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Abstract. Long-term, ground based in-situ observations of values on working days indicating photochemical production
ozone (@) and its precursor gases nitrogen dioxide gNO from anthropogenic precursors are only observed in summer,
and carbon monoxide (CO) from the four sites Hohenpeis-whereas in all other seasons anti-correlation with,N@s
senberg and Zugspitze (D), Sonnblick (A) and Jungfraujochfound due to reduced£¥values on working days. Trends are
(CH) are presented for the period 1995-2007. These Cendiscussed with respect to anthropogenic impacts and vertical
tral European alpine mountain observatories cover an altimixing. The observed trends for NGt the alpine moun-
tude range of roughly 1000 to 3500 m. Comparable analyti-tain sites are less pronounced than trends estimated based on
cal methods and common quality assurance (QA) proceduresmission inventories.

are used at all sites. Fors@nd CO, calibration is linked to
primary calibrations (@) or CO standards provided by the
Central Calibration Laboratory (CCL) at NOAA/ESRL. All .
stations have been audited by the World Calibration Cen-l Introduction

tre (WCC) for CO and @ (WCC-Empa; CH). Data from ) ) ) )
long-term measurements of N@nd CO are only available The |mport§1nce qf atmospheric chemistry for weather, cli-
from Hohenpeissenberg and Jungfraujoch. Both sites shod'at€ and air quality has been addressed by the World Mete-
slightly decreasing mixing ratios of the primarily emitted ©rological Organisation (WMO) in their Global Atmosphere
NO, and the partly anthropogenically emitted CO betweenVatch (GAW) programme, established in 1989. Since that

1995 and 2007. The findings are generally consistent witH'M& GAW has evolved into a major programme in the con-
shorter observation periods at Zugspitze and Sonnblick anlf

xt of WMO's leading efforts to implement an Integrated

thus are considered to represent regional changes in Ceri2/0Pal Atmospheric Chemistry Observations (IGACO) strat-

tral European atmospheric composition at this altitude range€9Y @nd the monitoring needs for essential climate variables

Over the same period, 1995-2007, therfiixing ratios have like ozone, aerosols and greenhouse gases (WMO GAW

slightly increased at three of the four sites independent ofotrategic Plan, 2007). To better understand climate change,

wind sector. Trends are often more pronounced in winter®AW is devoted to changes in the chemical composition of

and less in summer; highest declines of Nénd CO are the atmosphere. Reactive gases are recogniged as precursors
observed in winter and the lowest in summer, whereas th&f 0zone and aerosol and thus an understanding of the trends
strongest @ increase was detected in winter and lowest or €auires analyses of the respective precursor gases. The pri-
even decline in summer, respectively. Weekly cycles demonMarily emitted nitrogen oxides (NO= NO + NG,) have a
strate anthropogenic impact at all elevations with enhanceguPstantial impact on radical chemistry, ozong)(@rma-

NO; on working days compared to weekends. Enhanced otion and aerosol by their atmospheric oxidation to aerosol
nitrate. Carbon monoxide (CO) is mostly primarily emit-

) ted from combustion processes, but it is also formed in sub-
Correspondence tdS. Gilge stantial amounts from the oxidation of methane (Lldnd
BY (stefan.gilge@dwd.de) volatile organic compounds (VOCs). Due to its high global
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turn-over rates CO is a major@recursor, and it has a strong land and Austria (EEA, 2009a). Obviously, trends ini@hd
impact on the oxidizing capacity and thus indirectly on the precursors are small and analyzing them requires high qual-
concentration of the climate gas @HO3 is a climate gas it- ity data with uncertainties of less than the observed trends,
self, however, also strongly involved in NO/N@artitioning  e.g. in the very low %-range for CO and NMCand in the

and oxidizing capacity, thus coupling back on several pho-sub-% range for @ In addition, monitoring stations have to
tochemical processes. Accordingly, impacts on climate arébe representative for larger area (e.g. Central Europe), map-
multiple and rather complex. An understanding, however, reping emissions from this relevant area, but should not be in-
quires high quality, long-term observations of these reactivefluenced by local emissions, which would lead to an overes-
species. timation of the respective trace gas.

