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FOREWORD

In 2020 the TAEA launched an interregional technical cooperation project with the support of
the World Meteorological Organization (WMO) entitled Developing Capacity Towards the
Wider Use of Stable Isotopic Techniques for Source Attribution of Greenhouse Gases in the
Atmosphere. The project aims to assist countries in building capacity in stable isotope analysis
of atmospheric greenhouse gases and to accurately determine their source.

The project intends to establish regional training and analysis centres which will support
laboratories from their respective regions with developing analytical capacities for the
collection and interpretation of greenhouse gas data. The trained scientists will be able to inform
decision makers, help authorities tailor their climate policies and build support for focused
climate action. Training is based on the development and dissemination of good practice
publications and training materials and on the organization of regional and interregional
training courses.

This publication is the first good practice publication developed as part of the project. It
describes the analytical infrastructure, sampling strategies and approaches for measuring the
stable carbon isotope ratio in atmospheric methane using laser spectroscopy and the tools for
interpretating the data for source characterization.

The TAEA acknowledges the efforts of the contributors listed at the end of this publication, in
particular P. Sperlich (New Zealand) as leader of the group of experts. The IAEA officer
responsible for this publication was F. Camin of the Division of Physical and Chemical
Sciences.



EDITORIAL NOTE

This publication has been prepared from the original material as submitted by the contributors and has not been edited by the editorial
staff of the IAEA. The views expressed remain the responsibility of the contributors and do not necessarily represent the views of the
IAEA or its Member States.

Guidance and recommendations provided here in relation to identified good practices represent expert opinion but are not made on the
basis of a consensus of all Member States.

Neither the IAEA nor its Member States assume any responsibility for consequences which may arise from the use of this publication.
This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal
status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to reproduce, translate or use material from
sources already protected by copyrights.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this
publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.



CONTENTS

INTRODUCTION ...ttt sttt sttt st saeen 1
1.1. BACKGROUND ..ottt 1
1.2. OBJECTIVE ...ttt s 2
1.3. SCOPE ...ttt ettt ettt st 2
1.4. STRUCTURE ...ttt st 2
STATE OF THE ART ON STABLE CARBON ISOTOPE RATIO IN
ATMOSPHERIC CHa ..ottt 3
2.1. THE VARIATION OF METHANE IN THE GLOBAL ATMOSPHERE
................................................................................................................... 3
2.2. TECHNIQUES FOR CHs AND 6'°C-CHs OBSERVATIONS................. 5
2.3. FIND AND CHARACTERISE INDIVIDUAL CH4 SOURCES ............. 6
24. ATTRIBUTING CH4 EMISSIONS TO SPECIFIC SECTORS USING
O3C-CHs AND OTHER TRACERS........oooiieeiiieeeeceeeeeeeeee e, 7
2.5. URGENT NEED FOR INTENSIFICATION OF CHs OBSERVATIONS
................................................................................................................... 8
DATA QUALITY OBJECTIVES (DQOS) ...coveiiiiiiniieieiiereeeeeeseee e 9
3.1 UNITS AND QUANTITIES .....ooiiiieieeeeeeee et 9
3.2. COMPARABILITY, COMPATIBILITY, AND
REPRESENTATIVENESS ..o 9
3.3. DQO CRITERION FOR OBSERVATION GOALS........ccccevieniriennne 10
3.4. CONSIDERATIONS ...ttt ettt ettt 10
3.5. ONGOING RESEARCH.......cccctiiiiiiiiiieneeiecteieeieste et 11
ASSESSMENT OF ANALYSER PERFORMANCE.......cccccooniiiiiiiiieeeeee, 12
4.1. ALLAN VARIANCE .....ooiiiiiiiiieeteeeeeee ettt 12
4.2. LONG-TERM DRIFT EFFECTS ..ot 14
4.3. STABILIZATION TIME (MEMORY EFFECT) .....cccovveviiiieieieienen. 15
4.4. AMOUNT DEPENDENCE ......ccciiiiiiiiieiieeceeee e 16
4.5. GAS MATRIX EFFECTS AND SPECTRAL INTERFERENCES ....... 17
4.5.1. Make measurements ..........ccceeveerueenienieenienieereeeee e 18
4.5.2. Analyse 1eSULLS .....cceeviiiiiieiieiie et 19
4.5.3. Set IMItsS/Procedures.........cccureerieeriieeriieeeiee e eereeereee e 19
LABORATORY ..ottt ettt s 21
5.1 LABORATORY DESIGN AND INFRASTRUCTURE ...........ccccuen.. 21
5.2. LABORATORY SUPPLIES/CONSUMABLES ........ccoceiiiiiiiieeenee 21
5.2.1. Gases and gas SUPPLY .c.eveeereieeeiiieeieeeee e 21
5.2.2. Plumbing COMPONENLS......ccceeeruierireiieniieeiienieeieenieeeieesieeereeeees 22
5.2.30 TOOIS e 22
5.2.4. ChemiCalS.......ccoirieriiiiiiieiieieeee e 22
5.2.5. EXEAuiiiiiieieiiee et 22
5.2.6. General on components and consumables.............ccoccverueeenenne. 22



6.1. INSTRUCTIONS FOR CALIBRATION GASES......cccooieieieieieeee 23
6.2. CALIBRATION GASES FOR MOLE FRACTIONS ......ccccocvvviirienne 23
6.3. CALIBRATION GASES FOR ISOTOPES IN ATMOSPHERIC CHj..24
6.4. THE PRINCIPLE OF IDENTICAL TREATMENT........cccceeveieeienne. 25
6.5. CALIBRATION GAS CATEGORIES ......ccooiiiiieeieeeeeeee 25
6.5.1. Overview on calibration gas categories ..........cccceervvrerrrereeerueennen. 25
6.5.2. Scale transfer GaSES......c.eeevvieecieeiiieeeiee et 25
6.5.3. Working standard gases. ..........ccccueevuienieeiienieeiienieeie e 26
6.5.4. Quality control standard gasesS.........cccccueeevureeriiieeriieeniee e 27
0.5.5. TSt ASES .uuvieiiiieeiiie ettt ettt e s 28
0.6. SPECIFICATION OF CALIBRATION GASES......cccooiiiieieieenee. 28
6.6.1. Cylinder type and vOIuUME..........cceevieriieiieniieieeieeee e, 28
6.6.2. Number of reference gases ........ccccvvveevvrerciieeniieerie e 28
6.6.3. Mole fraction and isotope ranges in reference gases................... 29
6.6.4. Main air COMPONENLS ......cccuvrerrirrerireeeieeerieeesreeesereeeseeesseeesseeas 29
6.6.5. Effect of the §?H-CH4 on CH4 mole fraction measurements......29
6.6.6. H2O CONENL...couuiiiiiiiiiiiiieiiecetceteeeeeeeee e 29
6.6.7. Non-target gases and interferences ..........ccoevvevveeieenieerieeneeennen. 30
6.7. PRACTICAL CONSIDERATIONS ....ccoiiiiiiieeeeceeeee e 30
6.7.1. Pressure regulatorsS..........cccueeruieeiieniienieeiieeie et 30
6.7.2. Mounting pressure regulators on calibration gas cylinders ......... 30
6.7.3. Leak-check pressure regulators ..........ccoeceevciieiienciieiienieeieee. 31
6.7.4. Connecting cylinders to analyser.........ccccocveeevrieenieeerieeeeeee e 31
6.7.5. Test pressure regulators for contamination effects...................... 31
6.7.6. Identical method to supply calibration gases and samples to the
ANALYSET ..ottt 31
6.7.7. Minimize consumption of reference gases .........c.ccceeevvverrveernnenn. 32
6.7.8. Storing calibration gas cylinders...........ccccoevieriienieniiienienieee. 32
6.8. MEASUREMENTS TRACEABILITY AND UNCERTAINTY ........... 32
SAMPLING AND MEASUREMENT SYSTEMS....ccceooiiiiiririnieneeieneeieee 35
7.1. GENERAL INSTRUCTIONS. .....coiiiiieieneeie ettt 35
7.1.1. Materials, components and general instructions to build
equipment for air sampling and measurements .............ccccceuveene. 36
7.2. SYSTEM FOR CONTINUOUS AMBIENT AIR MONITORING........ 38
7.2.1. CoNSIAETAtIONS: ..couviiiieiiieiiieeiie ettt 38
7.3. SYSTEM TO MEASURE AIR FROM FLASK AND BAG................... 41
7.4. SYSTEM FOR MOBILE MEASUREMENTS........ccccoiiiiiiieieieenee. 41
7.4.1. CONSIACTALIONS ...cveeuviriiiiieieeiienieeie sttt ettt 42
7.5. VESSELS FOR DISCRETE AIR SAMPLING ......cccccccevieniieienieieenen. 42
7.5.1. Stainless steel or aluminium flask ...........cccocceviieniiiniiiinienienen. 43
7.5.2. Glass flasks ....cc.coouieiiiiiiiiie e 43
7.5.3. Multi-layer foil gas sampling bags ..........ccceecveviienieniiienienieene. 43
7.5.4. CONSIAETATIONS ...cuvieiieiiiieiieeiieeite ettt ettt e 43
7.6. SYSTEM TO TAKE FLASK OR BAG SAMPLES.........ccocvvniriinne. 44
To0. 1. PUMP oottt et et 45
7.6.2. TUDING ...ttt 45
7.6.3. INtAKE ..oovviiiiiiiiiiiee e 45
T.6.4. WALET trAD ..eeeiieiiiieeeiiiee ettt et e e e e e e e 45

