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mmary

The ICOS Central Analytical Laboratories (CALS) play a central role in assuring the accuracy of atmospheric
observations within ICOS. This involves the central provision of reference gases to the ICOS atmospheric
network and calibrating these standards kdson theWorld Meteorological OrganizatioWM(MO) calibration
scales. A quality control strategy for the ICOS atmospheric measurements has been described within the
Atmospheric Station Specification document [A2D20.

In this report the quality control measures are described that are made by the@@2QElask and Calibration
Laboratory (FCL) to characterize the performance of their calibration of ICOS referencdtggmistes and
replaces the Q2023report following the same assessment scheme with only minor changes and some few
corrections.The results of these activities of the recent years are presented in detail for each of the ICOS core
components for irsitu observations (COCH, CO) and pD. The results arthen assessed and used to
substantiate estimates of the measurement uncertainties of the different tracers and to quantify different
uncertainty contributions. This involves an evaluation of the uncertainty of the reference values of calibration
standardgases ("scale link uncertainty") and the measurement uncertainty related to the respective a@alyzer
precision or response stability over tinfeor CQand CH, the firstanalyzer namedPicarr@® replacedPicarrd

in February 2024refer to section2 and Anex 1) thus the two different uncertainty termgalues

The resulting overall measurement uncertainty estimates are summarized in the folltatileg

Tablel Summary of total estimated measurement uncertaintiata takerfrom sections 5.6, 6.6, and 8.6, combined uncertainties are
calculated as the square root of the sum squared uncertainty contributions

CQ [ppm] CHi [ppb] CO [ppb]  N20 [ppb]
(Picarrol/Picarro2) (Picarrol/Picarro2)
CCL reproducibility 0.01 0.5 0.4 011
scale propagation to FCL 0.01? 0.05° 29 0.006”
standards
scale link uncertainty 0.012 0.5 29 0.11
instrumental precision 0.015/0.011 0.24/0.08 0.05 0.024
longterm reproducibility 0.006 0.07 NA) 0.02
estimated FCleproducibility 0.019/0.016 0.3/0.14 2 0.03
estimated overall uncertainty  0.022/0.020 0.58/0.50 2 011

DWMO Central Calibration Laboratory (CCL)

2 This does not include a bias resulting from an incorrect accounting of thet@i@e isotopic composition of the FCL Primary Standards
(see Annex IV)

3 Refers to uncertainty to the FCL standards in use since December 2020. N.B. Provisional scale propagation uncerta2yisiotie 2
ppb (refer to section 6.6.4).

4 Theterm includesthe uncertainty of CO growth in FCL Secondary Standards

5) After correction ofthe initial assignment biasf the first Secondanstandard set.
8 For CO mole fractions at atmospheric background levels
7) Refer to section 7.6.3.

Thisreport is a deliverable (D7) of Annex 2 to the Cooperation Agreement between ICOS ERIC and the Max
PlanckSociety that is the host orgagaition for the ICOS Flask and Calibration Laboratory (FCL).



1 Introduction

The mission of ICOS is to rufoagterm monitoring network that produces harmonized sets of Iygirecise
andaccurateobservational data. The data should be of a quality to allow for regularly assessing regional
carbon fluxes from atmospheric observations using inversion mottetietect changes in emission patterns
andto quantify longterm trends. Thisequireshighly consistent experimental records available over decades.
The ICOS strategy to ensure best consistency of the entire atmospheric monitoring network includes the
centraldata processing of the measurement data of all instruments at the monitoring statiome &t the
Atmospheric Thematic Cent&TQ and a central provision of calibrated reference gases by one of the Central
Analytical Laboratories, the Flask and Calibrat aboratory(FCL)

This makes it particulariyecessaryor the FCL to have a comprehensive QA/QC framework withdeéhed
analytical procedures in place to assure accurate measurements based on WMO calibration scales. The
different components of thé-CL quality control system described in this report aim to address all requirements
for a comprehensive quality control strategy listed in the |I@@®spheric Station Specification Document
[ATC2020. The results of these quality control activities shall document the achieved accuracy, shall allow an
assessment of the uncertainty of the assigned vabfeeference gases and generate credibility by comparing
with various external laboratoriegncluding laboratories that are completely independent from ICOS (as the
Bureau International des Poids et MesurBsRM and the WMGCCL).

The aim of this report is to present the results of theasuresundertaken by the FCL that contain information
on the dat quality of its measurement activities for the ICOS commufiitis report focuses on the quality
control of reference gas measurements performed for the ICOS atmosphere observational network. Mole
fraction assignments have been made for the core paramse@, CH and CO as well as foe® as
recommended parameter and are made with the following instrumentation:

1 Picarro G2301 Cavity Ringdown Spectrometer. 0@ CHl)
1 Los Gatos COHA® Analyzer EP (CO angD)l



2 Measurement Methods

Picarro methodbrief description §eealso Annex I)

CQ and CHmole fractionsof reference standards that are prepared for the station netwiorkigh pressure

cylindersare assigned by using a Picarro G28avityRingDown-SpectroscopeThe instrument is operated

using the software tool GCwerks that exports averaged one minute LevelO data for further processing. Data is

migrated in an automated way into an-irousedeveloped data basat the end of each daily sutequenceor

further processing (quality control, calétion, aggregation)efore the data is manually validated and finally

F2NBI NRSR (2 (GKS !¢/ Qa RFEGF aSNBSN® ¢KS [S@Stn RIEGE A
predefined criteria for valid data. This includes instrumental readings (cellypessample flow, sampling

frequency), therepeatabilitywithin the one minute averages as well as the scatter of the one minute averages,

and noise level (standard deviation of the means argiigBna excluded outliersee also Annex I)I)

On February 62024, the Picarro used since the early days of FCL in 2015 was finally taken out of service after
a period of accelerating deterioration of performance related to laser ageing. From Febfumr23", a
replacement Picarro was set up in place andteasurement method (outlet valve value, flushing and
measurement times) was tested and optimizéshm then onwardsijeach measurement (samples as well as
references) takethirty minutesof gas injectiorinstead of the previous twenty minute$o avoid cross
contamination of succeeding sampjébe new method measures the same flushing gas for five minutes
between each samle (samples and referencds)flush out the pressure regulatahe firstten minutes of

data at the beginning of eadamplemeasurement are ignored and the average of the remaining wakahty
minutesdata is further processed.

The instrument is calibrated on a daily basis by a dedicated set oFfol8econdarySandards. These
secondary references are calibrated about quarterly against a set of nineri@iry Sandards with
assignments from the WMO Central Calibration LaborafGGL)

Los Gatos method brief description (see also Annex II)

CO and BD mole fractions of referencgtandards that are prepared for the station network in high pressure
cylinders are assigned using a Los Gatos gDAhhanced Performance eXkis Integrated Cavity Output
Spectroscopy (OACOS) instrument. The instrument is operated using droursebuilt software that controls

a multiposition valve for sample provision, collects raw data and delivers averagedval® data for further
processing. Datare automaticallymigratedafter the termination of the measurement sequenicgo an in
housedeveloped data base for further processing (automatic quality control, calibration, aggregatdoe

the dataismanuél @ @I f ARFGSR YR FAyLFffte F2NBIFINRSR (2 (GdKS !¢/
flagged automatically according to predefined criteria for valid data. This includes instrumental readings (cell
pressure, sample flow, sampling frequency), theaaability within the one minute averages as well as the
scatter of the one minute averages, and noise level (standard deviation of the meanssagrdé8excluded
outliers(see also Annex I)I)

Each measurement (samples as well as references) involvai2ff gas injection. To avoid cross
contamination of succeeding samples and to flush out the pressure regutlhéofirst nine minutes of data (27
averages of 20 sec) and the last 20 sec data point of the measurement are ignored and the average of the
remaining valid 10 min data is further processed.

Short term drifts of the analyzer are compensated by bracketing every sample analysis by measurements of a
working reference standard and normalizing the sample signal to the averaged working standard signal.
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The instrument is calibrated by a dedicated set of fBAQL Secondary Standam®very series of
measurements (at least on a daily basis). These secondary references are calibrated against a set of nine FCL
Primary Standardwith assignments from the Wl Central Calibration Laboratory (CCL).

GC method descriptioffsee also Anne¥)

A gas chromatographic analysis system (@&S)been setip primarily for analysis of flask samples from class1
stations. GC measurements also yield data forttheers measured by the optical anzdys and thus can be
used as an independent chedihe GC is equipped with multiple detectoas-lame lonization Detector (FID)
for CQ and CHdetection, an Electron Capture Detector (ECD) #@,ldnd a Reduction Gd3etector for CO
(HgO Reduction and HdyV Detection).