Trends in atmospheric composition over Europe with re- The Alpine GAW mountain stations Zugspitze
spect to N@, CO and Q have been analyzed in several (ZUG/ZSF) and Hohenpeissenberg (HPB) (Germany),
recent papers. The primary, anthropogenic emissions ir6onnblick (SNB) and Jungfraujoch (JFJ) have formed the
Europe-27 have declined substantially from 1995 to 2007three-nations DACH cooperation (Germany: D, Austria:
for most compounds: for NOby 24.7% 1.9%l/yr), for A, and Switzerland: CH). All stations operate rather com-
CO by 44.5% 3.4%l/yr), and for NMVOC by—33.6%  prehensive measurement programmes of gas and aerosol
(—2.6%l/yr) (EEA, 2009 (2)). Accordingly, the mixing ratios parameters together with meteorological observations (see
of NO; from several monitoring stations and national net- http://gaw.empa.ch/gawsjs/ The four stations are fairly
works showed downward trends of typically 0-6%/yr (Jon- close to each other, cover an altitude range of 1000-3600 m
son et al., 2006, Bmnimann et al., 2002, Jenkin, 2008), and due to their character as mountain sites they are only
and for CO of typically 1-3%/yr (Chevalier, 2008; Zell- moderately affected by local anthropogenic emissions. Thus,
weger et al., 2009; Dils et al., 2009). For the long-lived combining the four sites principally enables us to separate
CO with a life-time of 1-2 months, hemispheric impacts local and regional effects and provide data more or less
on the mixing ratios have been identified which include in- influenced by the surface, and in some cases representative,
dustrial and biomass burning emissions from the Asian andor certain time and space scales, of the free troposphere
North American continents (Pfister et al., 2004, Zellwegerat similar altitude levels above the surrounding lowlands.
et al., 2009, Yurganov et al., 2004 and 2005, Novelli et al., This paper presents the long time series of ozone, carbon
2003). The relative source contribution of long-range trans-monoxide and nitrogen dioxide from the four DACH stations
port grows with increasing elevation (Pfister et al., 2004).and investigates their consistency. Such quality assured
Recent detailed analysis of highly time resolved measuredata provide essential information for trend evaluation and
ments in North America have indicated lower sources relatednodel validation. In this paper we will not apply filter
to fossil fuel combustion and higher sources from VOC oxi- functions to distinguish between different air mass impacts
dation than previously assumed (Miller et al., 2008). Trendslike, e.g. free troposphere air, as filters depend on the station
of ozone have been analyzed in multiple papers. For remoteharacteristics and thus can not be unambiguously applied
European sites continuous increases until the 1980s or 1990Qs all stations. The focus of the paper is on data presentation
have been identified, thereafter levelling off with weak, often and a general discussion of the similarities and differences
non-significant trends both positive and negative (e.g. Olt-of the four station’s time series with respect to long term
mans et al., 2006; Vingarzan, 2004; Jenkin, 2008; Zbinderchanges.
et al., 2006). Generally, the findings were interpreted by in-
creasing background, decreasing losses in the vicinity of an-
thropogenic sources due to reduced NO titration, and les@ Experimental
intensive photo-chemical production during summer smog
episodes. Positive gradients with altitude are well establishe@.1  Stations
and are mainly due to higher loss by NO titration and depo-
sition effects close to the ground and stratospheric impacf short description of the site characteristics and the mea-
at high altitudes (Chevalier et al., 2007;@nimann et al., surement procedures is provided in this section. Table 1 lists
2000; Zbinden et al., 2006). the geographic locations and elevations. Up-to-date informa-

At first view, the observation of rather constang @ix- tion is available under GAWSIStp://gaw.empa.ch/gawsis/
ing ratios at surface sites during the end of the 1990s tadefault.aspand on the corresponding web pages given in the
2007 was surprising with respect to the substantial reductiongext below.
in anthropogenic emissions. Accordingly, papers address Hohenpeissenberg together with Zugspitze started in 1994
the question if the observedszQrends can be understood as a German contribution to the Global Atmosphere Watch
(e.g. Jonson et al.,, 2006). A recent comprehensive com{GAW) programme of WMO. The GAW Zugspitze station
parison of Q observations with results from a photochem- is operated by the German Federal Environment Agency
ical model even showed that the largest discrepancies bgUBA). Measurements are made in the Environmental Re-
tween measured and modelled trends were found in Switzersearch Station “Schneefernerhaus” (ZSF) which is situated
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Table 1. Locations of the four DACH sites.

