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Abstract. We present results from an intercomparison pro-1 Introduction

gram of CQ, §(0»/N,) ands3CO, measurements from at-

mospheric flask samples. Flask samples are collected on a bAtmospheric measurements of greenhouse gases and related
weekly basis at the High Altitude Research Station Jungfrautracers are important for studies on the global carbon cy-
joch in Switzerland for three European laboratories: the Uni-cle and climate change research. The carbon cycle includes
versity of Bern, Switzerland, the University of Groningen, all processes involving the exchange of £letween the

the Netherlands and the Max Planck Institute for Biogeo-atmosphere, oceans and terrestrial biosph(@,/N2) and
chemistry in Jena, Germany. Aimost 4 years of measure$*CO, measurementsoffer additional information on the
ments of CQ, §(02/N,) and §13CO, are compared in this exchange of C@between the different reservoirs (Battle et
paper to assess the measurement compatibility of the threal., 2000; Ciais et al., 1995; Keeling et al., 1993, 2011). Mod-
laboratories. While the average difference for the,@@a-  elling studies use the atmospheric measurements from many
surements between the laboratories in Bern and Jena meeg$obally spread locations to estimate carbon fluxes, which
the required compatibility goal as defined by the World Me- are subsequently used in climate models to understand and
teorological Organization, the standard deviation of the av-predict climate change. One of the major challenges in this
erage differences between all laboratories is not within thefield is to minimize the measurement uncertainties and espe-
required goal. However, the obtained annual trend and seasially to minimize the biases between laboratories and mea-
sonalities are the same within their estimated uncertaintiessurement locations. A bias between measurement stations
For §(O2/Ny) significant differences are observed betweencan cause a large difference in the estimated carbon fluxes.
the three laboratories. The comparisonf&CO, yields the ~ For example, the data assimilation system CarbonTracker
least compatible results and the required goals are not mefeters et al., 2007) yields considerably different results for
between the three laboratories. Our study shows the importhe estimated surface fluxes if a constant bias is (artificially)
tance of regular intercomparison exercises to identify poten-
tial biases between laboratories and the need to improve the * Throughout this paper, we follow the terminology recommen-

quality of atmospheric measurements. dation from Coplen (2011). The tera?3CO; is used to denote
§13C of COy in air on the VPDB scale.
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introduced into the measurements of a single observatiostudies on this kind of compatibility. The first “super-site”
site. A linear relationship was found between the measureintercomparison program fai(O2/N2) measurements was
ment bias introduced at one station and the obtained surfacstarted in 1991 at Cape Grim, Tasmania, Australia by three
fluxes. For the North American terrestrial carbon flux, this re- laboratories: the Commonwealth Scientific and Industrial
lationship is found to be 68 Tg Cyt (about 10 %) for each  Research Organisation (CSIRO), Australia, the University of
1ppm of bias introduced in the GOmeasurement record Rhode Island, United States and SIO (Battle et al., 2006;
(Masarie et al., 2011). Langenfelds et al., 1999). The main global intercompari-
To emphasize the importance of the quality of atmo- son program fo6(O2/N2) measurements is the Global Oxy-
spheric measurements, the World Meteorological Organizagen Laboratories Link Ultra-precise Measurements (Gollum)
tion (WMO) has defined goals for the measurement compatiprogram, in which sets of 3 cylinders are shipped around
bility of different atmospheric species. The goals are definedhe world that are measured in the 11 laboratories currently
based on the required data quality for the use in e.g. inverable to perform high precisiaf{O2/N2) measurementitp:
sion studies or the interpretation of large-scale atmospherié/gollum.uea.ac.uk Furthermore, another “super-site” inter-
data measured by different laboratories. The defined goals focomparison program is ongoing at Alert, Canada, including
COy, 8(02/N2) ands13CO, are+ 0.1 ppm (0.05ppm in the  §(0,/N,) analyses by SIO and the Max Planck Institute for
Southern Hemisphere); 2 per meg andt 0.01 %o, respec- Biogeochemistry in Jena, Germany (MPI).
tively (WMO, 2011). The first step to reach these compat- In 2007, three European laboratories started a new in-
ibility goals between laboratories is that the internal repro-tercomparison project at the High Altitude Research Sta-
ducibility within each individual laboratory is below these tion Jungfraujoch in Switzerland. Flasks are filled on a bi-
goals. For CQ this is reached by most laboratories with the weekly basis for the laboratories of the University of Bern,
present-day instrumentation. F&FCOy, it is not reached  Switzerland (UBE), the University of Groningen, the Nether-
within all laboratories, as it is difficult to reach with currently lands (RUG) and MPI. For each laboratory, the flasks filled
available techniques(O2/N2) measurements are in general at Jungfraujoch are identical to the flasks these laboratories
very challenging. The absolute atmospheric variationsof O use for their own respective field stations. This has yielded
are in the same order as for g(hecause they are stoichio- unique datasets for the comparison of three different atmo-
metrically related. However, they have to be detected againsspheric species by three laboratories.
a very high background of 21 % (e.g. Keeling, 1988), com- This paper first describes the sampling location, sampling
pared to the C@background of about 0.04 %. The required procedures, and measurement techniques. Subsequently the
goal for the precision 08(0,/N,) measurements of 2 per results of the measurements of £®(02/N,) and§13CO,
meg corresponds to a relative precision of about 0.0002 %are presented and discussed. Additionally, the results from
and is currently not yet reached by the laboratories able tanother flask intercomparison program (“sausage”) are
perform high-precisior$(O2/N2) measurements. The com- included.
patibility for §(O2/N2) measurements between any two labo-
ratories is at the moment not better thab per meg (WMO,
2011). While an international scale f6¢O2/N2) measure-
ments is not yet available, most laboratories use the scal@ Methods
provided by the Scripps Institution of Oceanography, United
States (SIO) (Keeling et al., 2007). This scale is also used ir2.1 Sampling location
this paper. All CQ ands3C0O, measurements are reported
on the WMOX2007 scale and the VPDB scale, respectively. The High Altitude Research Station Jungfraujoch is located
To improve the quality of atmospheric measurements andat 75920" E, 46°3253” N in the Swiss Alps. It is situated
to verify that measurements at different locations, by differ- at an altitude of 3580 ma.s.l. on a mountain saddle between
ent laboratories, are not biased by the used sampling meththe mountains Jungfrau anddvch fttp://www.ifjungo.ch.
ods, materials, analytical techniques and calibration stratebue to its high elevation, the station is situated above the
gies and scales, intercomparison programs between differplanetary boundary layer most of the time and the air is
ent laboratories have been started (e.g. Manning et al., 2009nainly influenced by the free troposphere, representing at-
Masarie et al., 2001; WMO, 2011). These programs are usedhospheric background conditions of continental Europe. A
to assess the compatibility between laboratories and medaffask sampling program was started on site in 2000 by the
surement locations. In these programs, either real air saminiversity of Bern, initially on a bi-weekly basis, and later on
ples or sets of cylinders containing different concentrationsthe frequency was increased to weekly sampling. The sam-
are used. The “super-site” approach requires that flasks arpling program was extended with the additional bi-weekly
filled with air at the same time and location using the individ- sampling for the other two laboratories in this intercom-
ual sampling protocols of different laboratories and that theparison program in December 2007. The flask-filling usu-
flask measurements are performed in the different laboratoally takes place on (Friday) mornings around 7.00a.m. lo-
ries. Especially fo8(O2/N2) measurements, there are limited cal time (LT) to make sure that the samples represent clean
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Fig. 1. Schematic diagram of the setup for flask sampling at Jungfraujoch, before Marci/20&&d after March 200€B).

