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Abstract. The International Halocarbons in Air Compari- natural air samples were circulated among 19 laboratories.
son Experiment (IHALACE) was conducted to document re- Results from this experiment reveal relatively good agree-
lationships between calibration scales among various labment (within a few percent) among commonly used calibra-
oratories that measure atmospheric greenhouse and ozotien scales. Scale relationships for some gases, such as CFC-
depleting gases. This study included trace gases such2 and CCJ, were found to be consistent with those derived
as chlorofluorocarbons (CFCs), hydrochlorofluorocarbongrom estimates of global mean mole fractions, while others,
(HCFCs), and hydrofluorocarbons (HFCs), as well as ni-such as halon-1211 and @B, revealed discrepancies. The
trous oxide, methane, sulfur hexafluoride, very short-livedtransfer of calibration scales among laboratories was prob-
halocompounds, and carbonyl sulfide. Many of these gaselematic in many cases, meaning that measurements tied to
are present in the unpolluted atmosphere at pmoftol a particular scale may not, in fact, be compatible. Large
(parts per trillion) or nmolmot! (parts per billion) levels. scale transfer errors were observed forsCi€ls (10-100 %)

Six stainless steel cylinders containing natural and modifiedand CCk (2-30%), while much smaller scale transfer
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470 B. D. Hall et al.: Results from IHALACE

errors « 1 %) were observed for halon-1211, HCFC-22, and The larger CQ measurement community, under the aus-
HCFC-142b. These results reveal substantial improvementpices of the World Meteorological Organization — Global
in calibration over previous comparisons. However, there isAtmosphere Watch (WMO/GAW) program, has adopted a
room for improvement in communication and coordination single reference scale for G@neasurements (WMO/GAW,
of calibration activities with respect to the measurement 0of2009; Zhao et al., 1997). This ensures that all WMO/GAW
halogenated and related trace gases. CO, measurements are traceable to the same calibration
scale. On-going efforts to compare laboratory C@ea-

. surements and assess how well cooperating laboratories are

1 Introduction linked to the WMO/GAW CQ calibration scale are fun-

Halogenated trace gases, such as chIorofluorocarbonlo§lamentaI to the WMO/GAW program (WMO/GAW, 2009).
’ rotocols for CH, N2O, CO, Sk, and k are also in place

(CFCs), hydrochlorofluorocarbons (HCFCs), and Chlor"rQWMO/GAW, 2011). Experiments have also been designed

nated solvents, are involved in stratospheric ozone depletio o X )
(Montzka et al., 2011). Some of these, along with hydroﬂuo-to assess calibration and analytical differences for select hy-
iy ) ' d{ocarbons (Apel et al., 1994; Plass-Dulmer et al., 2006;

rocarbons (HFCs), are strong greenhouse gases. In an effo pel et al., 2003). However, there have been few efforts to

to characterize global distributions and sources/sinks of these : . . X
; . Characterize differences between calibration scales and mea-
gases, several international research groups measure the %drement roarams for halogenated gases. Early comparison
mospheric abundance of CFCs, HCFCs, HFCs, and halo-_ . prog .g g : y pa
) . studies (Rasmussen, 1978; Fraser, 1979) found large differ-

genated solvents on a routine basis.

Collaborative efforts utilizing measurements from multi- ences in mole fractions of the most abundant ozone-depleting
ple groups have led to more robust estimates of the globaPos > (CFC-11 (CGFF), CFC-12 (CGIF2), CH3CC, ?nd
distributions and emissions of @ (Huang et al., 2008; Cly). For ex_ample, standard dewgtlons of 10-25% were
Saikawa et al., 2013), Cgl(Xiao et al 2010a)”Cl;CI ' found among independent laboratories for CFC-12 ang CCl

. : Prinn et al. (1998) reported differences less than 1% for
(Xiao et al., 2010b), HCFC-22 (Saikawa et al., 2012) and ) Ao i aco
SFKs (Rigby et al., 2010). Integrating results from different re- CFC-12 and CHCI, 8-10% for CFC-11, and 20-35% for

search groups to produce a consistent picture of the global (HsCCls and HCFC-142b (CBCCIF). Aside from a study

r .
regional atmospheric distribution can be challenging. Therzby Jones etal. (2011) that focused on very short-lived halo
. X compounds, such as GBr; and CHBg, much of the recent

are many factors that can lead to differences in the data : . ; .
. . research in this area has been carried out on a bi-lateral or

records collected by different groups (e.g., sampling or an-

X . . ) ' . ad-hoc basis.
alytical artifacts, calibration differences, site selection). Per- : . . I .
. S While the existence of independent calibration scales is
haps the most fundamental of these is the calibration scale o oo o
. important for verifying trends and estimating uncertainties,
upon which the measurements are based. I . : )
. it is critically important to understand the relationships be-
Nearly all measurements of ozone-depleting and green: . . .
. . ; tween independent scales. The International Halocarbon in
house gases are made on a relative basis. That is, abundancgs ! : .
. ) . AIr Comparison Experiment (IHALACE) was conceived as a
are determined relative to reference standards measured in.a . s L
first step toward assessing the variability of calibration scales

similar manner. Most reference standards used for calibration . .
associated with the measurement of halogenated trace gases.

cor_15|st of mlxtures of trace gases stored in compressed gas The goals of IHALACE were (1) to establish a calibra-
cylinders with known mole fractions. Reference standards

. . . ... tion matrix that relates the calibration scales among different

are typically designed to match the atmospheric compositio ; o L
) L= . ) » laboratories at a specific point in time, and (2) to enhance
in order to minimize interference or bias. The term “scale L . o
. ; communication and cooperation among laboratories in order
is often used to define the reference standard(s) used over 2 . ; .

: i . to improve data quality (e.g., through regular comparisons).
particular range of mole fractions. Some laboratories develo

o . . o e do not explore analytical or scale development uncer-
and maintain scales internally, while others adopt existing, . .~ . : S .
iamhes in depth. Typical scale uncertainties at ambient mole

scales. Throughout this paper we refer to laboratories tha] ractions are about 1-5 % (95 % confidence level). While it

develop scales as a “scale origin”. Scale adoption typically. : . . -
) i is possible that comparison results might agree within these
involves sending one or more reference standards to another - :

. : Uncertainties, small differences between measurement pro-
laboratory for analysis. Issues important to both scale devel-

S S ram n be important for with small ial or tempo-
opment and adoption include scale stability (are the referencd o> @ be 1po tant for gases with small spatial o te_ PO
ral gradients. It is important to understand even small differ-

standards or methods stable over time?) and scale propaga- .
. ; . Yences between scales rather than to treat scales as equivalent
tion (can standards developed or evaluated using a partlcul%r
instrument be reliably transferred to a different instrument

or laboratory, and can the adopting laboratory maintain the

adopted scale?).

ased on agreement within uncertainties.
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2 Methods all six samples was greater than 20 % for some gasesB€H

for example) (see Supplement).
Six electro-polished stainless steel cylinders (Essex Cryo-
genics, St. Louis, MO), divided into two sets, were dis- 2.2 Analysis and data reporting
tributed among the participants (Table 1). These cylinders
were selected because they have shown good stability foEach participant was instructed to analyze the air samples in
many halogenated gases at pmolmo(parts per trillion, amanner similar to other air samples from their measurement
ppt) level. Each group received three cylinders, two at am-program. Most participants employ gas chromatography with
bient mole fraction and one a mixture of 80 % ambient air electron-capture, mass-selective, or flame ionization detec-
and 20 % ultra-pure zero air (Table 2). Mole fractions weretion. A dedicated pressure regulator was supplied with each
not disclosed at the time of distribution. To the extent possi-cylinder (Veriflo 959TDR, Veriflo Division of Parker Han-
ble, groups that develop their own calibration scales receivedhifin, Richmond, CA) along with 1 m lengths of 16" stain-
the same set of three samples (set 1), while those groups th#gss steel tubing. Participants were instructed to use the reg-

adopt scales from other laboratories received set 2. ulators provided unless their analysis method required a dif-
ferent procedure.
2.1 Air sample preparation Each laboratory was instructed to forward the cylinders to

the next laboratory according to a pre-determined schedule.