Station (Short name) Latitude Longitude Altitude Country Institution
Hohenpeissenberg (HPB) 483N  11°07E 985m Germany DWD
Hoher Sonnblick (SNB) 4703 N 12°57E 3105m Austria ZAMG/EAA
Jungfraujoch (JFJ) B3N 7°59E 3580m Switzerland Empa

Zugspitze (ZUG/ZSF) 4742 N 10°98 E 2962/2670m  Germany UBA

on the southern slope of Zugspitze at 2670 m elevation, rightltitude. The site is surrounded by glaciers, the valley is
between the summit and the skiing area (Zugspitzplatt). Inat 1600 m elevation and no major local anthropogenic ac-
the first years (until 2001), measurements were performedivities impact the site as no tourist cable cars exist. The
in a laboratory at the summit building (2962 m) (ZUG) (see: GAW site is operated by the Austrian Meteorological Ser-
http://www.schneefernerhaus.de/e-ufs atm vice (ZAMG), measurements of gas phase parameters are
The Hohenpeissenberg GAW site (HPB) is operated by thecontributed by the Environment Agency Austria (EAA), and
German Meteorological Service (DWD) and has a history ofuniversity institutes (information athttp://www.sonnblick.
continuous weather observations since 1781. HPB is on tofret/portal/content/view/53/233/lang, es/www.zamg.ac.at/
of Hohenpeissenberg Mountain at 985 m elevation, which issonnblickverein/projekte.htl
about 300 m above the surrounding and fairly flat country-
side. It is an isolated mountain about 30 km north of the first2.2 Measurements of @, CO and NO,
ridge (elevation up to 1800 m) of the Alpine mountains. Dif-
ferent from the other stations in this study, HPB is usually All stations carry out long-term measurements of compre-
inside the boundary layer during daytime, whereas at nighhensive sets of atmospheric constituents in gas and aerosol
and occasionally in winter also during daytime, it is above phase together with meteorological parameters (see web
the boundary layer and exposed to residual layer air. Hohenpages given above). £DCO, and NQ are measured by dif-
peissenberg is 40 km north of Zugspitze, and 60 km southferent instruments (overview in Table 2), additional metadata
west of the city of Munich. Also different from the high- is provided at the world data centre for greenhouse gases and
alpine stations, there are forests close-by on the mountaimnelated gaseshftp://gaw.kishou.go.jp/wdcgp/
slopes and in the surrounding area, and a road goes up to the Ozone is measured by UV absorption at all stations, with
site right from the east. More information can be found onTE| 49C (Thermo Electron Corporation, Environmental In-
the web fittp://www.dwd.de/gayvor in recent publications,  struments) analyzers in recent years. Farand CO, all
e.g. Mannschreck et al. (2004). stations follow the guidelines by WMO-GAW (GAW-Report
The Jungfraujoch GAW site (JFJ, CH) is situated atNo.: 143), and have been audited by the World Calibration
3580ma.s.l. in the Swiss Alps on a saddle between theCentre for @ and CO (WCC-Empa, CH for § CO, CH,
two mountains Jungfrau (4158 m) andhth (4099 m). JFJ  and CQ). Uncertainties are listed in Table 2.
is formally operated by the International Foundation “High  Carbon monoxide (CO) has been measured by non-
Alpine Research Stations Jungfraujoch and Gornergrat HFdispersive IR absorption photometry (NDIR), mostly by
SJG” founded in 1930. In-situ trace gas measurements arghermo Environmental Instruments (Table 2). As there is a
carried out by Empa (Swiss Federal Laboratories for Mate-well characterized interference with water vapour for NDIR
rials, Science and Technology). The site is a station of theinstruments, these instruments have either to correct for or to
Swiss National Air Pollution Monitoring Network (NABEL,  avoid this interference. Accordingly, at HPB a NDIR anal-
since 1980), a primary NDACC (Network for the Detection yser dedicated to low ambient mixing ratios (TE 48 S) is
of Atmospheric Composition Change), and a global GAW ysed with switching the sample gas every ten minutes be-
site. Jungfraujoch is the highest of the four sites consideredween ambient air and zero air, which is ambient air with CO
here (more informationhttp://www.hfsjg.ch/jungfraujoch/  removed by means of a Pd catalyst at 160 according to
The GAW regional site SNB (a GAW regional site Parrish etal. (1994). CO measurements at JFJ are performed
is generally characterized by a less complete measurewith NDIR instruments from Horiba (APMA-360, APMA-
ment programme and less scientific programme accom370 since June 2007) that use cross flow modulation to com-
panying the GAW measurements compared to a globapensate for matrix effects in the absorption measurements.
site, seeftp://ftp.wmo.int/Documents/PublicWeb/arep/gaw/ There, the air passes over a heated oxidation catalyst to se-
gawl72-26sept07.pdfis on top of the Hoher Sonnblick lectively remove CO from the sample air with a frequency
(3105 m). Air masses from all directions can reach the siteof 1 Hz. In addition, CO concentrations at JFJ are also mea-
without being channelled by topography above the stationsured with the GC-HgO technique (since August 2005) and
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Table 2. Measurement techniques, calibration, and uncertainty of measurements.