The GC is calibrated for €&hd CHby a set of fiveseecondarySandards dedicated to the GC with currently a
bi-weekly to monthly frequencylo calibrate the no#inear detectors folCO and BD measuementsan
extended set obevenSecondarySandards is used. These&CScondaryReferenceGasesare calibrated
against the set of nine F&imary Sandardsthree to four times per year



3 Calibration gases linking to th&/MO Mole Fractiorscales

All FCL measurements are traceable to the WMO Mole Fraction Scales. This link is established by a set of
standard gases that has been calibraticectly by the WMO Gentral Calibration Laboratory (CCL)n the
WMO/GAW nomenclature these standards are oa tbvel of laboratory tertiary standards (relative to the

WMO Mole FractiorscalePrimary Standars). However, ér the ease of reading they will be referred to
throughout this documenais FCL Primary Standard@ile accuracy of their assignments is an essential
prerequisite for the accuracy of the ICOS measurements. Likewise, the knowledge of the stability of the mole
fractions of the tracers of interest in these gases is essential for accurate measurements.

Usirg the set oftandards calibratedirectly by the CClas referencdlistedin Table 2, additionalsets of
further working calibration standardsiénoted in this document aSCL Secondary Standaraye been
derivedthat are used for daily calibratiortf the individual instruments.

All of the FCL Primary Standards have been calibrated at thin@Qimeswith the most recent recalibration
having been made i8024 Thisshallallow to verify the stability of the respective trace gases or track the rate
of change ofheir mole fraction Some tracers have been analyzed using different measurement techniques at
the CCL and for CH4 and CO2 not all calibration results are consfdeeeskctions 5.1 and 6.T)he table

below shows the results ahe last CCL calibration for each gas

Table2 FCL Primary Standards assignments by the WMO Central Calibration Laboratory

. . last CCL
Cylinder ID Sample ID Fill date calibration date CQ (ppm)t CH (ppby? CO (ppb) N20 (ppb}
. 2932.82
CB09948 20140054 07/2013 11/2024 250.11 1000.81 362.06
. 1596.57
CB09944 i20140055 07/2013 11/2024 339.34 38.87 316.74
CB09939 20140056 07/2013 11/2024 365.28 1743.20 86.60 319.88
CB09958 20140057 07/2013 11/2024 389.75 1896.87 126.93 327.16
] 2032.83
CB09983 20140058 07/2013 11/2024 412.41 164.25 329.86
. 2195.21
CB09952 20140059 07/2013 11/2024 433.84 204.54 334.44
2343.
CB09955 20140060 07/2013 11/2024 459.17 343.89 250.33 339.37
2466.79
CB09957 20140061 07/2013 11/2024 482.01 398.86 343.69
_ 2731.85
CB09934 20140062 07/2013 11/2024 515.11 696.45 348.95
WMO Mole Fraction scate CClreproducibility (1 sigma) [reference]:
1CQWMO X2019 (CRD8ly) 0.01 ppm [CCL_E@021]
2CHWMO X2004A 0.5 ppb (pers. comm., E. Dlugokencky, Feb. 2018)
3CO WMO X2014A 0.4 ppb for CO < 400 ppb [CCL_CO 2018]
4 N0 WMO X2006A 0.11 ppb [CCL2N 2011]



4 QA/QCConcept

For allmeasurements made the general approach is the following:

1.

FCL Primaryt&dards To assure compatibility of ICOS observational data all measurements are linked to
the WMO calibration scales. For tliee set of FCPrimary Standardsovers theatmospheric ranges of the
trace gases of interest and has been assigned by the Central Calibration Labok&iGili¢According to

the WMO Experts Groujpr Greenhouse Gasaecommendations these assignment®uldbe re

assessed by regulagcalilration by the WMO CCL every third year. In order to always have a sufficient set
of Primary Standardsat the FCLsub-groups of each three standartiave beerre-sent tothe CClfor
recalitration on an annual basfer the first three years. A next batch of-caibrations is planned for

2024.

FCLSecondangandards All measurements are referenced to daily calibrations using laboratory
SecondaryStandardgases that have been assigned at the FCL by repeated comparison to theriraly
StandardsTheFCLSecondary Standard assignments ar&dea certain point in timend in general kept
fixed despitethe comparisons to the FCL Primary Standards are h®intinued. A reevaluation of these
Secondary Standard assignments is commonly not made before they are fully exhausted and thus the
record of Primary Standard calibrations has been completed.

Targets The performance of daily measurements is character®edaily analysis of the same gages
high-pressure cylindersver long periods of time that are only used for quality assessmentgied

"Target standards")

Inter-Instrument comparisondn cases where additional gas chromatographic measurementsheere
made these results are compared to the spectroscopic data.

External comparisorgre made routinely Initially an intensive exchange of samples analyzetieatCL

and theMPIBGC GasLafras made which is still ongoimgth lower frequencylnternational comparisons
with a large group of laboratorieare performed irthe "SausagéntercomparisonProgrant (using flask
samples)and withinthe & a 9éNIBFBGCEVPA NOAAandICOS) Intercomparisorthat includes among
others theNOAAGMLas partner laboratoryAdditional such activities that FCL is involved are of more
sporadic naturde.g. WMO Round Robin, BIPM Key ComparisonMoie Lab).

All of these steps are evaluated togvide the following information on the FCL datiacertainty(see the
respective subsections of chapters 5 to 8 for the respective assessments of 4hel; @O and pO
measurements):

FCLPrimarySandards

1 Reassignments by the CCL providormation on the assignment accuracy or the stability of the
specific tracer's mole fraction in the reference gas.

1 The observed magnitude of the calibration regression fit residuals contains information on the
consistency of the CCL assignments. fdrastencyof these residuals over time may provide
information of the stability of the respective tracers' mole fractions in Fnenary Sandards.
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FCLSecondary Standards

|l

il

Targets

il

The consistency of thesedSecondary Standastiassigned valuewith the resultsobtained from
repeatedfurther calibration episodes relative to the FEtimary Standards a measure for the
uncertainty of the scale transfemd forthe stability of the trace gas mole fraction in the reference
gases.

The magnitude of the measecondary calibration regression fit residuals also contains information on
the scale transfer uncertainty.

The stability of these residuals over time may provide information on the stability of the respective
tracers in theSecondanBtandard.

The scatte of the daily residuals is an indicatir the reproducibility of the daily calibration

The reproducibility of the daily mean results of thargetsshall reflect the longerm reproducibility

of measurements that the FCL achieves for ICO®sBtmistandard gasegiovidedthat for the

respective targetthe tracer mole fractios are constant over time).

Like theFCL Secondary Standarthe targets have received an assignment by calibration directly with
FCLPrimary Standarsl The difference of the daily measurement results (based on the daily secondary
calibration) and these assigned values servesnagherquality control of the actal scale transfer
uncertainty.

Inter-Instrument comparison

il

The agreement of analysis results of the same sample by different detecting techpigquédes the
chanceto identify andquantify potential analytical biaseslated to either of the techniques

The comparison also involves the cradeck of two different sets of laboratof§econdary Standard
gases.

External comparison

WMO compatibility goals aim for achieving consistent atmospheric data from different networks with their
associatedstations and laboratories. Thus, control of this compatibility requires comparison with external
partners. Comparison of analytical data from the same sample provides a check for the success of the overall
measurement setps including instrumentationthe accuracy of the reference material, teandardization
strategyanddata processing.
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5 CO

5.1 FCL Primary G&tandards

5.1.1 CCL Cg&assignments

After initial calibration of all FQRrimary Standardm 2014 the first recalibrations of each three of the
standards have been made in 202817and 2018 respectivelyln2021and again in 2024he completeset
receivedadditional recalibratiors such thatfour CCL assignments from different years nowavailable for
each standardThe initial calibration was performed usingly theNDIR(L9)technique NDIRwas also applied
for the reassignments in 2016 / 201When additional measurementwith CRDS analysensere alsocarried
out. From2018onwards,recalibrationswere made at the CCL onbyy CRDS (PCHence three CCL
measurements with the CRDS technique are available for all of the nine stan@ihedsvision of the
WMO/GAW C@X2007 to an updated X20T®alibration Scalkas been discloseih February2021.

The CRD®ataconfirmthe temporal stability of the C{Inole fractions in each of these standai@able 3)
Earlier ambiguities related to potentially growing Zi®many standards probablyese resut of inferior
reproducibility of NDIR X2007 assignments and different isotopic sensitivities between NDIR anth€RDS.
standard approaciior X2019 assignments is based on CRDS measurements in combination with the
determination of the C@stable isotope composition of the respective standard. gdwerefore, CCL
information based on NDIR measurements without consideration of thaso@pic composition are not
further considered any moréAtmospheric observations of G@re performed within ICOS almost exclusively
using CRDS instrumentation that is selective for'#@0; isotopologue only. The FCL Primary Standards
modified, dried real air.The modification involveaddition of pure CeXo achieve the wanted composition
resulingin standard gases with CQ stable isotope composition that is similar to but not perfectly matching
the range of naturally observed atmosphericZCTb account for this, the assigned values of the individual
standards are adjusted for the offset resulting from the isotopic dewviatietween standard and atmosphere
The values specified in tlsecond column on the rightand sideof Table 3 are those that are currently in use.
It has recently been discovered that they are 0.02 umol/mol too high (séald of theadjustmentprocedue
asdescribed in Annex). The last column shows the corrected isotegmjusted values based on the the total
CRDS measurements, but those valuésnet be used until the C£Xcale links update is implemented jointly
between FCL and the AWdich is panned to happen in 2025
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Table3 CQ X2019 assignments for FCL Primary Standards by CCL [ppm].

