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Abstract. Despite the importance of carbon monoxide (CO) 1  Introduction
for the overall oxidative capacity of the atmosphere, there
is still considerable uncertainty in ambient measurementgCarbon monoxide (CO) plays an important role in atmo-
of CO. To address this issue, an inter-comparison betweespheric chemistry. Reactions involving CO provide the dom-
four different measurement techniques was made over #nant sink for the hydroxyl radical (Logan et al., 1981), and
period of two months at the high-alpine site Jungfraujochtogether with nitrogen oxides, the level of CO largely con-
(JFJ), Switzerland. The measurement techniques were Norirols the overall oxidative capacity of the atmosphere. As
dispersive Infrared Absorption (NDIR), Vacuum UV Reso- a consequence, changes in CO emissions have an influence
nance Fluorescence (VURF), gas chromatographic separa@n climate by affecting methane and other greenhouse gases
tion with a mercuric oxide reduction detector (GC/HgO), and that are oxidized by the OH radical (Daniel and Solomon,
gas chromatographic separation followed by reduction on &998; Wild and Prather, 2000). Furthermore, CO plays an
nickel catalyst and analysis by a flame ionization detectorimportant role as a precursor of tropospheric ozone (Levy et
(GC/FID). The agreement among all techniques was bettegl., 1997). CO has a relatively long atmospheric lifetime,
than 2% for one-hourly averages, which confirmed the suit-ranging from 10 days in summer over continental regions to
ability of the NDIR method for CO measurements even atmore than a year over polar regions in winter (Holloway et
remote sites. The inter-comparison added to the validatioral., 2000b). This lifetime is long enough to make use of CO
of the 12-year record (1996—2007) of continuous CO mea-as a sound tracer for anthropogenic pollution.
surements at JFJ. To date this is one of the longest time se- In-situ measurements at remote sites are often made us-
ries of continuous CO measurements in the free tropospheriing gas chromatographic technique combined with a mer-
over Central Europe. This data record was further investi-curic oxide detector (HgO) (Novelli, 1999). This technique
gated with a focus on trend analysis. A significant negativehas a low detection limit and good precision; however, non-
trend was observed at JFJ showing a decrease ofP134%6 linearity issues require careful calibration, and drift of stan-
over the investigated period, or an average annual decreaskards with ambient CO mole fractions required for the cali-
of 1.78%/yr (2.65-0.04 ppb/yr). These results were com- bration of this techniqgue may further affect the accuracy of
pared with emission inventory data reported to the Long-such measurements (Novelli et al., 2003). In addition to
range Transboundary Air Pollution (LRTAP) Convention. It this method, several other techniques for the detection of
could be shown that long range transport significantly in-CO with different temporal resolutions and detection lim-
fluences the CO levels observed at JFJ, with air masses dfs have become available. The most common techniques
non-European origin contributing at least one third of the ob-currently applied comprise gas chromatographic (GC) tech-
served mole fractions. nigues in combination with a flame ionization (FID) detector,
and photometric methods such as non-dispersive infrared ab-
sorption (NDIR), vacuum ultra-violet resonance fluorescence
(VURF) and tunable diode lasers spectroscopy (TDLS).
Despite its importance and the relatively large numbers
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To date, no comprehensive CO instrument inter-comparisongFJ have successfully been used to estimate halocarbon emis-
have been published, although a few older studies comparsions in Europe (Reimann et al., 2005). Especially applica-
TDLS instruments with GC/HgO (Hoell et al., 1987), NDIR tions combining data of emission inventories with in-situ CO
(Fried et al., 1991), and a VURF instrument (Holloway et al., measurements for source apportionment require CO data of
2000a). A short inter-comparison campaign with an NDIR known high quality.
and a VURF instrument at Jungfraujoch (JFJ) showed good This study presents results from an inter-comparison of
correlation between the two techniques, but with absoluteseveral currently used in-situ techniques (NDIR, VURF,
differences of 20-30 ppb (Whalley et al., 2004). These dif-GC/HgO, GC/FID) for the measurement of atmospheric CO,
ferences were attributed to the use of different calibrationwhich are normally used in international programs and net-
gases or interfering species in one of the techniques. A shomvorks (such as GAW, EEA, EMEP). The measurements were
inter-comparison between a GC/HgO and an NDIR instru-carried out at the high alpine research station Jungfraujoch
ment showed good overall agreement (coefficient of deter{JFJ), Switzerland. The aim of the study was to evaluate
minationr2=0.88), but slightly larger deviations at mole frac- differences between various techniques and to estimate their
tions below 100 ppb (Tsutsumi and Matsueda, 2000). A moreuncertainties with respect to different temporal resolutions.
recent study (Tanimoto et al., 2007) investigated differencedn addition, the study added to the validation of an ongoing
between an NDIR and a GC/HgO instrument, along with thelong NDIR CO time series of the JFJ site because it could be
use of different NDIR monitors. The agreement between thedemonstrated that accurate and sufficiently precise CO mea-
NDIR and the GC/HgO instrument was within 10 ppb for surements are possible with the NDIR technique for the use
60% of the one-hourly averages, but much larger deviation®f source apportionment and trend analysis. The 12-year CO
were found in the comparison of different NDIR monitors. data record of JFJ is further presented with a focus on cli-
CO trends in the troposphere are important for the oxi-matology and trends of CO in the remote continental tropo-
dizing capacity of the atmosphere and have been studied usphere.
ing data from observation networks. Early measurements
of total column carbon monoxide from JFJ (Zander et al., )
1989) showed an increase in CO of 1-2 ppb/yr between 195@ Experimental
and 1980. A decrease of total column CO was reported for,
the 1980s and 1990s (annual change for selected periods gf