station parameter Method/Instrument Calibration Audit/Reference Uncertainty
HPB O3 01/71-12/86: Potassium lodide TEI 49 primary standard, 1997 and 2006: audits by WCC 0.6 ppb or 1.2%
(self built) 01/87-06/88: CLD #0423807729 O3:
(Monitor Labs) 06/88—-12/96: evaluation with Lambert http://www.empa.ch/plugin/
UV abs. (Dasibi) since 10/92: Beer law template/empa/*/7571
CLD (UPK, similar Bendix), several informal
since 01/97 (add.): UV abs. TEI49C intercomparisons, e.g. with
since 01/97 (add.): KI (self built) DLR (1999, 2002, 2004, 2005)
since 01/07 (add.): UV abs. TEI49i
CO since 01/1995 NDIR (TE 48S # since 11/07: NOAA/ESRL 1997 and 2006: audits by WCC VUV: 1.1 ppb or 1.1%
50873-286) with modifications standard gas #CA07441 CO: NDIR: 7.9 ppb or 8%
following Parrish et al. (1994). before: several working http://www.empa.ch/plugin/
since 06/2004 (add): VUVR standards (range 1 to 40 ppm) template/empa/*/7571
(AL 5001 # 142) affiliated to GMD standard by  several informal
GAW-WCC audits intercomparisons, e.g. with
DLR (1999, 2002, 2004, 2005)
Gilge (2005)
NO» since 01/96: ECO Physics CLD 770Since 10/08: NPL standard gas several informal 20 ppt or 3.6%
Al ppt #77302 with PLC 760 (NO and (NO) #195524SG intercomparisons, e.g. with
NOy) before: several working DLR (1999, 2002)
since 10/98 (add.): ECO Physics standards (NO, range 10 and Mannschreck et al. (2004)
CLD 770 AL ppt #77301 with 100 ppm) confirmed by
self built Au-converter (NO and Ng)  intercomparisons
since 08/05 (add.): TEI 42C TL add. permeation tubes,
#0521312373 with Mo and BLC gas phase titration
converter (NQ and NQ o))
JRJ Q UV-Abs. TEI 49C Reference: NIST SRP#15 @nnimann et al. (2000) 1hr: 1.2 ppb or 2%
backup: Environics S300 till 01/07; Zanis et al. (2007), 1999 and
since then: TEI 49C 2006: audits by WCC @
http://www.empa.ch/plugin/
template/empa/*/7571
CcO NDIR NIST, NMI standard gases Zellweger et al. ( 2009) 1hr: 2.4 ppb or 5% (@)
HORIBA APMA 360 (before 5.6.07) 96-10/99: NIST SRM 1677c 1997 and 2006: audits by WCC
HORIBA APMA 370 (since 5.6.07)  10/99-01/01: NMI PRM AC11 Os:
01/01-05/06: NIST SRM 1677c http://www.empa.ch/plugin/
05/06-: NIST SRM 2612a. template/empa/*/7571
compared and confirmed
with NOAA/ESRL cylinders
#CA02859 and #CA02854
NO2 CLD/PLC 1991-09/01: NIST SRM 2629a Zellweger et al. (2003) Ng
CLD 770/PLC 760 (before 18.12.00) Since 09/01: NMI PRM BD11 +10% at 500 ppt (&)
CLD 770/PLC 762 (to 22.1.07)
CLD 89p/PLC 762 (since 22.1.07)
SNB (o UV-Abs. TE 49C PS, traceable to NIST  audit by EMPA in August 1998 1 h: U=2(0.82 0.012x?2)05
TE 49C SRP#26 expanded uncertainty (95%)
CO NDIR: TE 48 with cryo trap Working standards, traceable toaudit by EMPA in august 1998 expanded: 40 ppb or 10%
since 2002: HORIBA APMA 360 VSL primary gas standards
ZUG/ZSF & UV-Abs. TE 49C UBA laboratory, national 1996, 2001 and 2006: audits by 0.7 ppb or 1.3% with
standard normal for Ozone, WCC Gs: (1-2)=5%
adjusted to NIST http://www.empa.ch/plugin/
template/empa/*/7571
CcO NDIR TE 48 CTL with cryo trap NOAA/CMDL 1996 and 2001: audits by WCC 1.8 ppb or 1.8% with
since 10/2004 (add): VUVR Og3: (1-w)=5%
(AL 5001) http://www.empa.ch/plugin/
template/empa/*/7571