background air and to minimize the influence of uplifted air RUG, using a single pump (KNF Neuberger NO22AN.18).

masses from the boundary layer (Uglietti et al., 2008). From March 2009 onwards, two parallel filling setups are
used: the MPI flasks are filled using a dedicated pump (KNF
2.2 Flask types Neuberger UNO5 ATI) and the UBE and RUG flasks are com-

monly using the original pump to fill the flasks in series. This
For this intercomparison program, glass flasks are filled evchange was made to flush all flasks already at their respec-
ery 2 weeks with ambient air at Jungfraujoch for the threetively required filling pressure to avoid artefacts during the
participating laboratories. Each laboratory uses its propri-pressurisation at the end of the filling that were mainly ex-
etary flasks with slightly different designs. The UBE flasks pected fors(O2/N»). The MPI flasks require a higher filling
are 1L glass flasks with two valves each placed at one end ofressure because of the analytical procedures.
the flask. The flasks are fitted with glass valves from Louwers Prior to sampling, the air is dried using U-shaped
(Hapert, the Netherlands) with Viton O-rings. The RUG glassglass tubes filled with anhydrous magnesium perchlorate
flasks have identical valves, but the design is different in that(Mg(ClO4)») and sealed with glass wool plugs. Dedicated
the valves are situated on the same side of the flask. One dhtake lines are used for the flask filling, which consist of
the valves is assigned to be the inlet of the flask. On this sidel5 m PVC tubing connected to the sampling units with Syn-
a dip tube is placed inside the flask, which is connected tdflex (type 1300 with an outside diameter of 6 mm) tubing.
the inlet, so that the air always flushes the entire flask. TheBefore March 2009 a single intake line and drying tube were
volume of the RUG flasks is 2.5L. The MPI flasks are 1L used, after that one was used for the MPI flasks and one for
glass flasks with two valves, one on each end of the flaskthe UBE and RUG flasks combined.
The valves have seals made of Kel-F (PCTFE). More details To completely flush the entire volumes, the flasks are
about the flasks, valves and seals are presented by Sturm #tished for about 30 min using a flow of about 2—3 L rmin

al. (2004) and Rothe et al. (2005). The flasks are flushed and filled to a pressure of 1600 hPa
for MPI and 950 hPa for UBE and RUG using pressure re-
2.3 Flask sampling lief valves (type Fisher 289A and type KNF FDV 31KTZ,