Cylinders were filled at the NOAA/GMD (Earth System Re- Cylinders were initially distributed in September 2004. One
search Laboratory, Global Monitoring Division) air sampling set of cylinders was returned to Boulder for final analysis
facility at Niwot Ridge, Colorado. This facility (40.03, in 2006. The second set was returned a year later, taking an
105.5% W) is located at an altitude of 3022 m in a sub-alpine additional year to complete the circuit. Each cylinder was an-
forest approximately 50 km northwest of Denver. Airflow to alyzed at NOAA at the beginning and end of the distribution
the site is predominately westerly, bringing clean continentalperiod. At the end of the experiment, four of the six cylin-
background air to the site. ders remained at high pressure § MPa) while two were

Cylinders (34-L empty volume) initially contained accidentally partially vented during the final weeks of the ex-
~ 100 hPa dry nitrogen upon receipt from the manufacturerperiment. The final analysis at NOAA was performed while
They were evacuated to 2 Pa and then filled with 6.2 MPaall cylinders still contained>- 70 % of the initial air. These
dry (dewpoint~ —78°C) natural air via transfer from a pres- results represent the state of the art in halocarbon measure-
surized cylinder (filled previously at Niwot Ridge). Approxi- ments around 2007.
mately 0.65 mL HPLC grade water was added to each cylin- Data were submitted to two referees and held until all anal-
der to humidify the air. Cylinders were conditioned with yses were complete. At that point, data were released to par-
this humidified air for one month, then evacuated to 6 Paticipants in anonymous form with laboratories identified by
and re-humidified by adding 0.65 mL HPLC-grade water andnumber. While IHALACE was operated as a “blind” compar-
~ 0.3 MPa dry natural air as before. Dry synthetic zero-gradeison, one of the referees also acted as a participant. Although
air was added to two cylinders to create mixtures with molethis is not generally considered protocol for a blind compar-
fractions ~ 20 % below those of the ambient air samples. ison, all participants were informed in advance and agreed
The zero-grade air (Linweld, Lincoln, NE) was scrubbed with the protocol. The participant/referee submitted results
for residual contamination by passing it through molecularto the other referee and to another participant (B. Hall). Fur-
sieve 5A and activated charcoal a78°C. Final pressur- thermore, the participant/referee ensured that handling and
ization to 6.2 MPa was performed at Niwot Ridge using ananalysis were performed by laboratory personnel not associ-
oil-free, breathing-air compressor (model SA6, Rix Indus- ated with the role of IHALACE referee.
tries, Benicia, CA). Distilled de-ionized water was added to It was requested that all data be properly identified with the
the air stream at the pump inlet to cool and cleanse the firstorresponding calibration scale (see Supplement, Table S1).
stage of the compressor. Experience has shown that coobPata submitted on obsolete scales were converted to more
ing the compressor heads by adding 8-12 cc/mi®tnd  recent scales according to known conversion factors (e.g.,
blowing air across aluminum cooling fins mounted to the CHs on the CMDL-93 scale was converted to NOAA-04,
compressor heads greatly reduces the levels of contaminani3lugokencky et al., 2005; CFC-12 on the NOAA-2001 scale
generated by the compressor. Moisture was removed usingias converted to NOAA-2008; HCFC-22 (CHG)Fon the
Rix moisture separators and by passing the air through &OAA-92 scale was converted to NOAA-2006; G@n the
stainless steel tube containing 350 g magnesium perchloratdOAA-2002 scale was converted to NOAA-2008;®I on
(Mg(ClOg4)2). By combining 0.65mL HO with ~2600g the NOAA-2000 scale was converted to NOAA-2006). In
dry air, the resulting water vapor mole fraction in each cylin- other cases, scale differences were small and do not signifi-
der was~ 400 ppm. Cylinders were filled on 17 March 2004 cantly affect the results. For example, some data were sub-
and 8 July 2004 (Table 2). Because mole fractions of somenmitted on SIO-98 scales even though SIO-05 is more re-
gases vary seasonally, the full range of mole fractions amongent. The conversion from SI0-98 to SIO-05 for CFC-12

www.atmos-meas-tech.net/7/469/2014/ Atmos. Meas. Tech., 7, 46833-2014



472 B. D. Hall et al.: Results from IHALACE

Table 1. List of participants and sample set analyzed (three cylinders in each set).

Lab.# Institution Acronym  P.l. Country Set Ref.

1 National Oceanic and Atmospheric Administration  NOAA J. Elkins USA 1,2 fm

2 Scripps Institution of Oceanography SIO R. Weiss USA. 1 I, n

3 South African Weather Service SAWS E.-G. Brunke South Africa 2 d

4 Italian National Agency for New Technologies, ENEA F. Artuso Italy 2 a
Energy and Sustainable Economic Development

5 Environment Canada EC D. Worthy Canada 2 S

6 University of Miami UM-1 J. Happell USA. 2 h

7 National Institute of Standards and Technology NIST G. Rhoderick USA 1 o]

8 Karlsruhe Institute of Technology KIT H. E. Scheel Germany 2 r

9 University of Bristol UB S. O’'Doherty United Kingdom 1 l,n,q

10 University of California Irvine UcCl-1 E. S. Salzman USA 2 b

11 University of Urbino uu M. Maione Italy 2 k

12 J. W. Goethe University of Frankfurt UF A. Engel Germany 2 e

13 University of Heidelberg UH I. Levin Germany 2 g,i

14 Swiss Federal Laboratories for Materials SciencEmpa S. Reimann Switzerland 2 n, q
and Technology

15 University of Miami UM-2 E. Atlas USA 1 p

16 National Institute for Environmental Studies NIES Y. Yokouchi Japan 1 t

17 Commonwealth Scientific and Industrial Researc8SIRO P. Fraser Australia 1 ILn

Organization; and Cape Grim Baseline Air

Pollution Station
18 NASA Ames Research Center NASA M. Loewenstein  USA 2 i
19 University of California, Irvine UCI-2 D. Blake USA 2 c

2 Artuso et al. (2010)° Saltzman et al. (20099, Blake et al. (2003)9 Brunke et al. (1990) Engel et al. (1997, Hall et al. (2007)9 Hammer (2008)" Happell and
Wallace (1997)! Levin et al. (2010)} Loewenstein et al. (2002§,Maione et al. (2004), Miller et al. (2008),™ Montzka et al. (1993)? Prinn et al. (2000)° Rhoderick
and Dorko (2004)P Schauffler et al. (1999%, Simmonds et al. (1995§,WMO/GAW (2011),5 Worthy et al. (2003)! Yokouchi et al. (2002).

was estimated from SIO results submitted on both scaleshat errors in determining the atmospheric mole fraction of
by the same laboratory. The scale ratio for CFC-12 (SIO-a particular trace gas are likely small. Next we examine how
05/S10-98=0.9999 at~ 545 ppt) is sufficiently close to 1.0 well laboratories reporting on the same scales compare, since
that results reported on the SI0-98 scale can be comparetivo laboratories using the same scale should agree to the
directly to those submitted on SIO-05. Likewise, conversionlevel at which the scale can be propagated (typically twice the
from N2O scale NOAA-2006 to NOAA-2006A is not neces- analytical uncertainty of laboratory of scale origin). Finally,
sary for comparative purposes. Finally, some laboratories rewe compare the results of select gases from this experiment
ported data on more than one scale or from more than one arfeollected over a period of a few weeks at each laboratory)
alytical instrument. Some laboratories maintain multiple in- with those derived from estimates of global mean mole frac-
struments, such as gas chromatographs with electron-captut®mns (based on measurements made over the course of a year
detector (ECD) and mass-selective detector (MS). These resr more).
sults are presented in tables as non-integer laboratory num- We have separated results by the season during which
bers, and offset from the laboratory number in figures. Sedhe cylinders were filled (late winter versus early summer)
Table S1 for additional laboratory information. as seasonal mole fraction differences are expected for some
gases. For most comparisons, we focus on the undiluted air
samples since calibration and analysis procedures are likely
3 Results and discussion to be optimized for ambient samples. We use the NOAA re-
) ] ) sults as the basis for many of the comparisons because all
To examine the results, we focus first on laboratories thaky cylinders were analyzed at NOAA. Initial and final mole
prepare their own scales. This provides an indication of how5ctions determined by NOAA agreed within analytical un-
weII. atmosphgric mole fractions_ are known on an absolute.etainties for all gases except gBt,. Hence, initial mole
basis and av0|ds.sc.ale propagation issues. For eagh t.race 9%%ctions assigned by NOAA were used for comparison, ex-
we report the variation of results (one standard deviation) &X¢ept for CHBr, (adjusted for drift) and CFC-12 (described
clusively from laboratories that maintain independent scaleqater)_ For gases not measured by NOAA, we assume no drift.