ampiep | Cvlinder | ccL | cct  foct  [cct | bR [ SCE cCt cCt adjuste g‘ggsd
P ID date 1 date 2 | date 3 date 4 Date 1 CRDS CRDS CRDS d CRDS
date 2 DRate 3 Raie 4 used*

20140054 | CB09948 | Decl3 | Octl8 Mar-21 | Aug24 | 250.129 | 250.116 | 250.129 | 250.113 | 250.144 | 250.131
i20140055 | CB09944 | Mar-14 | Jutl7 Mar-21 | Aug24 | 339.327 | 339.356 | 339.360 | 339.342 | 339.387 | 339.369
20140056 | CB09939 | Decl3 | Octl8 Mar-21 | Aug24 | 365.253 | 365.277 | 365.281 | 365.278 | 365.306 | 365.3B

i20140057 | CB09958 | Decl3 | Octl6 Mar-21 | Aug24 | 389.762 | 389.753 | 389.765 | 389.750 | 389.781 | 389.755
20140058 | CB09983| Feb14 | Oct18 Mar-21 | Aug24 | 412.381 | 412.420 | 412.424 | 412.407 | 412.447 | 412.424
i20140059 | CB09952 | Janl4 Sepl6 | Mar-21 | Aug24 | 433815 | 433.833 | 433.832 | 433.839 | 433.853 | 433.&%0

20140060 | CB09955 | May-14 | Junl? Mar-21 | Aug24 | 459.121 | 459.181 | 459.173 | 459.169 | 459.224 | 459.1F

20140061 | CB09957 | Febl4 | Auglé | Mar-21 | Aug24 | 481.962 | 482.014 | 482.022 | 482.08 | 482.068 | 482.041
20140062 | CB09934 | May-14 | Junl?7 Mar-21 | Aug24 | 515.053 | 515.120 | 515.113 | 515.107 | 515.183 | 515.138

*adjustment: see Annex IV, based on CRDS date 2 rgsu#idjustment based on total CRDS u2024 (not in use yet)

5.1.2 Regression fit residuals of FCL Primary CO2 Standards

The time series of the linear regression fit residuals of CRDS calibrations made with these FCL Primary
Standards (based on WMO £X2019 assignments) is presented in the following Figure 1 for all calibration
events with thecompleteset of the primary standards. The mean residuals of the individual standards range
from -0.019 ppm to +0.012 ppm with a standard deviation of these rse#r0.011ppm. This is a measure of

the consistency of the initial CCL assignments confirming the specifications made by the CCL.
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Figurel Time series of linear regression fit residuals of the CRP&i@@atiors for FCL Priary Standards

The stability of the regression fit residuals over time provides information on possible drifts in individual
standard gases. The values of the residuals do not show significant trends for any of the individual standards
(within 0.01ppm). This supports the finding of a set with stable @0le fractions.

5.2 FCL Secondary CO2 Standards

5.2.1 Assignment record

Thefirst set offour reference gases thatere used ad-ClLSecondary Standasdor the CRDS measurements
hadbeen analyzed withi25 to 29valid calibration episodes together with theompleteset of FCLPrimary
Standard between Fel2015 andeither July 2020 or Septereb2021 During 2020, the first set of FCL
Secondary Standarded to be replaced by a new datcause they were consumedihe replacement was
done in twosteps with the replacement of the two standards with higlmaple fractions madén June and the
replacement of the twastandardswith lower mole fractions madén December.

Thestability of CQvalues for tle secondset of Secondary Standardad beenmonitored by repeated
measurements against the first set of FCL Secondary Stanidaras extended periodThe assigne@Q
X2019valueswere based on theecords of the C@mole fraction results of the F@kimary calibration
episodes between Aug 2019 and Oct 202/th a limited number of calibration episod#dsere seemed to be
an annual Cé&growth of 0.01 ppm and more in all standards of the second Bais impression changed with
further calibrations made in 2022. Calibrated results of target standard measurements also showed
inconsistent behaviour that pointed to an overestimation of 8@ drift. Thus, assigned values of the second
set were reassessed and none of the standards is currently assumed to gs@myCi@ore.The FCL GO
measurement results from June 2020 to April 2022 areadféicted by this preliminary assignment error kit
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maximum biases at the end of this period of 0.02 to 0.03 pumol/M#iile acorrection atFCL internallyould

be a minor effort, it is alargercomputational work load to reprocess all continuous@@asurementsn the

ICOS network based @tandards assigned by FCL during that tifitds requires that the correction needs to

be done in collaboration with the ATC in due couBeaefore, these will be rectified latest when this set of
Secondary Standards will be replaced at the end off@8rfie. At that point of time the assignment history
based on the FCL Primary Standards will be compl&ech a final assignment revision had been made already
for the first set of Secondary Standar@ee Table 4).

Table4 CQ assignments of FCL Secondary Standards [ppm]

Assigned Date of Re
Sample ID Cylinder ID 9 Drift/yr * assigned Reassigned Drift/yr?

Value! change

Value

20140171 D801336 359.870  +0.003 2020-12-08
20140172 D073384 393.464  +0.005 202012-08
20140173 D073392 424.724  +0.007 202006-23
20140174 D801331 454.329 202006-23
20190708 D761202 362.751  +0.014 202204-29 362.751
20190803 D073381 402.078  +0.010 2022:04-29 402.077
20190709 D761214 433.119  +0.016 2022:04-29 433.124
20190438 D073389 450.779  +0.017 2022:04-29 450.784

Starting datesi1st January 20158 December 2026239 June 2020*Assigned value at start datéRReassigned value
since date of change
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5.2.2 Residual record

The residuals of the linear regression of thélSecondarySandards are given irFigure4. The mean absolet
residuals for the Secondary Standards are on the orderQfijppm and smallerThe standard deviation of the

daily residuals for the four individual standard gag®she entireperiod amounts tanaximum0.005ppm.

These very small values of the mean residuals of all standards provide evidence for a consistent scale transfer
to these FCL Secondary Standaiiisnds in the residuals over the periedf the respective Secondary

Standard setslo not exceed @1 ppm. Ths documentsthe longterm internal consistency dhe calibration
setsthroughout theirlifetime.
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Figure4 Time Series of Glnear regression fit residuals of the FCL Sencondary Standards. Blue symbols represent the first set of FCL
Secondary Standards, red symbols the second set of FCL Secondary Standards. The dark symbols are indicating thes@mgiton ph
onlytho of he standards were replaced

5.3 CQTargets

In the period from March 2015 to DecemhiZd24two succeeding sets of eathree Target Standardsave
been in use at the CRDS systdwo of those targets were succeeded by a third set of tegpective
standardsrom mid of 2022with the second high GGtandard still continud to be measurediaily until July
2024 Whereaghe third target (i20170962)f the second seswitched to a longerm standardthat is
measured on a monthly badi®m end of August 202Dn a regular basis two further targets monitor the
longterm stability of the instrumenaround 360 ppmThe TargeStandar@ @aily mean measurement results
are compared tdhe assigned values based on tReémary Standardalibrations inFigures5 and 6 In these
plots, the daily mean results are compared to the trend line in @83erved in multiple calibrations made with
the FCL Primary Standard¥n bias is observed exceptfeome minor synoptical patterns and variations of the
measured resultsThe standard deviations of threcords ofdaily target meanesidualsare below0.017 ppm.
There are twoexceptioral periodsfirstly, the initial perioduntil-May 2015, when thealibration pattern of the
CRDS instrument had not yet been in the same strict routine mode as it has been applied evSesiondly,
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Target results are higher lup t0 0.02 ppm irthe period between June 2020 and April 20B&iring this period
only prdiminary assignment information for the Secondary Standards aeadlable andesulting in incorrect
CQ growth estimates While the diverging data in that secoagiceptionalperiod will represent similar
deviations of FCL assignments on ICOS stand&idsias will be corrected at a later point in time (see section
5.21).
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Figure5 Time series of the Offest of £¥@rget measurements to their repective assigned values. The dark lines represent a 30 pionts
running mean. (Three outliers in January 2018 and January 2019 have been flagged our for i20150060, i20150061 and @Q150062 f
more explicit visualization.)
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Figure6 Time series of the offset of €@rget measurements to their respective assigmealues

5.4 Internal CQ Comparison: CRBSC

Standard gases that are calibrated for-® CRDS have often also been analyzed by GC. The GC
measurements are linked to the same sef@L fmary Sandards but based on a different set of five
Secondary Standasd As reproducibility ancepeatability of C@measurements using the GG.@4 ppmand

0.05 ppm, respective)yis in general by a factor ofslworsecompared toCRDS (0.01 ppm), only those GC
measurements were considered for comparison that have been analyzed on the GC with triéajgtctions.

The interinstrumental measurement diérences for all standardanalyzed within one yeare depicted in

Figure7 (including only standards within the range defined by the calibration standards). On average there is
no offset €0.006 ppm + 0040 ppm), neitheranyevidence for a trend in time nor a systematic mole fraction
dependency of the agreement.