respectively), while the average air pressure at Jungfraujoch
Since the end of 2007, flasks have been filled every 2 weekss about 650 hPa. After the filling procedure, the flasks are
In the alternate weeks, flasks are filled for UBE only. For transported back to their respective laboratories. For MPI, the
this paper, we have included flasks filled between Decemflasks are transported back soon after each sampling, whereas
ber 2007 and August 2011, which amounts to 96 differentfor UBE and RUG this is done in batches of multiple flasks,
sampling dates. Flasks are filled in pairs for both UBE andleading to a storage time of the flasks at Jungfraujoch in the
RUG, and in triplicates for MPI. The setup of the flask sam- order of a couple of weeks. The difference between the pres-
pling system is represented in Fig. 1. The design of the flasksure in the flasks and the local air pressure (also during the
sampling system has been changed during the course of inwaiting time in the laboratories) can affect the concentra-
tercomparison project. Before March 2009, all flasks weretions of the air in the flasks, especially thg,/N,) values,
connected in series in the following order: MPI — UBE —
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by permeation through the o-rings used to seal the flasksTable 1.Average standard errors in the mean of the duplicate or trip-
This effect was studied by Sturm et al. (2004) and leads tdicate flasks for the Cg §(O2/N7) ands13CO, measurements from
an increased difficulty to meet the compatibility goals for each of the three laboratories for the flasks sampled at Jungfraujoch

8(02/N>). as well as for the flasks from the “sausage” program.
2.4 Measurement techniques UBE RUG MPI
After the filling procedure at Jungfraujoch, the flasks are g% J:;u(szzn;) (opm) %(i% %‘%63 %%65
measured in their respective Iaboratorigs. F_or the @©@a- 5(0o/N>) JFJ (per meg) ' 6 ’ 8 '3
surements, the method used at UBE is different from the §13C0O, IFJ (%) 008 007 0.009
methods used at both RUG and MPI. At RUG and MPI 513C0O, “sausage” (%) 0.12 0.06  0.01

the CQ concentration is measured using a Hewlett-Packard
Gas Chromatograph (GC), model 6890, comparable to the
setup described by Worthy et al. (2003) and van der Laan
et al. (2009). More details are presented by Sirignano el Results
al. (2010) for RUG and Jordan and Brand (2003) for MPI.
In Bern, the CQ concentration is measured simultaneously 3 4 CO,
with the §(0O2/N2) values using mass spectrometry. In this
case, the C@concentrat_ion is also measured as the ratio of, intercomparing C@abundance measurements at the dif-
CO; to N, and the obtained-value is converted to a GO ferent Jaboratories, results from 96 filling dates have been
concentration using the known G@oncentration of the ma-  jncjyded in the analysis. For some dates not all 3 laborato-
chine reference gas. A correction factor is applied to correctieq haye valid flask results, due to e.g. logistical problems,
for the N;O background value produced in the ion source du€measyrement issues or leaking flasks. Flask results that were
to sample nitrogen and oxygen reactions. More details abouff,enced by measurement problems or leakages have been
this method are presented by Leuenberger etal. (2000b). e moyed from the data set as would be done with any un-
Thes(02/N2) an_del?’C_Oz measurements are performed in known atmospheric background air sample (e.g. when a flask
all three laboratories using mass spectrometrysE0s/N>), clearly contained laboratory air with a very high £€on-
dual inlet isotope ratio mass spectrometers (DI-IRMS) arecenration of over 500 ppm). For each laboratory, the result-
used in a similar manner_as_described by Bender et al. (1994)ng number of sampling dates with valid results for the,CO
UBE and MPI use a Finnigan MAT DELTA plus XL/XP  cqncentrations are: 90 for UBE, 84 for RUG and 82 for MPI.
from Thermo Electron (Bremen, Germany) and RUG usesgqr yBE, on 80 dates 2 flasks have been used to obtain an
a Micromass Optima (Micromass, now Isoprime Manch- 5 erage value, for 10 dates there was only 1 valid flask. For
ester, UK). More details about the specific measurements IRUG, we included 75 values based on the average of 2 flasks
each laboratory are described by Leuenberger et al. (20003),4 g are measurements of a single flask. For MPI, 64 values
for UBE, van der Laan-Luijkx et al. (2010) for RUG and 416 ayerages of 3 flasks, 16 are averages of 2 flasks and for 2

Bra{]3d (2005) for MPI. _ sampling dates only 1 flask was included. For the sampling
§7°CQ; is measured as the last of the three species pregaeg with more than 1 valid flask, the internal reproducibil-

sented in this paper, since the £ first extracted fromthe iy j o the average standard errors in the mean of the dupli-
air sample before the analysis takes place. At UBE a Finnite or riplicate flasks are 0.05 ppm for UBE, 0.06 ppm for
gan MAT DELTA XL mass spectrometer is combined with riyG and 0.06 ppm for MPI (see also Table 1). For compari-

a GC column. CQis extracted online from the air sample g4 \ye recall that the WMO goal for compatibility between
with liquid nitrogen and the column is used to separat®N laboratories is 0.1 ppm.