(Table 5). While no calibration scale is known absolutely, Thjs'is a reasonable assumption given previous experience
good agreement among a number of scales would suggest

Atmos. Meas. Tech., 7, 469490, 2014 www.atmos-meas-tech.net/7/469/2014/
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Fig. 1. Results from undiluted samples f(a) CFC-11,(b) CFC-12,(c) CFC-113,(d) CFC-114, (mole fraction, ppt pmol mot-1, parts

per trillion) color-coded by calibration scale with scale identifiers shown along the top axis: open (closed) symbols correspond to cylinders
filled in winter (summer); circles denote laboratories that develop scales and serve as a scale origin, diamonds denote laboratories that adog
existing scales. Errors bars are one standard deviation as reported. Results that appear offset from the integer laboratory numbgis on the
indicate additional results submitted by the corresponding laboratory (different instruments, different calibration scales, etc.). For example,
for CFC-11 laboratory 2 submitted data from two instruments on the same scale, while laboratory 6 submitted data on two different scales.
Note that because some laboratories adopt scales from others, the scale identifier (top axis) and the laboratory (identified by number on the
bottom axis) may differ (see Table 1). For example(a) laboratory 19 (UCI-2) reports CFC-113 on the UCI-2 scale, bytl)nreports

CFC-114 on the NCAR-P scale.

with these cylinders under similar conditions. Differences samples. Results from both diluted and undiluted samples,
between initial and final mole fractions (when available) taken together, may shed light on non-linearities associated
can be seen in Figs. 1-6 and Tables 3 and 4 (columns layith analysis or scale development, which could impact how
1b). Finally, we compare results for undiluted and diluted data sets compare over the long term.

www.atmos-meas-tech.net/7/469/2014/ Atmos. Meas. Tech., 7, 46833-2014



474 B. D. Hall et al.: Results from IHALACE

Table 2. Air samples distributed to labs. CFC-12 scale factors derived from undiluted IHALACE
cylinders for SIO/NOAA and UCI-2/NOAA are nearly iden-
Cylinder No. SetNo. Fill date Type tical to those derived from global mean mole fraction esti-
SX-3526 1 March2004 diluted mates (Table 6). Rhoderick and Dorko (2004) reported excel-
SX-3528 1 March 2004 undiluted lent agreement< 1 ppt) between NOAA and NIST for CFC-
SX-3537 1 July 2004 undiluted 12, but those results were based on an older NOAA CFC-12
SX-3536 2 July 2004 diluted scale (NOAA-2001), which is 7 ppt (1.3%) lower than the
SX-3527 2 March 2004 undiluted NOAA-2008 scale. IHALACE results show the NIST-NOAA
SX-3538 2 July 2004 undiluted average difference (Table 3) to be3.3 ppt (1.5 %) on cur-
rent scales.

While the standard deviations of CFC-11 and CFC-12 re-
The full complement of results is available as supplemen-SUlts on independent scales are not largd ¢6), scale prop-

tal material (see Supplement). Average differences (%) com&dation could be improved. Some differences among labo-
pared to NOAA for select gases are shown in Tables 3 andatories reported to be on the same CFC-12 scale are nearly

4. as large as differences among scales. Laboratories 3, 6, and
11 reported CFC-12 results that differ significantly from the
3.1 Chlorofluorocarbons (CFCs) laboratories that developed the scales (scale origin, shown

as circles for each scale color in Figs. 1-6). This is an im-

Both CFC-11 and CFC-12 have a long history of measurejortant finding also observed for other trace gases. Mea-
ment and scale development over the years. For CFC-11surements that are supposedly comparable (traceable to the
the standard deviation among six scales for the undiluted aisame scale) may not be compatible (see JCGM 200, 2008,
samples was 1% (Table 5, Fig. 1a). There was some clus2007; WMO/GAW, 2011) due to scale propagation or sam-
tering, with three scales (developed by laboratories 1, 2, 7pling/measurement issues. This could impact the utility of
at lower values and three scales (developed by laboratoriesombining data from different networks/sites even when the
15, 16, 19)~4ppt higher, but in general, the relative dif- programs are linked to common scales. One likely reason is
ferences among scales are smaller than those reported prite lack of regular communication between laboratories re-
viously (Prinn et al., 1998). The average difference betweergarding calibration scale changes. Equally important are ef-
laboratories 1 (NOAA) and 7 (NIST) was 0.1 %. This is sim- forts to verify that mole fractions of calibration standards are
ilar, within reported uncertainties, to the average differencenot changing over time. Efforts to ensure data quality and
of 0.9 % reported by Rhoderick and Dorko (2004). scale transfer are needed on a continuing basis to minimize

Scale relationships among three laboratories (NOAA, SIO potential bias. Examples of efforts to address these issues in-
and UCI-2) were compared to those derived from 2004 ancclude routine comparison of standards or air samples, and
2007-2008 global tropospheric mean mole fraction estimateso-located sampling, whereby measurements are taken by in-
reported in Montzka et al. (2011) (Table 6). Although scale dependent groups at the same site and time.
relationships derived as such can be influenced by other fac- It is important to note that with regard to potential scale
tors, such as sampling issues, or the number and locationsansfer errors, some groups within this study are more
of measurement sites, it is useful to examine the consistencglosely linked than others. For example, laboratories 2, 9, 14,
of scale factors since the 2004 comparisons are based on tlend 17 are affiliated with the Advanced Global Atmospheric
analysis of air collected around the same time as the IHA-Gases Experiment (AGAGE) (Prinn et al., 2000). Standard
LACE samples. For CFC-11, the SIO/NOAA ratio derived preparation, scale propagation, and data processing are likely
from this experiment (0.9942) is nearly the same as that demore centralized within this group than between other groups
rived from estimates of global means in 2004 based on theioperating on common scales. Scale transfer errors between
different sampling networks (0.9921). However, global meanAGAGE-affiliated laboratories should be smaller than those
estimates from both networks indicate that this ratio has nobetween laboratories with little or no formal cooperative ties.
been constant (Montzka et al., 2011). The UCI-2/NOAA fac- The same would be expected from other measurement facil-
tor based on this work (1.0108) is 1 % larger than those basedies operating within one agency. In general, transfer errors
on global means in 2004 (0.9996) and 2007—2008 (0.9970).are indeed smaller for AGAGE-affiliated laboratories, but not

Five CFC-12 calibration scales show a dispersion ofin all cases.
1% (Fig. 1b, Table 5). The final NOAA analysis of IHA- CFC-113 (CGIFCCIR) results are similar to those for
LACE cylinders suggests that initial NOAA assignments CFC-11. The standard deviation of results from five scales
were~ 0.8 ppt too low for unknown reasons (the average ofis 1.7 ppt, or 2.1 %. Again, scale propagation is problematic
the second NOAA analysis was 0.8 ppt higher than the firstin some cases (Fig. 1c). Laboratory 12 agrees with labora-
and this was confirmed by analysis of additional standards atory 1 (scale origin) very well, and laboratories 9 and 17
NOAA. All CFC-12 comparisons shown in Tables 3—6 are agree with laboratory 2 (scale origin), but laboratory 3 shows
based on the final NOAA analysis. a large difference relative to laboratory 1. Scale conversion

Atmos. Meas. Tech., 7, 469490, 2014 www.atmos-meas-tech.net/7/469/2014/
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Table 3. Average differences (%) between each laboratory and laboratory 1 (NOAA) for selected compounds (average of both undiluted
samples). Each result is compared to the initial NOAA result, except for CFC-12 (final) aglBr&taverage of initial and final).