—0.63% and—-0.27%, respectively), and more stable mix- . high alpine research station Jungfraujoch (JFJ)

ing ratios were observed between 2004 and 2005 (Zande 1 N. 7°59 E D) is| h .
et al., 2008). A positive global trend was reported between( 6°33 N, 7"59'E, 3580m as.l.) is located on the main crest

of the Bernese Alps, Switzerland. Details of the location and

,[1983 and 1388 (Kféall]ltancligl'\;gerES?I(an, 3%88)’ but a nefgg:{%e measurements program can be found in the GAW Station
rendwas observed after (Khalil and Rasmussen, hformation System (GAWSIS, 2008). Further details of the

Decreasing CO mole fractions have also been reported be-,_.. ; . :
. station including the inlet system have been described else-
tween 1991 and 1993 (Novelli et al., 1994), and a mor 'on Incuding ' Y v '

i . s where (Zellweger et al., 2000, 2003). JFJ is an excellent plat-
recent analy5|s' showed fan olngmlng sgmf:(c ant but I(?SS pr?form for long-term observations of the free troposphere due
?eorulngcgeg (rllli)%/aeﬁlf( itt['jn% O%rgg &222285 Zfalog%%rgf tgﬂzvz:to its high elevation and year-round accessibility. It is part
) " ' Y ) of the Swiss National Monitoring Network (NABEL) and
lier et al. (2008) analy_zed long-term t_rends of CO over WeSt'one of the global stations of the Global Atmosphere Watch
ern Europe. They estimated a negative trend 0f84+0.95 (GAW) programme.
ppb/yr for the Zugspitze (ZUG) site between 1991 and 2004.
Most of the overall negative trend was attributed to the trend, -
in spring (January—April:—1.49+1.50 ppb/yr), whereas no
trend was evident for July—Septembei0(28+1.36 ppb/yr).  2.2.1 NDIR: Horiba APMA-360CE

CO measurements from JFJ have been used for the assess-
ment of meteorological influences on trace gas levels (ForreCO has been continuously monitored since 1996 using a
et al., 2000), and the validation of chemical transport mod-commercially available NDIR monitor (APMA-360, Horiba)
els (Holloway et al., 2000b) and Lagrangian models (Folini as part of the Swiss National Air Pollution Monitoring Net-
et al., 2008). Independent emission control is becoming in-work (NABEL). Modification of the instrument included
creasingly important for verification of international treaties drying of the air by a Nafion dryer in split flow mode (Perma-
such as the Montreal and Kyoto protocols. CO measurementpure PD-50T-24"). The instrument was calibrated approx-
are often used as a proxy for such estimations because C@nately in monthly intervals using a commercial CO cali-
emission inventories are relatively well known. For exam- bration gas referenced against NIST (National Institute of
ple, CO inventories from the European Monitoring and Eval- Standards and Technology) SRM (Standard Reference Mate-
uation Programme (EMEP) (Vestreng et al., 2005) in com-rial) standards. Automatic instrument zero checks were per-
bination with in-situ CO and halocarbon measurements fromformed every 49 h using zero air (heated COg&0Onverter,

1 Measurement site

Instruments and calibration procedures

Atmos. Chem. Phys., 9, 3493503 2009 www.atmos-chem-phys.net/9/3491/2009/



C. Zellweger et al.: Carbon monoxide trend at Jungfraujoch 3493

Molecular Sieve 3, Sofnocat 423). The detection limit for 2.2.4 GC/HgO-reduction detector:

individual 1-min samples is 20 pb, and the overall measure- trace analytical RGA-3

ment uncertainty is estimated to k%% (1o) (Zellweger et

al., 2000), which includes the uncertainty of the calibration The RGA-3 gas chromatographic analysis is based on mer-
standard, the kD interference, and the instrument precision. curic oxide reduction and ultraviolet light detection. Details
of the modifications to the original setup design can be found
in Volimer et al. (2007). Chromatographic separation was
achieved isothermally at 166 by means of Unibeads 1-
(1/8 OD, 80cm) and Molecular Sieve 13-X (1/&D,

In contrast to other commercially available NDIR CO
monitors the Horiba APMA-360 uses “cross-flow modula-
tion” to compensate for matrix effects in the NDIR absorp-
tion measurements. The air passes over a heated oxidatio L o .
catalyst to selectively remove CO from the sample air with a 0.cm) columns. Synthetic a|r,_further purified with Sofno-
frequency of 1 Hz. Other commercial instruments use a ga§at 514, was used as the carrier gas. The sample air and

filter correlation technique; these instruments have shown re§tandard gases were passed through a Nafion dryer prior to

duced performance Concerning zero drift in the past. Re_lnjectlon. Instantaneous air samples were measured every

sults of this study can therefore not easily be transferred to30 min and were bracketed by working standard measure-

gas filter correlation NDIR CO monitors. This limitation is ments to determine and correct for short-term instrumental

also confirmed by a recent inter-comparison by Tanimoto odrift. The RGA-3 data were corrected for nonlinear instru-

al. (2007). They compared a Horiba APMA-360 instrument ment response which was characterized by dynamic dilution
with two gas filter correlation monitors and found significant of a reference gas (1.3ppm CO in synthetic air) with CO

deviations, which were attributed to both the analytical per—];)reet sdygthenc ‘;‘“r us+r;]g tw%_:n?ss flot\_/v control_le(rjs and dcal'll-
formance of the NDIR instruments and the reference gases. rated flow meters. These dilution ratios were independently
checked by simultaneous analysis of £dh the above men-

tioned GC-FID, for which linearity was assumed.

