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Abstract

The 12-year record (1996-2007) of continuous carbon monoxide (CO) measurements
of the high-alpine site Jungfraujoch (JFJ), Switzerland, was investigated with a focus
on trend analysis. To date this is one of the longest time series of continuous CO
measurements in the free troposphere over Central Europe. A significant negative
trend was observed at JFJ with a decrease of 21.4+0.3% in the investigated period,
or an average annual decrease of 2.65+0.04 ppb/yr (1.78%/yr). These results were
compared with emission inventory data reported to the Long-range Transboundary Air
Pollution (LRTAP) Convention. It could be shown that long range transport significantly
influences the CO levels observed at JFJ, with air masses of non-European origin
contributing to at least a third to observed mixing ratios.

Such trend analysis and inter-comparison with emission inventories are only pos-
sible with data of known quality. To this end, the Non-dispersive Infrared Absorption
(NDIR) technique used for CO measurements at JFJ was inter-compared over two
months using three additional analytical techniques, namely Vacuum UV Resonance
Fluorescence (VURF), gas chromatographic separation with a mercuric oxide reduc-
tion detector (GC/HgO), and gas chromatographic separation followed by reduction on
a nickel catalyst and analysis by a flame ionization detector (GC/FID). The agreement
among all techniques was better than 2% for one-hourly averages which confirmed the
suitability of the NDIR method for CO measurements even at remote sites.

1 Introduction

Carbon monoxide (CO) plays an important role in atmospheric chemistry. Reactions
involving CO provide the dominant sink for the hydroxyl radical (Logan et al., 1981),
and together with nitrogen oxides the concentrations of CO largely control the overall
oxidative capacity of the atmosphere. As a consequence, changes in CO emissions
have an influence on climate by affecting methane and other greenhouse gases that
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are oxidized by the OH radical (Daniel and Solomon, 1998; Wild and Prather, 2000).
Furthermore, CO plays an important role as a precursor of tropospheric ozone (Levy et
al., 1997). CO has a relatively long atmospheric lifetime, ranging from 10 days in sum-
mer over continental regions to more than a year over the winter poles (Holloway et al.,
2000b). This lifetime is long enough for CO to be useful as a tracer for anthropogenic
pollution.

CO trends in the troposphere are important for the oxidizing capacity of the atmo-
sphere and have been studied using data from observation networks. Early mea-
surements of total column carbon monoxide from Jungfraujoch (JFJ) (Zander et al.,
1989) showed an increase in CO of 1-2 ppb/yr between 1950 and 1980. A decrease
of CO total column mixing ratios was reported for the 80’s and 90’s (annual change
for selected periods of —0.63 and -0.27%), and more stable mixing ratios were ob-
served between 2004 and 2005 (Zander et al., 2008). A positive global trend was
also reported between 1980 and 1988 (Khalil and Rasmussen, 1988), but a negative
trend was observed after 1988 (Khalil and Rasmussen, 1994). Decreasing CO mix-
ing ratios have also been reported between 1991 and 1993 (Novelli et al., 1994), and
a more recent analysis showed an ongoing significant but less pronounced negative
trend for global CO flask observations after 1995 (Novelli et al., 2003; Meszaros et al.,
2005). Chevalier et al. (2008) analyzed long term trends of CO over Western Europe.
They estimated a negative trend of —0.84+0.95 ppb/yr for the Zugspitze (ZUG) site be-
tween 1991 and 2004. Most of the overall negative trend was attributed to the trend for
January—April (-1.49+1.50 ppb/yr), whereas no trend was evident for July—September
(—0.28+1.36 ppb/yr).

In-situ measurements at remote sites are often made using gas chromatographic
techniques with a mercuric oxide detector (HgO) (Novelli, 1999). This technique has
low detection limits and good precision; however, non-linearity issues require care-
ful calibration, and drift of standards with ambient CO concentrations required for the
calibration of this technique may further affect the accuracy of such measurements
(Novelli et al., 2003). In addition, several other techniques for the detection of CO with
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different temporal resolutions and detection limits have become available. The most
common techniques currently applied comprise gas chromatographic (GC) techniques
in combination with flame ionization (FID) or HgO detectors, and spectroscopic meth-
ods such as non-dispersive infrared absorption (NDIR), vacuum ultra-violet resonance
fluorescence (VURF) and tunable diode lasers spectroscopy (TDLS).

CO measurements from JFJ have been used for the assessment of meteorologi-
cal influences on trace gas concentrations (Forrer et al., 2000), and the validation of
chemical transport models (Holloway et al., 2000b) and Lagrangian models (Folini et
al., 2008). Independent emission control is becoming increasingly important for veri-
fication of international treaties such as the Montreal and Kyoto protocols. CO mea-
surements are often used as a proxy for such estimations because its emissions are
relatively well known. For example, CO emission inventories from the European Mon-
itoring and Evaluation Programme (EMEP) (Vestreng et al., 2005) in combination with
in-situ CO and halocarbon measurements from JFJ have successfully been used to
estimate halocarbon emissions in Europe (Reimann et al., 2005). Especially applica-
tions combining data of emission inventories with in-situ CO measurements for source
apportionment require CO data of known and high quality.