Note that each data point in Figuierepresents the difference of one CRDS daily mean result relative to the
means of GC measurements of the same sample averagedoeealibration episode. Some samples have
been analyzed much more frequently on the CRDS system than on the GC giving these latter measurements
more weight in the figures which are based 2t0individual samples in total.
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Figure7 Offests of CRDf&ily meanCQ resultsrelative to average GC resul@nly analyses results made
within one year are considered. The black line represents the mean offset.

5.5 External C@Comparisons

5.5.1 CQ compatibility ICOS FGIMPI BGC

The most intensive comparison measurements have been made with th&MElGasLab. This laboratory is
using differentinstruments(Picarro G130through April 2018, G2301 since May 2D&8&d their
measurements are tied tthe WMO Mole Fractiorscales by an independent set afabPrimary Standarsl
These MRBGCPrimary Standarslalready have CCL calibration records with multiple measurements in
different years for nine individual standards over sixéwventeenyears.

TheMPIFBGC measurements are not relevant for the assignment of the FCL standards and thembf@erve
asindependentquality control check
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5.5.1.1 Comparison of Primary G(tandards

Basis for an agreement of FCL andB8IC measurements is the compatibilityttod respective sets dPrimary
Standard. As the FQRrimary Standarsihave been produced at the MBGC they also were thoroughly
analyzed at théViPFBGUn 2013 and 2014 before being used by the FCL. Before or after the shipment to the
CCL forecalitration the standards were also analyzed foother time at MPIBGC Likewise, MPBGCPrimary
Standard that were simultaneously returned to the CCLrfaralilration were also analyzed by the FChese
data are shown ifrigure8 below.

The resuls of theMPFBGGOneasurementf the complete FCL standard see on average 001 + 0012 ppm
lower than the COQWMO X2019 PC1 assignments made by the CCL (red symbetsronsidering the

isotopic composition of GOn the standards (see Annex I\There is an apparent mole fractidependencyof

the offset. The same analysis of FCL measurement resuliseofPIBGC standard set yields a very close

match with on averge 0001+ 0.0L5 ppm lower values than the CCL PC1 assignmésgs Figurd, blue
symbols)Note that the two data sets iRigure8 are presented on inverse axis because measurements using a
set of Primary Standards that are on average carrying too higigiaments will detect too little G@n the set

of standards that it is analyzing.

Comparison with additional sebf WMO standardsould be madéy FClwith the WMO Lab Standaras FMI
(in 2016) UBAZugspitzdin 2021)and DLR (in 2022)Vhereas theagreement with thedUBAand DLRetsis very
goodthere is asmallconsistent offset for the FMiet (FCL C£&resultsca.0.04 ppm lower than CCL
assignments)
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Figure8 Differences of FCL analysis results of external \WWftiary Sandards to CCL G&ssignments (blue diamonds) and of NEGC
analysis results of the FCL Primary Standards to CCL assignments (red squares). Note that the data sets with diffe@arecofoaxis
with opposite sign (see text) and that the assigned values have been adjusted for the isotopic compositiontbeC€spective standards
(see Annex V). *only CCL PC1 data considered

5.5.1.2 Sample C@comparison

High pressure standardgve beerregularly exchanged between MBIGC and FQ@h earlier yearand
analyzed in both laboratoriehiowever not in 2023The difference ithe resultsof the two labsfor about1402
daily mean results (involvintp2 samples)s presented irFigure9 below. These comprisall gases that have
been analyzed within one year (only samples with @@le fractions within the calibrated ranges have been
considered). The is no mearoffset betweenFCland MPIfor the entire period Mar 2015 througNov 2024 (-
0.00 ppm * 002 ppm) but a very minor mole fraction dependent differenaith FCL results being larger
compared to MPI results at higharole fractiors and smaller at loweamnole fractiors. Between end of 2020
throughNov 2024 the offset has been 0.22ppm + 0.@4 ppm which is again very similar to the one
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established in the previous sectiaridote that these differences include the measurement uncertainties of

both laboratoriesand for some samples with growing gart of thedifference will be result of the analysis

time delay As explained in section 5.3 measurements up to May 2015 were not yet made using the same strict
procedure that has been adopted since resulting in more noise in the offeetMPIBGGorecision has ben

inferior up to May 2018 when a Picarro 1301 analyzer was replaced by a 2301 analyzer. The curBGOMPI
reproducibilityis estimated as 0.02 ppm.
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Figure9 CQ Offset between FCL and MPI in standard measurements. Note that there are time lags between the analysis time in both
laboratories that can cause biases for gases that are not stable in them@@fraction over time in this graph.
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5.5.2 CQ compatibility ICOS FGINOAA

Gomparison with theNOAAGMLIaboratory (and other laboratories) is routinely maitketwo independent
exercisesthe Sausage Flask Intercomparig@nogramand the MEN{MPI¢ EMPAG NOAA-ICOShigh pressure
cylinderround robinprogram

In the Sausagmtercomparisonsamples for comparison are prepared by connecting sets of flasks in line and
filling them with dry air from a higpressure cylinder at the FCL. The FCL generally analyzes thesitiom of

the filling air using the normal instrumentation for calibrating standards. Therefore, the results of the flask
measurements provided by NOAA can be compared to thegepressurecylinder measurementsthe
respective data are compilad Figue 10. The average agreement of NOAA mean flask results compared to
FCECRDS filling gas dataN®AA- FCL =0.03+ 0.05 ppn(filled black circléswithout anyclearmole fraction
dependencySome larger scatter at lowenole fractiorsin earlier yearsnayrelate toless homogeneous GO
isotopic composition for air depleted in €&ffecting the isotope sensitive NDIR analysis.

The MENtound robin betweerNOAA(as WMGCCL), EMPA (as WMW@CC), MPBGC, FCL and FMTC (ICOS
Mobile Lab)s made on an annual basscheckthe ICOScale link to thaVMO mole fraction. In thisprogram

a set of three cylinders is prepared and maintained by the FCL. One of these cyIDR@i&2333)onstitutes a
blind sampleand is maodified irits composition afteeverycompletedloop. A small trencbf increasingCQ

mole fractions has beeobservedby all labs. To account for the different times of analysis of the comparison
samples this trend is defined by thNOAA data record as the reference for the two comparison samples that
have been used over several years. The "blind" sample is analysed edrtiffieints of time only at the FCL,
therefore the C@growth is determined by these measurements and the FCL trend serves as refénence
Figurellresults of the first four iterations are shown as difference relative tordspectiveCQ trend

function. ThemeanFCENOAAoffsets relative to the reference trendir the low (D232717xnd the blind
(D232733romparisonstandardshave remainedtable within0.02 ppmwhereas a growing offses observed
for the high comparison standa®232721) up to 0®ppm since 2022 FCL data suggesdan accelerated CO
growth caused bythe low pressure in theylinder where the NOAA trendline might not balid any more. Yet,

it might alsopoint to a real biasThe last data points of the high and blind comparison data have not yet
measurements bynylab at different points in time so a trend adjustment might have to be applied by
hindsight.
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5.6 CQ uncertainty evaluation

The WMO Expert Group recommendatioregjuestinvestigatorso report uncertainty estimates for their data
that include all potential sources of err¢ft MO 2020. A scheme for a comprehensive uncertainty discussion
hasbeen suggestetly Andrews et al2014 Adapting thischemewe havemadesuch an overall measurement
uncertaintyestimatebased on a performance assessment of @RDSystem. In this assessment we have
considered the following uncertainty contributioasid checked them using the quality control data of this
report.

5.6.1 FCL Primary GGtandards

TheCCL assignment record usinddSRnstrumentationdoes notindicate a significant dft in any of the nine
standard gaseslhe standard deviation of the meaagression fit residuals dfie Primary Standardset of0.01
ppm confirm the consistency of thesedassignments.

5.6.2 CQ scale transfer uncertainty

The statistics of repeated calibrations of the FCL Secondary Standards by the FCL Primary Standards provide a
measure for the uncertainty of their assignments. The average reproducipditybetween 25 and 29

calibration episdesof the first setand of 23 calibration episoddsr the second seis 0013ppm. The

uncertainty of theassignment®f the Secondary Standarésexpected to be below 01 ppm relative tothe

Primary Standard seeflecting the ambiguity of the assigment record on whether C{s stable or slightly

growing This is consistent with an average daily calibration standard error o6 p.

The comparison of FCL measurement results of WMO tertiary standards of other groupsNNJPBA DLR
results ina mean offset 00.005 +£ 0.02ppmto the CCL assignmerdas atmospheric mole fractions. Thisilis
agreement with the above uncertainty estimate, althousyharithmetic error that has been made in the
calculation to account for the differences in the isotopic calculaktias not yet been correctegbee Annex V).

A preliminary assignment of the second set of Secondary Standards based on a limited nunnivearyf P
Standard calibrations had suggested a growth of @Ehe standards that were not confirmed by further
Primary Standard calibrations. While the assignments were adjusted end of April 2022 they have not been
rectified for the period before (June 202 April 2022). As a result Ge@sults are currently slightly too high for
that period with a maximum offset in April 2022 of 00203 ppm.The small offset in the Secondary Standard
assignmentsn that periodshows consistently up also in the targesidualsrecords as well asn all external
comparisons with MPI and NOAA. An adjustment to correct for the erroneend assignmentsvill be made

by hindsight.

