO measurements at the stations. Therefore an annual recalibration of at least one of the in-house station standards is strongly recommended.

g) The WMO/GAW SAG Reactive Gases’ Subgroup on Carbon Monoxide should be re-constituted and should continue to work on resolving issues of the calibration scale, in particular by giving guidance to stations on how to re-process older data. A SAG Guidance Document on CO measurements is expected by mid 2010. 

h) Currently, no laboratory is conducting absolute volumetric measurements of CO. These measurements would be an extremely useful alternative to dynamic dilution of high-concentration gases for confirming the consistency and potential drift in the WMO primary scale. 

i) EMPA is the designated World Calibration Centre (WCC) for carbon monoxide and is in charge of conducting system and performance audits including comparisons at Global GAW stations. Evaluation of CO audits by the WCC should be limited to the average range covered by the seasonal variability of daily means. Audit results and other comparison results should be archived along with CO data at the WDCGG or with GAWSIS. 

j) Within the GAW Programme, regular comparisons or calibrations by designated calibration centres (with global or regional scope) are necessary to ensure traceability of the observations. Furthermore, regular audits by the WCC are needed as an independent check of the measurements on-site. 

k) It should be explored if, in this particular case of a trace gas with large danger of drifting standards, regional round-robins could help to maintain the link to the CCL. 

l) For many stations, a dynamic dilution system may be an additional means of calibrating their instruments, in particular in cases where non-linear instrument response may be an issue (Zellweger et al., this issue).

m) There is a large number of stations (some of which are regional GAW stations) that are equipped with less sophisticated (or calibrated) CO analysers. These measurements are currently poorly exploited, in part because some of these data (e.g., from environmental agencies) are not easily accessible and the quality of these observations is not well assessed. There is a need for identification, comparison and improved accessibility of these observations.

10.
SPECIFIC REQUIREMENTS FOR H2 CALIBRATION
10.1
Background


Molecular hydrogen plays a significant role in global atmospheric chemistry due to its interference in CH4 – CO - OH cycling. The balance of hydrogen could change with the implementation of a new H2 energy carrier. Therefore, it is important to establish its global budget and atmospheric trend. There is currently no internationally accepted standard scale available for measurements of atmospheric molecular hydrogen nor is there any institution to distribute such standards.


There are different networks of monitoring stations that are linked to independent scales (NOAA, CSIRO-AGAGE, EuroHydros, NIES). These scales have been prepared using different methods, and known biases between these scales exist that have not always been constant in time and include concentration dependencies. Efforts to integrate data from different networks have been undertaken based on results from long-term inter-laboratory comparison activities (Xiao et al. 2007). While this documents the need to achieve transparent and consistent scales, the reliability of this approach depends on a solid evaluation of these differences. There is a clear need to get consistent data from independent networks and therefore harmonisation of the scale still remains a task of high priority.  Molecular hydrogen is recognized as an important target variable to be measured in the WMO/GAW global network and specific tasks are outlined for implementation by the global research community (WMO/GAW Report No.172, 2007)
10.2
Current H2 calibration and comparison activities

At the 15th WMO/IAEA Meeting of Experts on Carbon Dioxide, Other Greenhouse Gases and Related Tracers Measurement Techniques, MPI-BGC has offered to serve as the WMO/GAW Central Calibration Laboratory (CCL) for atmospheric molecular hydrogen. The MPI2009 scale consisting of 13 primary standards of hydrogen in air ranging from 140 to 1200 nmol/mol was designated as the WMO calibration scale. 