Despite its importance and the relatively large numbers of different measurement
techniques employed, there is still considerable uncertainty in ambient measurements
of CO. To date, no comprehensive CO instrument inter-comparisons have been pub-
lished, although a few older studies compare TDLS instruments with GC/HgO (Hoell et
al., 1987), NDIR (Fried et al., 1991), and a VURF instrument (Holloway et al., 2000a). A
short inter-comparison campaign with a NDIR and a VURF instrument at JFJ showed
good correlation between the two techniques but absolute differences of 20-30 ppb
(Whalley et al., 2004). They attributed these differences to the use of different calibra-
tion gases or interfering species in one of the techniques. A short inter-comparison
between a GC/HgO and an NDIR instrument showed good overall agreement (cor-
relation coefficient 0.88) but slightly larger deviations at mixing ratios below 100 ppb
(Tsutsumi and Matsueda, 2000).
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This study presents results from an inter-comparison of several currently used in-situ
techniques (NDIR, VURF, GC/HgO, GC/FID) for the measurement of atmospheric CO.
The measurements were carried out at the high alpine research station Jungfraujoch
(JFJ), Switzerland. The aim of the study was to evaluate differences between various
techniques and to estimate the uncertainties associated with these instruments for dif-
ferent temporal resolutions. In addition, the study added to the validation of an ongoing
long NDIR CO time series of the JFJ site because it could be demonstrated that accu-
rate and sufficiently precise CO measurements are possible with the NDIR technique
for the use of source apportionment and trend analysis. The 12-year CO data record
of JFJ is further presented with a focus on climatology and trends of CO in the remote
continental troposphere.

2 Experimental
2.1 Measurement site

The high alpine research station Jungfraujoch (JFJ) (46°33'N, 7°59' E, 3580 ma.s.l.)
is located on the main crest of the Bernese Alps, Switzerland. Details of the location
and the measurements program can be found in the GAW Station Information Sys-
tem (GAWSIS, 2008). Further details of the station including the inlet system have
been described elsewhere (Zellweger et al., 2000, 2003). It is an excellent platform
for long-term observations of the free troposphere due to its high elevation and year-
round accessibility. JFJ is part of the Swiss National Air Pollution Monitoring Network
(NABEL) and is one of the 24 global sites of the Global Atmosphere Watch (GAW)
programme.
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2.2 Instruments and calibration procedures
2.2.1 NDIR: Horiba APMA-360CE

CO has been continuously monitored since 1996 using a commercially available NDIR
monitor (APMA-360, Horiba) as part of the Swiss National Air Pollution Monitoring Net-
work (NABEL). Modification of the instrument included drying of the air by a Nafion
dryer in split flow mode (Permapure PD-50T-24"). The instrument was calibrated ap-
proximately in monthly intervals using a commercial CO calibration gas referenced
against NIST SRM standards. Automatic instrument zero checks were performed ev-
ery 49 h using zero air (heated CO/CO, converter, Molecular Sieve 3 A, Sofnocat 423).
The detection limit for individual 1-minute samples is 20 ppb, and the overall measure-
ment uncertainty is estimated to be £5% (10) (Zellweger et al., 2000), which includes
the uncertainty of the calibration standard, the H,O interference, and the instrument
precision.

In contrast to other commercially available NDIR CO monitors the Horiba APMA-360
uses “cross-flow modulation” to compensate for matrix effects in the NDIR absorption
measurements. The air passes over a heated oxidation catalyst to selectively remove
CO from the sample air at a 1 Hz interval. Other commercial instruments use gas filter
correlation technique; these instruments have shown reduced performance concerning
zero drift in the past. Results of this study can therefore not easily be transferred to
gas filter correlation NDIR CO monitors.

2.2.2 VURF: VUV-Fluorescence: Aerolaser AL5001

VUV fluorescence measurements were made using a commercially available instru-
ment (Aerolaser AL5001). The instrument was calibrated every 60 min using a nat-
ural air working standard. The instrument was operated using CO, (99.995%) in Ar
(99.9999%) and N, (99.9999%) with an additional purifier (Aeronex Gate Keeper SS-
400KGC-1-4S) as auxiliary gases. The sensitivity of the instrument decreased from
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initially 40 counts per second (cps) to 10 cps at the end of the campaign, which is still
above the specified limits for operation. The operating principle is described elsewhere
(Gerbig et al., 1999).