Laboratory Number

NOAA 2 21 3 4 5 6 6.1 7 8 9 9.1 9.2
MD MS MD MS1 MS2
CFC-12 543 0.2 0.3 12 0.3 16 —-15 0.2
CFC-11 253 -06 -0.3 2.7 -1.4 03 -0.1 -0.8
CFC-113 80 -28 -21 14.3 -52 —-6.3 2.0 -2.2
CH3CCl3 23 54 -26 184 —-13.0 -11.0 2.8 -30 =30
CCly 95 27 =31 34 -42 =07 2.2 -24 -39
CHCl3 12 -52 -43 —-23.5 - —-70 -36
HCFC-22 174 -0.7 0.0 -06 -1.1
HCFC-141b 19 1.2 3.1 0.4 1.0
HCFC-142b 16 3.7 -0.9 2.7 35
HFC-134a 33.1 0.8 -0.9 14 0.6
HFC-152a 5.2 -8.4 -115 -85
CH,Cly 32 —6.6
CoCly 3.6 —6.0
CHsCl 564 -0.8 -11 -09
CH3Br 9.4 -0.2 33 -04
CHasl 0.18
CH>Bro 0.7
CHBr3 0.5
halon-1211 4.4 2.0 17 1.6
halon-1301 2.9 5.8 4.4 6.1
halon-2402 0.5
CHy 1821 -0.1 0.01 0.05 0.34 0.0
N2O 318.3 -0.02 -0.34 —-0.01 0.43 0.02 -0.01
Sk 5.5 -0.1 24 07 -07 -04
COosSs 570
Laboratory Number
10 11 12 13 14 15 16 17 171 17.2 18 19 1A 1B
MD MS
CFC-12 —-4.6 0.0 0.2 1.2 0.2 0.3 -0.5 0.0 0.0
CFC-11 0.0 0.8 -0.6 21 0.7 -0.7 -04 11 0.5 0.1
CFC-113 -9.0 -0.2 —-4.1 12 -21 =21 -26 -04 0.0
CH3CCl3 -10.6 -1.2 -117 -0.7 =25 -19 -23 4.8 11 -01
CCly -111 -08 -55 27 —-25 -43 —0.6 0.1 0.1
CHCl3 —-46 -33 —6.2 79 =21 —-49 -35 10.5 15 -04
HCFC-22 -40 -11 0.0 03 -38 -0.4 -28 -05 -03
HCFC-141b -39 =37 -0.3 3.4 1.2 1.0 -5.5 0.2 0.6
HCFC-142b 0.2 0.5 3.3 8.7 2.4 3.6 -2.5 28 -05
HFC-134a —-46 -0.2 0.2 80 -0.2 1.0 —-4.1 1.6 0.1
HFC-152a —-13.5 -7.7 -18 -8.6 -08 -05
CHCl» —-140 -13.0 -105 -16.2 —-6.9 —-14.2 1.8 -01
CoCly -1.1 65 -13 5.3 28 2.9 2.8
CH3Cl 3.7 -26 -0.7 -2.2 0.9
CH3Br -3.1 3.6 15 1.8 13 —-5.4 1.1 -01
CHgal 0 109 13 19 0.6 2.6
CH2Brp 15 17 18 21 9
CHBr3 12 27 10 -3 14
halon-1211 0.9 0.5 24 -238 2.0 -37 -01 0.1
halon-1301 0.4 1.0 85 -99 5.8 0.2 1.9
halon-2402 107.6 —10.0 93.6 -34 00 -04
CHg 0.04 -0.02 -0.6 0.0 0.0 0.03 -0.02 -0.01
N2O -0.41 0.23 -0.09 -01 0.23 -0.04 0.00 -0.01
Sks -103 -11 -05 -27 0.0 -30 03 -01
COos 0.6 —4.2 -7.6 0.5 19

NOAA result: Mole fractions in ppt (exceptd® and CHy, ppb). CFC-12, CFC-11, CFC-113, @HCI3, CCly, halon-1211, MO, and Sk based on ECD analysis. All others
based on MS analysis. MD: multidetector (ECD or FID); MS: mass selective detector.
1A, 1B: % difference between final and initial NOAA results for sets 1 and 2, respectively.
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Table 4. Same as Table 3 but for diluted samples.
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Laboratory Number

NOAA 2 2.1 3 4 5 6 6.1 7 8 9 9.1 9.2
MD MS MD MS1 MS2
CFC-12 439 2.4 0.9 29 0.4 2.0 —-1.7 1.7
CFC-11 204 -0.1 0.4 4.4 -0.5 1.2 1.7 0.4
CFC-113 64 -0.3 20.2 —-4.0 -5.1 4.0 0.3
CH3CCl3 18 -47 =35 70.2 —-20.1 -183 8.1 -43 =29
CCly 76 -3.6 34.4 -41 -05 2.8 -25 -33
CHCl3 76 -37 =30 -16 -132 57 -26
HCFC-22 141 0.1 0.5 0.0 -01
HCFC-141b 15.0 0.5 5.2 -2.0 0.1
HCFC-142b 12.5 1.7 1.8 0.9 2.0
HFC-134a 27 0.3 2.4 1.4 0.6
HFC-152a 27 -5.8 -94 -5.0
CHoCl» 26 —-10.5
C,Cly 2.8 5.4
CHsCl 456 -1.2 -1.1 -04
CHs3Br 7.8 -1.1 5.0 0.7
CHgsl 0.14
CH2Bro 0.6
CHBr3 0.3
halon-1211 141 1.7 2.0 2.0
halon-1301 2.3 7.8 7.8 10.0
halon-2402 0.4
CHy 1480 0.0 —0.45 0.04 0.33 0.0
N>O 259.2 -1.77 —0.96 0.18 —-0.14 0.08 -0.08
Sk 4.5 -0.4 5.6 0.2 -38 -0.7
COs 451
Laboratory Number
10 11 12 13 14 15 16 17 17.1 17.2 18 19 1A 1B
MD MS
CFC-12 -3.4 0.4 0.2 1.2 1.0 11 0.6 0.0 0.0
CFC-11 0.7 2.6 0.0 0.8 1.8 -0.3 0.4 1.7 0.4 0.3
CFC-113 -10.1 —-24 11 -0.1 -0.2 02 -14 0.0
CH3CCl3 —-13.7 -132 -26 -31 -3.1 -38 3.6 07 -14
CCly —-10.8 —8.7 -3.9 —-24 -3.8 -1.3 0.4 0.0
CHCl3 -0.3 —4.7 8.0 1.2 -27 -16 13.5 6.1 1.6
HCFC-22 -3.7 —-0.6 03 -24 0.1 —-2.2 0.0 -0.7
HCFC-141b -5.8 -0.5 0.9 1.6 0.0 -51 -01 0.7
HCFC-142b -0.2 4.0 6.2 2.2 1.9 —-2.4 1.0 0.4
HFC-134a -39 -0.2 43 -038 0.5 -25 0.8 0.7
HFC-152a —-14.4 -10.3 4.7 —6.3 4.4 0.6
CH,Cl» —-11.5 -10.4 -15.5 —6.7 —14.2 2.1 1.3
CoCly 33 -06 -6.3 6.5 36.1 2.8 3.3
CHsCl 31 45 122 -27 -10 -33 -01 0.3
CH3Br -35 9.4 1.7 04 -21 1.0 -9.9 -1.1 -0.2
CHal 93 33 26 13 0
CH,Br, 21 34 21 24
CHBr3 36 26 2 0
halon-1211 1.6 09 -25 2.2 —-4.2 -0.3 -0.6
halon-1301 2.1 21 -48 10.0 5.2 3.0
halon-2402 1302 -7.5 96.5 -15 =25 6.3
CHg 0.20 -0.09 -04 01 -01 0.24 0.11 0.12
N2O -0.31 -111 1.16 -0.02 —-0.58 -0.59 —-0.09 -0.18
Sk -10.2 -02 24 -02 -14 0.4 11
COos -0.2 —-4.5 -89 -11 0.7

NOAA result: Mole fractions in ppt (exceptd® and CHj, ppb). CFC-12, CFC-11, CFC-113, GHCI3, CCly, halon-1211, MO, and Sk based on ECD analysis.

1A, 1B: % difference between final and initial NOAA results for sets 1 and 2, respectively. All others based on MS analysis. MD: multidetector (ECD or FID) MS: mass selective

detector
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Table 5. Analysis statistics for undiluted samples based on resultslaboratories 1 and 2 are likely affected by an interfering com-
from laboratories that develop calibration scales. Results from labpound (co-elution). However, there is no difference between
oratories that adopt scales are not included here because we qeCD and MS results for laboratory 17. While these differ-
not want to introduce potential scale transfer errors. Gases Withances are small, they suggest that CFC-113 results may be

large differences between winter (W) and summer (S) fillings were
treated separately. All mole fractions are pmol mb(ppt) unless
indicated.