10.3
Recommendations for H2 calibration and comparison activities
a) It is recommended that the CCL produces, on an annual basis, additional standards that provide a check for the stability of the WMO scale.

b) Long time series of atmospheric hydrogen have been generated by the NOAA and CSIRO/AGAGE monitoring networks. To enable a collaborative global network for hydrogen measurements a concerted effort to harmonize these sets of data is urgently needed. In the course of this process the measurement groups are encouraged to link to the new WMO scale. The CCL is requested to cooperate closely with NOAA and CSIRO to facilitate an exact adjustment of their proper calibration scales to the WMO scale. 
c) In addition, temporal changes of inter-laboratory biases that have not always been related to scale changes, underline the necessity to continue comparison of hydrogen data. These exercises will be a valuable tool to monitor the success of a future scale harmonization and shall be continued at regular intervals.
d) A major problem most laboratories that measure hydrogen encompass is to ensure the stability of their standards. It is recommended that every laboratory develops a strategy to account for this. This includes appropriate choice of standard gas containers that have been tested successfully (mostly stainless steel cylinders). A set of standard gases in large low pressure glass flasks has proved to be an easy and useful approach. Aluminium cylinders commonly used for other trace gas standard mixtures often show significant growth of hydrogen. Thus, the long-term use of aluminium cylinders as in-house secondary standards is discouraged.

e) Appropriate characterization of the detector response in the ambient range is required at an interval of four times per year and at any change of configuration of the detection system, given the strong non-linear response of the commonly used HgO reduction detectors. A combination of a dilution series and a set of in-house laboratory standards have proven to be a useful approach to characterize the detector response over larger ranges of mixing ratios.  Analysis techniques with characteristics superior (i.e. precision and non-linearity) to the common HgO reduction detectors have been described recently and should be considered for new installations.
f) Due to the strong non-linearity it is particularly important for H2 measurements that the mixing ratio of the working standard gas is close to the mean annual H2 level observed at the site. In contrast, the target standard gases used for quality control purpose are recommended to have H2 mixing ratios that are at the high end of the observed values to provide good diagnostic information.
11.
GENERAL RECOMMENDATIONS FOR QUALITY CONTROL OF ATMOSPHERIC TRACE GAS MEASUREMENTS 


The Group of WMO Experts nominates Ken Masarie (NOAA/ESRL) to review the recommendations summarized below at least six months before the next meeting, and remind laboratories to prepare summaries of their current intercomparison (ICP) activities as they relate to the respective recommendations.

11.1 
General Recommendations
a) Relating standards to the WMO Mole Fraction Scales:  Investigators should follow practices outlined in Section 1.3 of this report for obtaining a sufficient number and range of calibration gases from the respective WMO/GAW CCL (laboratory standards) and transferring those calibrations to working and field standards. The data management system in use should allow for easy reprocessing and easy propagation of scale changes from laboratory standards to final measurements.

b) Real-air and modern-CO2 (and other trace gas) standards: Working standards must have natural levels of N2, O2, and Ar to avoid biases e.g. due to different pressure-broadening effects between sample and calibration gases. CO2 standards should have CO2 with ambient 13C ratios to avoid isotopic interference in specific analysers.

c) Besides round-robin comparisons, more frequent and ongoing comparison activities between pairs of laboratories which incorporate the analyses of actual air samples are strongly recommended. The tremendous benefit of ongoing same-air comparisons has been demonstrated (Masarie et al., 2001) and is reinforced. Mutual exchange of air in glass flasks is encouraged as a means to detect experimental deficiencies. The comparison experiment at Alert involving multiple laboratories at a single site has proven to be extremely valuable. Similar multi-lab comparisons have been conducted at Cape Grim. Comparisons of measurements from co-located in-situ instruments and co-located discrete samples and in-situ instruments are also strongly recommended.
d) Laboratories participating in ongoing comparison experiments must make comparison data electronically available to each other within a month after completion of the measurements.  It is understood these data are preliminary and may contain undetected errors. Timely review of comparison results increases the likelihood of detecting experimental problems shortly after they develop. The sole reason for sharing preliminary data is for detection of problems.  
e) Data comparisons (or eventually merging) require sufficient metadata to identify methodology differences that potentially influence quantitative comparisons. These metadata should be provided by the ICP participants and will allow to independently quantifying bias, and/or specifically state assumptions in comparisons. 
f) To better understand the effectiveness of various comparison strategies, laboratories with ongoing comparison experiments are encouraged to report at the next WMO/IAEA CO2 Experts meeting what they have learned, how the comparison has affected measurement quality and compatibility and the benefit of redundant or complementary comparisons. This will be needed to develop a comprehensive quality control strategy.
g) Flask sampling programmes shall be implemented where possible at observational sites making continuous measurements. This will provide ongoing quality control and help determine measurement uncertainty and eventually allow merging data sets from different laboratories. 