2.2.3 GC/FID: Agilent 6890N GC

An Agilent 6890N gaschromatograph equipped with a flame ionization detector (FID)
was used for the detection of CO and CH,. CO was analyzed as CH, after passing
a hydrogen-flushed nickel catalyst heated to 375°C. Chromatographic separation was
achieved isothermally at 60°C by means of a Unibeads 1S and a Molecular Sieve 5A
column. Nitrogen (99.999%) further cleaned by passing through a nitrogen purifier
(ALL-Pure Nitrogen Purifier, Alltech) was used as carrier gas. The sample loop size
was 10ml. The air was dried prior to injection with a Nafion dryer (Permapure MD-
110-72SS). Air samples were measured every 30 mins and were bracketed by working
standard measurements. This system was found to be linear for CO based on a dilution
experiment as described below.

2.2.4 GC/HgO-Reduction Detector: Trace Analytical RGA-3

The RGA-3 gas chromatographic analysis is based on mercuric oxide reduction and ul-
traviolet light detection. Details of the modifications to the original setup design can be
found in Vollmer et al. (2007). Chromatographic separation was made isothermally at
105°C by means of Unibeads 1S (1/8" OD, 80 cm) and Molecular Sieve 13X (1/8" OD,
130cm) columns. Synthetic air further purified with Sofnocat 514 was used as carrier
gas. The sample air and standard gases were passed through a Nafion dryer prior to
injection. Instantaneous air samples were measured every 30 min and were bracketed
by working standard measurements to determine and correct for short term instru-
mental drift. The RGA-3 data were corrected for nonlinear instrument response which
was characterized by dynamic dilution of a reference gas (1.3 ppm CO in synthetic air)
with CO free synthetic air using two mass flow controllers and calibrated flow meters.
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These dilution ratios were independently checked by simultaneous analysis of CH, on
the above mentioned GC-FID for which linearity was assumed.

2.2.5 Calibration standards

All measurements were traced back to a common reference standard (CA02854,
295.5+3.0 (20) ppb CO in natural air, certified NOAA/ESRL standard, WMO-2000 CO
calibration scale). The traceability of the measurements to this standard is illustrated
in Fig. 1. Table 1 gives an overview of working standards used including traceability
and uncertainties. Traceability of the long-term NDIR time series to this common ref-
erence was assured by propagation of NIST SRM traceable working standards. All
NIST SRMs were cross-checked against secondary standards to assure the internal
consistency of the working standards.

The common WMO-2000 reference standard was regularly checked for stability
against high concentration primary reference standards from NIST, NMI and NPL and
secondary laboratory standards starting in 2000, and no observable drift was found
since then. A comparison of the NIST SRM 2612a 23-F-06 standard against the
NOAA/ESRL WMO-2000 scale through dynamic dilution showed that the NIST SRM
was higher by 0.28+0.16 (20)% compared to the WMO-2000 scale. This was not
corrected in the data evaluation of the NDIR instrument because the difference was
smaller than the certified uncertainty of the NIST standard gas; however, it has to be
considered in the calculation of the uncertainty of the working standard used for the
NDIR calibration. In addition, a number of comparisons of our NOAA/ESRL WMO-
2000 standard with other NIST standard gases (SRM 1677c, SRM 2612a 23-F-32)
showed always an agreement better than 0.5% (average 0.15+0.09 (20)%), which is
well within the individual stated uncertainties of the NIST SRM standards (0.5 to 1.2%,
20). Therefore the NOAA/ESRL WMO-2000 scale based on this particular cylinder is
considered to be not significantly different from the NIST CO scale.

Working standards were calibrated using the NOAA/ESRL and NIST laboratory stan-
dards for field calibrations at the JFJ, as illustrated in Fig. 1. The following working
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standards were used for the calibration of the instruments during the campaign:

NDIR — Horiba APMA 360: A 10 liter aluminum Luxfer cylinder (Messer Schweiz
GmbH) containing CO in nitrogen was used as a calibration gas. This cylinder was as-
signed 2.02 ppm CO based on initial calibration against a NIST SRM 5-1-04 (9.66 ppm
CO in N,) in April 2005. This value was confirmed after use of the cylinder in Decem-
ber 2006 with NIST SRM 23-F-06 (9.75ppm CO in air). The uncertainty of the NDIR
working standard due to calibration was estimated to be +2.1% (20) from the inter-
comparison between the NOAA/ESRL and NIST reference standards (0.56%, 20), and
the contribution of an imperfect calibration on the laboratory NDIR system due to in-
strument noise of 12 ppb at zero and 16 ppb at span (2.0%, 20). This does not include
the uncertainty of the NOAA/ESRL standard (1%, 20). Total uncertainty of the NDIR
working standard including the uncertainty of the NOAA/ESRL standard was estimated
to be 2.3% at a 95% confidence level.