7.6.5. Sampler OPeration ...........ccceeeieeriieriieeniieeieeriee e et e eee e eeeeeeeas 46



8 MEASUREMENT AND DATA PROCESSING PROTOCOLS .........cccccevenneee 48
8.1. DEVELOP MEASUREMENT PROTOCOL .......ccccoeiiiieiieieieieeee 48
8.1.1. Selection of calibration gases for measurement sequence:.......... 48
8.1.2. Selection of quality control gases for measurement sequence ....49
8.1.3. Timing of calibration gas measurements.............cccceeceeveereennennne. 49
8.1.4. Optimizing the measurement SEQUENCE .........cceeevrrveerrrveercreeennnnen. 50
8.2. EXAMPLES OF MEASUREMENT SEQUENCES ........cccooiiniiniinnn. 50
8.3. RAW DATA HANDLING......ceoiiiiieieeiesieie et 52
8.4. AUTOMATED DATA PROCESSING ...c..cootiiiniiiiinieneeieeienieeienieene 52
8.5. EXAMPLE FOR MEASUREMENT CORRECTION PROTOCOL .....53
8.5.1. Accounting for the CH4 amount effect ............ccoeeveviiiiennnnnn. 53
8.5.2. Correcting for Interferences ........ccovvvevveeeriieeiieeeriee e 53
8.6. EXAMPLE FOR MEASUREMENT CALIBRATION PROTOCOL....55
8.6.1. Calibrating 0'3C-CHua t0 8" CVPDB....voveveveeeeeeeeeeeeeeeeeeeeeeeeeeenea, 55
8.6.2. Calibrating mole fractions to the respective scales...................... 56
9. TOOLS TO ASSESS DATA QUALITY .eoueeoieieieeieneee et 57
9.1. ASSESS INSTRUMENT VARIABLES, RAW DATA, AND DATA
PROCESSING. ..ottt ettt ettt 57
9.2. LABORATORY REPRODUCIBILITY WITH PERFORMANCE
CHART ..ottt ettt et ettt be et enee e 57
9.3. LABORATORY INTERCOMPARISONS: ROUND ROBINS AND
CO-LOCATED SAMPLES......cotiiiieieeeestee et 58
10. TOOLS FOR DATA INTERPRETATION.......ccceoottniiiiniinieieeienieeeeeeseeeees 59
10.1. KEELING PLOT AND MILLER-TANS PLOT ANALYSIS................ 59
10.2.  OPTIMIZING AIR SAMPLING TO ACHIEVE TARGET DQOS....... 61
APPENDIX 1. S3C-CH4 IN AIR AND VPDB SCALE ..o, 63
APPENDIX II. TECHNICAL PROBLEMS, TROUBLESHOOTING................ 65
REFERENCES ... oottt sttt ettt e s seeaeeneeeneeneas 67
GLOSSARY .ttt ettt ettt st b et sttt ettt 77
LIST OF ABBREVIATIONS ....ooiiiiiiiieeeeete ettt 81

CONTRIBUTORS TO DRAFTING AND REVIEW .....ccccciiiiiiiiiiiiiciccieceieee, 83






1. INTRODUCTION
1.1.BACKGROUND

Atmospheric methane (CHy) is the second most important anthropogenic greenhouse gas after
carbon dioxide (COy). It is a major contributor to global climate change as it traps more heat in
the earth’s atmosphere per weight than carbon dioxide. Therefore, decreasing methane
emissions is critical to reduce global warming.

In order to be able to impact methane concentration in the atmosphere, it is important to
understand and track its fluxes and changes in sources and sinks. These can be determined by
using stable isotope ratio analysis, because the different sources of atmospheric methane have
been found to systematically vary in its carbon (0'>C-CH4,see Chapter 3.1for data expression)
and hydrogen (?H-CH4) isotopic composition. For example, CH4 emissions from biogenic
sources are depleted in the “heavier” isotope (*C, ?H), while CH4 associated with fossil sources
is more enriched in these isotopes. The measurements of the isotopic composition of
atmospheric CH4 can therefore allow a better allocation of different natural and anthropogenic
CHa4 sources.

Accurately quantifying CH4 emissions at national and global scales is difficult due to the
widespread distribution of many emission sources. To enhance our understanding, it’s crucial
to collect more isotope data from CHs source regions, particularly those that are currently
underrepresented.

In addition to the scientific demand for increased number of CH4 observations, stakeholders in
national administrations and economies are urgently seeking information about their CHy
budgets, including emission amounts and sources. Notably, as of December 5, 2022, 130
countries have signed the ‘Global Methane Pledge,” committing to reduce their annual CHa
emissions by 30% by 2030 compared to 2020 levels.

Nowadays ¢'*C-CH4 analysis of atmospheric methane is mainly performed using laser
spectroscopy, i.e. optical instruments, which typically measure the isotopic composition of CHs
in the air matrix directly, without requiring complicated preparation steps. These instruments
can monitor temporal changes in CHs and 6'°C-CH4 through continuous observations. In situ
analysers can be utilized to locate and to isotopically characterize individual CHg sources. They
can also be used on mobile platforms, such as cars, to detect, map and isotopically characterize
previously unknown CHj4 sources in rural or urban regions.

The major problem to be addressed is that developing countries do not have expertise in these
techniques and need capacity building to utilize stable isotope analysis methods effectively to
measure the carbon stable isotope ratio of atmospheric CHa.

To enhance our understanding of CH4 emissions at local, regional, and global scales, we need
to provide intensified research efforts and an expanded observational infrastructure. This will
not only improve our knowledge of national CH4 budgets but also allow us to assess progress
toward mitigation targets. To achieve this objective, we need to create comprehensive
guidelines for laboratories that are new to the use of optical instruments for measuring CH4 and
its carbon stable isotope ratios and for interpretating the measurement results.



1.2.0BJECTIVE

This document seeks to provide high-level guidance to laboratories on sampling, measuring,
and interpreting the results of CHs and its carbon stable isotope ratios for characterizing the
sources of CH4 emissions. The overall goal is to find and isotopically characterize methane
sources on local to regional scales, and to attribute sector-specific CH4 emissions based on 6'*C-
CHya source values.

1.3.SCOPE

This publication covers analytical infrastructure, sampling strategies, as well as techniques for
measurement, calibration, data processing, analysis and interpretation of carbon stable isotope
ratio in atmospheric methane. Further emphasis is on technical solutions that ensure that
observations are accurate and comparable, as well as on sustainable data management
techniques, and quality control procedures, to maximize the impact of newly generated data.
While the authors note the importance of &*H-CH4 observations, as well as of radiocarbon and
clumped isotopes in atmospheric CHg, to better understand CH4 processes, these tracers are out
of scope for this document.

1.4.STRUCTURE

This publication consists of ten Chapters and two Appendices. Chapter 2 provides the state of
the art on stable carbon isotope ratio in atmospheric CH4 using laser spectroscopy for CHy
source characterization. Chapter 3 describes the data quality objective of this analysis and
Chapter 4 gives a comprehensive description of assessment of performances of the optical
analyser. An overview on the laboratory design, infrastructure and supplies is given in Chapter
5. Chapter 6 provides a comprehensive review of the gasses used for calibration. The sampling
strategy is described in Chapter 7. Chapter 8 discusses the measurements and data processing
protocols. Tools for assessing data quality and for data interpretation are presented in Chapters
9 and 10. Appendix 1 deals with the traceability of 6'>C-CHa4 values to the VPDB (Vienna
Peedee belemnite) carbon isotope delta scale and Appendix 2 with possible technical problems
when performing the measurements.



2. STATE OF THE ART ON STABLE CARBON ISOTOPE RATIO IN
ATMOSPHERIC CHj4

This Chapter provides an overview about the carbon stable isotope ratio analysis in atmospheric
methane for methane source identification.