5.6.3 CQ longterm reproducibility

The reproducibility of COneasurements as derived from tls¢andard deviations of the monthly averaged
measurement residuals of thiarget standard is estimated to be equal t0.006 ppm from 20152024 Within

the scatter of this time series there are minor systematic shifts of mean results occasionally obsawed o
periods of many days to weeks to months that are not cancelled out by the standardization scheme. These
typically do not exceed 006 ppm (except for the period between June 2020 and April 2022, see section 5.6.2)
and point to small system changes over time that are not always understood.
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5.6.4 CQ measurement uncertainty estimate

Based on these evaluatiotise following combined standard unceitdy (k=1)is calculated as the square root
of the sum of the individual uncertaingguares:

1. Scale link uncertainty =012 ppm:

1 The uncertainty from the reproducibility of the @@MO X2019 CCL CRDS assignments on calibration
standards is specified as 0.01 ppm (k=1) [etadll. 2021]With three PC1 calibrations indicating a
stable standard composition, the uncertainty is assumed to be equal to 0.007Tgpsis in
agreement withthe consistency of the regression fit residuals of the FCL Primary Standards.

1 The uncertainty of the FCL internal scale transfer to the Secondary Stanslastimated as 0Dppm
(uncertainty of themean mole fraction or thérend function of CQ over time)

2. Measurement uncertainty of daily means 8I6ppm for Picarroland 0.011 ppm foPicarro2

1 mean uncertainty of the daily calibration regressidan = 0006 ppm

1 Typical uncertainty of unaccounted detector response drift throughout thigditg of the daily
calibration =0.013 ppm before the change of Picarro method and less than 0.009 ppm after the
change.

1 Approximated uncertainty for insufficient sample flushing time =08.ppm before thechange of
Picarromethod andless than0.02 ppm afterthe change

1 Uncertainty from the repeatability of the daily sample measuremen@s0€3 ppm before the change
of Picarro method and 0.002 ppm after the change.

This uncertainty of daily means estimate is similar to the mean observed standaedide of multiple daily
means within one calibration period for individual samples (841004 ppb, n=1160).

3. Additional bngterm variability = 0.06 ppm

The longterm variability estimation is based on theproducibilityof the monthlyaveraged residulas of the
targets measurements on the FCL Secondary Standards against their Primary Standards oceditinzddidns

The accuracy with respect to the WM@ale arises from the root of the sum of squares of the scale link
uncertainty, the measurement uncertainty and additional leegm variability amountingo 0.02 ppm for
Picarrol and 0.017 ppm for Picarro2

The internal reproducibility is estimated to Be019ppm for Picarro 1 an@.016ppm for Picarro 2 which is
consistent with the results from the target standard record.

The assignment error madehen accountingfor the isotopic composition of G5 on awerage0.03 ppm in the
range of 390 to 460 ppm. This term is a systematic offeé not counted as an uncertainty and will be
corrected for with the next scale link update.
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6 CH

6.1 FCL Primary Gtbtandards

6.1.1 CCL CHAssignments

After initial calibration ofall FCL Primary Standards in 20th4 first recalibrations of each three of the
standards have been made in 202817,and 2018respectively. In 202&nd then in 2024the complete set
was recalibrated again, such thfaiur CCL assignments from different years are available for each staridard.
2017 the CCL has changed instrumentation now using CRDS instea&|&f. &GGr the tanks, the difference in
mole fractionsbetween the CRDS and the initial values measured witriBdies within the range of the
standard deviations specified by the CCL for the individual measurements (range eGGRrOiFerence is
0.20to 0.54 ppb).

Table5 CH4 X2004 assignments for FCL Primary Standards by the CCL [ppb]

Sample ID | Cylinder ID | CCldate 1 | CCL date 2| CCL date 3| CCL date 4| 2" GC mean CRDS fji}g jmen
20140055 | CB09944 | Dec13 May-17 Mar-21 Aug24 1596.76 | 159658 | 1596.64
20140056 | CB09939 | Feb14 Oct18 Mar-21 Aug24 174313 | 17433 | 1743.13
20140057 | CB09958 | Dec13 Aug16 Mar-21 Aug24 1896.80 | 189688 | 1896.82
20140058 | CB09983 | Dec13 Oct18 Mar-21 Aug24 2032.92 | 203289 | 2032.92
20140059 | CB09952 | Feb14 Aug16 Mar-21 Aug24 219527 | 219514 | 2195.34
20140060 | CB09955 | Dec13 Junl7 Mar-21 Aug24 2344.® | 234389 | 2344.05
20140061 | CB09957 | Dec13 Aug16 Mar-21 Aug24 2466.60 | 246669 | 2466.72
20140062 | CB09934 | Jani4 Junl7 Mar-21 Aug24 273147 | 273182 | 2731.28
20140054 | CB09948 | Janil4 Oct18 Mar-21 Aug24 2032.82 | 203207 | 293282

* Corresponds tanitial CCIGCassignment

Thus, the recalibrations by the CCL have not changed the assignments significantly and the signs of the update
terms for the various standards aseich that they largely compensate in sum. Therefore, there was no need
for an update of the assigned valuasdathe initial assignmeris still used (last column in Talp

6.1.2 Regression fit residuals of FCL Primary: Skhndards
The time series of the linear regression fit residuals is presented in Figdoe dalibration events where the
completeFCL Primary Standard gas suite was used.

CH mole fractions are known to be generally very stable in aluminium high pressure cylinders. Accordingly, the
regression fit residuals do not show significant trendsrdirae for any of the individual standards (generally
within 0.2 ppb), which is supporting the assumption of a stable set.
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Figurel2 Time series of linear regression fit residuals of CRb&lithations for FCL Primary Standards

6.2 FCL Secondary ¢Htandards

6.2.1 Assignment record

The four reference gases that were used as initial set of FCL Secondary Standards for the CRDS measurements
have been analyzed within 284 valid calibration episodesdether with the FCL Primary Standards between

Feb 2015 aneither July2020r Sep2021respectivelyDuring 2020, the first set of FCL Secondary Standards

had to be replaced by a new set due to consumption. The replacement was done stepgowith the

replacement of the two standard gases with higher mole fractions in June and the replacement of the two
standard gases with lower mole fractions in December.

The assigned values for the new standards were determined by repeated measurements against the FCL
Primary Standards (85 The assigned values are listedlfoth setsin Tableb.

The record of the CHnole fraction results of these FCL primary calibration episodes is displayed in the graphs
below. The measured values for the first set of FCL Secondary Standards are shown with dark dots, those for
the subsequent second set, which is currently in use, with red diamonds

For the initial set of Secondary Standaw®d until June 202@he initial asgned values have not yet been
replaced by the mean of the complete set of calibrations given the marginal difference. However, after the
replacement of the first two of the initial Secondary Standards in June 2020, updated assigned values were
used for the two remaining Secondary Standards of the initial set for the period until their replacament
December 2020.
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Table6 CH assignments of FCL Secondary Standards [ppb]

Date of

Sample ID Cylinder ID Assigned Value Reassigned exchange Sample ID Cylinder ID Assigned Value
20140171 D801336 1795.46 ppb 179556 ppb 202012-08 20190708 D761202 1799.01 ppb
i20140172 DO073384  1960.24 ppb 196054 ppb 202012-08 20190803 D073381 1949.24 ppb
i20140173 DO073392  2288.57 ppb 202006-23 20190709 D761214 2296.10 ppb
i20140174 D801331  2092.46 ppb 202006-23 120190438 D073389 2098.41 ppb
* Reassignments used from 208®-23 to 202012-07
20140171 suceeded by 20190708 20140172 suceeded by 20190803

1796.5 1800.0 | 1961.5 1950.5
1796.1 ° .. 1799.6 | 1961.1 . o © 1950.1
1795.7 - 4 so e 17902 | 19607 .—'—.:—. 0‘5' " 1949.7
1795.3 1 ° - 1798.8 | 1960.3 4 >4 - 1949.3
1794.9 1798.4 | 1959.9 g 1948.9
1794.5 1798.0 | 1959.5 1948.5

2015 2017 2019 2021 2023 2025 2015 2017 2019 2021 2023 2025

20140173 suceeded by 20190709 20140174 suceeded by 120190438
2093.5 2099.5
2289.5 2297.0
2093.1 2099.1
2289.1 { 2296.6 P
° %0 o @ i
2288.7 L 2296.2 [2092.7 1 - 2098.
" Te S ' s & 0, 2° .
22883 | ® @ {2 ® o+ 22958 [2092.3 - 20083
° e o
2287.9 2295.4 |12091.9 2097.9
2287.5 +—+++1— — — ———+ 2295.0 |2091.5 i i i i 2097.5
2015 2017 2019 2021 2023 2025 2015 2017 2019 2021 2023 2025

Figurel3FCL Secondary Standards @$signment time seriggalues in [ppb])Dark blue dots represent the assignments for the
first set of FCL Standardhe red diamonds display the four new FCL Seconday Standards.