VURF — Aerolaser AL5001: A 30liter Scott Marrin aluminum cylinder (Luxfer) con-
taining pressurized ambient air (RIX SA-3 oil free compressor) was used as a calibra-
tion gas. This standard was calibrated several times against the NOAA/ESRL certified
standard (CA02854, 295.5+3.0 (20) ppb CO in natural air, WMO-2000 scale) before
and after the campaign, and was assigned with a CO content of 438.8 ppb. No signifi-
cant drift was observed in this cylinder over its lifetime between July 2005 and Septem-
ber 2006. The uncertainty of the VURF working standard was estimated to be 0.3%
(20) from multiple calibrations against the NOAA/ESRL standard. The expanded un-
certainty including the uncertainty of the NOAA/ESRL standard was estimated to be
1.0% (20).

GC/FID: A working standard with the same cylinder type and material as the one for
the Aerolaser instrument was used for automatic calibrations; however, CO in this cylin-
der was less stable, and a continuous and constant upward drift of CO was observed
over time. The cylinder was calibrated against the NOAA/ESRL certified standard de-
scribed above several times before and after the campaign, and against the working
standard of the VURF instrument during the campaign. Based on these measurements
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a linear correction was applied, with a CO increase rate of 0.033 ppb per day and an
initial concentration of 172.0 ppb on 15 July 2005. This allowed the calculation of the
working standard mixing ratios at all times during the campaign. The estimated uncer-
tainty of this standard is 0.9% (20) from a linear interpolation of multiple calibrations
against the NOAA/ESRL standard. The expanded uncertainty including the uncertainty
of the NOAA/ESRL standard was estimated to be 1.4% (20).

GC/HgO: An electro polished stainless steel tank (Essex Cryogenics) filled with nat-
ural air was used as a working standard. The concentration of this standard was stable
for the period of the campaign at 241.1 ppb CO. The standard was referenced against
the standard of the GC/FID instrument. The uncertainty of the standard was estimated
to be 1.7% (20) excluding and 2.0% (20) including the uncertainty of the NOAA/ESRL
standard.

3 Results and discussion

3.1 Field inter-comparison of ambient CO measurements employing four different an-
alytical techniques at Jungfraujoch

Measurements with four CO instruments employing four different analytical techniques
were performed over a period of approximately two months between 11 January and
15 March 2006. Data availability based on one-hourly averages was 96.7% (NDIR),
86.4% (VURF), 86.7% (GC/FID), and 98.9% (GC/HgO). For the continuous techniques,
one-hourly averages were only calculated when at least four 10-min averages were
available. Hourly averages of the GC observations typically represent the average of
two single injections. Figure 2 shows the available time series for all four techniques
and the difference between the NDIR and GC techniques to the VURF instrument. The
overall variability was well captured by all techniques. The mixing ratios during the
campaign ranged from approximately 100 to 260 ppb, which is consistent with other
studies at the JFJ site (Forrer et al., 2000; Zellweger et al., 2003). Figure 2 shows
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that the NDIR results were slightly higher throughout the entire campaign, with an
almost constant bias and irrespective of the CO level. However, the deviations of the
NDIR from the VURF results seem to get slightly smaller towards the end of the inter-
comparison. The reason for this may be due to changing NDIR zero readings during
the campaign. Figure 3 shows the individual zero readings automatically made every
49 h of the NDIR instrument (1-min averages), as well as the corresponding 30-min
averages. These zero readings averaged —0.3+8.4 (20) ppb and were not significantly
different from zero over the entire period. Consequently, due to the relatively high
uncertainties of the individual zero readings, no further correction was applied to the
data. However, neither a potential drift nor an offset can be excluded using these data,
which potentially explains the observed small difference.

Table 2 shows the parameters obtained from orthogonal regression analysis (York,
1966) between different techniques based on one-hourly averages. A generally good
agreement was found among all techniques, with highest correlation between the two
continuous methods (VURF and NDIR, r2=0.992). Slightly lower but still excellent cor-
relation was found between the continuous and the GC methods (r2 between 0.962
and 0.981), and the lowest correlation between the two GC methods (GC/FID and
GC/HgO, r2:0.935). Due to the large number of measurement points, the estimated
uncertainties of slope and intercept were relatively small, and significant differences
were found between all time series. A pair-wise Wilcoxon-Mann-Whitney test based on
one-hourly averages also confirmed significant differences between all possible com-
binations (p-value<0.01 considering Bonferroni multiple testing), with the exception of
the VURF-NDIR instrument pair (p-value=0.42). These results suggest that the dif-
ferences observed by Whalley et al. (2004) between the JFJ NDIR system and their
VUREF instrument of 20—-30 ppb are likely due to the use of calibration standards that
were not traceable to NIST or WMO-2000 CO scales, or from instrumental faults, e.g.
leaks.