2.1.THE VARIATION OF METHANE IN THE GLOBAL ATMOSPHERE

Atmospheric methane (CHy) is the second most important anthropogenic greenhouse gas after
carbon dioxide (CO,). The present atmospheric burden of CHjs is unprecedented in the last
800,000 years [1-3] and has almost tripled since the onset of the industrial revolution, mostly
due to increased CH4 emissions based on human activities (Fig. 1). On a 100-year horizon, the
global warming potential of CHs is ~28 °C [3]. The 6™ Assessment Report (AR6) of the
Intergovernmental Panel on Climate Change (IPCC) assesses that the average additional
warming effect of atmospheric CH4 between 2010-2019 with respect to 1850-1900 accounts
for ~0.5 °C [3] . At the same time, the warming of CO accounts for ~0.75 °C, highlighting the
relative importance of CHj4 as a greenhouse gas [3].
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FIG. 1. CH,; mole fractions reconstructed from Antarctic ice core samples. Left: CHy over the last
800,000 years from EPICA Dome-C ice core (data from Ref. [1]) right: Law Dome ice core and firn
air samples connect CHy reconstructions over the last 2000 years with direct atmospheric CHy
observations (data from Ref.[2]) .

The amount of CH4 in the atmosphere depends on the balance of its sources and sinks. Methane
that is emitted from different sources has been found to systematically vary in its carbon (6'>C-
CHy4, see Chapter 3.1for data expression) and hydrogen (6#"H-CHy4) isotopic composition (e.g.,
[4]). On average, CH4 emissions from biogenic sources are most depleted in the “heavier” or
“rare” isotope (1°C, 2H), while CH4 derived from fossil sources is more enriched in both '3C
and ?H (Fig. 2, Table 1). The isotopic composition of each CH4 source is thus characteristic of
its biogeochemical production pathway. However, the isotopic composition of CH4 from
different source categories may overlap, depending on the sources. Details can be found in a
global database of isotope signatures of various, mainly anthropogenic, CHs sources, which
was presented by [5] and [6], while additional measurements in Europe were reported by [7].
Furthermore, the sink processes that remove CH4 from the atmosphere preferentially reduce
CHa4 molecules carrying the “lighter” isotopes ('>C, 'H); therefore, the CH4 that is remaining in



the atmosphere is enriched in the “heavier” isotopes. This “isotopic fractionation” of the sink
causes the unpolluted background atmosphere to be isotopically more enriched in '*C and 2H
than the emissions-weighted mean of all of its sources (e.g., [8] ), (Fig. 2).

- atmosphere
-120 -
= -160 -
i ®
5 ] gas
= -200 Z
o ] ‘)iomass burmngd
L.S -240 gl coal
an 1
o -280 - waste
I ruminants—g
-320 4 L 2
d rice L wetlands
-360 T T T T T 1

8C of CHy [%o]

FIG. 2. Dual isotope plot of main CHy sources, depending on the biogeochemical production pathway.
Green symbols show values for biogenic CHy, black for fossil CHy and orange for CHy from biomass
burning, respectively. All CH, source values are taken from Ref.[9]. Typical atmospheric 5°C-CH,
and §H-CH, values vary around —47.5 %o and —90 %o, respectively, and are indicated by the blue
star, in line with [8, 10—12].

The CH4 amount in the well-mixed atmosphere reflects the balance of its sources and sinks on
continental to global scales. Likewise, the balance of these source and sink fluxes defines the
isotopic composition of CHy in the well-mixed atmosphere (e.g., [8, 9, 13] For example, the
stable carbon isotopic composition of CHs4 in marine background air shows small, yet
significant variations as a result from changes in global sink and source fluxes (Fig. 3). The
analysis of such measurements suggests that the atmospheric CHs increase since 2007 is likely
due to an increase in biogenic CHs4 emissions (e.g., [8, 14—16]), while an increase in the
emissions of fossil CHy is plausible, but unlikely to be the main driver of the CH4 increase [14].
Furthermore, [17] found that a scenario of decreasing CH4 emissions from biomass burning is
able to close the CH4 isotope budget, while it also aligns with estimates of fossil CH4 emissions
based on methane-ethane ratios. While the exact cause of the CH4 increase on the global scale
is still subject to scientific debate, it clearly highlights the potential of co-located CH4 and &'*C-
CHj4 observations to attribute CH4 emissions to specific CHs sources.
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FIG. 3. Globally averaged atmospheric CHy (top) and 5°C-CHy (bottom) at Earth’s surface at weekly
resolution (blue). The black line is a deseasonalised trend fitted to the data. Data source: NOAA
Global Monitoring Laboratory and INSTAAR (update from the plot in Ref [18], figure provided by Xin
Lan pers. comm. 22" November 2022 (courtesy of X. Lan, NOAA Global Monitoring Laboratory).

The quantification of CH4 emissions on national to global scales is challenged by the widely
dispersed nature of many of these sources [19, 20]. Isotope-enabled CH4 models are
increasingly used to quantify CHs fluxes. However, 6'°C-CH4 source signatures for distinct
source categories vary geographically and temporally and therefore, the quality of the model
results in particular for regional studies relies on the availability of representative data on the
isotopic composition of CH4 sources (e.g., [21]; [6]). Ref. [6] gridded the available 6'°C
signatures of fossil CH4 sources, highlighting the large spatial variability within this source
category (Fig. 4). Furthermore, these data also highlight the lack of data from large regions on
Earth, in line with [4] and [7]. An improved coverage of isotope data from CH4 source regions,
especially from those regions that are currently underrepresented, is urgently needed to improve
isotope-enabled CH4 global models ([6]) and to better understand the variability of atmospheric
CHa.

FIG. 4. Country-level 8°C-CH, source signatures for oil and natural gas production (ONG) and coal
emissions, assumed as time invariant and employed in a global CH; model study. For grid cells

without data, a global flux weighted mean is used. (Reproduced from Ref. [22], with permission). For
regional investigations, emission data with higher geographic and temporal resolution are suggested.

2.2.TECHNIQUES FOR CH4 AND §'*C-CH4 OBSERVATIONS

Traditionally, CH4 stable isotope (6'°C-CH4, 6*H-CH4) measurements have been made using
Isotope Ratio Mass Spectrometry (IRMS), using offline or online preparation / analysis
techniques (e.g., [23-26], for overview see Ref [27]. Common to all techniques is the oxidation



of the target gas CHa to CO> before 6'°C-CO; analysis or alternatively its reduction to Ha prior
to 0*’H-H> analysis. IRMS can provide high instrumental precision in routine use and has the
capability for quasi-continuous operation at monitoring stations; however, it is mostly limited
to measurements of discrete samples in the laboratory, and requires a significant level of
expertise, infrastructure, and expense. Accurate measurements of CHs mole fractions require
additional instrumentation, such as gas chromatography (e.g., Ref. [28]), or optical
spectroscopy (e.g., Ref. [29], and need to utilize reference gases linked to the well-established
WMO X2004A scale (Section 6.5for definition of reference gases).

The advent of optical instruments opened a new window of opportunity to measure atmospheric
CHa and its stable isotope ratios in a single instrument that is more affordable, potentially more
user-friendly, and field deployable. Laser spectroscopy offers a complementary approach for
013C-CHa, 6°H-CH4 analysis, as it does not require chemical conversion of the analyte, but
directly probes selected rotational lines of the CH4 isotopologues '>CHa, '*CHa, '’CH3D (e.g.,
Ref. [30]. Instruments using different detection schemes have been developed and
commercialized, such as direct absorption spectroscopy, cavity ring-down spectroscopy and
off-axis integrated cavity output spectroscopy. These instruments provide data at high temporal
resolution and coverage and are less operationally complex than IRMS; however, achievable
precision levels for 5'*°C-CHs generally exceed the compatibility goals of the WMO-GAW [31]
, unless samples are measured over extended, e.g. 30 minutes, integration periods or instruments
coupled to automated preconcentration devices [32—34].

In cavity ring-down spectroscopy, mole fractions in a gas sample are measured by quantifying
the optical decay rate of a highly resonant optical cell into which the sample has been
introduced. Likewise, an optical analyser for isotope ratios measures isotopologue mole
fractions and then uses this information to calculate isotope ratios (e.g., Ref. [35]). A central
feature for its sensitivity is the high reflectivity mirrors of the optical resonator to realise
effective pathlengths, which can be on the order of tens of km for some instruments [36]. High
selectivity is provided by scanning a single-frequency laser diode across a wavenumber region,
in which the target isotopologues display characteristic spectral features.

Optical analysers typically measure the analytes of interest in the air matrix directly, without
requiring complicated preparation steps, and are therefore able to monitor temporal changes in
CH4 and 6'*C-CHy4 through continuous observations. In comparison to previous IRMS-based
techniques, these analysers enable highly versatile studies: in a central laboratory, like IRMS-
based systems to make continuous ambient air measurements as well as measurements in flask
or bag samples [37], or alternatively at regional observatories [38], or on mobile platforms to
identify local CHs4 plumes [39-42]. With that, optical analysers, especially those that are
isotope-specific, open a new window of research opportunities.