6.2.2 Residual record

Therecordof the residual®of the linear regression fit of the Secondary Standard calibrations are given in Figure
14. The scatter of the residual time series for the individual standant®gtly < 0.1 pplwithout any trend in

the residuals being apparentlote that the scatter othe residuals became narrower < 0.05 ppb after the
exchange of the CRDS analyzer in February 20824 documents the lonterm internal consistency of the
calibration set over time. The internal consistency of the new FCL Secondary Standard set exgaréssed
standard deviation of the mean residuals-302 ppb compared to @1 ppb for the first FCL Secondary

Standard setThis reflects the small bias in the initial assignments of the first set of standards hntigtdles

the overallvery little scale transfer uncertainty.

30



020140171 0i20190708 o transition 020140172 020190803 o transition

o~
[e)

© 0o oo
oW

[EEN

o
w

H, (assigend measured) [ppb]

O
o1

NCH, (assigend measured) [ppb]

nc
o
\l

20156 2017 2019 2021 2023 2025 2015 2017 2019 2021 2023 2025

020140173 ©i20190709 o transition 020140174 0i20190438 o transition

[Ppb]
© oo
oW o~

[EY

(63}

© 6660
w

~

NCH, (assigend measured) [ppb]
NCH4 (assigendmeasured)

201 2017 201 2021 202 202
2015 2017 2019 2021 2023 2025 015 0 019 0 023 025

Figurel4 Time series for GHinear regression fit residuals of the FCL Secondary Stan@adssymbols indicate the transition phase
when only the first part of the standards was replaced.

6.3 CH Targets

The performance of the measurements is controlled on a daily basis by snaflyao short term target

standards and at lower frequency by additional long term targets. Table 6 lists the periods of use and mole
fractions of those standards. Figurd dhows the time series of theesiduals of thaneasurement results

relative to the average mole fraction based on the calibrations using all FCL Primary Stafldamtsistent

step of 0.2 ppb after changing the Secondary Standalitration sets apparent ithis figure complieswith the

small initial assignment biad the Secondary Standards made in 2015 (see section above). Since the exchange
of the Secondary Standargkt, the mean residualfiave decreased tawithin 0.06 ppb for all targets. This

confirms that very little uncertainty contribution results from theate propagationSimilarly to the

secondaries, the scatter of the targets residuals becéss thar0.1 ppb after the exchange of the CRDS
analyzer in February 2024.
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Table7 Target standards for the CRDS: @hhlyses

A std.dev n
measured std.dev. Calibration Lo L Period of
sample ID tank ID " " Calibration calibration
CH [ppb] [ppb] CH mean use
mean [ppb] values
[ppb]

. 05.2015
20150062 D073391 1914.71 0.17 1914.92 0.19 21 04.2019
. 05.2015
20150061 D073389 2043.05 0.19 2043.25 0.18 24 04.2019
. 05.2015
i20150060 D073381 1947.18 0.18 1947.36 0.18 63 04.2019
. 1943.21 0.15 11.2017
i20170961 D761211 1943.40 0.19 1943.43 0.14 49 04.2023
. 2032.71 0.17 11.2017%
i20170962 D801332 2032.92 0.19 2032.94 0.17 34 present
. 2085.97 0.19 06.2019
i20190451 D073391 2086.19 0.19 2086.25 0.18 28 07.2024
: 1595.54 0.19 05.2015
20150188 D073398 159573 016 1595.76 0.14 28 present
. 1703.32 0.16 08.2015
20150374 | CAO5755 | [-0-") 0.16 1703.57 0.16 32 present
i 09.2022
20222329 D994882 1897.37 0.14 1897.40 0.09 20 present
. 10.2022
20222170 D487652 2067.68 0.14 2067.71 0.01 6 present

*For Targetsi20170961, i20170962, i20190451, i20150188 and i2015037aézevalues for tle period from start until
23.06.2020¢hange of thé=CL Secondary Standgrdse displayed ibold, for the period since theim italics
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running mean.
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6.4 Internal CH Comparison: CRBSC

Standard gases that are calibrated fors@king CRDS have often also been analyzed HylGThe GC
measurements are linked to the same seF@LPrimaryStandards but based on a different set of five

Secondary Standards. As the reproducibility and typical repeatability of tHel[@4 ppb and 0.8 ppb,

respectively) is approximately by a factor &b 3vorse than that of the CRDS instrument, only GC
measurements have been considered that have been analyzed on the GC on more than one day with at least
ten injections. The inteinstrumental measrement differences for all samples are depicted in Figéhly
standards within the range defined by the calibration standards were considare?6Q. The average offset is

0.13 ppb + 0.30 ppb for the initial phase until the change of the FCL Seagn@&ndards on 28June 2020,

from that date onwards abow0.06 ppb +0.28 ppb, which agaimeflectsthe small bias of the initial CRDS
Secondary Standard assignments.
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Figurel6 Offse of CRDS daily mean QEsults relative t@averageGC results of the same sample

Note that each data point in Figur® tepresents the difference of one CRDS daily mean result relative to the
annual means of all GC measurements of the same sample. Sonpdes have been analyzed much more
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frequently than others (e.g. target standards) which explain the occurrence of many clustered data points in
the Figure. Overall, the comparison with the independent GC measurements does not indicate any significant
error in the CRDS measurements that might have been missed.

6.5 External ClComparisons

6.5.1 CH compatibility ICOS FGIMPI-BGC

The most intensive external comparison measurements have been made with thB&GAPGasLab. This
laboratory is using different instrumertian (Picarro G1301 through April 2018, G2301 since May 2018) and
their measurements are tied to the WMO Mole Fraction scales by an independent set of Primary Standards.
These MRBGC Primary Standards already have CCL calibration records with multigleremeants in

different years for nine individual standards over six to seventeen years.

The MPIBGC measurements are not relevant for the assignment of the FCL standards and are therefore
completely independent.

6.5.1.1 Comparison of C{Primary Standards

Basidor an agreement of FCL and MBEC measurements is the compatibility of the respective sets of Primary
Standards. As the FCL Primary Standards have been produced at tB&5@Rlhey also were thoroughly

analyzed at the MPBGC in 2013 and 2014 beforempused by the FCL. Before or after the shipment to the

CCL forecalilration of subsets of this FCL Primary Standard gas suite these standards were also analyzed for a
third time. Likewise, MPBGC Primary Standards that were simultaneously returnetiedXCL farecalibration

were also analyzed by the FClomparison with additional sets of WMO tertiary standards could be made by

FCL with the WMO standard sets of FMI (in 2016), UBA Zugspitze (in 2021) and DLR (ihn@822pta are

shown inFigure 7.
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Figurel7 Differenceof FCLanalysisresultsof external WMO Tertiary Standardso GCCLCH: assignments (Blue Diamonds)d of MPFBGC
analysis results of thECLPrimary Sandards toCClassignments (red squaredyjote that the data sets with different colours are on axis
with opposite sign (see text).
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The mean difference of the measurement res@Sl- FClhas been @ ppb before June 202@érk blue

symbols in Fig.7) and0.1ppb in 221-2024(light blue symbols in Fid7). Similarly, the mean CEMPIBGC
difference is <0.02 pplrhe differences for the individual standards closely follow the regression fit residuals
observed (see section abovahis is fully consistent with thenfiings in the previous sections and confirms the
excellent accuracy of the @BCL assignments.

6.5.1.2 Comparison of FCL Secondary;Skdndardsand Target standards
Three of the four gases from the first set of FCL Secondary Standards havenbéered at the MRds well as
three of the target standardsThe differences between MBIGC measurement results and FCL assignments

(Figure B, blue symbolsare very consistent to the difference of FCL measurement results of th&8™El
Primary ChiStardards.
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Figure18Differences of MPBGC measured results to FCL Secondary Staaskighed CHalues (blue diamonds)
compared to the differences of FCL measured results relative to C&isi@iinents of MFBGC Primary Staadls
(red squares)

The mean differences of F@ksigred valuegbased orthe initial calibrationswith the FCL Primary Standards
for the secondaries but accounting for all calibrations of the targéite FCL measured means and the MPI
BGC measured meaase given in Tabl8. As seen in Fig 8IMPFBGC measurememésultsshow a difference
on average 0.2 ppto the assigned values of the Secondary Standardgfamdcheasured values of the targets.
However, theydo not show any difference to the FCL assignments{@.Q ppb).
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Table8 CH Comparison of MPBGC analysis results and FCL for Tettigetards

FSN Cylinder FClssi FCL MP MPHFFClssigned | MPFFClreasured
20140171 | D801336 1795.46 1795.93 0.47

i20140173 | D073392 2288.57 2288.72 0.15

20140174 | D801331 2092.46 2092.70 0.24

i20150060 | D073381 1947.37 1947.18 1947.42 0.05 0.24
i20150061 | D78910 2043.30 2043.05 2043.24 -0.06 0.19
20150062 | D0O73391 1914.94 1914.71 1914.97 -0.03 0.26