with the GC-FID technique after passing a heated catalysseries. At ZSF, also a TE 48S is used in combination with a
(Zellweger et al., 2009) since February 2005. These time seeryo-trap for removing water vapour. At SNB in 2002 instru-
ries are used for an independent quality control of the COmentation for CO was changed from a TE 48 with cryo-trap
data based on the NDIR technique at least for the last couto Horiba APMA360 which is used up to now. Replacing or
ple of years. For the sake of data set homogeneity, only thén addition to NDIR, at HPB (since June 2004) and at ZSF
NDIR data are used here for the evaluation of the CO time(since October 2004) vacuum UV resonance fluorescence
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instruments (VUVR, Aero Laser, AL 5001) have been used.measure to use. Here, “round robin” is used for test gas

This instrument is specific to CO with only low water in- samples provided by the GAW Central Laboratories and cir-

terference, which is excluded by use of a Naffndryer. culated among GAW stations as a blind intercomparison.

It has a better time resolution, sensitivity, and repeatabilityThey provide information about data quality and compara-

than the NDIR technique (Zellweger et al., 2009). CO cali- bility (Buchmann et al., 2009). For periods between audits

brations are based on commercial standards in the ppm rang® round robins, the traceability of station standards is doc-

or compressed air standards provided by the Central Calibraamented in the following section. Finally the results of in-

tion Laboratory for CO (CCL-CO, NOAA/GMD) (Table 2). formal comparisons with other institutions are used as occa-

Uncertainties depend on the used technique, the frequency &ional checks.

zero and span measurements, and specific instrument factors. This section goes through the three trace gases station by
Nitrogen dioxide (NQ) is measured after photolytic con- station.

version to nitric oxide (NO) by chemiluminescence tech-

nique (CLD) using the reaction of NO with{O Generally, =~ 2.3.1 Hohenpeissenberg

instruments by ECOPHYSICS are used (CLD 770 or 89p, f dited by th ; b d
PLC 762 or 760), at Sonnblick the less sensitive TE 42¢0s Was first audited by the WCC in November 1997. A de-
(Thermo Environment Inc.) and in addition the “EMEP” viation of 3.1% between stations ozone reference (TE 49 PS)

Sodium lodide method with a time resolution of one day haveand wCe transfer standard was found. The reference m_stru-
been used. For NfXhe situation with respect to standardiza- ment was adjusted and the data were corrected accordingly.