Trace Gas Mean StdDev StdDev (%) # Scales
CFC-11 254.7 2.6 1.0 6
CFC-12 542.6 5.5 1.0 5
CFC-113 80.1 1.7 2.1 5
CFC-114 16.6 0.1 0.7 4
CFC-115 8.2 0.3 4.1 3
CCly 94.4 1.8 1.9 5
halon-1211 4.36 0.10 2.2 4
halon-1301 2.90 0.21 7.3 3
halon-2402 0.48 0.04 7.4 2
CHg (W) (ppb) 1836.9 35 0.19 3
CHy (S) (ppb) 1808.8 4.3 0.24 3
N,O (W) (ppb)  318.90 0.87 0.27 3
N2O (S) (ppb) 318.57 0.72 0.23 3
CH3CCl3 (W) 23.4 0.8 3.4 6
CH3CCl3 (S) 22.1 1.0 4.7 6
HCFC-22 (W) 169.3 2.9 1.7 4
HCFC-22 (S) 174.3 3.7 2.1 4
HCFC-141b (W) 18.7 0.3 1.8 4
HCFC-141b (S) 18.9 0.2 1.0 4
HCFC-142b (W) 15.7 0.6 3.7 4
HCFC-142b (S) 17.0 0.6 3.4 4
HFC-134a (W) 32.1 1.6 4.9 4
HFC-134a (S) 35.4 1.0 2.7 4
HFC-152a (W) 4.48 0.26 5.9 3
HFC-152a (S) 5.49 0.26 4.8 3
Sk (W) 5.50 0.02 0.4 3
SFs (S) 5.56 0.01 0.2 3
CH3Br (W) 8.82 0.20 2.2 5
CH3Br (S) 10.05 0.16 1.6 5
CHCl3 (W) 14.2 2.2 15.3 5
CHCI3 (S) 9.0 0.4 4.3 5
CH,Cly (W) 32.7 2.9 8.7 3
CH,Cl5 (S) 26.8 2.4 9.0 3
CoCly (W) 4.2 0.2 4.7 3
CoCly (S) 2.7 0.1 3.6 3
CHs3ClI (W) 567.2 14.2 25 5
CH3CI (S) 559.5 12.0 2.2 5

influenced by co-elution, matrix effects, or analytical non-

linearities. Instrument-specific differences of similar magni-

tude are also evident for CFC-11 and CFC-12 (Fig. 1a and
b).

Results for CFC-114 (CCHeCIR) and CFC-115
(CCIRCRs) were reported by eight and six laboratories, re-
spectively. The variability reported for CFC-114 (Fig. 1d)
was only 0.7 % among four scales, while that for CFC-115
was 4.1 % among three scales (figure not shown). Scale prop-
agation errors were: 1 % for some AGAGE-affiliated labo-
ratories. However, scale propagation errors for CFC-114 and
CFC-115 cannot be fully addressed because cylinders in set 2
were not analyzed by SIO (scale origin). Furthermore, some
of the CFC-114 differences could result from chromato-
graphic co-elution of CFC-114 and CFC-114a (eFTRs)
since most laboratories measure the sum of CFC-114 and
CFC-114a, and relative amounts of CFC-114 and CFC-114a
in laboratory standards may differ from those in IHALACE
samples.

3.2 Chlorinated solvents: CCl, CH3CClj,
CH2C|2, and C2C|4

CHCl3,

Carbon tetrachloride (C@Jl was reported by 12 laborato-
ries on five independent scales (Fig. 2a). The standard de-
viation of results among five scales was 1.8 ppt (1.9 %). The
difference between the NOAA scale (laboratory 1) and the
SIO-05 scale (laboratory 2, ECD results) was 2.7 %. This is
comparable to both the 2.6 % difference reported by Xiao
et al. (2010a) based on co-located sampling results, and the
2.6 % difference based on 2007-2008 global means (Ta-
ble 6).

There remains a discrepancy between bottom-up inven-
tories and top-down measurement-based estimates of global
CCl4 emissions (UNEP, 2007; Montzka et al., 2011). From
the IHALACE study, the largest difference between scales
(laboratory 2 versus laboratory 7) is 4.8 ppt, or 5% of the
average northern hemispheric mole fraction in 2004. If we

factors derived from undiluted samples are consistent withassume that this represents the full range of calibration un-

those derived from global mean mole fraction estimates in
2004 (Table 6). The SIO/NOAA ratio is 0.972 compared
with 0.975 from 2004 global mean estimates while the UCI-
2/NOAA ratio is 0.974 compared to 0.978 based on global
mean estimates. There are small differences between resul
from the same laboratory using different instruments. About

certainty, then top-down estimates of G@missions could
be subject to 5% uncertainty due to calibration alone. This
relatively small uncertainty is not enough to explain the dis-
crepancy between top-down and bottom-up emissions esti-
tsates.

Comparison results for GHCCls from 12 laboratories on

half of the 1% CFC-113 difference observed between ECDsix calibration scales are shown in Fig. 2b. Results on six
and MS results for laboratory 1 is due to reference standardscales show a variation of 0.8 ppt (3.4 %) for winter sam-

(ECD and MS results are not based on the same standardg)les, and 1.0 ppt (4.7 %) for summer samples. The fact that
When the same reference standards are used, the differened scales agree within a few ppt is remarkable considering

is ~0.5%. Laboratory 2 reported a similar differenee(.6
%) between ECD and MS results. ECD results from both

www.atmos-meas-tech.net/7/469/2014/

that it has been difficult to obtain samples of purezCigls
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Table 6. Scale factors (relative to NOAA) derived from tropospheric global mean mole fractions reported in Table 1.1 of Montzka et
al. (2011) for 2004 and 2007—-2008, and from undiluted IHALACE samples (mean and standard deviation) for representative laboratories.
Factors derived from AGAGE and UCI (University of California Irvine) global mean estimates can be compared with IHALACE factors
from SIO and UCI-2, respectively. Unless otherwise specified, ratios were derived relative to NOAA ECD results.

global mean global mean this work
2004  2007-2008

CFC-11 AGAGE, SI@ 0.9921 0.9939 0.9942 (0.0009)

UCI, UCI-2 0.9996 0.9970 1.0108 (0.0007)

CFC-12 AGAGE, SI8 1.0028 1.0034 1.0022 (0.0002)

UCI, UCI-2 0.9952 0.9949 0.9948 (0.0020)

CFC-113 AGAGE, SI6® 0.9753 0.9777 0.9724 (0.0017)

UCI, UCI-2 0.9778 0.9874 0.9737 (0.0001)

NOAAC 0.9753 0.9854 0.9827 (0.0025)

CH3CCl3 AGAGE, SIG? 0.967 0.950 0.946 (0.009)
UCI, UCI-2 1.062 1.023 1.048 (0.008)

NOAAC 0.978 0.962 0.982 (0.004)

CCly AGAGE, SIG? 0.969 0.974 0.973(0.001)
UCI, UCI-2 0.994 1.005 0.995 (0.001)

HCFC-22* AGAGE, e} 1.003 1.000 0.993 (0.002)
UCI, UCI-2 0.982 0.983 0.972 (0.013)

HCFC-141b* AGAGE, ¢] 1.017 1.011 1.012 (0.001)
UCI, UCI-2 — 0.976 0.945 (0.016)

HCFC-142b* AGAGE, ¢] 1.041 1.028 1.037 (0.004)
UCI, UCI-2 — 0.978 0.975 (0.010)

halon-1211 AGAGE, SI® 1.014 1.012 1.021 (0.007)
UCI, UCI-2 - 0.999 0.963 (0.008)

NOAAC 0.963 0.958 0.974 (0.008)

halon-1301* AGAGE, sid 1.041 1.027 1.058 (0.005)
CH3Br* AGAGE, SIOP 1.038 1.020 0.998 (0.003)

* Ratios derived relative to NOAA MS result8 AGAGE, SIO MD.P AGAGE, SIO MS.© NOAA MS.

the late 1990s was based on a {CKI; reagent that con- a downward drift of CG in one or more standards used by
tained as much as 7 % impurities. laboratory 3 since CGJ at ppt levels, can decrease with time
Like CFC-113, instruments can give different results for in some types of cylinders. Laboratory 3 also reported mole
CCly and CHCCI3 even when the same standards are usedractions of CHCClz that were 70 % and 184 % larger than
to define the scale. Laboratories 1, 2, 9, and 17 all re-those of laboratory 1 (see Table 3). Here, downward drift of
ported CHCClIs results from both ECD and MS instruments. CH3CCl in standards used by laboratory 3 would also lead
CH3CCl3 differences, generally less than 0.5 ppt (2—3 %), areto higher reported mole fractions, but would not explain the
evident in each case. Laboratories 2, 9, and 17 reported botlarge difference in mole fractions reported by laboratory 3
ECD and MS results for Cglon the SIO-05 scale and are for the two undiluted samples (see Supplement).
aware of a systematic problem in their MS method, probably Results for CHJ are shown in Fig. 2c. The dispersion
due to the chromatographic column. These results imply thabf five scales was 4.5% and 15.5% from summer and win-
one needs to be careful when using data collected by differenter samples, respectively. The large standard deviation for the
instruments. Small analytical differences can lead to discrepwinter samples reflects a low mole fraction reported by labo-
ancies even within the same measurement program, and difatory 7. Excluding laboratory 7, results on four scales show
ferences need to be assessed on an instrument-by-instrumeatariability of ~ 5 % for both summer and winter samples.
basis. Differences due to scale transfer and analytical methods are
Despite relatively small scale differences among indepen-on the order of 3 %, except for the MD (ECD) measurements
dent scales, there are some substantial scale propagation isem laboratory 9, which are 10 % lower than laboratory 2
sues for both CHCCIl3; and CCl. While some laborato- (scale origin).
ries were able to reproduce results on existing scales, oth-
ers were not. CGlresults reported by laboratory 3 were
~30ppt (34%) larger than laboratory 1, from which the
scale is derived (outlier in Fig. 2a). This could be caused by
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Fig. 2. Same as Fig. 1 for trace gage3 CCly, (b) CH3CClg, (c) CHCI3, (d) CHoCls.