from the CQ. AtRUG, a second Micromass Optimais used.  rjgyre 2 shows the results for the @easurements of
The CQ is extracted from the air sample with liquid air (@ e flasks sampled at Jungfraujoch. As indicated above, these
mixture of 80 % nitrogen and 20 % oxygen), and & COorrec-y 5 ,es represent average data of 2 or 3 flasks, or the sin-
tion is applied for the co-trapped®. At MPI, a Finnigan 46 yajue of sampling dates with only 1 valid flask sample.
MAT mass spectrometer is used in combination with the Cus-rpe fits shown in the figure are linear trends plus double har-
tom developed BGC-AirTrap to separate £@om the air 1 onic seasonal components and do not include those points
sample. More details are described by Sturm et al. (2006},5¢ are considered outliers of the fit, based on a 2.7 sigma
for UBE, Sirignano et al. (2004) for RUG and Werner et oy | sive filter of the residuals. This filter checks if a cer-
al. (2001) for MPI. tain value is more than 2.7 times the standard deviation away
from the average, and checks if this is still the case for the
updated average and standard deviation after excluding the
value, in which case it is considered an outlier. The filter ex-
cludes 4 values for UBE, 3 for RUG and 3 for MPI. From
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Fig. 2. CO, concentration at Jungfraujoch, Switzerland from flask Fig. 3. Differences of the C@concentration measured by each pair
samples measured by three laboratories: University of Bern (UBE)of two laboratories. The average differences are: 0.20 ppm for UBE-
(pink squares), University of Groningen (RUG) (orange diamonds)RUG, 0.08 ppm for UBE-MPI and 0.14 ppm for MPI-RUG. The
and Max Planck Institute in Jena (MPI) (blue circles). The valueserror bars represent the quadratically added standard errors of the
are the averages of 1, 2 or 3 flasks. The fits through the data are lirfmeasurements of the two laboratories.

ear trends plus double harmonic seasonal components. Open sym-

bols represent those values that are outliers to the fit of the individ-

ual data set (based on the 2.7 sigma exclusive filter on the residualsincluded in Table 2. From these values itis clear that the MPI

The error bars represent the standard error of the average value of\Zalues shifted by about0.2 ppm with respect to the other

or 3 flasks. For single flask measurements error bars are not showtwo laboratories (note that the sign is indeed in the same di-
rection depending on the direction of the comparison), sug-
gesting that the changed setup has removed a bias based on

the figure itis clear that the flasks from the three Iaboratoriesthe pressurizing qf the flas!<s. In the .f|rst setup, the. magne-
follow the same trend as well as seasonality. In some cases!™M perchlorate in th'e drying tubes is also pressurized (for
all three laboratories show a value far away from the fit, butthe MPI fI:lgkzs) and this can taﬁe @h@m ?]f the s_ample. TL\e

the three data points are close together. These data represéman%e ﬁ_ b pp;n SuQﬁeslt:Ptl atlt ec Fange Ir? SetlIJp as re-
e.g. local or nearby pollution events. There are also samplin oved this bias from the ' values. From the values we
dates with large differences between the values obtained b Iso see that the standard deviations of the average values in-

one laboratory compared to the other two, most likely due to rease slightly from the first to the second period. This higher
’ standard deviation is most likely due to the fact that the sec-

e.g. measurement issues or small flask leakages. d period is sianificantly | d tains | )
Figure 3 shows the differences between each pair of tweP"d PErod s signiicantly longer and contains 1arger vana-

laboratories. The average values of the differences and theffons in the periods summer/autumn 2009 as well as between

standard deviations are shown in Table 2. For UBE—RUG‘]U$E 2?.10 anéj geprugrfy 2011. ¢ | q d
the average difference is 0.20 ppm, for UBE-MPI this is e fits and derived fit parameters for annual trends an

0.08 ppm and for MPI-RUG it is 0.14 ppm. The difference seasonality for the individual data series from each labora-
between the measurements of UBE and MP! is the small{0"Y @€ shown in Table 3. The average annual trends ob-
est. This is true for both the absolute value of the differ- t2ined from the datla sets are 1:76.17 ppmyr* for UlBE’
ence as well as the standard deviation of the average dif—1'94i 018 ppmyr for RUG and 1'8&0'17 ppm yr = for
ference, which is smaller than for the other two Compar_MPI. Within their estimated uncertainty ranges these values
isons. The RUG values are slightly lower than the valuescorrespond well to each other. The average of these values

. 1 .
from the other two laboratories. Although the mean differ- is 1.85:0.09 ppmyr=. This corresponds well to the aver-

ence between UBE and MPI of 0.08 ppm is within the WMO qgg gl(;)(;aéal Z%CﬂreTnd Wh;%hlgvailﬁa ppmy# forl the pl_e- d
compatibility goal, the majority of the calculated differences rno - (Tans, ). For the seasonal amplitudes,

are outside of this range. For UBE-MPI, only 29% of the the three results also agree within their uncertainty bars,

differences are within the 0.1 and 0.1 ppm limits. For UBE- although the UBE result is, on the edge of significancg,
RUG this is 18 % and for MPI-RUG this is 20 %. We there- lower than the other two. The average value for the ampli-

fore conclude that these flask measurements do not yet meétfdes is 10.54-0.18 ppm, _repre_senting 'OW seasonal varia-

the required compatibility goals for GO t|on_s as expectec_i for the high alt!tgde continental background
As stated in Sect. 2.3, the sampling setup was changed iﬁtfattlon Jur_lgfraUJoch. Seasonalities at other European sam-