2.2.2 VURF: VUV-fluorescence: Aerolaser AL5001
2.2.5 Calibration standards

VUV fluorescence measurements were made using a coma|| measurements were traced back to a common reference
mercially available instrument (Aerolaser AL5001). The standard (CA02854, 29548.0(2) ppb CO in natural (am-
instrument was calibrated every 60 min using a natural airbient) air, certified NOAA/ESRL (National Oceanic and At-
(i.e. partly spiked/purified ambient air) working standard. mospheric Administration / Earth System Research Labora-
The instrument was operated using £(39.995%) in Ar  tory) standard, WMO-2000 CO calibration scale). The trace-
(99.9999%) and N (99.9999%) with an additional purifier apjlity of the measurements to this standard is illustrated
(Aeronex Gate Keeper SS-400KGC-1-4S) as auxiliary gasesin Fig. 1. Table 1 gives an overview of working standards
The sensitivity of the instrument decreased from initially 40 ysed including traceability and uncertainties. Traceability of
counts per second (cps) per ppb to 10 cps per ppb at the engle |ong-term NDIR time series to this common reference
of the campaign, which is still above the specified limits for a5 assured by propagation of NIST SRM traceable work-
operation. The operating principle is described elsewherqng standards. All NIST SRMs were cross-checked against

(Gerbig et al., 1999). secondary standards to assure the internal consistency of the
working standards.
223 GCIFID: Agilent 6890N GC The common WMO-2000 reference standard was regu-

larly checked for stability against primary reference stan-

dards from NIST, NMI (Nederlands Meetinstituut) and NPL
An Agilent 6890-N gas chromatograph equipped with a (National Physical Laboratory), along with secondary lab-
flame ionization detector (FID) was used for the detectionoratory standards starting in 2000; no observable drift was
of CO and CH. CO was analyzed as GHafter passing found since then. A comparison of the NIST SRM 2612a 23-
a hydrogen-flushed nickel catalyst heated to°85Chro-  F-06 standard against the NOAA/ESRL WMO-2000 scale
matographic separation was achieved isothermally &€60 through dynamic dilution showed that the NIST SRM was
by means of a Unibeads 1S and a Molecular Sieve 5 higher by 0.280.16(2)% compared to the WMO-2000
column. Nitrogen (99.999%), further purified by passing scale. This was not corrected in the data evaluation of the
through a nitrogen purifier (ALL-Pure Nitrogen Purifier, All- NDIR instrument because the difference was smaller than
tech), was used as the carrier gas. The sample loop size walke certified uncertainty of the NIST standard gas; however,
10ml. The air was dried prior to injection with a Nafion dryer it has to be considered in the calculation of the uncertainty of
(Permapure MD-110-72SS). Air samples were measured ewvthe working standard used for the NDIR calibration. In addi-
ery 30 min and were bracketed by working standard measuretion, a number of comparisons of our NOAA/ESRL WMO-
ments. This system was found to be linear for CO based or2000 standard with other NIST standard gases (SRM 1677c,
a dilution experiment as described below. SRM 2612a 23-F-32) always showed an agreement better
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Table 1. Overview of standards used for the calibration of the CO instruments. The uncertainty for the individual standards was estimated
including the traceability to the common reference (WMO-2000); the expanded uncertainty includes the uncertainty of the NOAA WMO-
2000 standard. All uncertainties are given for the 95% confidence levgl (2

Instrument/WS Mole fraction (ppb)  Traceability chain Uncert. (%) Expanded
uncert. (%)

VURF / CA06439 438.8 WMO-2000 0.3 1.0

NDIR / SL68874 2020.0 NIST — WMO-2000 2.1 2.3

GC/FID/CC106830 177.9-18¢%0 WMO-2000 0.9 14

GC/HgO /E-033 241.1 CC106830 — CA06439 — WMO-2000 1.7 2.0

a A time dependent drift correction was applied

was estimated to b&2.3%(2 ) from the inter-comparison
between the NOAA/ESRL and NIST reference standards

(0.56%, 2), the contribution of an imperfect calibration
Poem 0o on the laboratory NDIR system due to instrument noise of
(HosserSeerzGmer 12 ppb at zero and 16 ppb at span (2.0%),2nd the uncer-
tainty of the NOAA/ESRL standard (1%¢2.

VURF Working Standard VURF — Aerolaser AL5001: A 30! Scott Marrin alu-
e i X compresir) minum cylinder (Luxfer) containing pressurized ambient
air (RIX SA-3 oil free compressor) was used as a cali-
bration gas. This standard was calibrated several times
Tro. 1500 mm 0 ratr against the NOAA/ESRL certified standard (CA02854,
comprosaay 295.5+3.0(2) ppb CO in natural (ambient) air, WMO-2000
scale) before and after the campaign, and was assigned a
GGHgO Working Standard CO mole fraction of 438.8 ppb. No significant drift was ob-
ke e i X compressoy served in this cylinder over its lifetime between July 2005
and September 2006. The uncertainty of the VURF work-
ing standard was estimated to be 1.0&9(Based on multiple
Fig. 1. Traceability of the four CO instruments to a common ref- calibrations against the NOAA/ESRL standard. Note that the
erence standard. The black arrows indicate the calibrations mad®¥URF instrument requires a standard in natural air because
during the inter-comparison campaign. the UV fluorescence reaction is quenched by oxygen. No
matrix effects for standards balanced with air or nitrogen are
known for the other analytical techniques.