2.3.FIND AND CHARACTERISE INDIVIDUAL CH4 SOURCES

In situ analysers for CH4 and 6'>C-CHa can be utilized to locate and to isotopically characterize
individual CH4 sources. By sampling across a range of CH4 enhancements from a single CH4
source (such as a wetland, landfill, oil facility, feedlot, etc), researchers may utilize Keeling
Plot or Miller-Tans analysis (Section 10.1) to characterize the isotopic value of that source,
(e.g., Ref. [37] ). Several studies used in situ CH4 analysers on mobile platforms (i.e., cars) to
detect CH4 emission plumes at street level. Air from detected plumes was then sampled in bags
for subsequent isotope analysis in the laboratory (e.g., Ref. [39—42]). For example [44]
measured methane plumes and §'*C-CHs around a proposed shale gas extraction site in a rural
area in western Lancashire, England. In addition to measuring sources of methane above



background levels, they were able to isotopically characterize these to fossil fuel sources,
biogenic sources from agriculture, and waste. These data will allow researchers to distinguish
and quantify emissions at the site where gas production takes place. In combination with high-
resolution GPS data, these observations were used for isotopic mapping of CH4 sources (Fig.
5). Permanently deployed CHjs isotopologue analysers generate time series of high temporal
resolution, allowing for the isotopic characterization of CH4 sources across entire regions,
including their variability with time (e.g., Ref. [38] ). Optical CH4 analysers have also been
used on mobile platforms, such as cars, to detect, map and isotopically characterize previously
unknown CHjy sources in rural or urban regions (e.g., Ref. [37, 43]). Potential CH4 sources to
be characterized include CH4 emissions from livestock farming, wastewater treatment plants,
landfills as well as emissions associated with fossil fuel exploration and distribution.

More high-quality 6'*C-CHa source values are urgently needed to improve source attribution in
regional and global CHg studies (e.g., Ref. [7, 15, 21, 22]).
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FIG. 5. Example of isotopic mapping of CHy sources (reproduced from Ref. [40],with permission).

2.4. ATTRIBUTING CH4 EMISSIONS TO SPECIFIC SECTORS USING 6'3C-CHs AND
OTHER TRACERS

Analyzing CH4 and 8'*C-CH4 measurements in combination with knowledge on the isotopic
composition of regionally significant CHs sources (e.g., Table 1) enables the attribution of
observed CH4 plumes to specific CH4 emitting sectors. For example, observations of biogenic
CH4 emissions will increase CH4 mole fractions and simultaneously lower 6'>C-CHa, while
fossil CH4 emissions will typically increase both CHs mole fractions and &'*C-CHa.
Researchers use mixing models, e.g., Keeling Plot or Miller-Tans analysis (see Section 10.1),
to derive &'*C-CHa values of a source, and in reverse to interpret ambient air measurements by



comparison with sector-specific 8'*C-CH4 source values (Table 1). Furthermore, it is beneficial
to quantify ethane (C2Hg), which is co-emitted with fossil CH4 emissions, but not with biogenic
CH4 emissions. FEthane can be measured by some 6'°C-CH4 analysers (e.g., Ref. [45]).
Multiple-tracer methods (e.g., CH4, 6'3°C-CH4 and C2Hg) provide a powerful analytical tool to
attribute CH4 emissions to specific sectors. Lowry et al. [40]; Maazallahi et al.[39] and
Fernandez et al. [42] use a triple-tracer approach to attribute detected plumes to emissions from
waste, industry and agriculture, or leaks in the natural gas networks (e.g., Fig. 5). Rockmann et
al. [10]; Menoud et al. [11] and [46] use continuous CH4 and &'3*C-CH4 observations from tower
and roof-top measurements to determine changes in the relative contribution from specific
sectors across spatial scales of several 10s of kms using atmospheric modelling approaches.

TABLE 1: AVERAGE AND STANDARD DEVIATION OF 6*C-CH; SOURCE VALUES FROM [47], ®
FROM [48], AND ® FROM [49] .

CH4 Source 83C-CHa4 [%o] Simultaneous C:Hs Emissions
Ruminants —-65.4+6.7 no

Rice paddies —-62.2+3.9 no

Wetlands —-61.5+54 no

Termites —-63.4+64 no

Waste -56.0+7.6 no

Biomass Burning -26.6+4.8 yes

Fossil Fuel —44.8 +10.7 yes

Range in Mixed Troposphere Around —47.5 (¥) Around 200 — 2000 pmol/mol (#)

2.5.URGENT NEED FOR INTENSIFICATION OF CH4 OBSERVATIONS

Besides the scientific demand for intensified observations of CHs to close observational gaps,
there is an urgent need from stakeholders in national administrations and economies to know
their CH4 budgets — both with respect to the amount of emissions, and where they are coming
from. In 2015, 196 countries adopted the Paris Agreement of the United Nations Framework
Convention on Climate Change (UNFCCC), as a legally binding international treaty to limit
global warming to 2 °C, and peruse efforts to limit it to less than 1.5 °C [50]. Because of its
relatively short atmospheric lifetime (9.1-11.8 years, [51]), and because of its large global
warming potential (GWP-100 27-30, [51]), reducing CH4 emissions can provide a vital
consideration to limit global warming below 1.5 °C (Collins et al., 2018; Nisbet et al., 2020).
Reductions of anthropogenic CH4 emissions have been discussed as an attractive opportunity
to address climate change [52, 53] and it was estimated that the societal benefits of reducing
anthropogenic CH4 emissions for most, i.e. > 75 % of the identified abatement technologies /
policy options, outweighs the implementation costs [54]. Many countries have therefore
prioritized the mitigation of CH4 emissions. By 5™ December 2022, 130 countries have signed
the “Global Methane Pledge” and committed to cut their annual CH4 emissions by 30 % until
2030, relative to 2020 levels [55].

Intensified research efforts as well as an expansion of observational infrastructure are urgently
required to better understand CH4 emissions on regional and global scales [56]. This will
improve our knowledge of national CHs4 budgets and furthermore provide a way to test
achievement of mitigation targets.



3. DATA QUALITY OBJECTIVES (DQOS)

This Chapter provides guidance on DQOs for the carbon stable isotope ratio analysis of
atmospheric CHa.

3.1.UNITS AND QUANTITIES

The quantities intended to be measured, i.e., the measurands [57] are the mole fraction of
methane in dry air (which includes all gaseous species except water) and the isotope delta
values, the relative difference of isotope ratios, of methane. For expression of stable isotope
ratios, the guidelines provided by [58] have been followed. The following definitions and units
are used throughout this document:

Methane mole fractions are provided in ppb = nmol mol! = 10~ mole of CHs per mole of dry
air (dry air includes all gaseous species except water). The WMO recommends the application
of specific mole fraction scale realisations, for example WMO CH4 X2004A for CH4 mole
fractions [59] (Section 6.2).

Isotope deltas are expressed in multiples of 0.001, designated %o or "per mil" and defined by:

R(ISC/UC)sample - R(13C/12C)VPDB

13
o) Byors'C =
veoa(°C) VPDB RC3CIC)vmon

(1

R(?H/'H)sample - RCH/"H)vsmow-sLap
R(PH/"H)vsmow-sLap

Sysmow-sLap( “H) or 52HVSM0W-SLAP: (2)

where R("X/™X) is the isotope ratio of the heavy-to-light isotope of the element (C or H) in the
sample or the standard. The international isotope ratio scale for carbon is VPDB (Vienna Pee
Dee Belemnite, 8'*Cvppgs) and for hydrogen is VSMOW-SLAP (Vienna Standard Mean Ocean
Water-Standard Light Antarctic Precipitation, #Hvsmow-sLap).

3.2.COMPARABILITY, COMPATIBILITY, AND REPRESENTATIVENESS

Data quality objectives (DQOs) are qualitative and quantitative statements that clarify the
objectives of observations, define the appropriate type of data, and specify tolerable levels of
uncertainty. DQOs are used as the basis for establishing the quality and quantity of data needed
to support decisions [60]

Target applications within the framework of this guideline are techniques for the sector-specific
detection of CH4 sources by isotopic analysis. The prime focus is on the measurement and
interpretation of local CH4 sources, where isotopic signatures of an unknown source (or a source
mixture) are retrieved from temporal variations in ambient air CHs mole fractions and 6'*C-
CHj4 data using a mixing model. Isotopic signatures are then used to disclose the identity or the
relative share of source processes. Example studies are methane mapping at street level on city
scale, or in plumes of different CH4 emitters as published by Rella et al. [45], Von Fischer et
al. [61] , Hoheisel et al. [37]; Maazallahi et al. [39]; Lowry et al. [40]; Menoud et al. [46];
Fernandez et al. [42] , Saboya et al. [62] , and Defratyka et al. [43]).

Another, technically more challenging topic is the continuous analysis of ambient air CHa, 6'*C-
CH4 and optionally 6*H-CH4 at remote monitoring stations or tall-towers to investigate CHa
sources within the atmospheric footprint of the locations. Using atmospheric modelling
approaches, this provides sector-specific emissions from regional [10, 11, 63] to global scales
[14, 22, 64]. Although there is no clear distinction from the above, applications at remote



locations are characterized by smaller trends and gradients in CHa, §'>°C-CH4 and measurements
are therefore accomplished by high-accuracy IRMS or preconcentration-laser spectroscopy.
Nevertheless, the stringent DQOs required for data interpretation are difficult to achieve given
current limits in analytical and scale transfer uncertainties.