March 2009. Before this date, the flasks from all three |ab_p!|ng chanons aré more pronounced due_ to local and re-

oratories were sampled in series. After that, the flasks fromcglonal influences of the biosphere and fossil fuel combustion

MPI are sampled parallel to those of UBE and RUG, which (.9. Thompson et al., 2009; van der Laan et al., 2010).

are sampled in series. The results for the average differences

between the laboratories before and after this change are

www.atmos-meas-tech.net/6/1805/2013/ Atmos. Meas. Tech., 6, 1835 2013
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Table 2. Average CQ, §(O2/N>2) and613C02 differences between each pair of two laboratories and their standard errors of the mean. Also
given are the standard deviations. The results are given for the entire data set as well as for the two sub-periods: before March 2009 (part 1
and after March 2009 (part 2). The results from the “sausage” program are also included.

UBE - RUG UBE - MPI MPI - RUG

average stdev average stdev average stdev
COo (ppm) 0.2040.06 0.6 0.08:0.05 0.4 0.14+ 0.06 0.5
CO, (part 1) 0.18+0.06 0.3 0.240.05 0.3 0.04:0.07 0.3
CO, (part 2) 0.2H-0.09 0.7 0.0H0.07 0.5 0.19:0.08 0.6
CO, (“sausage”) —0.12+0.05 0.3 0.03:0.04 0.3 —0.17+0.01 0.1
8(0,/N>) (per meg) —33+4 40 —31+4 30 —3+3 26
8(0,/Ny) (part 1) —33t6 30 —14+6 30 —16+4 20
§(0,/Ny) (part 2) —37+5 40 —38+4 30 1+4 27
813C0Oy (%o) —0.03+0.04 03 —0.02+0.03 0.22 —0.02+0.03  0.20
$13C0o, (part 1) —0.06+0.05 0.25 0.0&:0.07 0.20 —0.13+0.04 0.10
$13C0, (part 2) —0.0240.05 0.3 —0.02+40.03 0.23 —0.00£0.03 0.21
§13co, (“sausage”) —0.01£0.06 0.4 —0.03+0.03 0.22 0.020.06 0.4

Table 3.COy, §(02/N5) ands13CO, trends and seasonal amplitudes based on the fit of the data sets from each laboratory: UBE, RUG and
MPI. The used fit is a linear combination of a linear trend plus a double (far) @Osingle (fors(O2/N2) and813C02) harmonic seasonal
component. The stated errors are the uncertainties of the fit only.

UBE RUG MPI
Trend CQ (ppmyr1) 1.76+0.17 1.94+0.18 1.83+0.17
Amplitude CQ (ppm) 10.3+0.3 10.6+0.4 10.7+0.3
Trends(O/N2) (per megyrl) —29*+3 —23+3 —17.3£15
Amplitude §(O2/N») (per meg) 69+5 85+4 84.1+2.2
Trends13CO, (%oyr—1) —0.08F*+0.018 —0.069+0.015 —0.016+0.014
Amplitude §13CO, (%o) 0.592+0.028  0.455:0.022  0.485:0.018

* More realistic values are obtained when a stronger filter (i.e. 1.9 sigma instead of 2.7 sigma) is applied to the data:

—21+2 per megyr? and 73+ 3 per meg for the linear trend and seasonal amplitude, respectiv@lye trend estimate
based on the complete record available for UBE between 2000 and 264@ @s:3+ 0.004 %o.

3.2 §(02/Ny) indicated in the figure are the standard errors of the mean of
the results of 2 or 3 flasks. Values that represent only a single
) ) ) flask are not assigned an error bar. The fits shown in the figure
The amount of samples included in the analysisit@2/N2)  are linear trends plus single harmonic seasonal components.
is 86 for UBE, 87 for RUG and 79 for MPI. For UBE, 79 sging the 2.7 sigma residuals filter as described in Sect. 3.1,
values are averages of 2 flasks and for 7 sampling dates only \g1e is rejected for UBE, 4 for RUG and 4 for MPI. The
1 valid flask was used. For RUG there are 74 averages of ?igure shows a large variability between $(©,/N,) values
flasks and 13 single flask measurements. For MPI 48 valuegy; the three laboratories. Samples that represent local pollu-
are averages of 3 flasks, 23 are averages of 2 flasks and 8 afig, events (as seen in Fig. 2 for @Care not recognisable
single flask values. The standard errors ofd(@,/N2) val- a5 such fos(0,/N>), due to the higher variability in the data
ues obtained from the averages of 2 or 3 flasks are shown iggtg.
Table 1. This internal reproducibility is 6 per meg for UBE, 8 Figure 5 shows the differences between each pair of two
per meg for RUG and 3 per meg for MP!. To put these in per-|gporatories. The average values for the differences are in-
specnve:_the. WMO goal for the compatibility between FWQ cluded in Table 2. In Fig. 4 it is visible that th0,/N,)
laboratories is 2 per meg. The WMO, however, states in itsajyes for UBE are significantly lower than the values of
report that the goal of 2 per meg has not yet been reached anfle other two laboratories. The average difference between
that the current compatibility between any two laboratories is\1p| and RUG is—3 per meg, whereas for UBE-RUG it is