h) An assessment will be performed to evaluate the feasibility of a “travelling” CO2 measurement system to operate for a period of weeks to months in parallel to existing station systems.  ICOS will coordinate this effort.  

i) As part of its tasks as World Calibration Centre for CH4 and CO, EMPA will investigate the use of a travelling instrument for GAW station audits. Picarro Inc. offered to provide one of their instruments for this exercise.

j) Clear protocols and reports of experience gained in comparison projects should be provided. Results should be published and readily accessible via internet. The evaluation of such activities and recommendations for refinement, co-ordination and expansion of such activities has been accepted as a key responsibility of future WMO/IAEA Expert meetings.

k) Traceable uncertainty estimates: Investigators must report uncertainty estimates for their data that include all potential sources of error, including collection and treatment of the air before it enters the instrument. Details of how these estimates are calculated and what activities are used to verify them (data reporting) need to be provided. ISO nomenclature (see details in introduction) shall be used for uncertainty estimates and discussions.

l) Deviations from recommendations: We recognize the value of innovation and experimentation with new approaches. In this context instruments based on Cavity Ring Down Spectroscopy (CRDS) seem to be particularly promising for a number of trace gases. However, we stress that deviations from established practices should be fully tested to confirm that the new approach does not introduce bias into the measurements. Furthermore, the results of such experimentation should be reported at future WMO/IAEA CO2 Experts meetings and similar venues, and published in the peer-reviewed literature whenever possible.

11.2 
Recommendations for in-situ measurements 

a) Continuous in-situ measurements of CO2 and other trace gases can greatly improve our understanding of regional-scale fluxes.  For this reason, and in response to recent advances in technology, the number of investigators and sites carrying out in-situ trace gas measurements is rapidly increasing. Many sound principles for conducting in-situ CO2 measurements have been described in detail in WMO/GAW Report No. 134 (1999).  The group recommends that the SAG-GHG initiates a timely update of Report 134 well before the next WMO Experts Meeting in 2011. Preliminary recommendations for CO2 measurements have been summarized in the 13th WMO/IAEA Experts meeting recommendation (WMO/GAW Report No. 168, 2006).   
b) It is recommended that new robust analytical technologies (e.g., laser-based optical analyzers, closed-cell Fourier spectrometers) are tested. The envisaged ICOS Atmospheric Thematic Centre will initiate a web-based forum to distribute the results and generate discussion among “experts”. New techniques should meet the scientific requirements of accuracy and precision as stated in GAW reports. Specific areas that need to be investigated are calibration frequency and ability to correct for water vapour dilution or interference with other trace substances, and other artefacts besides sample drying. Manufacturers are encouraged to offer detailed training, perhaps through GAWTEC. The community should identify species for which new technologies are needed and specify which instruments should be available for new observables.

c) Besides recommendations on the greenhouse and associated trace gases mentioned above the WMO Experts identified a strong need for expert guidance to establish an adequate calibration process and comparison activity for atmospheric 222Radon observations. WMO and IAEA will contact respective specialists to give advice. The outcome should be communicated as early as possible, however, during the 16th Meeting of Experts at the latest.
12.
RECOMMENDATIONS FOR DATA MANAGEMENT AND ARCHIVING 
12.1
Data management


All GAW measurement laboratories regardless of programme size are required to manage all new and existing atmospheric trace gas and supporting (meta) data using a database management strategy (DBMS) that meets or exceeds the following criteria:

a) Demonstrate that mole fractions / isotope ratios can be unambiguously and automatically reproduced from raw data at any time in the future.

b) Demonstrate that revisions to a laboratory’s internal calibration scale can be efficiently and unambiguously propagated throughout the database.

c) Support routine and automatic database updates of all measurement and meta data.

d) Ensure that all data reside locally, in a single location, and are centrally accessible to internal users.

e) Ensure fast and efficient retrieval of all data.

f) Maximise users’ ability to assess data quality.

g) Facilitate data exploration.

h) Minimise the risk of data loss or corruption due to theft, misuse, or hardware/software failure.

i) Maximise security to primary data (e.g., data from which all processed data is derived).

j) Support routine and automatic backup of all data.

k) Support complete data recovery in the event of catastrophic data loss.