DQO with respect to this Guideline include measurement uncertainty, repeatability, inter-
laboratory or network compatibility and number of data points. A comprehensive overview and
discussion of uncertainties and DQOs is provided by the “Guide to the expression of uncertainty
in measurement (GUM)”’[65] and the WMO-GAW Report #255 [31].

3.3. DQO CRITERION FOR OBSERVATION GOALS

A guidance on how to identify DQOs for the envisaged target applications are here provided.
It will focus on near-source analyses of CHs mole fractions, 6'°C-CHs (and ¢*H-CHa) and
subsequent data analysis with Keeling plot [10, 66], or Miller-Tans [67] mixing models but will
also give indications for monitoring at remote locations and interpretation using larger scale
atmospheric modelling approaches. The inter-laboratory compatibility objectives for CH4 mole
fractions and isotope delta values recommended by the expert meeting for the GAW
Programme [31] provide an indication on the laboratory agreement that is required within an
observation network, which provides guidance when setting DQOs for instrumental
measurement uncertainty. Due to the diverse applications envisaged, only characteristic figures
are given.

3.4. CONSIDERATIONS

— For regionally focused studies with large local fluxes, or services related to urban air
quality, focusing on relatively large measurand variability in space and time, the expert
meeting for the GAW Programme recommends extended network compatibility goals
of +5 ppb for CH4 mole fractions, £0.2 %o for 6'*C-CH4 and £5 %o for 6°H-CHa4 (95%
confidence level or coverage factor k=2), respectively. Alternatively, the GAW
Programme suggests network compatibility of 5 % (or better) of the excess dry air mole
fraction over the appropriate local background.

— The very stringent compatibility goals for measurements of well-mixed background air
are £2 ppb for CHs mole fractions, +0.02 %o for §'3C-CHa4 and £1 %o 6*H-CHa, (95%
confidence level or coverage factor k=2), respectively.

— Laser based spectrometers offer the potential of operators to meet the WMO/GAW
compatibility goals for CH4 mole fractions, for both studies with large local fluxes and
measurements of well-mixed, regionally representative air [68].

— The measurement precision achieved within IRMS laboratories for 6'*C-CHa4 (and ¢*H-
CHa) is usually significantly better than the measurement precision that can be achieved
with off-the-shelf optical instruments [69]. A currently ongoing laboratory comparison
highlights that IRMS laboratories measuring isotopes in atmospheric CH4 can meet the
extended network compatibility goals and potentially also the network compatibility
goals for 61°C-CHa, if a unique set of reference gases was available [70].

— The uncertainty of ¢'*C-CH4 and 6°H-CH4 source signature values, which can be
extracted from a dataset by using a Keeling plot or Miller-Tans approach (Section 10.1),
is in addition to instrumental measurement uncertainty mainly determined by the
enhancement of CH4 mole fractions above background and the number of data points.
The Keeling plot approach, in addition, presumes constant isotopic composition of the
local CH4 source and stable CH4 mole fractions and isotope ratios in the background air
[66]. In contrast, the Miller-Tans approach can be applied under variable background
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air conditions, by pairing background air and plume sample for analysis of ¢'3C-CHa4
source values [67]. Therefore, background air variability needs to be assessed and
implemented into the study design. A procedure to estimate requirements for CH4 peak
height and number of data points for a specific analyser with defined analytical
uncertainty to reach a target uncertainty for source signatures is provided by Hoheisel
et al.[37] (Section 10.1).

3.5. ONGOING RESEARCH

In contrast to CH4 mole fractions, compatibility goals for 6!°C-CH4 and °H-CH4 measurements
are more challenging. Inter-comparison measurements between IRMS laboratories revealed
differences in measurement results, around 0.5 %o (6'*C-CHa4) and 13 %o (6°H-CHa), which is
significantly larger than the WMO / GAW extended network compatibility goals [69].

A currently ongoing round robin exercise shows that many of the laboratory offsets have been
consistent over several years (unpublished data), demonstrating the stability of local scale
realisations; this suggest that discrepancies can therefore be attributed to inconsistencies in
calibration approaches (see Section 6.3).
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4. ASSESSMENT OF ANALYSER PERFORMANCE

In principle, laser spectroscopic measurements of CHs mole fractions and 6'*C-CH4 values have
the potential to be intrinsically accurate (SI-traceable) provided that the intensity of the
analyzed '>CH4 and '*CHa absorption lines are known and the pressure-broadening mechanism
i1s well understood [30]. However, the factory calibration of an analyser only provides a first
indication of results but may not be trusted as an accurate measurement. Consequently, a
sufficient level of accuracy can only be achieved by calibration against gas standards, which is
described in detail in Section 6.

This calibration is valid for a particular set of conditions, e.g., spectrometer configuration,
pressure, temperature and the composition of measured gases. As changes in the instrument’s
status occur due to variations in cavity temperature, pressure, or laser wavelength, calibrations
need to be repeated in regular time intervals. Sections 4.1 and 4.2provide guidance how to
evaluate instrument stability / drift and derive optimal averaging times for sample analyses and
frequency of calibrations. The extent to which an analyser drifts depends on the instrument
type, model or even single device, and might not be constant over time as well as depend on
the range of CH4 mole fraction or isotopic composition [45].

Users need to adapt the composition of calibration gases to their sample as the analyser reading
might be affected by differences in mole fractions of main air constituents (for ambient
measurements: Na, O, Ar), trace gases with spectral interferences and CHs. Section 4.3
provides a procedure to assess the stabilization time of a setup, an important characteristic to
decide on the timing of measurements. Note that test gases need to be used for these assessments
to minimize the consumption of valuable calibration gases (Table 3). Sections 4.4 and 4.5 give
advice, how to characterize these effects, formulate correction functions and estimate threshold
values for post-measurement correction.

4.1. ALLAN VARIANCE

In general, the variability of measurement results includes both frequency independent “white”
noise, and frequency dependent noise, considered as instrument drift. Averaging the analyser
output over time reduces random variations (white noise), while instrument drift increases. The
optimal averaging time and achievable precision before instrumental drift deteriorates results
can be estimated with the Allan variance technique [71, 72]. The Allan variance technique
provides information on optimal averaging times and associated precision targets for analyses
of samples of constant composition (cylinders, glass flasks, or sample bags). It also informs
how frequently calibration cylinders need to be measured. This information can be utilized
when building analytical sequences for sample measurements and calibrations. As analysers
from the same manufacturer series can achieve different performance levels, the Allan Variance
needs to be determined for each individual analyser [73]. Researchers create Allan plots by

plotting the Allan variance g*(X) or its square root, the Allan standard deviation (o(t)), over

the averaging interval t on a log-log plot. The main steps in Allan variance experiments
include:

— Analyze a test gas for an extended period of time, typically between 24 and 48 hours.
The gas needs to be of constant composition and representative of the CH4 mole fraction
of the target application. In addition, Allan variance tests need to be repeated using a
gas mixture with enhanced CHs mole fractions (e.g., 10 ppm CHas) to assess the
changing instrument performance with varying CHs mole fractions. Use test gases such

12



as T-1 to T-4 (Table 3) for these experiments, valuable reference gases may not be used
for this purpose.

— Implementing the Allan variance technique requires applying an appropriate software
package or customized programming. Thereby, for a given averaging interval t,
sequential block averages y(t); are calculated by dividing the measurement data into N
time intervals. The Allan variance o is then determined by summation of the squared
differences of consecutive sequential averages y(t); and y(t)i+1.

(1) = — T [¥(@y,, — @, 3)

— Create the Allan plot and determine the averaging time where the Allan Variance or the
Allan standard deviation shows its minimum before it rises again (Tav-min in Fig. 6). This
time interval needs to be applied to future instrument calibrations and sample
measurements to reach maximum precision.

— The minimum averaging time (Tmin) to reach DQO’s can also be determined from the
Allan plot. An example is provided on the top panel in Fig. 6, which shows a schematic
Allan plot for an arbitrary tracer using arbitrary mole fraction units on the y-axis. The
black line represents the Allan standard deviation, and the horizontal red line indicates
the DQO. The first intersection of DQO and Allan standard deviation indicates the
minimum averaging time (Tmin), Where measurements at the given mole fraction achieve
DQOs.

— The Allan plot also provides an indication of tmax as the upper time limit, after which
the precision, due to instrumental drift, exceeds DQOs (Fig. 6). Tmax needs to be applied
as the time interval between instrument calibrations, to ensure that long-term drift does
not deteriorate the optimal instrument performance and therefore fail DQOs.