not better than 5 per meg. —33 per meg and for UBE-MP!I it is-31 per meg. This bias
Figure 4 shows the results for ti€O2/N2) values of the  most Jikely reveals a problem with the scale definition for
atmospheric samples for the three laboratories. The error bars
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Fig. 4.5(02/N2) observations from Jungfraujoch, Switzerland from Fig. 5. Differences of the5(O»/N») values measured by each pair
flask samples measured by three laboratories: UBE (pink squareshf two laboratories. The average differences ar83 per meg for
RUG (orange diamonds) and MPI (blue circles). The values are theJBE-RUG, —31 per meg for UBE-MPI and-3 per meg for MPI-
averages of 1, 2 or 3 flasks. The fits through the data are lineaRUG. The error bars represent the quadratically added standard er-
trends plus single harmonic seasonal components. Open symbol®rs of the measurements of the two laboratories.
represent those values that are outliers to the fit of the individual
data set (based on the 2.7 sigma exclusive filter on the residuals).
The error bars represent the standard error of the average value Of@eeling, 2013), and slightly more negative in the period of
or 3 flasks. For single flask measurements error bars are not showr(lJur study), due to the high variability of the data set. Since
the focus of this study is the comparison between the mea-
surements of different laboratories, we have included most
UBE, a matter which requires further study and intercompar-of our data in our analysis. However, if this data set were to
ison. Also the standard deviation of the average differencede used for trend analysis, a stronger filtering strategy could
is larger for the comparisons to UBE than between MPI andbe applied. If a 1.9 sigma exclusive filter would be used, in-
RUG. For MPI-RUG the average difference is within 5 per stead of the used 2.7 sigma filter (see Sect. 3.1), the trend
meg, however, only 14 % of the values are within #fieper  estimate for UBE would become more robust a1+ 2
meg limits. For UBE-RUG this is 12% and for UBE-MPI per megyr?! (with R2 = 0.81). For RUG and MPI the trend
3%. Fors§(02/N>), significant improvements are needed to estimates are already more robust (given the higher initial
meet the WMO goals. Based on these results, the bias foR?2 values), and removing more data points does not alter
the UBE measurements requires further investigation, buthe trend estimates that much. For the seasonality, the ob-
also the sampling procedures, including the storage of théained values for the amplitude compare well between MPI
flasks, should be studied to possibly reduce the internal reand RUG, 85t 4 per meg and 844 2.2 per meg, respec-
producibility for the laboratories and thereby the compatibil- tively. This value is, as for C@ lower than at other sta-
ity between the laboratories. Table 2 also includes the dif-tions which are in the European atmospheric boundary layer
ference between the measurements of the samples collectdéel.g. Kozlova et al., 2008; Popa et al., 2010; Thompson et
before and after March 2009. As for GOwe see a shift in  al., 2009; van der Laan-Luijkx et al., 2010). The value for
the values for the MPI flasks, due to the improvement in theJungfraujoch represents a signal of a background station in-
pressurizing of the flasks, of abo#tl7 to+-24 per meg. fluenced mostly by the free troposphere.
The indicated fits for the 3 data sets in Fig. 4 are quite
different from each other. The obtained parameters for eacl3.3 §3CO,
laboratory are given in Table 3. The data sets cover almost
four years, which is a short time to obtain robust values forFor the analysis 0813CO, we have included 88 values for
the long-term annual trend, considering the large variabilityUBE, 82 for RUG and 67 for MPI. For UBE, 75 are averages
in the data sets. The seasonalities of the fits should be consf the values of two flasks and 13 are single flask measure-
parable between the three laboratories based on this time peaents. For RUG, 53 are averages of two values and 29 are
riod. The large variability of th&(O,/N2) data does, how-  single flasks. For MPI 53 values are averages of three flasks,
ever, lead to significant differences between the laboratoried0 are averages of 2 flasks, and 4 values are single values.
in the quality of the obtained fits and the estimates for theThe internal reproducibility, i.e. the standard errors of the
trend and seasonal amplitudes. The correlation coefficientaverages for the duplicate and triplicate samples are 0.08 %o
(R?) of the fits are 0.58 for UBE, 0.73 for RUG and 0.87 for UBE, 0.07 %0 RUG, 0.009 % MPI (see Table 1). We recall
MPI. The obtained values for the annual decrease rates diffethat the WMO compatibility goal is 0.01 %o.
significantly as well. Especially for the UBE data, the trend  Figure 6 shows the results for tdé*CO, measurements
estimate is unrealistic (compared to the global average trenérom flasks sampled at Jungfraujoch. The standard errors of
which was—19 per meg yr! over the past two decades (e.g. the averaged values are indicated as error bars. For single
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Fig. 6. 813C02 observations from Jungfraujoch, Switzerland from Fig. 7. Differences of the313COZ values measured by each pair of
flask samples measured by three laboratories: UBE (pink squaresjwo laboratories. The average differences ar8:03 %o for UBE-