GAW measurement laboratories are encouraged to use WMO/GAW Report No. 150 as a guideline in developing and implementing an atmospheric data management strategy. Laboratories with demonstrated expertise in data management are encouraged to share their expertise.

12.2
Data archiving

a) Laboratories participating in the WMO/GAW Programme must submit their data to the World Data Centre for Greenhouse Gases (WDCGG) (according to WMO/GAW Strategic Plan, WMO/GAW Report No. 172, 2007). A co-ordinated annual submission of data before the end of August of the following year, with clearly identified version number of submitted data and calibration scale, as well as supporting details is strongly recommended. The data obtained in a regional or other national or cooperative network should be submitted through the network centre responsible for quality control. The same recommendation holds to other public-access data archive centres such as the Carbon Dioxide Information Analysis Centre (CDIAC). 

b) The revised WDCGG Data Submission and Dissemination Guide (WMO/GAW Report No. 188, 2009) includes data categories, data submission formats, data submission procedures, and distribution ways of data and products. The adherence to this WDCGG Guide is requested.

c) The WDCGG distributes data in versions consistent with the annual DVD Report and keeps old versions. 
d) To enhance the value of archived data, the WDCGG is encouraged to develop a system of flags for archived data, based upon metadata for the measurements, instrument type, precision of measurements, results of comparison activities, and types of comparison activities engaged in collecting data. The SAG should consider working with WDCGG in developing the flags and encouraging contributing groups to provide the additional information needed.
12.3
Co-operative data products


All laboratories making high-quality greenhouse gases measurements are strongly encouraged to participate in the Co-operative Atmospheric Data Integration Project which produces the GLOBALVIEW data products.  The majority of current participants provide updates in August that include data through December of the preceding year.  Data contributed to the GLOBALVIEW project are used to derive the data product.  The product includes no actual data.

13.
SUMMARY OF RECENT INTERNATIONAL PLANNING OF ATMOSPHERIC TRACE GAS MEASUREMENT STRATEGIES


This report is prepared in the context of widespread governmental acceptance of climate change (United Nations Framework Convention on Climate Change (UNFCCC) and its Kyoto protocol), and leads to new and urgent challenges to the carbon cycle community. Two main objectives justify the deployment of atmospheric observations: 

(1) 
To monitor and assess the effectiveness of emission control and/or reduction activities on atmospheric levels, including attribution of sources and sinks by region and sector.

(2) 
To quantify the present state of the fluxes of greenhouse gases and better understand the controlling processes.


An overview of the observational needs for validating GHG emissions and reductions is given in Marquis and Tans (2008) and NRC (2010). Recently,  new GHG measurement data streams from satellites with global coverage have become available based on a variety of instruments (SCIAMACHY, AIRS,  IASI, GOSAT) and are being integrated into global data assimilation systems (e.g. the GEMS project). However, these new observations lack long-term continuity, are subject to various biases and do not cover with sufficient accuracy the full suite of GHG and associated tracers defined by WMO/GAW. Hence a complementary, long-term, high-quality network of surface-based in-situ, tall tower and total column as well as systematic aircraft observations are indispensable, in order to reliably detect and quantify long-term changes in GHG sources and sinks. Furthermore, these measurements allow an independent assessment of regional trends, as needed by local policymakers.


In addition to the WMO/GAW global programme and its predecessor BAPMoN operating since 1975 and targeting the coordination of systematic atmospheric greenhouse gases observations, there have been international research efforts on understanding the carbon cycle. One has been co-ordinated by the Global Carbon Project (GCP) (http://www.globalcarbonproject.org/) combining the efforts of International Geosphere-Biosphere Project (IGBP), World Climate Research Project (WCRP) and International Human Dimensions Programme (IHDP). The GCP produced in 2003 a Science Implementation Plan dealing with the patterns and variability of carbon fluxes, the associated processes and feedbacks, and the management of the carbon cycle. GCP identified both systematic observations of concentrations in the atmosphere and oceans and process-oriented carbon cycle observations. 