6.5.1.3 Sample Cklcomparison

High pressure standards have been regularly exchanged betweeB®IBland FCL and analybgdCRD
both laboratoriesin former years (no comparison was added in 2028 difference in results for aboi00
compared samples presented in Figureédl The average offset of all MIPCL sampleomparisorsthat were
measured using the first Secondary Standard set at FCL amoun®e2btopb + 020 ppb, since the time the
second Secondargtandard set is in use the mean offset is®ppb + 021 pph.
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Figurel9 CH. offset between FCL and MPI in standard measurements (dark blue diamonds represent comparison results based on the
second secondary standards set; light blue diamonds represent comparison results based on the first secondary standards set)
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6.5.2 CH compatibility ICOS FGINOAA

Comparison with th&NOAAGMLIaboratory (and other laboratories) is routinely made in two independent

exercises, the Sausage Flask Intercomparison Program and the MENI high pressure cylinder program. In the

Sausage intercomparison sahep for comparison are prepared by connecting sets of flasks in line and filling
them with dry air from a higipressure cylinder at the FCL. The FCL generally analyzes the composition of the

filling air using the normal instrumentation for calibrating sands. Therefore, the results of the flask
measurements provided by NOAA can be compared to thesegrgsure cylinder measurements. The
respective data are compiled in the following figures. Thed®fdet of all samples is NOAACL = @.ppb

0.5 ppb. In 2019 NOAA has changed the instrumentation for flask analysis to a CRDS system; constraining the

comparisons to data since 2021 (after the change in the FCL Secondary Standards) resultoffsat ©H
NOAA- FCL = Q.ppb + 02 ppb.

ONOAA - FCL-TankGC ® NOAA - FCL-TankLGR
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symbol: CRDS measurement; unfilled symbol: GC); the upper plot is based on data fr@622041tly.

The MENI round robin betweedOAA(as WMGCCL), EMPA (as WMW@CC), MPBGC, FCL and FMTC (ICOS
Mobile Lab)s made on an annual bas@scheck the ICO&:ale link to thaVMO mole fraction. In this program

a set of three cylinders is prepared and maintained by the FCL. One of theskers/konstitutes a blind
sample and is modified in its composition after every loop completed. In Ffnesults of the first four
circulations are showrThetotal observed offset between FELClisD =- 0.1+ 02 ppb, for the FCL analysis

period upto June 2020 (using the first set of Secondary Stand&ds)0.2 ppb, since then no mean offset has

remained (D = 0.0ppb).
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6.6 CH uncertainty evaluation

The WMO Expert Group recommendations request investigators to report uncertainty estimates for their data
that include all potential sources of errpVMO 2018] A scheme for a comprehensive uncertainty discussion

has been suggested by Andreatsal. 2014 Adapting this scheme we have derived an overall measurement
uncertainty based on a performance assessment of the CRDS system. In this assessment we have considered
the following uncertainty contributions and checked them using the quality control datsiofeport.

6.6.1 FCL Primary Gkbtandards

According to available evidence with all metrics¢edibration by the CCL, repeated analysis by the-BARC,
consistency of regression fit residuals)s@tdle fractions within the FCL Primary Standards are accurately
assigned and stable pointing to a consistency of 0.2 ppb. For this evaluation, however, we consider the
uncertainty specification of the scale propagation to individual standard gases aCth@<C0.5 ppb (k=1)(pers.
comm. E. Dlugokencky, Feb. 2018).

6.6.2 CH scale transfer uncertainty

The statistics of repeated calibrations of the FCL Secondary Standards by the FCL Primary Standards provide a
measure for the uncertainty of their assignments. Blendard deviatiorof these assignmentsf individual
ScondarySandardsis approximately0.2 ppb. The uncertainty of the scale transfer depends on the number of
calibration events. e initial assignments in 2015 have been basedwy four calibration events that turned

out to be all lower by 0.10.3 ppb than the mean results from all calibration episodes. This finding of such a
marginal offsetintheC/ [  { SO2 y Rl NEmolg¢ filattighR is ¢LiRndt&ively tonfirmed by the
comparison FCL measumnent results of standard sets assigned by the CCL for other laboratorieB@®FPand
FMI). It is also consistent with the offsets observed up to 2020 in various comparisons including the MENI
intercomparison with NOAA. With the replacement of the FCL1®kry Standard set when the first set from
2014 was exhaustedhis offset has been remedied@he assigned values of the current secondary standards set
are based on minimum 11 calibration everifée consider to update the initial assignmerdbthe first setin

2025 as all gases of this Secondary Standard set have received their final calibration

6.6.3 CH long-term reproducibility

Within the scatter of tie time series there are occasional systematiiftstof mean results observed over
periods of many days to weeks to months that are not cancelled out by the standardization sdtreme.
related uncertainty is approximated by the standard deviations of monthly averaged CH4 measurement
residuals of the taget standards resulting in 0.07 ppb from 202624.

6.6.4 CH measurement uncertainty estimate

Based on these evaluations the following combined standard uncertainty (k=1) is calculated as the square root
of the sum of the individual squared uncertainty conttiions:

1. Scale link uncertainty =3)ppb

1 uncertainty of theFCL Primary Standards set base@l assignments &@pb

91 uncertainty of the FCL internal scale transfer to FCL Secondary Stastl&%ippb secondSecondary
Standard sét The assignments of the first set of secondary standards are based on four calibration
events within the period of February to August 2015. The reproducibility of the four assignments
within this period suggests an uncertainty of 0.09 ppb. As stated ialloge section 6.6.2, a larger
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bias of 0.2 ppb was established by various quality control meastihesreason has not been fully
unerstood

2. Measurement uncertainty of daily means 2Dppb (based on Picarrol datand0.08 ppbfor Picarro2.

1 mean uncefainty of the daily calibration regression fit = 8.fpb for Picarrol an@.03 ppb for
Picarro2

1 uncertainty of the detector response drift throughout the validity of a daily calibratior? ppb for
Picarroland 0.07 ppb for Picarro2

1 uncertainty from the repeatability of the daily sample measurements = 0.03 ppb (for 15 min means)
and 0.02ppb (for 20 min means) after the change of the PicdimFeb. 2024)

This uncertainty estimate of daily means is sinmitathe mean observed standard deviation of multiple daily
means within one calibration period for individual sample4{80.06 ppb, n=1195).

3. Additional longerm variability = @7 ppb

The longterm variability estimation is based on the reproducilyilitf the monthlyaveraged residulas of the
targets measurements on the FCL Secondary Standards against their Primary Standards calibrated estimations.

The accuracy with respect to the WMO Mole Fraction scale arises from the root of the sum of squaees of t
scale link uncertainty, the measurement uncertainty and additional-tengy variability amounting to &.ppb
for Picarrol and.5 ppbfor Picarro2

Theinternal reproducibilityis estimated to be @ ppbfor Picarro 1 and 0.14 ppb for Picarrevhich is
consistent with the results from therget standard record.
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7 CO

7.1 FCL Primary CO Standards

7.1.1 CCL C@ssignments

After initial calibration of all FCL Primary Standard gases in 2014 the first recalibrations of each three of the
standards have been made in 2016, 2017, and 2018021 and2024,the completeset of FCL Primary
Standardgeceivedthe third andthe fourth calibratiors by the CClrespectively

The CCL calibration record of the FCL Primary Standards is summarized tifidib&ing that the increase in

CO exhibits anole fractiondependency with standards with lower CO mole fraction havitagger increase in
CO.Further investigations at the CCL have revealed that the CO growth assigned to the WMO primary
standards was inaccurate and requdran update [Crotwell 2024]. This will cancel out the mole fraction
dependency and reduce the magniwidf the assigned CO growth in FCL Primary Standards [Crotwell 2025].
While all initial CCL assignments have been made based on measurements with the LGR2 instrument, not all of
the firstrecalitration measurements were made using this instrument but dmedtwas reassigned using the

V3 Aerolaser VURF analyzer only. For theréxstlitration boththe V3 and for the first time the AR3 Aerodyne
QCTILDASstruments were used for all standard gases. Fi@2Zrehows thatmostly larger CO values result

from the LGR2 measurements for all standards with CO below 400 ppb compared to VURF results. The effect is
under investigation at the CCL [CCL_CO 2018].

Growth of CO in high pressure aluminium cylinders is a known limitation for accurate CO measurements that
has to be accounted for. Tabtain consistency with the WMO X2014A scalénear interpolation between the
initial and the second calibration data posnivas appliedor every standard where the increase exceeded the
analytical uncertainty of the CEhlibrationsto account for the increasing CO mole fractions in FCL Primary
StandardsThis includes all standards with CO beR%0 ppb.

A further refinement of the CO growth in the Primary Standards would be possible witbrther CCL
assignmend. Howvever, this has not been performed because @assignment would not only entail a-re
processing of all FELO calibration measurements but also require @oenputation of all ICOS atmospheric
CO datalt had appeared thathis effort wasnot justifiedbefore obtaining the results of thennounced WMO
scale revisionAs Fig. 2 shows,the FCL measurement results of tReémary Standardéreysquares)vere
generally well in line with the trend arising from the second and third CCL calibraitbrdifferences not
exceeding the offset between the results from different instruments used at the CCLHuéR”dt9 and
Aerolaseriled crossels However, after 2021 the FCL measurements of the Primary Standards started to
deviate from theaforementioned trend, and show an evgrowingoffset with the trend linedefined byall the
four CCL calibration episosi@ he linkof the FCL CO scale implementatioil use all available CCL datance
the WMO CO scale revision has been published by thev@tth is scheduled for 2025
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Table9 CO X2014A assignments for FCL Primary Standards by the CCL [ppb]

Sample Ip | CYinder [ CCL | ccL |ccL |ccL | co co co co ?prg:)/ fr\;sri?”