RUG (orange diamonds) and MPI (blue circles). The values are theRUG, —0.02 %0 for UBE-MPI and—0.02 %. for MPI-RUG. The
averages of 1, 2 or 3 flasks. The fits through the data are linear trendrror bars represent the quadratically added standard errors of the
plus single harmonic seasonal components. Open symbols repreneasurements of the two laboratories.

sent those values that are outliers to the fit of the individual data

set (based on the 2.7 sigma exclusive filter on the residuals). The

error bars re_present the standard error of the average value of 2 0r§009)_ The fact that the internal reproducibility of MPI is
flasks. For single flask measurements error bars are not shown. much better than the other two laboratories (see Table 1),
enables this better trend estimate on the relatively short
timescale of four years. The other two laboratories would
flask values no error bar is included in the figure. Filtering need a longer data record to obtain a valid trend estimate. For
the data using the method described above, removes 3 valué$3E, additional flasks are sampled at Jungfraujoch and data
for UBE, 5 for RUG and 1 for MPI. The figure shows the from these flasks are available for the entire period 2000—
seasonality in the13CO, signal as well as a small decreasing 2012. The obtained trend from the complete UBE record
trend. The decrease rate is not clearly visible due to the shoris estimated at-0.013+0.004 %o yrt, much closer to the
timescale. The results from the three laboratories follow thetrend estimate from MPI. The average seasonal amplitude for
same pattern. The fits shown in the figure are linear trend¢he three laboratories is 0.810.07 %o, which is lower than
plus single harmonic seasonal components. obtained from other European stations, e.g. the obtained sea-
Figure 7 shows the differences between the laboratoriessonal amplitude from the GLOBALVIEW-CO2C13 dataset
The average differences are close together and are showfer §13CO, for our latitude is 0.7 % (GLOBALVIEW-
in Table 2. However, the variability for each comparison is CO2C13, 2009), indicating again that Jungfraujoch is less
quite large. The average differences a@.03 %o for UBE-  influenced by regional and local emissions.
RUG, —0.02 %o for UBE-MPI and—0.02 %o for MPI-RUG.
This result makes clear that the WMO goal 88fCO,isnot 3.4 Results from the “sausage” flask intercomparison
met between any of the three laboratories. The percentage  program
of measurements within the WMO goal of 0.01 %0 are 6 %
for UBE-RUG, 2% for UBE-MPI and 5 % MPI-RUG. This All three laboratories also participated in the so-called
low compatibility of thes13CO, results from the flasks sam- “sausage flask comparison” experiment (Levin et al., 2003).
pled at Jungfraujoch for our three laboratories shows that thén this program nine laboratories receive three flask pairs on
data series presented here are not optimal, but they can ke bi-monthly basis. These flasks are filled with dry ambient
used to interpret the trend and seasonality in the longer termair from high pressure cylinders with three different com-
Table 2 also includes the values obtained before and aftepositions covering a C&range of 360—410 ppm. The flasks
March 2009. These values do not show a difference due tare filled in series with each flask being flushed and filled at
the change in the setup within the uncertainty limits. different pressures for each participant. The MPI flasks are
The obtained parameters for the trend and seasonality arflled to 1500 hPa and the RUG and UBE flasks are filled to
presented in Table 3. The results from the three laborato1000 hPa. The flasks are shipped to the participants within a
ries do not compare well with each other within their esti- few days after filling. The flasks are analysed for their,CO
mated uncertainties. The trend estimates for UBE and RUGoncentrations as well a&3CO, values in the individual
of —0.0814+0.018 %o yr! and —0.069+ 0.015%yr! are  laboratories using the same methods as described above for
much too high compared to the estimate obtained for MPI ofthe flasks sampled at JungfraujodfO2/N2) measurements
—0.01640.014 %0 yrL. The latter is in good agreement with were not part of this specific intercomparison exercise.
the trend from the GLOBALVIEW-CO2C13 dataset, which  We include here additional results from this intercompar-
is —0.02 %o yr~1 for our latitude (GLOBALVIEW-CO2C13, ison activity, to help explain the differences found in the
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previous sections. Only flasks measured in the same periothe measurements, but also in the sampling procedure or the
as the flasks from Jungfraujoch are included in the resultsstorage in the different flasks. Our study has shown that our
shown in this paragraph. Whereas the inter-laboratory differthree laboratories do not yet meet the required WMO goals
ences of the samples collected at Jungfraujoch are a result é6r compatibility for the presented flask sampling program.
the combination of uncertainties introduced during sampleHowever, it is important to note that Jungfraujoch is a very
collection, storage as well as laboratory measurements, thehallenging measurement location, especially &>/N>)
results from the “sausage” flasks only contain information due to its low air pressure and that the compatibility between
on the compatibility of the laboratory measurements. the laboratories is better when based on e.g. the Cucumbers
For CQ, the average standard errors in the mean forprogram. The quality of flask sample data is very relevant,
the duplicate samples are 0.10ppm for UBE, 0.03 ppmas flask sampling is used at many sampling locations, be-
for RUG and 0.05ppm for MPI. The average differ- cause this is easier to achieve at remote locations, and it en-
ences are—0.124+0.05ppm (stdex0.3ppm) for UBE- ables multiple sampling locations in terms of cost effective-
RUG, 0.03£0.04 ppm (stdew= 0.3 ppm) for UBE-MPI and  ness compared to continuous measurements. Flask samples
—0.17£0.01ppm (stdex=0.1ppm) for MPI-RUG. For are therefore widely used in carbon cycle studies. Further ef-
813C0y, the average standard errors in the mean for the duforts should be made to increase internal reproducibility of
plicate samples are 0.12, 0.06 and 0.01 %o, respectively. Thé&aboratories as well as the compatibility between laborato-
average differences are0.01+ 0.06 %o (stdev= 0.4 %o) for ries for this sampling method. Our intercomparison program
UBE-RUG, —0.03= 0.03 %o (stdew=0.22 %o) for UBE-MPI is therefore an important tool to assess inconsistencies, which
and 0.02£ 0.06 %o (stdew= 0.4 %0) for MPI-RUG. These re- is the first step to be able to minimize them. One of most
sults are included in Tables 1 and 2, respectively, for comparimportant steps to improve our measurements is to further
ison the to results from the flasks sampled at Jungfraujoch. study the biases in COand §(O2/N>) for RUG and UBE,
The CQ inter-laboratory compatibility as represented by respectively.