than 0.5% (average 0.38.09(2)%), which is well within GCI/FID: A working standard with the same cylinder type
the individual stated uncertainties of the NIST SRM stan-and material as the one for the Aerolaser instrument was used
dards (0.5-1.2%®). Therefore the NOAA/ESRL WMO-  for automatic calibrations; however, CO in this cylinder was
2000 scale based on this particular cylinder is not consideregess stable, and a continuous and constant upward drift of CO
to be significantly different from the NIST CO scale. was observed over time. The cylinder was calibrated against
Working standards were calibrated using the the NOAA/ESRL certified standard described above several
NOAA/ESRL and NIST laboratory standards for field times before and after the campaign, and against the work-
calibrations at the JFJ, as illustrated in Fig. 1. The following ing standard of the VURF instrument during the campaign.
working standards were used for the calibration of theBased on these measurements, a linear correction was ap-
instruments during the campaign: plied, with a CO increase rate of 0.033 ppb per day and an
NDIR — Horiba APMA 360: A 10 liter aluminum Luxfer initial mole fraction of 172.0 ppb on 15 July 2005. This al-
cylinder (Messer Schweiz GmbH) containing CO in nitro- lowed the calculation of the working standard mole fractions
gen was used as a calibration gas. This cylinder was as@t aII_ times during the campaign. The esti_mated un_certainty
signed 2.02ppm CO based on initial calibration against 20f this standard is 1.4% ¢2 from a linear interpolation of
NIST SRM 5-1-04 (9.66 ppm CO in § in April 2005. This ~ Multiple calibrations against the NOAA/ESRL standard.
value was confirmed after use of the cylinder in December GC/HgO: An electro-polished stainless steel tank (Essex
2006 with NIST SRM 23-F-06 (9.75ppm CO in air). The Cryogenics) filled with natural ambient air was used as a
uncertainty of the NDIR working standard due to calibration working standard. This standard was stable at 241.1 ppb CO

Laboratory Reference Jungfraujoch Working Standards

8

l GC/Hgo WS ?ﬁ lGC FID WS ?H lVURFWS ? l NDIR WS ?

NIST SRM 23-F-06
9.75 ppm CO in air

|-8<— [NisT

NOAA/ESRL WMO-2000
295.5 ppb CO in air

~
™

[noAA
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and were not significantly different from zero over the entire

Fig. 2. Time series of one-hourly averages for all four CO instru- period. Consequently, due to the relatively high uncertain-
ments (upper panel) and difference between the NDIR and GC techties of the individual zero readings, no further correction was
niques to the VURF instrument (lower panel). applied to the data. However, neither a potential drift nor an
offset can be excluded based on these data, which potentially
explains the small observed difference.
for t_he period of the campaign. The s_tandard was referenced ape » shows the parameters obtained from orthogonal re-
agalnst the standard of the G_C/FID instrument. The unCer'gression analysis (York, 1966) between different techniques
tainty of the standard was estimated to be 2.086(2 based on one-hourly averages. A generally good agreement
was found among all techniques, with the highest correla-
tion between the two continuous methods (VURF and NDIR,
r?=0.992). A slightly lower but still excellent correlation was
found between the continuous and the GC methodé-
tween 0.962 and 0.981), while the lowest correlation was ob-
Measurements with four CO instruments employing four dif- Served between the two GC methods (GC/FID and GC/HgO,

ferent analytical techniques were performed over a period >=0-935). Due to the large number of measurement points,
of approximately two months between 11 January and 1ghe estimated uncertainties of slope and intercept were rela-
March 2006. Data availability based on one-hourly aver-tively small, and significant differences were found between
ages was 96.7% (NDIR), 86.4% (VURF), 86.7% (GC/FID), all time series. A pair-wise Wilcoxon-Mann-Whitney test
and 98.9% (GC/HgO). For the continuous techniques, onebased on one-hourly averages also confirmed significant dif-
hourly averages were only calculated when at least four 10ferences between all possible combinations (p-vaiel

min averages were available. Hourly averages of the GC obWwith Bonferroni correction for multiple testing), with the ex-
servations typically represent the average of two single in-céption of the VURF-NDIR instrument pair (p-value=0.42).
jections. Figure 2 shows the available time series for all four These results suggest that the differences observed by Whal-
techniques and the difference between the NDIR / GC techley et al. (2004) between the JFJ NDIR system and their
niques and the VURF instrument. The overall variability was VURF instrument of 20-30ppb are likely due to the use
well captured by all techniques. The CO mole fractions dur-of calibration standards that were not traceable to NIST or
ing the campaign ranged from approximately 100 to 260 pb,WMO-ZOOO CO scales, or from instrumental faults, such as
which is consistent with other studies at the JFJ site (Forrefeaks.

et al., 2000; Zellweger et al., 2003). Figure 2 shows that the The agreement between the various time series is further
NDIR results were slightly higher throughout the entire cam- illustrated in relative difference histograms (Fig. 4) compared
paign, with an almost constant bias irrespective of the COto the VURF as the reference instrument for averages of
level. However, the deviations of the NDIR from the VURF 1-, 10-, and 60 min respectively. Single injections of the
results seem to decrease slightly towards the end of the intetGC techniques were compared to 1 m-in and 10 min data,
comparison. The reason for this may be changing NDIR zercand the average of (usually) 2 GC injections was used to
readings during the campaign. Figure 3 shows the individuactompare with for hourly averages. The relative differences
zero readings of the NDIR instrument (1-min averages) madex —xef) /xref @are shown whereyes is the CO mole fraction
automatically every 49 h, as well as the corresponding 30 mirmeasured by the reference instrument (VURF). In addition,
averages. These zero readings average®d+8.4(%) ppb the individual uncertainties of the calibration standards (cf.