The lower plot in Fig. 6 presents a practical example for a typical Allan plot from a CRDS
analyser [45]. Averaging the high frequency data over longer time intervals (several minutes to
hours) reduces the influence of instrument noise and increases the precision of the
measurement. For the presented example, integration of measurement results over 1000 s (16.7
min) provides a precision for 6'>C-CHs at 1.78 ppm CHy in the range of 0.2 %o. With further
averaging 6'°C-CHy precision improves below 0.1 %o (t> 10’000 s). To avoid detrimental
effects of drift on data quality, sample and calibration gas measurements need to be completed
before the Allan standard deviation increases above the DQO limit (not shown on the plot).
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Allan plot schematic
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FIG. 6. Top: Schematic to show principal information that can be derived from an Allan plot.
Intercepts of Allan standard deviation (black line) and DQQO (red line) provide Tyin and Tyax. Tav-min IS
the averaging time to achieve maximum precision. Bottom: Example Allan plot for CH; and C>Hs mole
fractions and 6">C-CHy analyzed by a CRDS analyser (Picarro G2132-i). Improved precision with

averaging time, resulting in Allan standard deviations below 1 %o and 25 ppb for 6> C-CH, and C>Hj
for I minute of averaging. (Reproduced from Ref. [45], with permission).

4.2. LONG-TERM DRIFT EFFECTS

For timescales of several days or months, considerably larger drift effects might occur than
those observed with the Allan variance technique. The main steps to analyse long-term drift
effects include:

— Analyse sample gas (or multiple sample gases) — with a constant composition that is
representative for the target application for several days or even weeks. Measurements
can be done continuously or repeatedly for time intervals corresponding to the Allan
minimum. Optionally, alternate measurements between several gases with ambient air
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or ambient air at enhanced CH4 mole fractions provided in high pressure cylinders. Note
that valuable reference gases may not be used for this purpose.
— Plot temporal trends of CH4 mole fractions and delta values and evaluate the data.

The example in Fig. 7 indicates that when analysing sample gas from high pressure cylinders
at constant composition on a CRDS analyser over several days, apparent '°C-CHs values can
vary considerably for ambient or sub-ambient CHs mole fractions. In contrast, variations in
63 C-CH4 are much smaller for enhanced CH4 mole fraction of 10 ppm. Selection of an
appropriate calibration and drift correction strategy will depend on the analyser performance
for representative sample gases and the target data quality. The frequency of calibrations needs
to be adjusted to resolve the observed instrument drift, relevant with respect to DQOs, so that
instrument drift can be monitored and corrected for. The calibration strategy will be discussed
in more detail in Section 6.
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FIG. 7. Example of apparent 6" C-CH, values analysed by a CRDS analyser (Picarro G2132-i) in
sample gas from three cylinders at sub-ambient, ambient and enhanced CH; mole fraction levels
without intermittent drift correction. The plot indicates enhanced drift at ambient and sub-ambient
compared to higher CH,; mole fractions (reproduced from Ref. [45], with permission). Offset in 6> C-
CH, between individual cylinders are due to different isotopic compositions of the applied gases.

4.3. STABILIZATION TIME (MEMORY EFFECT)

The stabilization time, i.e., time required to read out a representative result after switching
between different gas samples is an important characteristic to design an experiment or a
sampling strategy. The instrument response is a function of the volumes and geometry of the
complete analytical setup, including its inlet system, e.g., dehumidification etc., at a given
sample flow rate. The stabilization time is the sum of lag time and response time (e.g., t90, 90
% of final signal, see below for definitions) and can be determined with the following
experiment:

— Establish the experimental setup, comprising of inlet system and analyser and set

typical gas flows, pressures etc. Sequentially provide two different sample gases for
30 minutes each and repeat cycles at least 3 times. Sample gases "A" and "B" need to
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be sufficiently different, for example in CH4 mole fraction, to detect gradual changes
in analyte composition.

Plot temporal trends of CH4 mole fractions and delta values and evaluate the data for
lag time and response time (e.g., t90). The lag time is the time interval between gas
switch from "A" to "B" and the point in time, when the first instrument response can
be detected. The response time is the time interval between the first instrument
response and the point in time, when 90% of final signal ("B") is reached.

The sum of lag, response and analysis time define the minimum measurement time
and the minimum gas volume required per sample. This minimum requirement needs
to be considered in the instrument tests in Sections 4.4 and 4.5.

4.4. AMOUNT DEPENDENCE

If the CH4 mole fraction changes in the sample gas, this may affect measured delta values, as
has been observed for different isotope systems (6'*C-CHa, 6°H-CHa, 6'N-N,0, 6'30-N,0,
etc.) and laser spectroscopic detection schemes (e.g., CRDS, OA-ICOS and direct absorption
spectroscopy) [32, 38, 45, 74]. This effect can introduce large deviations of the apparent from
the true delta values; therefore, dependencies need to be characterized as part of an initial
evaluation period for individual analysers and eventually for calibration schemes. The main
steps of the experiment are:
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— Dynamically dilute a high mole fraction CHs standard in an ambient air matrix with

a CHs-free air to different CH4 mole fractions relevant for the desired application and
analyse the gas mixture (Fig. 8). The minimal measurement time needs to comply
with the sum of stabilization time of the instrumentation (4.3) and the sample analysis
time (4.1). In-between each CH4 mole fraction step-change, set the dilution ratio to
ambient CH4 mole fractions to perform a reference measurement. Ensure that
potential changes in 6'*C-CH4 values during this characterization are only due to
changes in CH4 mole fractions, and not to other effects such as instrument drift.

Plot the §'*C-CHs instrument response versus CH4 mole fractions and inverse CHa
mole fractions to characterize the relationship and to assess whether effects are
significant.

Derive a mathematical correction function for the effect of variable CHs mole
fractions on the ¢'3C-CH4 instrument response. This function can then be used for
data post correction, if required (Section 8.5.2).
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FIG. 8. Example setup to characterize the amount dependence of a CRDS analyser (reproduced from
Ref. [45] with permission).

4.5. GAS MATRIX EFFECTS AND SPECTRAL INTERFERENCES

If mole fractions of atmospheric trace gases (H.O, CO,, CO, C;Hg etc.) or main constituents
(e.g., N2, Oz, Ar) differ considerably between sample and reference gas, this may result in an
offset of the reading of the optical analyser for CH4 mole fractions and 6'°C-CHa [32, 37, 45,
75]. These effects introduce a measurement bias if the reference gas composition does not
reflect the sample gas, or if the sample gas composition changes over time (e.g., close to source
measurements or laboratory incubation studies). The required level of consistency between
sample and reference gas composition in an interfering compound depends on its effect on the
specific analyser and the acceptable level of deviation. If the effects exceed DQOs, a correction
may need to be applied.

Similar care needs to be taken when diluting samples prior to analysis, to make use of synthetic
air with appropriate N2, O2, and Ar and trace gas composition. The physical basis behind these
phenomena are spectral interferences for trace gases with absorption lines in the operating range
of the analyser (Fig. 9) and differences in pressure broadening by main atmospheric constituents
[76]. For standard applications, trace gas effects might be reported in manufacturer's technical
specifications and published instrument tests. Table 2 provides an overview of gas matrix
effects and spectral interferences reported for example commercial CRDS analysers for §'3C-
CHs. The numeric value of a cross interferences for other devices of the same model may
deviate and therefore needs to be experimentally determined. Note that optical instruments from
other manufacturers are sensitive to gas matrix variation as well [32]. To our knowledge, these
are less well documented in the literature and would need to be defined by the operators.
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TABLE 2: EXAMPLES FOR GAS MATRIX EFFECTS AND SPECTRAL INTERFERENCES OF EXAMPLE

CRDS ANALYSERS|[37, 38, 45, 75].

Instrument | Gas species Estimated effect on Notes References
(formula) 03C-CHy4
Picarro Oxygen (02) +0.173 £ 0.023 %0 %! Independent of CH4 mole [45]
G2132-i1 (0)3 fraction
Argon (Ar) ~+0.4 %o %-1 Ar Independent of CH4 mole [45]
fraction; estimated from O»
dependence
Water vapour <% 1 %o 0-2.5 % H,O and 1-15 ppm | [45]
(H0) CH,4
Carbon dioxide <=£0.5 %o 200-1800 ppm CO> and 1- [45]
(COy) 15 ppm CH4
Ethane (C,Hg) +35 %o ppm CH4 (ppm Inversely proportional to [45]
C,He)! CH4 mole fraction
+58.56 %o ppm CH4 Inversely proportional to [38]
(ppm CoHg)™! CH, mole fraction
Ammonia (NH3) | -7.0 %o ppm CH4 (ppm Inversely proportional to [45]
NH;y)! CH4 mole fraction
Picarro Water vapour -0.54 £ 0.29 %o %' HO | Tested range: 0.16 to 1.5 % [37]
G2201-1 (H0) HO
Ethane (C,Hs) +40.87 + 0.49 %o ppm Tested range: up to 0.7 ppm | [37]
CH4 (ppm Csz)’1 C>He (ppm CH4)'1
Carbon dioxide (1.25+0.94) x 10* ppm | Interference on C,Hs; tested | [37]
(CO») C>Hs (ppm CO»)! range up to 600 ppm CO,
Methane (CHy) 0.0077 = 0.0007 ppm Interference on CHg; tested | [37]
C>Hs (ppm CHy)! range up to 10 ppm CH4

Some previous studies indicate comparable correction factors for different CRDS analysers of
the same model type, and no temporal changes [74, 75], while other manuscripts indicate
differences (see Table 2: G2201-i C2Hg interference on 6'°C-CHa). Consistency of interferences
are plausible for instruments scanning the same spectral range and applying identical
quantification algorithms; however, this may not be generalized without further testing. For
novel applications with nonstandard or highly variable non-analyte trace gas mole fractions,
researchers might consult spectral databases [76] or perform specific tests to investigate
interferences. The following procedure can be applied to test the effect of interferants and
develop correction functions:
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4.5.1. Make measurements

— Dynamically mix a high mole fraction CH4 standard (test gas T-6, Table 3¢) and the

interferant gas (e.g., CoHs, T-7), both in an ambient air matrix with CHy-free air (T-5)
with mass flow controllers to make up sample gas with different interferant mole
fractions but constant CH4 mole fractions and delta values.