the “sausage” flask differences is generally smaller (or in Especially for6(O2/N2) measurements, intercomparison
the same range) compared to that based on the samples cqrograms are rare. The desired high precision and accuracy
lected at Jungfraujoch, but the differences do show vari-for §(O2/N2) measurements is reached by only a few lab-
ations on a time period of months to one year of up tooratories.5(O2/Ny) is difficult to measure, therefore more
1ppm. This suggests that the large inter-laboratory differ-collaboration and intercomparisons are needed to establish
ences in the Jungfraujoch samples (that occur before anfietter compatibility between laboratories. Combined trend
after March 2009) are more likely to result from sampling analysis of CQ and§(O2/N>2) is an important tool to study
and/or storage issues than from the measurement differenceélse global oceanic C® uptake. Differences in obtained
in the laboratories. In contrast to Gahe compatibility for ~ CO, and §(O2/N2) trends between laboratories can there-
813CO, based on the “sausage” data is in the same range afore have a large impact on these estimates. The global
that from the flask samples collected at Jungfraujoch. Thisoceanic CQ uptake is for example estimated by Manning
indicates that the dominating cause of uncertainty is likely toand Keeling (2006) and van der Laan-Luijkx et al. (2010),
be in the laboratory measurements. who found 2.2£0.6 PgCyr! and 1.8:0.8PgCyr?, re-

spectively. Using the same approach as van der Laan-Luijkx

et al. (2010), we obtain from our data the following estimates
4 Discussion, conclusion and recommendations for the global oceanic CPuptake: 6.4: 1.7 PgCyr? for

UBE (3.0+ 1.2 PgC yr! when using the more strict data fil-
The study presented in this paper covers a long-term comtering as described in Sect. 3.2), 3:6.4 PgCyr! for RUG
parison of measurements of in situ sampled flasks fog,CO and 1.5+ 1.0 PgCyr? for MPI. These large differences are
8(02/Ny) as well ass13CO,. Intercomparison programs are mainly caused by the large differences in 8§©,/Ny) trend
important to document the inter-laboratory compatibility, to between the three laboratories (see Table 3). These values are
indicate the need of improvement and to detect measurebased on only short time series, and can therefore be signif-
ment problems in specific laboratories. Global intercompar-icantly improved by extending the data series. Longer time
ison programs are quite time consuming and costly. The exseries are therefore necessary before these estimates can be
isting programs focus on in situ versus flask comparison omsed in a study to obtain the global oceanic Qaptake.
on the intercomparison of cylinder measurements or flaskdHowever, our estimates do show that differences between
filled under laboratory conditions. In intercomparison pro- measurements of different laboratories can have a large im-
grams such as the Cucumbers project (Manning et al., 2009pact on global carbon cycle estimates and therefore reflect
cylinders are shipped between laboratories to compare thethat the ambitious WMO compatibility goals have a scien-
measurements. The cylinders are therefore measured in eatific justification. Laboratories should continue to improve
laboratory about once per year. The compatibility betweentheir measurement precision and accuracy and continue to
laboratories under laboratory conditions is quite differentassess them in regular intercomparison programs.
from a field study, since biases can be introduced not only by
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