CH.Cl, was measured by eight laboratories on three3.3 HCFCs and HFCs
scales (Fig. 2d). The standard deviation of results on three
scales was- 9 %. Scale transfer errors are of similar mag-
nitude, with all laboratories agreeing with the laboratory of
scale origin within 10 %.

C.Cl4 (figure not shown) showed better agreement than

The measurement histories of HCFCs and HFCs (1st and
2nd generation replacement for CFCs) are not as extensive
as those of CFCs. Therefore, one might expect that develop-

CH-Clo. with a variation of< 5% amond three scales. and ment of measurement scales for HCFCs and HFCs is less
22 g ' advanced. Scale variations range from 1-2% for HCFC-

scale transfer differences less than 7 % in all cases except f 0
laboratory 19, which showed differences of 30-35 % relativ%iu?gi;eg: Ca'nl d4;E)6(f]:/f: L;(r)rs;: ?ICE:}:?S?airﬁj {—?IL Cl:_| (1:3":4Ca-%tdrf§2e

to laboratory 15 (scale origin) (see Supplement). scales) (Figs. 3 and 4a). While the relative scale differences
are larger than those for CFC-11 and -12, the fact that HCFC
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and HFCs require more advanced measurement techniqudglon-1211 in the undiluted samples were only 4.4 ppt. Scale
compared to CFCs, yet still show relatively good agreemenffactors derived based on global mean estimates (Table 6) are
among scales, is encouraging. It is likely that efforts to de-consistent with IHALACE results for SIO, but show a 4%
velop and improve CFC calibration scales through the yearsliscrepancy for UCI-2.
have translated into improved scales for HCFCs and HFCs.  The dispersion of results reported for halon-1301 (Fig. 4c)
The dispersion of HCFC-22 results on four scales waswas larger than that for halon-1211 (7 % versus 2.2 %). Scale
1.7 % for winter samples and 2.1% for summer samplestransfer differences were similar in magnitude to the reported
Scales developed by laboratories 1, 2, and 15 agree withimincertainties. Note that SX-3537 was not analyzed for halon-
1%, while the scale developed by laboratory 16 is 4 % lower.1301 at NOAA. A NOAA value was estimated from SX-3538
Scale transfer was excellent for some laboratories, with thregfilled at the same time) using the summer/winter ratio from
of the AGAGE-affiliated laboratories demonstrating agree-cylinders SX-3527 and SX-3538. This estimate does not af-
ment within 0.5% of the SIO scale, and laboratory 4 only fect the above conclusions because the mole fractions of all
0.1 % different from the NOAA scale. Both SIO/NOAA and undiluted samples were similar for this gas.
UCI-2/NOAA ratios are comparable to those based on global Halon-2402 mole fractions, reported on two scales, agree
mean estimates. within 0.05 ppt (10 %) (Fig. 4d). While SX-3537 was not an-
Results for HCFC-141b and -142b are similar to those ofalyzed by NOAA, no attempt was made to estimate halon-
HCFC-22. Agreement among four independent scales wa2402 in this cylinder because both undiluted cylinders con-
1-2 % for HCFC-141b and- 3% for HCFC-142b. Transfer tained similar mole fractions according to results from labo-
of SIO and NOAA scales to other laboratories was excellentratories 15, 17, and 19. Two laboratories (14 and 17) reported
(< 1%) for HCFC-142b in most cases, but an average differ-halon-2402 results based on provisional scales. Provisional
ence of 10 % was observed between laboratories 15 and 18cales are those adopted using indirect methods, such as the
Results for HCFC-141b were similar, except that scale transanalysis of a subsample of a compressed gas standard, or by
fer differences were larger{(3 %) for both SIO and NOAA  making measurements at a common location. These halon-
scales, and about the same (9 %) between laboratories 15 ar2d02 results differ from the scale origin (laboratory 1) by up
19. Observed SIO/NOAA ratios for HCFC-141b (1.012) and to a factor of two. Results from laboratories 15 and 19, which
HCFC-142b (1.037) are similar to those derived from globalare on the NCAR/UM scale, agree within 0.03 ppt (6.5 %).
mean estimates (Table 6).
Four scales for HFC-134a vary by 2.7 and 4.9 % for sum-3.5 Methyl Bromide and Methyl Chloride
mer and winter samples, respectively (Fig. 3d). Three scales
(SIO, NOAA, NIES) are close to each other, and vary by only Results for CHBr from different laboratories differ by only a
0.5%. Scale transfer is very good (L %) among AGAGE few percent. The standard deviations among five laboratories
laboratories (2, 9, 14, 17) and among those linked to thewith independent scales were 2.2 % and 1.6 % for winter and
NOAA-04 scale (1, 4, 12). Laboratories 15 and 19 show ansummer samples, respectively (Table 5). Results on the UB-
11 % discrepancy. 98 scale are not considered independent because the scale
It is encouraging that nearly all laboratories detected awas adopted, not developed, by laboratory 11. Differences
mole fraction difference between cylinders filled in winter between summer and winter samples were detected by all
and summer. In most cases the seasonal differences wetaboratories (Fig. 5a). Scale transfer differences range from
similar among all labs, except for HCFC-141b (Fig. 3b). For <2 % (laboratories 12 and 17) te 10 % (laboratory 19).
HCFC-141b laboratories 1, 2, 4, and 17 observed a 1.0-1.5 % he 7 % instrument-specific differences for laboratory 9 are
difference between summer and winter samples, while labofelated to a drifting calibration standard, which has led to the
ratories 14 and 16 observed smaller differences, and labordirst set of results being overestimated. The seasonal differ-
tories 11 and 19 observed differences with opposite sign. ence in CHBr mole fractions allows scales to be compared
over a broad range. The five independent scales represented
3.4 Halons are, for the most part, linearly related to each other (Fig. 7).
The SIO/NOAA ratio (0.998) is 4 % lower than that based on
Halon results were reported on up to four independent scale2004 global mean estimates (1.038) (Table 6). This discrep-
with several other laboratories reporting on adopted scalesancy may reflect errors in the global mean estimates rather
Halon-1211 was measured by nine laboratories (Fig. 4b). Thehan actual scale differences and does not appear to be caused
standard deviation of halon-1211 results on four scales wady analytical non-linearities.
2.2 %. In contrast to many other trace gases measured in this CH3ClI results are similar to those of GBr, with rela-
experiment, scale transfer is excelleat) % in most cases). tively small differences among five independent scales (stan-
Only one result, from laboratory 11 (cylinder SX-3538), dard deviation~2.5%) (Fig. 5b). The large apparent scale
shows a scale transfer discrepancy greater than 1 %, and thiifference between SIO-05 and UB-98 (compare laboratories
difference is within the uncertainty reported by laboratory 2 and 11) is complicated by the similarly large scale propa-
11. This is impressive considering that the mole fractions ofgation error between laboratories 2 and 11 for the SIO-05
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Fig. 3. Same as Fig. 1 for trace gage3 HCFC-22,(b) HCFC-141b(c) HCFC-142b(d) HFC-134a.

scale. NOAA results indicate that undiluted cylinders from 3.6 Very short-lived halocompounds

sets 1 and 2 had similar mole fractions, which is inconsistent

W'th re;ul|t<s fsrolm Iak:r)]oratory 11|' Other Ie}botr_ator);oci)glpa(;-. Few laboratories reported results for very short-lived halo-
isons (P. K. Salameh, personal communication, ) in I'compounds, such as CHBrCH,Br2, and CHl. However,

i : o I i .
cate that the UB-98 scale is 1.5 % higher than SIO-05, WhIChrecent interest in these gases (Read et al., 2008; Carpenter

;then_rlhmpg_eﬁs that thbe Itaborattcr)]ryﬁépr\isultsl arég E[)r?t g(()) 05et al., 2009; Jones et al., 2011) warrants their inclusion. For
ow. the ditierence between the scaie and ine “““CH,Br, and CHBg, only laboratories 1 and 15 provided re-

scale (laboratories 1 and 2) is 0.8 %, similar to the difference

. ults on independent scales, and laboratory 12 provided re-
of 1.01% used by Xiao et al. (2010b) based on CO'loc""tEd:ults on scales obtained from laboratory 1. There does not

sampling. appear to have been a significant change in the mole frac-
tions of CHBg and CHl in the IHALACE cylinders during
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Fig. 4. Same as Fig. 1 for trace gage3 HFC-152a(b) halon-1211(c) halon-1301(d) halon-2402.