In-between each interferant mole fraction step-change, perform a reference
measurement, i.e., analyse a gas sample with similar CH4 mole fractions and ¢'3C-CH4
but without interferant (or at ambient mole fractions).

Repeat tests at different relevant CH4 mole fractions. For non-reactive interferant gases,
static gas mixtures, prepared in gas bags, might be analysed alternatively.

Similar to the above, interferences of trace gases (e.g., CO2, CHs) on analyte mole
fractions (e.g., C2He) have to be considered and if necessary characterized and corrected.
These effects are listed in Table 2 and described in literature (e.g., Ref. [37] ). An
exemplary set of cylinders applied for these tasks are TS-T8 in Table 3. The analysis of
results and limits/procedures is done in accordance with points given below.



4.5.2. Analyse results

— Plot apparent CH4 mole fractions and 6'*C-CHy values versus interferant mole fractions
for all measured CH4 mole fractions.

— Characterize the mathematical relationship to identify whether effects are significant for
interferant mole fractions expected in the sample. In general, the deviation of the
analyser output from the true (undisturbed) signal for &'*C-CH4 for spectral
interferences has been found to depend linearly on the mole fraction of the interferant
and on the inverse of the CHs4 mole fraction. Consequently, correction factors are
reported as %o per [interferant] / [CH4]. For the gas matrix effect, the correction factors
are reported as %o per [interferant]. No effect of CH4 mole fraction changes on apparent
gas matrix effects has been observed by [45].

4.5.3. Set limits/procedures

Define a maximum acceptable level of deviation of apparent 6'*C-CHj from true values due to
a spectral interference, considering DQOs. Calculate the mole fraction of the interferant, using
the above correction factor, at which the deviation exceeds the maximum acceptable level at an
anticipated CH4 mole fraction. Use this interferant mole fraction as a threshold value to decide
whether or not a correction needs to be applied. In subsequent sample gas measurements, mole
fractions of interferant gases need to be known or analysed for sample and reference gases.
Whenever interferant effects are above acceptable levels, correction functions need to be
applied to minimize measurement biases. Estimate the uncertainty of corrections in accordance
with Section 6.8.

Alternative to mathematical corrections, trace gas effects can be minimized by either removal
of the interferant, which is generally applied for water vapour, or balancing of trace gas mole
fractions in the reference to the sample gas. Special attention needs to be paid to cross-
interferences of laser spectroscopic measurements with H>O vapour, as this might cause three
different effects on the analyser response. These include: i) a dilution effect, as CH4 mole
fraction is reported relative to dry air; ii) a gas matrix effect on CH4 mole fraction and isotope
delta values; iii) and spectral interferences, if water lines exist in the analysed spectral range.
Most commercial laser spectrometers account for cross-interferences with an implemented
water vapour correction. However, the influence of water vapour is instrument-specific and can
vary with time. Both aspects are usually not covered by the internal water correction of the
instrument. Therefore, it is suggested to reduce the influence of H>O by drying the air sample
prior to analysis. Rella et al. [45] recommend mole fractions of water vapour below 0.1%,
which can be achieved by using a counter-flow membrane dryer or cryogenic H>O trapping
[77]. For details on the setup see Section 7.6.4.
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FIG. 9. Spectra within the frequency range at 6028 cm™ (left) and 6056 cm™ (right) covered by an
example CRDS analyser (Picarro G2132-1). Spectra for methane isotopic species, water vapour and
carbon dioxide were simulated from HITRAN (T = 45°C, p = 197 mbar), while the ethane spectrum
was obtained experimentally by analysis of an ethane reference gas using CRDS (reproduced from

Ref. [45]),with permission).
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5. LABORATORY
5.1. LABORATORY DESIGN AND INFRASTRUCTURE

The requirements for a laboratory space are quite simple. Laboratory spaces need to be clean
and dry for assembling and repairing instrumentation and inlet systems.

Most important is that the power supply meets the needs of the analyser and is stable. Power
outages are not only disruptive to measurement, but they can also be damaging to the
instrumentation. Ideally, Uninterruptable Power Supply (UPS) systems need to be in place to
safeguard instrumentation and data.

Variation in laboratory temperatures can strongly impact isotope delta measurements. While
optical analysers may include sophisticated internal temperature control around the analytical
cell, instrument peripherals, such as pressure regulators on reference gas cylinders and gas inlet
systems may be sensitive to strong temperature gradients. Therefore, laboratories need to be
temperature stabilized. Also, direct sunlight on any parts of the analytical setup needs to be
avoided, as this can introduce measurement biases that scale with daily sunshine hours.
Instrument manufacturers need to be consulted as to the sensitivity of their instruments to
temperature changes in the laboratories, and this needs to be thoroughly tested in the laboratory.
Deployment of instruments in mobile platforms needs also to consider temperature control, like
air conditioning in cars. Especially when running instruments in parked vehicles, or in boxes,
which are exposed to increased solar radiation, overheating of the instrumentation and thus data
loss or even damage to the instrument can easily occur. Analysts need to be aware of additional
environmental factors that potentially impact the instrument and apply mitigation measures, for
example to account for vibrations.

Other laboratory infrastructure to consider include oil-free compressed air for pneumatic valves
(if used), tools for cutting and cleaning clean tubing for sample inlets, and drying systems for
humid air such as counter-flow membrane driers or cryogenic chillers. More details about inlet
design will be provided in Section 7.

5.2. LABORATORY SUPPLIES/CONSUMABLES

Unlike other instrumentation for stable isotopes, optical analysers use relatively few
consumables:

5.2.1. Gases and gas supply

The most important material needed for methane isotope measurement is calibration gases,
discussed in Section 6. These take time to prepare, so researchers need to consider their
calibration needs and have cylinders filled and measured well before they are required for the
measurements. Most analysers also require carrier or standby gases such as nitrogen or dry air.
Samples that need dilutions might require methane-free air. All cylinders will need two-stage
pressure regulators for high-purity applications with pressure settings appropriate for their use.
Sample preparation may require liquid nitrogen, trapping materials, etc. These consumable
need to be taken into consideration well before they are required, i.e., before the measurements,
especially when instruments are deployed into remote regions. Further precautions will need to
be taken when transporting compressed or liquified gases.
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5.2.2. Plumbing components

Tubing made of high-purity stainless steel or other high-purity materials with leak-tight
compression fittings need to be on hand to connect gases to the analyser. Avoid tubing made
from polymers or metals that are not cleaned after manufacturing processes and that are not
certified for high-purity applications. Mass flow controllers (MFC) or needle valves are useful
for regulating gas flows to the instrumentation. For field campaigns in remote regions,
researchers need to consider having spares, as well as the required tools to implement any
repairs. High quality valves with the lowest certified leak rate need to be used, as leakage has
potential to cause isotope fractionation and/or cause contamination from laboratory air that may
contaminate the sample.

5.2.3. Tools

Tools dedicated for laboratory use, clean, and good quality. Tools for tubing applications need
to include metric and imperial wrenches, screw drivers, tube cutters suitable for 1/16” to 1/4”
tubing, and tube benders for 1/8” and 1/4”. An accurate gas flow meter in appropriate range
(e.g., 0-500 mL/min) is essential to measure and adjust flow rates.

5.2.4. Chemicals

Molecular sieves and magnesium perchlorate can be used as desiccants. Molecular sieve is the
best choice to dry the drying air in a counter-flow dryer (Section 7.6.4, Figure 11) to avoid
disintegration during water saturation. Magnesium perchlorate is a good choice as desiccant for
example when taking flask or bag samples. Experimental verification is required to ensure the
use of desiccants does not introduce measurement bias. A counter-flow membrane drying unit
or cryogenic chiller is suggested for dehumidification under continuous operation. To achieve
low water vapour contents a counter-flow membrane drying unit / cryogenic chiller in
combination with desiccants can be used, which increases the stand-time of the chemical traps
(more details in Section 7.6.4).