The agreement between the various time series is further illustrated in relative dif-
ference histograms (Fig. 4) compared to the VURF as the reference instrument for
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averages of 1-, 10-, and 60-min, respectively. Single injections were used for the
GC techniques when comparing 1-min and 10-min data, and the average of (usually)
2 GC injections was used for hourly averages. The relative differences (X—Xgf)/X et
are shown where x4 is the CO mixing ratio measured by the reference instrument
(VURF). In addition, the individual uncertainties of the calibration standards (cf. Ta-
ble 1) and the additional uncertainty due to imperfect zero compensation of the NDIR
instrument are shown. The maximum of the relative frequency distribution was in all
cases within the uncertainty limits of the calibration standards. It can therefore be con-
cluded that the mean differences of the various time series are due to differences in
the calibration standards. It can further be seen that the averaging time has a signifi-
cant influence on the width of the relative difference distribution for the NDIR technique.
The standard deviation of the relative difference distribution is comparable for all tech-
niques for one-hourly averages, with the lowest value for the NDIR technique. This
implies that the performance of the NDIR technique for one-hourly averages is equal
or even slightly better compared to the GC methods. At the 10-min level the noise of
the NDIR technique was significant, but the performance was still comparable to the
GC techniques. The GC techniques showed a considerable number of values with
large deviation compared to the VURF method resulting in long tails of the distribution
of the relative differences at the one- and 10-min levels; this can be explained by the
fact that the temporal coverage was different (single injections vs. integration over ten
minutes). The number of these outliers was relatively insensitive to the level of aggre-
gation, but the overall width of the frequency distribution increased slightly due to the
fact that instrument noise was becoming more of an issue also for the VURF technique.
Instrument noise was clearly the dominating factor for the NIDR technique on the 1-min
level. The width of the distribution of the 1-min relative differences of the NDIR tech-
nique was comparable to data obtained from our laboratory experiments with a Horiba
APMA-360 NDIR CO monitor. We demonstrated this by an additional experiment in
which we determined the 1-min average noise during 24 h at a constant concentration
of 152 ppb, which is similar to the average mixing ratio during the JFJ campaign. Based
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on this experiment we calculated a standard deviation of the relative difference for a
concentration level of 152 ppb of 0.0750 during the laboratory experiment compared to
0.0768 during the JFJ campaign. For the 10-min and hourly averages, the correspond-
ing numbers were 0.0336 (0.0310 at JFJ), and 0.0208 (0.0171 at JFJ). This clearly
demonstrates that instrument noise is a limiting factor for the determination of CO lev-
els with the NDIR technique if high temporal resolution is required. It can bee seen
from Fig. 4 that the averaging interval has a significant influence on the uncertainty of
the NDIR measurements. One-hourly averages of the NDIR instrument achieve a data
quality which is comparable to the GC instruments, with even slightly lower relative dif-
ferences because of fewer outliers. This is confirmed by the Wilcoxon-Mann-Whitney
test which also results in no significant differences between the NDIR and the GC tech-
niques when one-hourly averages are compared.

The mean value of the relative difference is a measure for the difference in location of
the data points compared to the VURF technique. The largest mean deviation (1.58%)
was observed between the VURF and NDIR technique. However, the calibration stan-
dard of the NDIR instrument has also a relatively high uncertainty, and at least part
of the bias can be explained by differences of the calibration. In addition, imperfect
compensation of the zero offset (cf. Fig. 3) may also contribute to the observed bias.
Automatic zero checks were made every 49 h, which is potentially insufficient for an
accurate compensation of the zero offset. The standard deviation of the zero read-
ings obtained during the campaign was 4.2 ppb (31 observations); this results in an
additional uncertainty of the NDIR measurements of 1.0%.

To illustrate the performance with regard of the averaging time a selected time period
is shown in Fig. 5. During the period from 11 to 13 March, rapid changes in the mixing
ratios occurred. Instrument noise of the NDIR technique was dominant at the one
minute level, but good agreement was observed between all techniques for 10-min and
one-hourly averages. All instruments were able to detect fast changes of the mixing
ratios that occurred in the second half of the selected period. More interesting is the first
half of the period that was characterized by relatively small changes of the mixing ratios.
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Part of this period was characterized by high short term variations as apparent from the
1 min VURF data. These fast changes could only be detected with the VURF technique
due to the fact that instrument noise of the NDIR monitor is too large to allow detection
of mixing ratio changes of a few ppb on a temporal scale ranging from seconds to a few
minutes. The GC techniques were able to accurately reflect the mixing ratio but lack
temporal resolution; consequently, differences of integrated values between continuous
and GC methods may be significantly higher compared to periods with less pronounced
short-term variation in the CO mixing ratios. The period with pronounced short term
variability is further high-lighted in Fig. 5d. In the first six hours of the selected period
significant short term variability in the mixing ratios was observed, which is visible in
the VURF 1-min and 10s averages. During this period, the agreement between the
10-min VURF average and the single GC injections was considerably lower compared
to the following hours with more stable CO mixing ratios. The lack of temporal coverage
of the GC methods explains to a large extent the lower correlation between the quasi-
continuous and continuous techniques. In conclusion, one-hourly NDIR CO data of the
JFJ station can be considered to be fully comparable to data obtained with a VURF
instrument and are therefore suitable for trend analysis as presented in the following
section.