tion and station audits is different compared to the other com NeXt audit took place in June 2006 with a deviation of 1%.
pounds as no GAW WCC or CCL exist and no audits couIdTak'”g into account the deviation between the transfer stan-
be performed so far. Thus, Table 2 lists comparisons withdard by WCC-Empa and the standard reference photometer

other institutions as a reference for an independent check o?f about 1%, no signifi(?ant deviati'on was found and no ad-
the data quality. justment was made. Since all calibration checks during the

The uncertainties of the 1-h mean values are generally lesgreasuring pen_od_ taken into aoccount here (1995_2097) gen-
than 1.2 ppb or 2% for 0zone, 50 ppt or 10% for N@nd erally gave deviations below 1% between ozone monitor (TE

8ppb or 8% for CO by NDIR (JFJ: 2.4ppb and 5%, the 49C) and stations standard (TE 49 PS), the station reference

oo ithin 1% for the whole period.
lower uncertainties for CO at JFJ are due to the use of crossWas stable within 1. . .
For CO, the calibration is related to a GMD standard

flow modulation technique (Horiba) which at JFJ ylelded_gas purchased in 2007 and thus uses the GAW-CO scale

lower zero-drift than measurements by the gas filter corre : .
lation technique) and 2 ppb or 2% for CO by VUVR. In case WMO'ZOOO' Since 2004 and ongoing, two types of work-

of NO, and CO, the uncertainties comprise the systematic'ng standards consisting of commercial mixtures inthe 1 ppm

uncertainty of the calibration gas and the dilution process,(+/_5% sta@ed uncertainty) and the 40 ppm—(?%) range
which is generally at 3% for N@and 2% for CO. All other are us_ed, V_V'th the 1 ppm standgrd for the undiluted ano_l regu-
statistical error contributions will cancel out in the mean er- lar ca_llbratlon of the used mom_t(_)rs, and the 40 ppm mixture
ror of the monthly mean values, which are then only deter-to calllbr.ate and checkithe stabllle of the 1 ppm standard af-
mined by the systematic uncertainties. At all stations, cali-t" dilution to some 150 ppb. Prior to 2004, only a 40 ppm

brations are traceable to primary reference material by NMI’s[n'Xtufl?hW'th Q|Iutt|on2(\)/\é)a7s tﬁsefoto callbratte the NDIR 53&3'
(National Metrology Institutes) for N& by NOAA-ESRL, em. Thus, prior to € 47Ppm mixtures were used as

the Central Calibration Laboratory for CO, or to NIST stan- station standards. The first of these station standards was
dard reference photometer SRP#2 in casé of ozone. compared during the CO audit by WCC in 1997 with re-

. . . . . sulting deviations of less than 1.3% which was better than
For periods without primary reference material available

) .~ the uncertainty of the NDIR instrument. New calibration
at the station, the standards used were cross checked in in- , . L
gases always fitted to the respective older ones within the

tercomparisons or by considerable overlap with other stan- ncertainty of the instrument{(2% for NDIR and< 1% for

dards tha.t could at other times be rt_elqted to primary referenc UVR, respectively). Since 2007, a NOAA/GMD standard
gases. Given the range of uncertainties, trend analysis of the

long-time monitoring data are possible only within the rangeg‘r?1S SEIves as staﬂoqs standard. Deviations of rqund robins
of these uncertainties. with GMD test gases in 2005 and 2009 and an audit by WCC

in 2006 were on average smaller than 1%. Since April 2006
the HPB data are compared to the CO concentrations derived
from the NOAA/GMD flask sampling at HPB. On average
(2006—2008) deviations are smaller than 1.5%. In summary,
The history of station standards is shown in Table 2. Forthe used CO scale at HPB has been stable within the range of

consistency long-term time series have to be traceable tyNCcertainty of 2% during the period of investigation (1995~

the corresponding GAW scales hosted by the CCLs. Re-2007).
sults of station audits as well as round robins are the prime