5.2.5. Extra

A soldering station for electrical repair is very helpful. Other helpful resources include
capabilities for glass blowing, stainless steel welding, and stainless-steel milling.

5.2.6. General on components and consumables

The measurement of isotope ratios in CH4 can be impacted by contamination with non-suitable
materials, such as outgassing from polymers or contamination with hydrocarbons, such as oils
and grease from manufacturing processes. Materials and components that are in contact with
the air sample (wetted components) need to be certified for high-purity research applications.
Non-compliant components may degrade the quality of the measurements at best, or
contaminate the entire analytical system, including the analyser at worst. To prevent
contamination, all materials need to be certified for high-purity applications.
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6. CALIBRATION GASES

The following calibration approach follows GAW recommendations for the most accurate and
compatible observations [31]. Data generated using this approach maintain high accuracy over
long periods of time and can therefore be directly compared to data from other laboratories
following the same approach. For the isotopic characterization of local 6'>C-CH4 source values,
however, the GAW approach may exceed practical needs, especially for the mole fractions of
the measured gases. For instance, CHs mole fractions in an isotopic source study (e.g., inside a
barn or at a wastewater plant) may well be outside the range covered by the respective WMO
scale and are mainly determined by the ventilation rate. However, accurate knowledge of mole
fraction and isotope ranges is critical, for example for the correction of spectral interferences in
optical analysers (Section 4.5). Accurate assignments of mole fractions and isotope ratios of
samples through comparison against certified reference materials including their uncertainties,
is critical to achieve internationally compatible results.

6.1. INSTRUCTIONS FOR CALIBRATION GASES

To achieve high-quality measurements, the system operator needs to apply a suitable instrument
calibration and quality control strategy. This is typically accomplished by using a well-designed
suite of calibration gases that allows assessing systematic instrument effects and that is matched
to the composition of sample gases in important aspects (e.g., air matrix composition, amount
effects, interfering substances). A successful calibration system includes an optimized, system-
specific calibration schedule. Fundamentals on calibration gases for mole fraction
measurements (Section 6.2) and isotope analyses (Section 6.3) are discussed separately,
because they are based on separate traceability chains and fundamentally different principles.
It is important for the operator to develop a thorough understanding of the principles of
instrument calibrations and the method of linking measurements to established scales.

6.2. CALIBRATION GASES FOR MOLE FRACTIONS

Central Calibration Laboratories (CCL) have been established to provide suites of
gravimetrically prepared reference gases for CH4, CO, and CoHs mole fractions that are
traceable to the SI system (Fig. 10, WMO-GAW, [31] and Brewer et al. [30] ). For the target
species of interest, the list below provides the names of the most recent WMO mole fraction
scales, as well as the website to the respective CCLs and the associated publication.

— For CH4: WMO X2004A scale, last updated on July 7, 2015, [59], provided by the
Global Monitoring Laboratory at the National Oceanic and Atmospheric Administration
(NOAA-GML), USA. The CH4 mole fractions currently covered by the WMO X2004A
scale range from 300 to 5000 ppb. Further details and updates on the WMO X2004A
scale can be found on the website.!

— For COz: WMO X2019 scale, last updated on 8 Feb 2021 [53], provided by the Global
Monitoring Laboratory at the National Oceanic and Atmospheric Administration
(NOAA-GML), USA. WMO X2019 covers a mole fraction range of 250-800 ppm COx.
Details and updates are published on the website.?

— For CoHe: use reference gases for volatile organic compounds provided by the National
Physical Laboratory [78].

! https://gml.noaa.gov/ccl/ch4_scale.html
2 https://gml.noaa.gov/ccl/co2_scale.html
3 https://www.npl.co.uk/products-services/gas/volatile-organic-compounds-vocs
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— For non WMO-recommended scale realisations: Compatibility to the WMO scales
needs to be demonstrated if scale realisations from other gas providers are used, such as
national metrological institutes [79].

It is strongly advised to follow [31] and consecutive reports, as such scales are updated as
needed.

Scale realisation
(established lab)

Scale transfer gases Scale transfer gases
(CCL tanks, primary) (CCL Tanks, primary)

Local working standard gases Local working standard gases
(Working Tanks, secondary) (Working Tanks, secondary)

Dependent gases Dependent gases
(Test gases and samples, tertiary) (Test gases and samples, tertiary)

Scale custodian
(WMO-CCL)

Traceability to Sl units

/Traceability to VPDB (broken)

FIG. 10. Unbroken traceability chain from Sl-units to samples for mole fractions (left). The & Cypps
scale is not traceable to the SI system but to artefacts (e.g., CaCO;) representing 8" Cyppp (vight). This
lack of SI traceability created challenges in the traceability chain for 8°C-CHy to 8°Cyrps even for
established labs. Propagation of 6" C-CH, values from scale realisation (established lab) to a local
laboratory and further to local samples needs to be accompanied by a thorough propagation of
uncertainties (Eq. 4).

6.3. CALIBRATION GASES FOR ISOTOPES IN ATMOSPHERIC CH4

A CCL for isotope ratios in atmospheric CH4 does currently not exist. Therefore, it is important
to propagate a o' °Cvpps scale realisation for 6'°C-CHs in air from a well-established, expert
laboratory [31]. For that, a set of cylinders holding CH4 in air mixtures with a suitable range in
S'3C-CHa is carefully prepared and measured at an external laboratory. These cylinders can
then be used to transfer the '*C-CHy scale realisation of that external laboratory to the receiving
laboratory. All going well, future measurements made by these laboratories need to be in good
agreement, i.e., Umezawa et al. [69] . Potential expert laboratories need to have a demonstrated
track record for reproducibility in 8'*C-CH4 in air measurement, as well as participation in
round robin and other comparisons. It is of utmost importance to thoroughly document the
propagation of the local scale realisation, including exact information on

— Laboratory name, scale name and version of the propagated calibration scale, identity
of the reference materials, that the isotope calibration is based on, e.g. cylinder number,
with associated isotope values;

— Cylinder numbers;

— Cylinder filling identifiers;

— Operator name;

— Calibration date;

— Measured values;

— Applied "O-correction (IRMS);

— Measurement uncertainty;

— Calibration uncertainty.
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This applies to both, the cylinders used for calibration received from an external laboratory, as
well as for reference gases made in-house to propagate local scale realisations to working
standard gases. This information will enable tracing of all future measurements to the scale
realisation of the propagating laboratory, as well as future scale updates.

6.4. THE PRINCIPLE OF IDENTICAL TREATMENT

Where possible, researchers measuring isotope ratios need to apply the "Principle of Identical
Treatment' (PIT) during calibration and sample analysis [80]. As a simple rule, what applies to
the analysis of samples needs to be applied for the analysis of calibration gases as well. This
goes for 1) the adequate composition of samples and reference gases, i) the treatment of samples
and reference gases within the analytical system, and iii) the data processing. As a result,
potential errors in the analysis of samples and reference gases cancel, leading to higher
measurement accuracy. In contrast, if the PIT is violated at any link within the calibration
hierarchy (Fig. 10) this violation may result in a significant measurement artefact. The
measurement error resulting from this violation will impact on all dependent measurements
down the traceability chain (Fig. 10), and therefore cause inaccurate sample measurements.
Operators are strongly advised to design the entire instrumentation and calibration strategy
around the PIT and to scrutinise every possible link in the calibration hierarchy for potential
violations of this principle.

6.5. CALIBRATION GAS CATEGORIES

Calibration gas categories are shown in Fig. 10. Note that this document refers to “reference
gases” and “calibration gases” in a general sense when gases of known composition are referred
to. This document uses the term “scale transfer gases” when it is specifically referring to a suite
of gases that has the unique purpose to establish isotope or mole fraction scales at the receiving
laboratory. Likewise, the term “working standard gases” refers to a specific suite of gases that
is calibrated to the established isotope and mole fraction scales using the “scale transfer gases”
and is used to assign isotope and mole fraction values to unknown gases. Gases used to define
the scale realisation are highly valuable and need to be used carefully with view to maximize
their lifetime. Therefore, “test gases” with target compositions need to be used by operators to
understand and characterize instrument responses (Table 3 ¢) in experiments that don’t require
valuable gases, such as Allan Deviation experiments (Section 4.1). There are a range of points
and instrument specific details to consider when planning both, i) the composition and ii) the
application of calibration gases for both mole fractions of CH4, CO> and C;Hs, as well as stable
carbon isotope ratios in CHa:

6.5.1. Overview on calibration gas categories

Operating an in situ analyser for greenhouse gas observations requires a suite of cylinders with
gases for calibration and quality control. Four categories of gases are needed: 1) scale transfer
gases, i1) working standard gases, iii) quality control gases, iv) test gases (Table 3 a-c).

6.5.2. Scale transfer gases

Scale transfer gases are the critical link to relate local measurements to internationa