3.2 Carbon monoxide trend at Jungfraujoch between 1996 and 2007

The JFJ carbon monoxide time series is one of the longest continuous data set of CO
measurements in the remote continental troposphere in Europe. Figure 6 shows the
12-year CO time series from 1996 to 2007 of JFJ obtained with NDIR instruments as
described in the previous section, and a summary of monthly and yearly mean mixing
ratios is shown in Table 3. To investigate trends and seasonal behavior, the one-hourly
CO data were decomposed into a quadratic trend and average seasonal cycle Eq. (1)
(Thoning et al., 1989). This function has been successfully used to determine the long-
term trend of baseline data from the NOAA/ESRL flask sampling network (Novelli et
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al., 1998, 2003).

4
f(t) = ay + apt + ast® + ) [a(pjsp) SIN(2MIL) + 27,5 cOS(2MMi)] (1)
i=1

The complete fit including the seasonal variation (light blue line) and the trend part of
the fit (orange line) are also plotted in Fig. 6. In addition, individual data points were dis-
criminated between baseline conditions (blue) and depletion (green) or pollution (red)
events. These events were defined by assuming normal distribution of baseline val-
ues around the fitted function. To define conditions for depletion and pollution events
the values below the fit curve were first mirrored at the fitted function, and the stan-
dard deviation of this distribution was used to calculate the conditions for depletion
and pollution events. Values lower by more than two standard deviations from the fit
were considered as depletion events, and values higher by more than two standard
deviations as pollution events.

It can be seen that CO mixing ratios have decreased significantly in the period be-
tween 1996 and 2007. The trend part of the fit was close to linear with a fitted value
of a3=0.050. This allows to modify function (1) by setting a;=0 to calculate the linear
trend of baseline CO at JFJ. This resulted in an average change of —2.65+0.04 ppb/yr,
which corresponds to a decrease in baseline CO of 21.4% over the period 1996 to
2007 at the JFJ site.

The yearly annual and seasonal diurnal cycles of mean CO mixing ratios are shown
in Fig. 7. A significant diurnal cycle with lowest mixing ratio in the early morning and
maximum mixing ratio 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 that the
CO mixing ratio decreased over the observation period, and reached lowest values
during summer 2007. Part of this inter-annual variability can be explained by global
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biomass burning; elevated mixing ratios were observed during periods with increased
biomass burning, e.g. 1996 and 1998 (Yurganov et al., 2004; Wotawa et al., 2001),
and also for the years 2002 and 2003 (Yurganov et al., 2005). However, elevated mix-
ing ratios during summer 2003 may also be explained by increased thermally induced
vertical upward transport due to the extremely high Central European summer tem-
peratures in 2003 and forest fires in Portugal (Luterbacher et al., 2004; Tressol et al.,
2008). Despite a significant year-to-year variability, the trend over the observation pe-
riod was rather constant and no significant seasonality was observed in the decrease
(not shown). An analysis of the monthly JFJ data showed that the decrease was signifi-
cantly lower for February and March with approx. —1.2 ppb/yr for both months. This is in
contrast to observations at Zugspitze (ZUG) (Chevalier et al., 2008), where the overall
annual downward trend was mainly attributed to a decrease in the winter/spring pe-
riod (January—April). Furthermore, the magnitude of the CO decrease is significantly
higher at JFJ (-2.65+0.04 ppb/yr, 1996-2007) as compared to ZUG (-0.84 ppb/yr,
1991-2004) (Chevalier et al., 2008). It should also be noted that the trend at JFJ was
calculated using baseline data, whereas the trend at ZUG was estimated without data
filtering. Using the same method (linear fit through all data) results in an even larger
annual decrease of —3.32+0.07 ppb at JFJ, which is higher by a factor 4 compared to
the decrease at ZUG. These differences are difficult to explain, but may be due to dif-
ferent origin of the air masses measured at the two sites. For example, pollution from
the Po Valley was identified to have a significantly greater influence on JFJ compared
to ZUG based on back trajectory analysis (Kaiser et al., 2007).