3 Results and discussion

3.1 Field inter-comparison

www.atmos-chem-phys.net/9/3491/2009/ Atmos. Chem. Phys., 9, 38032009
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Table 2. Results of the orthogonal regression analysis between the different measurement techniques, where x and y are the corresponding
instruments, and a and b are the intercept and slope of the regression line with 95% confidence intéswhls coefficient of determination,

and N is the number of data points. In addition, the p-value of the Wilcoxon-Mann-Whitney test is shown. Comparisons are based on one-
hourly averages.

y X a [ppb] b r2 N  p-value

VURF NDIR —1.9+0.8 0.99A40.005 0.992 1273 0.424
VURF GCI/FID 6.H1.2 0.9640.008 0.981 1165 3.95e-12
VURF GC/HgO —4.4+15 1.033£0.010 0.970 1292 4.03e-04
NDIR GC/FID 9.8£1.3 0.96@0.009 0.975 1271 3.19e-10
NDIR GC/HgO —-2.0+£1.6 1.0330.010 0.962 1448 1.50e-05
GC/FID GC/HgO —-1.2+2.2 1.07@0.016 0.935 1299 2.41e-03

Table 1) and the additional uncertainty due to imperfect zeroaverages, the corresponding numbers were 0.0336 (0.0310 at
compensation of the NDIR instrument are shown. The max-JFJ), and 0.0208 (0.0171 at JFJ). This clearly demonstrates
imum of the distribution of the differences was in all casesthat instrument noise is a limiting factor for the determina-
within the uncertainty limits of the calibration standards. It tion of CO levels with the NDIR technique if high temporal
can therefore be concluded that the mean differences of theesolution is required. It can be seen from Fig. 4 that the
various time series are due to differences in the calibratioraveraging interval has a significant influence on the uncer-
standards. It can further be seen that the averaging time hastainty of the NDIR measurements. One-hourly averages of
significant influence on the width of the relative difference the NDIR instrument achieve a data quality that is compara-
distribution for the NDIR technique. The standard devia- ble to the GC instruments, with even slightly lower relative
tion of the relative difference distribution is comparable for differences because of fewer outliers. This is confirmed by
all techniques for one-hourly averages, with the lowest valuethe Wilcoxon-Mann-Whitney test, which also does not yield
for the NDIR technique. This implies that the performance significant differences between the NDIR and the GC tech-
of the NDIR technique for one-hourly averages is equal orniques when one-hourly averages are compared.

even slightly better compared to the GC methods. At the The mean value of the relative difference is a measure of

10min level the noise of the NDIR technique was signifi- yq gitference in location of the data points compared to the
cant, _bUt the performance_ was still comparabl_e to the GGy yRp technique. The largest mean deviation (1.58%) was
techniques. The GC techniques showed a considerable numy,ce e hetween the VURF and NDIR technique. However,
ber of values with large deviation compared to the VURF e calipration standard of the NDIR instrument also has a

method, resulting in long tails of the distribution of the rel- (o|atively high uncertainty, and at least part of the bias can
ative differences at the 1—and 10 min levels; this can be expg eyplained by differences in the calibration. In addition,

plained with the different temporal coverage was diﬁeremimperfect compensation of the zero offset (cf. Fig. 3) may

(single injections vs. integration over ten min). The number 515, conribute to the observed bias. Automatic zero checks
of these outliers was relatively insensitive to the level of ag-\\are made every 49 h, which is potentially insufficient for

gregation, bgt the overall width of the fr.equency distri.bution an accurate compensation of the zero offset. The standard
increased slightly due to the fact that instrument noise wWayayiation of the zero readings obtained during the campaign

becoming more of an issue. This was also the case for thg,as 4.2 ppb (31 observations); this results in an additional
VUREF technique. Instrument noise was clearly the dom'nat'uncertainty of the NDIR measurements of 1.0%.

ing factor for the NIDR technique on the 1 min level. The ) .

width of the distribution of the 1 min relative differences of _ 10 illustrate the performance as a function of the averag-
the NDIR technique was comparable to data obtained fron{"d time, a selected time period is shown in Fig. 5. During
our laboratory experiments with a Horiba APMA-360 NDIR the period from 11 to 13 March, rapid changes in the ambi-
CO monitor. This was demonstrated through an additiona€nt mole fractions occurred. Instrument noise of the NDIR
experiment, during which the 1 min average noise over 24 Hechnique was dominant at the one minute level, but good
was determined at a constant mole fraction of 152 ppb, whictgreement was observed between all techniques for 10 min
is similar to the average mole fraction during the JFJ cam-a”d one—hourly averages. All mstruments were able to Qetect
paign. Based on this experiment a standard deviation of th&2St changes in the CO mole fractions that occurred in the
relative difference for a mole fraction of 152 ppb of 0.0750 Second half of the selected period. More interesting is the
was calculated during the laboratory experiment compared tdirst half of the period that was characterized by relatively

0.0768 during the JFJ campaign. For the 10 min and hou”ysmall cha_nges of the mole fractions._Pgrt of this period was
characterized by large short-term variations as apparent from
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Fig. 4. Relative difference histograms for the NDIR and GC instruments calculated relative to a common reference instrument (VURF). Each
panel shows the frequency of data falling into 0.01 relative difference bins (normalized to the number of coincident data points). Relative
differences for one-hourly, 10-min and 1-min averages are shown. 1- and 10-min averages of the GC techniques represent single injections
The red shaded areas represent the uncertainty of the calibration standards, and the blue shaded areas the uncertainty due to imperfect ze
compensation (NDIR only). P(%) is the percentage of data falling within the uncertainty limits.

the one minute VURF data. These fast changes could onlyvere able to accurately reflect the CO mole fraction, but lack
be detected with the VURF technique because the instrumertemporal resolution; consequently, differences of integrated
noise of the NDIR monitor is too large to allow detection values between continuous and GC methods may be sig-
of mole fraction changes of a few ppb on a temporal scalenificantly higher compared to periods with less pronounced
ranging from seconds to a few minutes. The GC techniqueshort-term variation in the CO mole fractions. The period
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g w (b) CO annual growth rate calculated as the difference between two
8 annual moving averages (see text for details).