the experiment. An upward drift of 10—-20 % over three years For CHB#, the difference between laboratories 1 and 15
is suggested for C4Brs. was 30 % while the difference between laboratories 1 and 12
For CH:Brp, differences between scales (laboratories 1(same scale) was 6 % (Fig. 6a). Jones et al. (2011) reported
and 15) averaged 16 % (0.12 ppt) (Fig. 5d) after adjustingscale differences as high as 70 % and scale transfer differ-
for possible drift in CHBr2. Scale transfer differences were ences of~ 15 %.
15% between laboratories 1 and 12, but only 5% between For CH;l, results from most laboratories agreed within
laboratories 15 and 19. Jones et al. (2011) reported scale di20 %, with the exception of laboratory 15, which was a fac-
ferences of 20—70 % and relatively small transfer differencedor of 2 higher than the rest. Jones et al. (2011) also reported
(less than 3 %). factor of 2 differences for Cgl.
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Fig. 5. Same as Fig. 1 for trace gage3 CH3Br, (b) CH3Cl, (¢) CHsl, (d) CH,Bro.

Overall, the comparison of CiBr,, CHBr3, and CHl are high. For multiple data sets to be optimally useful in in-
scales is promising considering that these gases are typicallyerse modeling, data should be compatible to within 0.1 ppb
more difficult to measure compared to CFCs and HCFCs({WMO/GAW, 2009). This level of compatibility is often not
and mole fractions in the IHALACE cylinders were less than met using ECD-based methods (WMO/GAW, 2011). How-

1 ppt. Comparisons carried out at higher mole fractions (2—-ever, progress has been made in recent years and studies in-
5ppt) might make quantifying scale differences easier forvolving multiple data sets have been performed (Hirsch et

these gases. al., 2006; Huang et al., 2008; Nevison et al., 2011; Saikawa
. ] i etal., 2013).
3.7 Nitrous Oxide, Sk, Methane, and Carbonyl Sulfide Nitrous oxide results varied by 0.72-0.87 ppb (0.23-

0.27%) among three scales (Fig. 6b). The average dif-

The long atmospheric lifetime and small spatial gradients Ofference between NOAA and SIO (undiluted samples) was
nitrous oxide (NO) mean that compatibility requirements
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Fig. 6. Same as Fig. 1 for trace gage$ CHBr3, (b) N2O, (¢) SFg, (d) CH4 (N2O and CH, in nmol mol~1 = ppb).

0.08 ppb, which is comparable to differences reported by(—0.2 %), but is within the uncertainties reported by NIST.
Hall et al. (2007) and Huang at al. (2008). The relative differ- A new scale has recently been developed by NIST, and a
ence between laboratory 17 (CSIRO) and laboratory 2 (SIOsubsequent NIST-NOAA comparison has shown much bet-
was 0.02+ 0.03 %, which differs slightly from the 0.17% ter agreement (Kelley et al., 2013). Among laboratories on
reported by Huang et al. (2008). There also appears to béhe same scale, compatibility is excellent for some (1, 5, 8;
good agreement between these scales and the NIST scale, €X-9, 17) and not so good for others (1, 3; 2, 13). We note that
cept that the best agreement is shown by laboratory 15 (UM{aboratory 13 recently adopted the NOAA-20060Nscale,

2, adopted scale) and not laboratory 7 (NIST, scale origin).and that compatibility is much improved. The average dif-
The difference between NIST and NOAA based on undi-ference between laboratories 1 and 8 (KIT)xi€.1 ppb for
luted samples is 1.37 ppb, or 0.4 %. This is larger and of op-undiluted samples. This is an important result because of the
posite sign compared to that reported by Hall et al. (2007)roles served by these laboratories within the WMO/GAW
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is the WMO/GAW compatibility goal for measurements on
the same scale (WMO/GAW, 2009). All laboratories also de-
tected a 24-28 ppb summer/winter difference to within a few
ppb. The only disagreement is between laboratories 7 and 15,
which reported data on the NIST scale. The average result
from laboratory 7 is 0.3 % higher than laboratory 1, which
agrees with previous comparisons between NIST and NOAA
(Dlugokencky et al., 2005). Thus, the laboratory 15 results
are likely too low.

Carbonyl sulfide (COS) data were not part of the original
data submission and are not shown. However, scale compar-
ison information is of interest, particularly since measure-
ments of COS may be useful as a tracer of photosynthesis

T Momaer e ° (Montzka et al., 2007; Campbell et al., 2008). The standard
deviation of COS data from four independent scales (win-
Fig. 7. Results from both diluted and undiluted samples forBH  ter samples) was 25 ppt (3.9 %). Two scales (1, 10) showed
for five laboratories plotted against NOAA results. Five 4Bd higher COS amounts, while two scales (15, 19) tended to
s_cales show a near-linear relationship over the range of mole frache |ower. All laboratories detected a large difference be-
tions sampled. tween summer and winter samples, consistent with the sea-
sonal drawdown of COS over the continental US in sum-
mer (Montzka et al., 2007) (Supplement). The average dif-
program (NOAA as the Central Calibration Laboratory for ference between winter and summer values was 169 ppt (lab-
N»O, and KIT as the World Calibration Center). It is essential oratories 1, 10, 19). This large seasonal difference, com-
that these laboratories remain closely linked. Finally, sum-bined with results from the diluted sample, allows linear
mer/winter differences between the two undiluted cylindersrelationships among COS scales to be estimated. Here we
(~ —0.2 ppb) were detected by most laboratories (1, 2, 3, 5compare to the NOAA scale a¥'=aX + b, where X is
8, 9, 13, 15, 17) and overestimated by some (laboratories MOAA and Y is another scale: [Laboratory Numbert,b],
12, 14). While the results are encouraging overall, there ig10, 1.064,—33), (15, 0.928, 17), (19, 0.985,35). For ex-
room for improvement in inter-laboratory compatibility. ample, the relationship between laboratory 10 and NOAA is

SFks was reported on four scales (Fig. 6¢). Three of theseYo= 1.064- NOAA-33 ppt.
are in excellent agreement. Ratios of commonly used scales
relative to the NOAA-2006 scale are 0.9954 (University of 3.8 Linearity issues
Heidelberg) and 0.9991 (SIO) based on undiluted samples. . )

The SIO/NOAA ratio is close to the mean scale factor of | N€ atmospheric mole fractions of most of the trace gases

0.998+ 0.005 reported by Rigby et al. (2010) based on co-Studied in this experiment have not been constant over time.
located sampling at five stations. While the three primaryCFC mole fractions increased rapidly in the 1980s and have

scales in use by the atmospheric science community Sho\p.een declining slowly over the last decade, and mole frac-

good agreement, scale transfer issues exist. Relatively larghions of HCFCs continue to increase (Montzka et al., 2009;

differences between laboratories 1 and 4 (NOAA scale) and® Poherty etal., 2004). Thus, a scale comparison based on

laboratories 2, 11, and 14 (SIO scale) are apparent. Howevefi! Samples at one point in time may not be valid for other

it is encouraging that the precision reported by some laboralime periods. Furthermore, the analysis method, particularly

tories is excellent. The average difference between summet" ECD. may exhibita non-linear response, whereby calibra-

and winter samples measured by laboratory 1 was 0.03 ppf.ion using reference standards over a particular range of mole

This difference, as measured by laboratories 2, 5, 6, 9, 13fractions might lead to errors outside that range. We address

and 14 was 0.03, 0.02, 0.06, 0.03, and 0.02 ppt respectivel)f.his briefly by comparing results for diluted and undiluted
Thus, some laboratories are capable of resolving very smaff@mPples. We focus on gases for which sampling issues and
mole fraction differences. precision are less likely to influence the results. To simplify
Twelve laboratories reported GHnole fractions on three the analysis, we define a linearity factor (LF) as:

scales (Fig. 6d). Scale differences are smalD(3 %). The (Xi/X1)g

i i CLF = ——/~ Ldiluted (1)
relationship between the NOAAO4 scale and the Tohoku Uni X1/ XDundivted
versity scale, 1.0003 as derived by Dlugokencky et al. (2005), ' undiluted
is confirmed here. The average ratio of four laboratories onwhereX; is the result from laboratory andX is the NOAA
the Tohoku University scale relative to the NOAA results is result, for diluted and undiluted samples. This factor provides
1.0003+ 0.0002. Both the NOAA04 and Tohoku University an indication of whether or not a constant scale factor might
scales appear to have been propagated to within 2 ppb, whiche applied over a 20-30 % mole fraction range. An LF of 1.0