The observed overall negative trend of CO at JFJ can mainly be explained by the
reduction of European emission sources since the early 1990s. Fossil fuel emissions
are the largest contributor to the CO burden in the northern extratropics (Duncan et al.,
2007). European CO emissions of the EU-15 member states decreased from 39.1 Gt
in 1996 to 24.2 Gt in 2005 (EEA, 2007), which corresponds to a decrease of 38.1%.
During the same period the measured CO mixing ratio at JFJ decreased by 17.8%,
which is less than half of what would be expected if only European emissions were
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contributing to the CO levels observed at JFJ. A comparison of emission inventory data
with CO measurements from sites situated at lower altitude in Switzerland is shown in
Fig. 8. Emission data were taken from the reports to the Long-range Transboundary
Air Pollution (LRTAP) Convention (EEA, 2007). Yearly mean values of both station and
emission inventory data were normalized to 1997. CO mixing ratios decreased most at
the two curbside sites Bern (BER) and Lausanne (LAU). The agreement with the emis-
sion inventory data is very good if only road transportation emissions are considered
(not shown). Data of the emission inventory also agree well with measured CO mixing
ratios at the two urban sites Lugano (LUG) and Zurich (ZUE), as well as the two rural
sites Harkingen (HAE) and Sion (SIO) which are both situated nearby a highway and
thus highly influenced by traffic emissions. These stations seem to be representative
for European CO emission trends and represent perfectly a mixture of traffic and indus-
trial emissions. The trend at JFJ is significantly lower compared to the other sites and
the inventory data. In addition, global scale events such as increased biomass burning
in 1998 are clearly visible in the JFJ data. A possible reason for the lower decrease at
JFJ is long-range transport of CO from regions where emissions have not decreased
as much as within Europe. The lifetime of CO is long enough to allow transport over
long distances. For example several model studies indicate that fossil and biofuel CO
sources from Asia are significantly underestimated (Duncan et al., 2007). Tanimoto et
al. (2008) suggested an increase of 16% of the CO emissions in China between 2001
and 2005. Part of the smaller CO decrease at JFJ could also be explained by oxida-
tion of CH, and non-methane hydrocarbons (NMHC). Holloway et al. (2000b) found
that CH, oxidation provides a uniform CO background of about 25 ppb in the tropo-
sphere. The oxidation of other biogenic hydrocarbon also contributes to the global CO
but provides a smaller source compared to CH, oxidation. Holloway et al. (2000b) esti-
mated the biogenic NMHC contribution to be 90% compared to CH,, whereas Duncan
et al. (2007) calculated it to be between 41-51%. Based on these data we estimate
a contribution of 35—-48 ppb CO due to oxidation of CH, and biogenic NMHC. If we
subtract this contribution from our JFJ data set a decrease in baseline CO of —-23.3
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to —26.3% is calculated from 1996 to 2005. Based on comparison with emission in-
ventory data (38.1% decrease), the fraction of air influenced by source regions outside
EU-15 Europe is larger than a third. This is in agreement with a study using chemical
transport models (Pfister et al., 2004) to evaluate the origin of CO over Europe. Pfister
et al. (2004) showed that the annual mean contribution to anthropogenic CO mixing
ratios for some source regions over Europe is highly dependent on altitude. Their
model estimated significant contributions to anthropogenic CO from source regions in
Asia (approx. 35%), North-America (~30%), Europe (~25%), and North-Africa (~5%)
at the 660 hPa level (corresponding to JFJ altitude), whereas intrusions from other re-
gions were found to be negligible. In addition, a seasonality with largest contributions
of Asian and North American anthropogenic CO in Europe between January and May
was observed (Pfister et al., 2004). Therefore Asian emissions may offset the CO trend
in the free continental troposphere over Europe, and are the most likely reason for the
relatively low CO decrease at JFJ compared to lower-elevation sites in Europe. This
has to be considered when CO is used in combination with emission inventory data
for source allocation and emission quantification. These long-range transport effects
are likely altitude dependent and play a more important role in the upper troposphere.
Long-term trends at JFJ derived from remote sensing ground-based FTIR measure-
ments in the altitude range from JFJ height to 7 km showed a negative trend of only
about 1 ppb per year for the period of 1997 to 2007 (B. Dils, personal communication,
2009). This could potentially be explained by an altitude dependency of air mass origin,
with long-range transport becoming more important at higher altitudes. No significant
trend was observed from MOPITT retrievals at 700 hPa on average over a 1500 km ra-
dius area over Western Europe (Chevalier et al., 2008). However, satellite data capture
a larger area and altitude range, and results are therefore not always directly compa-
rable to in-situ measurements.
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4 Conclusions

An inter-comparison between four different measurements techniques (NDIR, VURF,
GC/FID, and GC/HgO) for the measurement of atmospheric CO showed excellent
agreement among all analytical techniques based on one-hourly averages. The ob-
served differences could be explained with remaining biases of calibration standards.
Thus, when other potential issues such as non-linearity are carefully considered in the
measurement set-up, the limiting factor for accurate CO measurements is the uncer-
tainty of the calibration standards. In addition, the NDIR technique requires careful
zero compensation to achieve data of sufficiently high quality.

The inter-comparison demonstrated that the cross flow modulation NDIR technique
provides reliable data on an hourly basis and is well suited for CO measurements even
at remote sites; however, data with higher temporal resolution has to be interpreted with
caution. It should further be noted that other instruments using gas filter correlation
technique were not tested in the current inter-comparison study.