5 ] (@

060110000 OB-IG-110800 OB-03-110600  06-03-111200  06-03-111600 3.2 Carbon monoxide trend at Jungfraujoch between

1996 and 2007

Fig. 5. CO time series with all four techniques for a selected period . . .
in March 2006, for(a) one-hourly averagegb) 10 min averages | ne JFJ carbon monoxide time series is one of the longest

(VURF, NDIR)/single injections (GC)c) 1-min averages (VURF, qontinuous datasets _of CcoO meaSL_Jrements in the remote con-
NDIR)/single injections (GC), and zoomed in peri@ including  tinental troposphere in Europe. Figure 6a shows the 12-year

10s VURF data. CO time series from 1996 to 2007 of JFJ obtained with NDIR
instruments as described in the previous section, and a sum-

] o o mary of monthly and yearly mean mole fractions is shown in
with pronounced short-term variability is further highlighted tapje 3. To investigate trends and seasonal behavior, the one-
in Fig. 5d. In the first six hours of the selected period sig- hoyrly CO data were decomposed into a quadratic trend and

nificant short-term variability in the CO mole fractions was average seasonal cycle as shown in Eqg. (1) (Thoning et al.
observed, which is visible in the VURF 1 min and 10s aver- 19g9). This function has been successfully used to determine

ages. During this period, the agreement between the 10 Mighe |ong-term trend of baseline data from the NOAA/ESRL
VURF average and the single GC injections was considerfiask sampling network (Novelli et al., 1998; Novelli et al.,
ably lower compared to the following hours with more stable 2003).

CO mole fractions. The lack of temporal coverage of the GC
methods explains to a large extent the lower correlation be<f () = a1+azt+azt?

tween the quasi-continuous and continuous techniques. In 4

conclusion, one-hourly NDIR CO data of the JFJ station can + Z [a@i+2) SiIN2ITit)+aciy3 cos2Mlin] (1)

be considered to be fully comparable to data obtained with a i=1

VURF. The complete fit including the seasonal variation (light blue

line) and a linear trend (orange line, see below) are also plot-
ted in Fig. 6a. In addition, individual data points were dis-
criminated between baseline conditions (blue) and pollution
(red) events. These events were defined by assuming normal
distribution of baseline values around the fitted function. To
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define conditions for pollution events, the negative residuals
of the fit were first mirrored at zero. The standard deviation i
of the distribution of negative residuals and mirrored neg-

ative residuals was then used to calculate the condition for —\‘\/\/\

pollution events. Values higher by more than two standard ’_“’\/\/

deviations were considered as pollution events. The annua

growth rate curve is plotted in Fig. 6b. The growth rate was T
calculated as the difference between two annual moving av-
erages based on daily data. To avoid a bias in the growth ©
rate due to missing values, a loess fit was applied to the date
and gaps were filled with predicted data based on the fitting

parameters. For better comparability of the growth rate with

ambient data presented in Fig. 6a, the growth rate values ar¢ | EP—— RO
centered on the time axis such that, for example, the value of E= Sl (labiey — il sessrs

1 July 1999 represents the growth rate for the period from 1 T T T T T T T T T T T T T T T T T T T T T7T
January 1999 thru 31 December 1999.

It can be seen that the CO mole fractions decreased
significantly during the period between 1996 and 2007.
The trend part of the fit is close to linear with a fitted
value of 3=0.050t0.014. Due to the small contribution
of the non-linear term Eq. (1) was simplified by set-
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_—"—\_ s — __’-—-—-
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O (ppb)
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|
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. . : (b) I\ 1996 — 2001 2008
ting &=0 to calculate the linear baseline CO trend at JFJ g 4 &, = o 2= 2he = 2007
(orange line in Fig. 6a). The result is an average change ' E\‘\ - 1989 - 2004