ID date 1 | date 2 | date 3 | date 4 | datel date 2 date 3 date 4 yr* used**
20140055 | CB09944| Dec13 | Jun17 | Jun21 | Sep24 | 31.31 [ 3441 | 3692 |39.13 |o0.768 | 3220
20140056 | CB09939| Febl4 | Oct18 | Jun21 | Sep24 | 80.14 | 8273 | 8427 | 8643 | 0582 | s0.62
120140057 | CB09958| Dec13 | Sep16 g"lar Oct24 | 12069 | 122.36 | 12470 | 1264 | 0547 | 1212
20140058 | CB09983| Dec13 | Oct18 | Jun21 | Sep24 | 158.92 | 161.28 | 162.19 | 164.24 | 0.450 | 159.47
20140059 | CB09952| Febl4 | Sep16 | Jun21 | Oct24 | 199.47 | 200.77 | 20269 | 20463 | 0.448 | 199.92
20140060 | CB09955| Dec13 | Jut17 | Jun21 | Sep24 | 247.14 | 247.88 | 24948 | 25077 | 0.331 | 247.37
20140061 | CB09957| Dec13 | Sep16 | Jun21 | Oct24 | 397.06 | 396.19 | 39875 | 399.47 | 0 397.90
20140062 | CB09934| Jan14 | Jun17 | Jun21 | Oct24 | 697.56 | 697.72 | 697.00 | 69695 | 0 697.30
20140054 | CB09948| Jan14 | Oct18 | Jun21 | Sep24 | 998.63 | 1002.38| 999.21 | 100076 | 0 999.66

* Drift calculated based on period CCL datg3CL dateT* On 1/1/2015, calculated based on the corresponding drift
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Figure22 COprimary standards, measured at tiCL(grey squares) and at the CCICL analysers: LGR (blue dots), Aerolaser (red crc
and Aerodyne (green diamonds)

7.1.2 Regression fit residuals of FCL Primary CO Standards

The time series of the regressionrésiduals displayed in Figur8 8hows consistent results but with trends on
the order of 0.0 0.2 ppb/yr for the individual standard gases. This reflects the limited accuracy of the applied
trend functions. This is partiue to the fact thabonly two CCL calibration resulisavebeenappliedto assign
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the trend lines. On the one hands mentioned befor¢he WMO Mole Fraction scale Primary Standatus
assignedX2014Arend functions were inaccurate and will be revised in 2025
(https://www.esrl.noaa.gov/gmd/ccl/co_scale update.htimhs a result CO growth is currentlyercorrected
at low CO mole fractiongndis underestimatedfor the high CO standards.
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Figure23 Time seriesf quadratic regressiofit residuals of LGRO calibrations fdfCL Primary Standard

All data presented in the above figure refers to measurements by LGR 1, with exception to data of 08.2022 and
one of the twopoints per standard displayed in 03.20@8fer to sectiorB8.4.1)

7.2 FCL Secondary CO Standards

7.2.1 Assignment record

The reference gases that are used as FCL Secondary Standards for the daily LGR calibration have been analyzed
together with the complete set of GL Primary Standards between May 2016 Bedember2024for up to27

times. In May 2018 one of the Secondary Standard gases was exhausted (i201&0@%4as succeeded by a

new standard with a similar C@ole fraction(i20170889). The threremaining tanks were replaced when they
were exhausted in July 2021. For the three replacements, the assigned values and drift rates were determined
by measurements against the old set of FCL Secondary Stanbtedgisuary 2024, standard i200889 was
replacedby another standard i20201317 with a lower CO concentration (to extenddlilgrated ranget the

lower end). The latter was assigned the basi®of its calibrations agairishe nineFCLPrimary Standards (n¥6

At the upcoming WMO scale revision thember of primarycalibration events will be sufficient to base the
assignmentgor the current set ofSecondarystandardson those measurement§able D summarresthe

initial assignment values and the CO growdtescurrently usedor all tanks.
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In Figure 2 the record of the Secondary Standards' CO mole fraction results of these FCL primary calibration
episodes is presented. It appears that the two high standards are relatively stable in CO in the currently used
set of Secondary Standarda the X2014A scale

Table10 CO assignments for FCL Secondary Standards [ppb]

Role in the . Date of Date of end Assigned drift/yr Basis of the
. Sample ID  Cylinder ID .
scale link start of use  of use Value (ppb) * assignment
CAL1 20150251 CA05640 2511-2015 20180503 78.52 +0.76 Primary Stds. 4
CAL2 20150189 D073397 2511-2015 26-07-2021 150.79 +0.97 Primary Stds. 6
CAL3 20150544 D073396 2511-2015 26-07-2021 305.80 +0.72 Primary Stds. 6
CAL4 i20150191 D073395 2511-2015 26-07-2021 433.52 +0.51 Primary Stds. 6
CALL 20170889 D557226 20171001 11012024 79.63 +128  Hfim.and 2 and 95,
Second. Stds.  respectively
CAL2 i20201308 D753834 26-07-2021 NA 149.53 +0.25 Secondary Stds. 109
CAL3 20201254 D753835 26-07-2021 NA 293.54 -0.16 Secondary Stds. 109
CAL4 i20201255 D753836 26-07-2021 NA 423.90 -0.07 Secondary Stds. 111
CAL1 20201317 D753833 20-12-2023 NA 55.02 +0.86 Primary Stds. 6
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Figure24 FCLSecondanstandard<CO assignmerime seriegvalues in [ppb]). Blue points represent the assignments for the first set of FCL
secondary standards, the red points represent those for the second set of FCL secondary standards and the green uitiiserepres
current lower CO standard (replaced siid.01.2024)
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Figure 25 shows the records of the second set of the B&tondaySi I Y R NR&Q / h
the primary calibration episodes dhe one hand(red dots same values as in Figuré)2and theircurrently
useddrifting assignmentasdefined when they were put into usen the other handblue dots based on

growth rates listed in Table 1At appears that results from these two calculation methods agree only for the
low CO mole fractio®econdaryStandard but show a persisng offset, either constant (for the high CO tank)

or divergentfor the remainingwo. Thiscan beexplained bythe combined effect of thdimited accuracy othe
initial assignments of the second Secondary Standards set, and on the limited accuracy of the applied trend
functionsfor COin the Primaries on the other hand (refer back to 7.1.1).

7.2.2 Residual record

asid 27

Y #rdnS F NI OG A2

The residals of the quadratic regression of the FCL Secondary Standards are displeigedeir®s. These
residuals document an excellent consistency of this reference gaggetend of 2022Note, though, that the
changes in these plots only reflect thelative changes between the FCL Secondary Standards and do not allow

deducing any absolute trersd

Frombeginning 022023, the residuals started to drift significantsulting in values ofipto 0.3 ppb In
January 2024the Seconday Standamith the lowest CO mole fractioneeded to be replaced because of its

low pressure.

Since the trend in the residuals has disappeared for all of the Secondary Standards sinitésmeost likely
that the assigned growth rate for the replaced Secondary Standard had not been correctly characterized in its

past year of operation.
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7.3 CO Targets

In the period from Feb 2016 to Deceml#824two Short Term &rgets have been in use on the LGR system.
When the old targets got empty, they were succeeded by two new targéts.Short Term Targetsre
complemented bythree Long Term Target3hese areurrently beingmeasured lesfrequently after an initial
phas ofdaily analysis frequency to maintain a letegm link of succeeding targets in futuréhe time series of
CO inthe target standards exhikdta noticeable changemore remarkablefrom 2023 The record othe

residuals oflaily measurement result®lative to the assigned trend based on Primary Standard calibraisons
presented in Figure?2 There are trends and offsets apparent in the residuals of most of these targets of up to
2 ppb. These are probably result of the lied accuracy of the drift assignment for the standards of @i
Primaryand Secondary Standargkts involvedas explained above
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Figure27 Time series of dailgOresiduals data of target standards analyzed on the LGR instrument

7.4 Internal CO Comparison: LERC

Standard gases that are calibrated for CO by the LGR have often also been analyzed by GC. The GC
measurements are linked to the same set of Primary FCld&tas but are based on a different set of seven
Secondary Standards. The initestrumental measurement differences for all standards that have been
analyzed within the same month (in order to avoid any overlaying CO growth in the lag period) are diepicted
Figure B (only standards within the range defined by the calibration standards were considered).

GC results for the intercomparison samples are on average slightly higheGLGR.5 + 08 ppb). There is a
smallmole fractiondependency in the offset between the instruments. It has changed only a little over time
but offsets in 202 have increased a bit. Note, that the (RGA precision in general is by a factor of 10 worse
than the LGR, and the scatter and most likely meandsiaf the data can primarily be attributed to the GC
analysis.
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