The inter-comparison experiment added to the validation of the 12 year long CO time
series made by NDIR technique at the JFJ. Results show a clear decrease of the CO
burden over Europe during the past decade, which is in agreement with decreasing
CO emissions in Europe. Further examination of this time series showed that CO de-
creased by 21.4% in the period from 1996 to 2007 at JFJ. This trend fits well into the
context of decreasing CO emissions in Europe. However, comparisons with emission
inventory data showed that a significantly larger decrease would be expected if Eu-
ropean emissions alone were driving CO mixing ratios at JFJ. Therefore, long-range
transport is considered to have a significant influence on the CO levels at JFJ. It was
estimated that a least a third of the baseline CO measured at JFJ is of non-European
origin after considering the fraction of CO produced by CH, and NMHC oxidation. This
is in agreement with model studies that attribute a significant fraction of the European
CO budget to non-European sources (Pfister et al., 2004).
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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 stan-
dard. All uncertainties are given for the 95% confidence level (20).
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Instrument/WS Mixing ratio (ppb) Traceability chain Uncert. (%) Expanded uncert. (%)
VURF/CA06439 438.8 WMO-2000 0.3 1.0
NDIR/SL68874 2020.0 NIST-WMO-2000 21 2.3
GC/FID/CC106830 177.9-180.0" WMO-2000 0.9 14
GC/HgO/E-033 2411 CC106830-CA06439-WMO-2000 1.7 2.0

* A time dependent drift correction was applied.
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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 intervals. r? is the correlation coefficient,
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 r N p-value

VURF NDIR -1.9+0.8 0.997+0.005 0.992 1273 0.424

VURF GC/FID 6.1£1.2 0.967+0.008 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 0.960+0.009 0.975 1271 3.19e-10
NDIR GC/HgO -2.0+1.6 1.033+0.010 0.962 1448 1.50e-05
GC/FID GC/HgO -1.2x2.2 1.070+0.016 0.935 1299 2.41e-03
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Table 3. Monthly and yearly mean CO mixing ratios (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%.
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Month

Year 1 2 3 4 5 6 7 8 9 10 11 12 AVG
1996 NA NA NA 203.7 NA 1622 1264 1262 1264 1154 1402 1345 NA
1997 148.5 1452 1453 1595 150.0 133.3 1151 1164 126.4 130.8 1644 NA NA
1998 197.1 182.6 1825 208.6 179.5 1325 139.3 1494 162.7 1489 1743 181.0 168.9
1999 173.8 1721 179.2 180.6 1485 1382 1305 NA 1353 1299 166.1 139.1 153.2
2000 NA 1344 158.1 191.8 171.8 1541 1020 1276 129.6 1389 146.2 1456 NA
2001 150.8 160.6 149.8 158.6 136.1 109.9 108.2 1074 99.3 98.0 1244 1275 1273
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 156.6 133.3 117.5 120.7 123.0 124.8 1214 1243 130.8 133.7
2004 135.7 1512 1551 163.2 1323 101.8 1124 1062 948 1024 111.0 1228 124.2
2005 134.3 166.6 1448 NA 1276 1032 101.8 1094 110.8 103.6 126.7 136.8 126.0
2006 148.3 151.8 153.0 148.7 1327 119.0 1154 1056 108.6 985 108.7 120.5 125.7
2007 1295 1404 1646 153.0 1325 106.7 845 86.8 90.5 984 1328 1452 1219
AVG 148.4 156.1 156.5 169.8 146.9 1242 1155 1165 1201 117.0 138.8 139.7
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Fig. 1. Traceability of the four CO instruments to a common reference standard. The black

arrows indicate the calibrations made during the inter-comparison campaign.
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Fig. 2. Time series of one-hourly averages for all four CO instruments (upper panel) and
difference between the NDIR and GC techniques to the VURF instrument (lower panel).
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expanded uncertainty (20) of the 30-min average.
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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 zero
compensation (NDIR only). P(%) is the percentage of data falling within the uncertainty limits.
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Fig. 5. CO time series with all four techniques for a selected period in March 20086, for (a) one-
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(VURF, NDIRY)/single injections (GC), and zoomed in period (d) including 10-s VURF data.
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Fig. 6. JFJ CO time series (one-hourly data) from 1996 to 2007. The light blue curve repre-
sents a fitted baseline and the orange line the linear trend of the baseline data. Blue points

correspond to baseline data, and green and red points to depletion and pollution events (see
text for details).
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Fig. 7. Jungfraujoch mean CO annual cycle per year (upper panel) and diurnal cycle for dif-

ferent seasons of the years 1996 to 2007 (lower panel). Monthly means are only shown if the
data availability exceeds 75%. The error bars represent the expanded standard uncertainty.
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Fig. 8. Emissions reported to the Long-range Transboundary Air Pollution (LRTAP) Convention
(EMEP) normalized to 1997 for Switzerland and neighboring countries (grey colors), and yearly
mean CO mixing ratio ratios normalized to 1997 for JFJ and other sites in Switzerland (see text

for details).

2415

T
2000

2005

: III III


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/2381/2009/acpd-9-2381-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/2381/2009/acpd-9-2381-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/