10.0 —

9.0

8.5

CH3Br (ppt)

8.0

7.5

7.0
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Fig. 8. Linearity factors relative to NOAA for select gases. A linearity factor of 1.0 corresponds to scale factors that are the same for both
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that develop calibration scales, while open symbols denote those that adopt existing scales (see Table S1 for scale definitions). Note tha
symbol colors do not indicate common scales, as was the case in Figs. 1-6. Data have been shiftechris floe clarity. Error bars are

1 s.d. Linearity factors are relative to NOAA ECD results in paf@)s(b), and(d), and to NOAA MS results in panét).

results when scales differ by a constant factor at both ambient CFC-12 ECD results from NOAA and SIO differ by
and sub-ambient mole fractions. only 1lppt at 535ppt, but differ by 10ppt at 448 ppt
Linearity factors for CFC-113, CFC-12, and CFC-11 are (LF=1.0218+0.0032, 1 s.d.). This suggests that long-term
shown in Fig. 8a. For CFC-113, linearity factors from four records based on NOAA and SIO measurements might di-
laboratories that prepare primary standards are close to theerge at lower mole fractions. While these are relatively
same value (1.02) and one laboratory (15) shows a ratio closemall differences on a percentage basis, they are larger than
to 1.00. Because a number of laboratories show similar rethe typical analytical precision. SIO MS results are more
sults compared to the NOAA ECD-based CFC-113, it seemsonsistent with NOAA ECD results over a 20 % mole frac-
that the NOAA ECD-based CFC-113 scale may be subject tdion range (L= 1.0058+ 0.0030). Similarly, mole fraction-
a co-elution or perhaps the non-linear response of the NOAAdependent differences were also small for laboratories 7, 15,
ECD was not fully characterized. and 19 compared to NOAA ECD results.
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We can use the LF results to estimate potential errors in-on the SI0-98 MO scale, but laboratory 2 (scale origin) does
troduced by the use of fixed scale factors to adjust calibranot (Fig. 8d). This discrepancy could be due to the fact that
tion scales over a 20% mole fraction range. For examplethe SI0-98 NO scale was developed over a limited mole
LFs derived for CFC-11 are within 1% of 1.0 for most lab- fraction range, and the diluted samples measured here are
oratories, but the difference between laboratories 7 and 15 isutside the range of the SIO-98 scale.
nearly 3%. Thus, if CFC-11 results on the NIST scale were For halon-1211, scale transfer was excellent for both di-
adjusted to the NCAR/UM scale using a fixed scale factorluted and undiluted samples (Fig. 8d), with linearity factors
based on undiluted samples from this experiment, errors upemarkably consistent near 1.0. Similarly, most LFs fog SF
to 3% could result in mole fractions 20 % lower than that are not significantly different from 1.0. This is important be-
upon which the fixed factor was derived. In contrast, resultscause SF mole fractions are increasing at0.25 pptyr?!
from laboratories 2 and 19 would likely be subject to much (Levin et al., 2010; Rigby et al., 2010) and any compari-
less uncertainty when adjusted by fixed scale factors over thison among laboratories will soon be obsolete unless linearity
range, since LFs from these laboratories are nearly identicakcan be demonstrated. The same is true for other gases with

Linearity factors for CHCCI3 are close to 1.0 for most rapidly changing mole fractions, such as HFC-134a.
laboratories (Fig. 8b). However, LFs for several laboratories Linearity factors shown here are based on a limited data
are less than 1.0, with an average of 0.986 for laboratorieset, and do not include time-dependent sampling issues that
9,11, 14,15,16,17,19. Thisis likely due to the choice of ref- might influence real-world data. Long-term data records
erence values (NOAA ECD) used to calculate LFs. If NOAA from similar locations should always be considered when ap-
MS results are used as reference values instead, LF factodying scale factor adjustments across changes in mole frac-
increase by an average of 1.2 %. The same group of laboratdion and time. Furthermore, agencies responsible for collect-
ries would then show an average LF of 0.999. This suggests ang the original data should be consulted whenever the appli-
non-linearity or co-elution that affects the NOAA ECD data. cation of scale factors is considered.

Linearity of CHsCCl3 response could be important when in-

terpreting historical CBICCl; data because of the rapid de-

cline in CHCClz mole fraction that has occurred over the 4  Summary
last two decades.

Linearity factors for CH (Fig. 8b) show little variation A comparison of numerous halogenated and other trace gases
among laboratories that prepare primary standards (1, 2, Avas carried out among 19 laboratories. These results reveal
15, 19), with most LFs within 1 % of 1.00. This suggests that substantial improvements in calibration over previous com-
non-linear effects are not a major factor contributing to the parisons (Rasmussen, 1978; Fraser, 1979; Prinn et al., 1998).
observed 5% scale differences discussed earlier. However, scale differences for many compounds are large

Only small mole-fraction-dependent scale differencescompared to atmospheric surface gradients, and merging data
were observed for HCFC-141b, HCFC-22 (Fig. 8c), andon independent scales without regard for scale differences is
HCFC-142b (not shown). Therefore application of a constantnot advised. Furthermore, differences due to scale propaga-
scale factor for these gases is unlikely to result in large ertion were found to be as large or larger than differences be-
rors over a limited mole fraction range. Linearity factors for tween independent scales in many cases.

HCFC-22 are nearly all within 1% of 1.00, and many are Scale differences ranged from 2% for CFC-11 and CFC-
not different from 1.00 given reported uncertainties. The LF12 to a factor of two for Chl. Depending on how data
factors for HCFC-141b range from 0.98 to 1.02, but in mostfrom different measurement networks are used, even differ-
cases differences between undiluted and undiluted samplesnces on the order of 2% could be important. Relatively
are about the same as the analytical precision. HFC-134&arge discrepancies among calibration scales were identified
also shows good linearity in this comparison with most LFs for CHCI3, CH,Cl», CHsl, and CHBg, with standard devia-
within 1 s.d. of 1.0. Better scale transfers and linearity fac-tions of results on independent scales of 15 %, 9 %, 12 %, and
tors close to 1.0 for HCFCs may be partly due to the fact13 %, respectively. These gases could be important sources
that MS instruments are more commonly used to measur®f halogen to the upper troposphere and lower stratosphere
HCFCs, and their response tends to be more linear than thatnd calibration scale differences could influence estimates of
of an ECD. their abundance in these regions. The standard deviation of

Nitrous oxide, which is typically measured using ECDs, CCl, results on five scales was 1.9 %, and the largest differ-
showed discrepancies in scale relationship and scale trangnce between any two scales was 5 %. Thus, uncertainties in
fer in some cases (Fig. 6b). While the NOAA-NIST, 73 top-down CCJ emissions estimates solely due to calibration
difference is consistent for both diluted and undiluted sam-uncertainties are likely less than 5%. Scale differences for
ples, the NOAA-SIO (12) difference increases substantially CHy, N2O, and Sk reported previously were confirmed.
at the lower mole fractions, and this difference is not consis- Scale propagation errors were relatively small for some
tent among other laboratories linked to the SIO-98 scale (2gases & 1 % for halon-1211«< 1 % for HFC-134ax< 0.05 %

9, 13, 14, 17). Laboratories 9 and 17 show LFs close to 1.0for CHy) and larger for others (10 % for CFC-113, factor of
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2 for CHzCCl3) and varied among laboratories. Scale prop- Atlas, E., Sachse, G., Avery, M., Vay, S., Fuelberg, H. E., Kiley,
agation errors are considered large when they are larger than C. M., Kita, K., and Rowland, F. S.: NMHCs and halocarbons
twice the typical analytical precision. In general, laboratories in Asian continental outflow during the Transport and Chemical
associated with the AGAGE network showed smaller scale Evolution over the Pacific (TRACE-P) Field Campaign: Com-
transfer differences than others, but not in all cases. Differ- Parison With PEM-West B, J. Geophys. Res., 108, 8806-8830,
ences between measurement methods (ECD versus MS) agedo"lo'lozgl 2002JD003362003.

. . . runke, E.-G., Scheel, H. E., and Seiler, W.: Trends of tropospheric
apparent, suggesting that co-elution or matrix effects may be CO, NyO and CH, as observed at Cape Point, South Africa, At-
important for some gases. i ’ ’

. . . mos. Environ., 24A, 585-595, 1990.
As a result of this experiment, cooperation among Iabo-Campbe"‘ J. E., Carmichael, G. R., Chai, T., Mena-Carrasco, M.,
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