2.3 The consistency of station standards used for
calibration for the period 1995-2007
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Since 1995 six different NO standards (Table 2) were used The NO analyzers are automatically calibrated every 23
at HPB. New calibration gases always fit to the respective(CLD 770) to 37 (CLD 89 p) hours. Zero air and NO stan-
older ones within the uncertainty of the instrument and dilu-dard gas {5 ppm NO in N, diluted with zero air to approx-
tion process €2%). Informal comparisons with DLR (Ger- imately 48 ppb) is applied during calibration. The conver-
man Aerospace Centre) in the years 1999 and 2002 resultesion efficiency of the converter is determined by gas phase
in deviations of less than 2%. Since January 2009 a NPLtitration of NO with ozone in the same interval. The conver-
calibration gas serves as stations standard. Deviation to thsion efficiency of the PLC usually ranged from 60 to 35%.
former standard is 1%. The NO standards are used for NO Lamps (xenon arc lamps for PLC760, metal halide lamps
and NQ calibration. The N@to NO converter efficiency is for PLC762) were replaced when reaching lower efficien-
determined by use of NfOcalibration gas obtained by gas- cies. Overall uncertainties for hourly averages are estimated

phase-titration of the NO standard gas with ozone. to be+ 5% for NO and+ 10% for NO, at ambient levels of
500 ppt (1 sigma) (Zellweger et al, 2000). They include the
2.3.2 Jungfraujoch precision of the CLD, the NO standard uncertainty, and the

conversion efficiencies of the PLC.

On site calibration standards for CO and Nére cali-
brated at Empa before use and before extinction against the
reference standards listed in Table 2. All instruments un-

o . dergo comprehensive instrument tests and quality check after
f 0.4% ff f 0.1 - ) o .
viation of 0.4% and a negative offset of 0.16 ppb and a re first receipt and before being installed at JFJ. In operation,

ative deviation of 0.5% were determined for the range of 0—, ) :
0 g nstruments are replaced in regular intervalls (TEI 49C ev-

100 ppb and 0-90 ppb in 1999 and 2006, respectively. BotH .
audi?spassessed thg%)ata quality as good. Thepaudit foyr co Y 2 years; Horiba APMA yearly) and sent to manufacturer

in 1999 revealed a deviation of 1 to 3% that is clearly within representatives in Switzerland for service such as cleaning

the measurement uncertainty. Thus, the applied CO setu nd replacement of wear parts. This is again followed by

was assessed as very good. A similar result, i.e. an agree-tand":lrd quality checks/instrument tests at Empa, MO

ment well within the measurement uncertainty, was achievedStruments are serviced yearly on-site by an ECOPHYSICS

in 2006. The 2006 audit was followed by a two months field service engineer. Standard operating procedures exist for the
instrument tests, the regular on-site maintenance and daily

study at JFJ comparing the three continuously operating cd .

analyzers (NDIR, GC-HgO and GC-FID and the WCC ref- and monthly data processing procedures.

erence instrument (UV resonance fluorescence instrument,

Aero Laser, AL 5001). The intercomparison exhibited an2.3.3 Hoher Sonnblick

agreement among all techniques better than 2% for hourly

averages and confirmed that the NDIR technique provideSNB was audited by WCC for £©and CO (EMPA) in

reliable data when considering hourly or higher aggregatesaugust 1998. The results for £Oand CO were rated as

thus the NDIR technique is well suited for long-term moni- good, however with high uncertainties for low CO concen-

toring even at remote sites (Zellweger et al., 2009). trations due to the monitoring technique. Therefore a change
The Q; analyzer is calibrated on site every three monthsof the monitor was proposed. The report was published

with a TEI 49-PS reference instrument (traceable to NISTas EMPA-WCC Report 98/4hftp://www.empa.ch/plugin/

SRP#15). The procedure follows a multipoint calibration at template/empa/*/7531

approximately 30, 60, 90, 120 ppbs@nd a zero point and Os calibrations are traceable to the standards of the cali-

an O scrubber test at 400 ppb. The analyzer is correctedoration laboratory at the Environment Agency Austria (EAA)

accordingly if the offset varies-0.5 ppb and/or the slope in Vienna (accredited according to EN ISO/IEC 17025),

deviates>0.5 %. The estimated measurement uncertaintywhich is the Austrian Reference Laboratory for Air Qual-

for hourly averages is 1.2 ppb and 2% for values below andty according to the EC Directives. Therefore the @ea-

above 60 ppb, respectively. surements are traceable to the Austrian national Etalon for