In parallel, the former Integrated Global Carbon Observing Strategy Partnership (IGOS-P) produced a Theme Report on Integrated Global Carbon Observations (IGCO). This theme has been subsumed into the Global Earths Observation System of Systems as one of three GEO tasks contributing to a Global Carbon Observation and Analysis System. The IGCO plan outlined a strategy to coordinate systematic global carbon observational networks that can form the backbone of an integrated carbon cycle monitoring system and is currently being updated and revised to address emerging carbon and greenhouse gas issues. The plan acknowledges GAW for atmospheric measurements and builds upon earlier planning by GTOS/TCO (Terrestrial Carbon Observations: http://www.fao.org/gtos/TCO.html), GOOS (Global Ocean Observing System: http://ioc.unesco.org/goos/), and GCOS (Global Climate Observation System).  (The Atmospheric Observation Panel for Climate (AOPC) of GCOS has acknowledged the GAW network for CO2 and CH4 as a Comprehensive Network of GCOS in 2006.)


The main role of the IGCO is to establish data requirements, design network configurations, and develop advanced algorithms for carbon observations, which will be the core of a future, sustained observing system by 2015 sees the long term efforts of GAW through this WMO/IAEA Expert team and other components of GAW complementing parallel efforts in terrestrial and marine reservoirs. The GAW greenhouse gas observations were also part of a second IGOS-P strategy on Integrated Global Atmospheric Chemistry Observations (IGACO) which includes not only greenhouse gases, but number of other atmospheric constituents, including aerosols and ozone. The IGACO strategy (WMO/GAW Report No. 159, 2004) is being implemented through the WMO/GAW Programme and its Strategic Plan for 2008-2015.

In both GCP and IGCO strategies, a strong atmospheric observing component is outlined as indispensable to link land and ocean observing components and to integrate across spatial heterogeneities and temporal variability. A modelling strategy for developing Carbon Cycle Data Assimilation schemes that will interpret observations in terms of fluxes is also outlined, based upon a combination of data and models for the different domains: atmosphere, ocean and land, where results from one domain place valuable constraints on the workings of the other two (“multiple constraint”). 


Two major regional programmes have received funding to increase the density of atmospheric trace gas observations in GAW and terrestrial carbon observations over North America (NACP: http://www.nacarbon.org/nacp/), and Europe (CarboEurope-IP: http://www. carboeurope.org/; ICOS: http://icos-infrastructure.eu). It is important that those regional programmes remain tightly linked to the international WMO/GAW effort and produce regional data sets that can be merged safely into an enhanced global picture of carbon sources and sinks. Lessons from such regional initiatives should be valuable to formulate future atmospheric observing strategies for the remaining under-sampled regions, in particular in the tropics. The strong commitment to build expertise in developing countries by WMO and IAEA, including the establishment of high-quality measurement capabilities, remains a critical issue for achieving adequate spatial coverage of the globe in the coming decade. 


Finally, it is acknowledged that society will need more comprehensive and better coordinated information as it begins to address the problem of rising greenhouse gases in the atmosphere.  There likely will be international treaties, national policies, and regional strategies (i.e., emission reduction, efficiency improvements, offsets, etc.) applied to a number of economic, social, and environmental sectors.  Some will work better than others and some will not work at all.  Providing independent, globally coherent information on the success of these efforts will give considerable strength to these treaties, policies, and strategies. The closest thing the world has to build a globally consistent greenhouse gas observation network is WMO’s Global Atmospheric Watch and the scientists who support it.  However, providing coherent, regional-scale information requires not only enhanced observations, but improved modelling and ensemble reanalysis.  These challenges are emerging and it is not known what shape greenhouse gas management strategies will take, though its certain there will be many factors contributing to it. WMO/GAW needs to be positioned to provide the atmospheric basis for such an observation and analysis system and to engage with other communities to ensure reliable analyses. In support of these activities, the WMO Commission for Atmospheric Sciences adopted the following statement at the 15th quadrennial meeting, held in November 2009 in Incheon, Korea:

“8.3   The lead role of WMO in global partnerships for air quality/environmental forecasting and tracking carbon dioxide and other greenhouse gases

8.3.3 The Commission endorsed the recommendation of the  CAS Management Group (2008) that WMO work towards establishing an Integrated Global Carbon Observation Prediction and Assessment System, acknowledging that monitoring requirements may be forthcoming to support global emission reduction and mitigation policy, and recognizing that CO2 interacts strongly with the biosphere and hydrosphere, that considerable research is necessary to support such a system, and that such research would need to be compatible with what might ultimately become operational – that is, aiming at operational implementation:

(a) Integrating and expanding existing observing systems and validating and incorporating satellite and aircraft measurements to produce a global, near real time database of atmospheric CO2;

(b) Developing and implementing an ensemble-based reanalysis for research and operational applications that includes surface-atmosphere interactions; and

(c) Applying model-based systems to analysis and prediction of the transport and evolution of CO2. These systems should be linked to operational frameworks to insure reliable access to data, production of forecasts, and delivery of services.”

The following observational strategies seem to be most promising in this context:

a) Expand aircraft flights over vegetated areas not sampled or under-sampled, with priority to tropical South America, Africa, and South East Asia.  Higher altitude flights shall be needed to cope with vigorous convective mixing up to 10 km in the tropics. For that purpose, the use of passenger aircraft such as pioneered in atmospheric chemistry (CARIBIC, MOZAIC programmes) should be promoted.

b) Make the effort to recruit scientists from the under-sampled continents/areas to join the WMO Experts group.

c) Carry out continuous measurements in the boundary layer, in particular on top of high towers, and further pursue the option to use eddy flux towers as a platform for additional precise CO2 mixing ratio observations. These observations will help us to quantify regional sources and sinks by means of inverse modelling. 

d) Carry out in the vicinity of continuous tower-based boundary layer measurement sites frequent vertical profiles if possible under all weather conditions, which will quantify the vertical mixing of surface sources and sink fluxes.

e) Develop and implement long-term measurements of total column Greenhouse Gases at a number of sites in WMO/GAW and its partner stratospheric network NDAAC recognising the need for satellite calibration/validation and modelling.

f) Develop high-quality measurements of carbon cycle tracers that can be used to attribute natural fluxes to their controlling processes (13CO2, O2/N2, 18OCO, stable isotopes in CH4 and CO) and separate fossil fuel emissions (14CO2, CO…). Along these lines it is absolutely essential that detailed spatially and temporally resolved fossil fuel CO2 and CO emissions inventories be developed and pursued. 

g) Add measurements of characteristic chemical trace substances to the measurement programme or suite of components analysed in flask samples to sort out source contributions of the various GHGs.

h) Develop high-quality measurements of transport tracers (SF6, 222Rn, C2Cl4…) to validate numerical models of atmospheric transport (in particular their vertical mixing) including aircraft sampling.

i) Report actual uncertainties on individual data where available. In particular, pursue the development of data products (e.g. GLOBALVIEW) that can include wherever possible information on representativeness, calibration offsets, etc. Take into account station characteristics and catchment area description.

j) Plan atmospheric measurements jointly with terrestrial and oceanic process communities to optimise the link of atmospheric composition change to surface processes. For example, the development of the “virtual tall tower” concept to use short towers as part of atmospheric networks, and the synergetic use of ocean pCO2 survey programmes to make atmospheric measurements. 

k) Encourage and facilitate the development of improved atmospheric tracer transport models. Among the identifiable needs are improving the representation of atmospheric convection, the representation of the atmospheric boundary layer and the need to improve spatial and temporal resolution to better account for sources and sinks variability. Equally as important for assessing the distribution of fluxes is the use of several independently developed models and their frequent intercomparison. Finally, it is important to develop and maintain community models which are numerically efficient, which can run from standard computer platforms with a modest amount of training, and which are made available to the scientific community as a whole.