of —2.65+0.04 ppb/yr, which corresponds to a decrease in g _ F

baseline CO of 21.4% over the period 1996 to 2007 at JFJ.
The average and seasonal diurnal cycles of mean CO mole
fractions are shown in Fig. 7a. A significant diurnal cy-
cle with lowest values in the early morning and maximum
values in late afternoon local time could only be observed
during the warmer seasons (spring and summer). This is in
line with observations from previous studies that documented
the influence of more polluted atmospheric boundary layer
air lifted by thermally induced flow systems (Forrer et al.,
2000; Zellweger et al., 2003; Henne et al., 2004). It can also
be seen from the yearly seasonal cycles (Fig. 7b) that the
CO mole fraction decreased over the observation period, anc
reached its lowest values during summer 2007. Part of this
inter-annual variability can be explained by global biomass Month
burning. Elevated CO mole fractions were observed dur-
ing periods with increased biomass burning, e.g. 1996 andig. 7. (a) Average and seasonal diurnal cycles of mean CO mole
1998 (Yurganov et al., 2004; Wotawa et al., 2001), and alsdfractions of the years 1996 to 2007 at JAI. Mean CO annual
for the years 2002 and 2003 (Yurganov et al., 2005). Theseycle per year. Monthly means are only shown if the data availabil-
events are well captured by the growth rate as illustrated irity exceeds 75%. The error bars represent the expanded standard
Fig. 6b. However, elevated mole fractions during the sum-uncertainty.
mer of 2003 may also be explained by increased thermally
induced vertical upward transport due to the extremely high
Central European summer temperatures in 2003 and the fotargest contributions of Asian and North American anthro-
est fires in Portugal (Luterbacher et al., 2004; Tressol et al.pogenic CO in Europe between January and May. However,
2008). Despite significant year-to-year variability, the trendit is in contrast to observations at Zugspitze (ZUG) (Cheva-
over the observation period was rather constant and no signiflier et al., 2008), where the overall annual downward trend
icant seasonality was observed in the decrease (not shownyas mainly attributed to a decrease in the winter / spring pe-
An analysis of the monthly JFJ data showed that the deriod (January—April). Furthermore, the magnitude of the CO
crease was significantly lower for February and March at ap-decrease is significantly higher at JFJ2(65+0.04 ppb/yr,
prox. —1.2 ppb/yr for both months. This observation is in 1996—2007) when compared with ZUG@.84 ppb/yr,1991—
line with a model study by Pfister et al. (2004) showing the 2004) (Chevalier et al., 2008). It should also be noted that the

60
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Table 3. Monthly and yearly mean CO mole fractions (ppb) at Jungfraujoch for the years 1996 to 2007. Monthly mean values were only
calculated if at least 75% of the data where available. Yearly averages were only calculated if the data coverage was larger than 90%.

Month

Year 1 2 3 4 5 6 7 8 9 10 11 12 AVG

1996 NA NA NA 203.7 NA 1622 126.4 126.2 126.4 1154 140.2 1345 NA

1997 1485 1452 1453 1595 150.0 133.3 1151 1164 126.4 130.8 1644 NA NA

1998 197.1 182.6 1825 208.6 1795 1325 139.3 1494 162.7 1489 1743 181.0 168.9

1999 173.8 172.1 179.2 180.6 1485 138.2 1305 NA 1353 1299 166.1 139.1 153.2

2000 NA 1344 1581 191.8 1718 1541 1020 127.6 129.6 1389 146.2 1456 NA

2001 150.8 160.6 149.8 158.6 136.1 109.9 108.2 107.4 99.3 98.0 1244 1275 127.3

2002 NA 1569 143.6 159.5 146.6 130.0 130.1 116.4 1304 119.1 1475 1415 137.8

2003 150.8 156.1 1452 156.6 133.3 1175 120.7 123.0 1248 1214 1243 130.8 133.7

2004 135.7 151.2 1551 163.2 1323 101.8 1124 106.2 94.8 1024 111.0 1228 124.2

2005 134.3 166.6 144.8 NA 1276 103.2 101.8 1094 110.8 103.6 126.7 136.8 126.0

2006 148.3 151.8 153.0 148.7 132.7 119.0 1154 105.6 108.6 98.5 108.7 120.5 125.7

2007 129.5 1404 164.6 153.0 1325 106.7 84.5 86.8 90.5 98.4 1328 145.2 1219

AVG 148.4 156.1 156.5 169.8 1469 1242 1155 1165 1201 1170 138.8 139.7
0 These differences are difficult to explain, but may be due to
£ a difference in air mass origin measured at the two sites. For
S . example, pollution from the Po Valley was identified to have
2«7 - éL a significantly greater influence on JFJ compared to ZUG
2 based on back trajectory analysis (Kaiser et al., 2007).
IS
§ P The observed overall negative trend of CO at JFJ can
3 e \ mainly be explained by the reduction of European emission
’\g /\\\ sources sinqe the early 1990s. Fossillfuel emissions are the
g _ ™ Iarg_est contributor to the CO burden in the northern_ extra-
B tropics (Duncan et al., 2007). European CO emissions of
S the EU-15 member states decreased from 39.1 Gt in 1996 to
° 24.2 Gt in 2005 (EEA, 2007), which corresponds to a de-
R E/Eé crease of 38.1%. During the same period the measured CO
8 - LAU mole fraction at JFJ decreased by 17.8%, which is less than
< half of what would be expected if only European emissions
:g o | 34 were contributing to the CO levels observed at JFJ. A com-
o © parison of emission inventory data with CO measurements
o T T T T N N i X , X
= 1890 1995 2000 2005 from sites situated at lower altitudes in Switzerland is shown
$ in Fig. 8. Emission data were taken from the reports to the

Year

Long-range Transboundary Air Pollution (LRTAP) Conven-
tion (EEA, 2007). Yearly mean values of both station and
: : i emission inventory data were normalized to 1997. CO mole
ggvlilfztggrfbR;%Pﬁggﬁggﬂﬂgncémﬁg ?;r;n;a(lzléﬁ)(:s';o ;r?szlggilyfractions decreased most at two curbside sites Bern (BER)
' . gnd Lausanne (LAU). The agreement with the emission in-
ventory data is very good if only road transportation emis-
sions are considered (not shown). Data of the emission in-
ventory also agree well with measured CO mole fractions
at the two urban sites, Lugano (LUG) andrieh (ZUE), as
trend at JFJ was calculated using baseline data, whereas theell as the two rural sites, &tkingen (HAE) and Sion (S10),
trend at ZUG was estimated without data filtering. Using thewhich are both situated adjacent to a highway and thus highly
same method (linear fit through all data) results in an everinfluenced by traffic emissions. The observations at these
larger annual decrease of3.32£0.07 ppb at JFJ, which is stations seem to be representative for European CO emis-
higher by a factor of 4 compared to the decrease at ZUGsion trends and reliably represent the mixture of traffic and

Fig. 8. Emissions reported to the Long-range Transboundary Air

in Switzerland (see text for details).
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industrial emissions. The trend at JFJ is significantly lowerimportant at higher altitudes. No significant trend was ob-
compared to the other sites and the inventory data. In addiserved from MOPITT retrievals at 700 hPa on average over
tion, global scale events such as increased biomass burning 1500 km radius area over Western Europe (Chevalier et al.,
in 1998 are clearly visible in the JFJ data. A possible rea-2008). However, satellite data capture a larger area and alti-
son for the lower decrease at JFJ is long-range transport diide range, and results are therefore not always directly com-
CO from regions where emissions have not decreased in prggarable to in-situ measurements.

portion to European emissions. The lifetime of CO is long

enough to allow transport over long distances. For exam- _

ple, several model studies indicate that fossil and biofuel cO* ~ €onclusions

sources from Asia are significantly underestimated (Duncan, . : .
,%n inter-comparison between four different measurements

etal., 2007). Tanimoto et al. (2008) suggested an increase :

16% of the CO emissions in China between 2001 and 200"—%5Chm(weS (NDIR, VURF, G.C/FID‘ and GC/HgO) for the
measurement of atmospheric CO showed excellent agree-
Part of the smaller CO decrease at JFJ could also be ex-

plained by oxidation of Cidand non-methane hydrocarbons ment among all analytical techniques based on one-hourly

o averages. The observed differences could be explained with
S:Ingi : 3':1?:(\;?% eégl.ésgggr%)uf:sr;df rk?(:lﬁ};; Igsgoir? theremaining biases of calibration standards. Thus, when other

e . : otential issues such as non-linearity are carefully considered
troposphere. The oxidation of other biogenic hydrocarbon L7
. . In the measurement set-up, the limiting factor for accurate
also contributes to global CO, but provides a smaller sourc

compared to Chl oxidation. Holloway et al. (2000b) esti- €O measurements is the uncertainty of the calibration stan-

mated the biogenic NMHC contribution to be 90% compareddards' n an|t|on, thg NDIR technlqge. requires Caref‘ﬂ' Z€r10
compensation to achieve data of sufficiently high quality.

to CH,, whereas Duncan et al. (2007) calculated it to be be- . :

. .~ The inter-comparison demonstrated that the cross flow
tween 41-51%. Based on these data, we estimate acom”bun}odulation NDIR technique provides reliable data on an
tion of 35-48 ppb CO due to oxidation of Gldnd biogenic que p

NMHC. If we subtract this contribution from our JFJ dataset ?;nligi/eb;f;?ﬂgv'fey;" jg{f%&r ﬁohg]reg Srzr%Ta?r;tessi}/ftinozt
a decrease in baseline CO-6£3.3 t0—26.3% is calculated ’ ' 9 P

from 1996 to 2005. Based on a comparison with emission in_must be interpreted with caution. It should further be noted

ventory data (38.1% decrease), the fraction of air influencedthat other mstruments using gas filter corre_zlatlon techniques
were not tested in the current inter-comparison study.

by source regions outside EU-15 Europe is larger than one . . . L
third. This is in agreement with a study using chemical trans- The mter-comparlson. expenment added to the val|da}t|on
' of the 12 year long CO time series made by NDIR technique

ort models (Pfister et al., 2004) to evaluate the origin of

P ( . ) 9 t the JFJ. Results show a clear decrease of the CO burden

CO over Europe. Pfister et al. (2004) showed that the annua . SRR
oo . : over Europe during the past decade, which is in agreement

mean contribution to anthropogenic CO mole fractions for

Some source regions over Europe is hiahlv dependent on a\{vith decreasing CO emissions in Europe. Further examina-
. . 9 . Pe IS highly deper tion of this time series showed that CO decreased by 21.4%
titude. Their model estimated significant contributions to an-, . ) ’

i ) . ; in the period from 1996 to 2007 at JFJ. This trend fits well
thropogenic CO from source regions in Asta5%), North- into the context of decreasing CO emissions in Europe. How-
America (~30%), Europe{25%), and North-Africa{5%) 9 pe.

at the 660 hPa level (corresponding to JFJ altitude), wherea§ o comparisons with emission inventory data showed that

intrusions from other regions were found to be negligible.a significantly larger decrease would be expected if Euro-

In addition, a seasonality with largest contributions of Asian pean emissions alone were driving CO mole fractions at JFJ.

and North American anthropogenic CO to Europe betweenT.h.erefo.re’ long-range transport is considered to havg asig
i nificant influence on the CO levels at JFJ. It was estimated
January and May was observed (Pfister et al., 2004). There; . . .
. S0 . that a least one third of the baseline CO measured at JFJ is

fore, Asian emissions may offset the CO trend in the free

continental troposphere over Europe, and are the most likel of non-European origin after considering the fraction of CO

reason for the relatively low CO decrease at JFJ compared t roduced by Chl and NMHC oxidation. This is in agree-

. o ) : ent with model studies that attribute a significant fraction
lower-elevation sites in Europe. This has to be considere .
i i S . o of the European CO budget to non-European sources (Pfister
when CO is used in combination with emission inventory

data for source allocation and emission quantification. Theseet al, 2004).
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