Automatic zero checks of the CO analyzer are performed©Os3. the NIST SRP #26 (primary reference photometer). As
every 49 h. In addition, calibrations are done manually dur-transfer standard a TE 49C PS is used.
ing station maintenance (every 2 to 3 weeks). Due to the CO measurements are traceable to primary reference gas
linearity of the instrument, undiluted calibration gases in themixtures from VSL, the Dutch metrological institute. The
low ppm range are favored over diluted samples close to amconcentrated primary reference gas mixture is diluted by dy-
bient concentrations since the latter features larger uncemamic dilution to concentrations in the measuring range.
tainties. The detection limit (zeréx 30 of the zero signal) Every year since 1998 a bilateral comparison of calibra-
is about 30 ppb. The overall measurement uncertainty for dion standards for CO andz@vith GAW-WCC (EMPA, CH)
10 min mean value is estimated to B40% below 100 ppb is performed. At EMPA the SNB CO standard has been
and <5% above 100 ppb. testet against NIST, NPL and VSL standard gases which

JFJ was audited by the WCC forz@Gnd CO in January
1999 and in July 2006n{tp://www.empa.ch/plugin/template/
empa/*/757). For G, an offset of 0.1 ppb and a relative de-
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themselves were compared to NOAA #CA02854 (WMO =
2000 scale). The deviations have been always smaller than _ |
1.5%.

60

2.3.4 Zugspitze/Schneefernerhaus

@
o

N
o

The station was audited in 1996, 2001 and 2006 by WCC
for Os. In 1996 the station instrument TE49C fulfils the as- 30
sessment criteria as “good” for ozone concentrations higher ,,
than 20 ppb. For the concentration range relevant for the G 2UG/ZSF
Zugspitze site, the deviations were very low, at only about " oo
1%. Therefore the data were not corrected. In 2001 and 2006 o | | | | | : :
the TEI 49C field instrument clearly fulfilled the assessment '~ ¢ ™1 1 8e o ee o Eon 200
criteria as “good” over the tested range up to 100ppb. Fo
details, please refer ttittp://www.empa.ch/plugin/template/
empa/*/7571

Homogeneity of the Zugspitze ozone time series: As
ozone background concentrations increase with altitude, the

move of the GAW site from Zugspitze summit to Schneefern-required to give a 1-h value. Monthly mean values have been
erhaus some 300 m lower caused an inhomogeneity in thga|culated from these 1-h data, if more than 2/3 of the 1-h
ozone time series and had to be compensated for. From 197&,t5 were available.
until March 2002 ozone measurements were continuously The statistical significance of a trend is determined based
taken at Zugspitze summit. Since April 2000 ozone mea- . . A n_2
surements have been performed at the Schneefernerhaus S8 linear regression and t-test |r|- 1-r2
(ZSF). Measurements at Schneefernerhaus were systematdth r: Pearson correlation coefficient, and number of
cally lower by 0.82 ppb, with a standard deviation of 0.99 ppbdata points). We decided to use this rather simple statistics
for the monthly mean values during the period March 2002-basically because there remain some hard to quantify uncer-
October 2007. In order to account also for a constant devif@inties with respect to the homogeneity of the time series,
ation of the ZSF ozone calibrator in comparison to WCC's €-9- instrument and calibration gas changes (see uncertainties
transfer standard, which amounted-0.65 ppb, a total cor- above), and for the fact that the available time series of up to
rection of +1.5 ppb was added to Schneefernerhaus data fok3 years are rather short. Thus, we felt that the use of statis-
the time from April 2002 until October 2007. tics for qualifying the significance of the small trends found

From 1995 to March 2002 the GAW carbon monoxide N this paper still needs to be interpreted with care. Conse-
measurements were performed at Zugspitze summit laborgduently, we stayed with very simple statistics. If the prob-
tory and at Schneefernerhaus thereafter. From 1995 up tgPility of the null-hypothesis (the trend is zero) is smaller
March 2002 the CO concentrations were measured with &"an 5%, we use the term “statistically significant’,<1%
NDIR instrument TE48S. we use “highly statistically significant”.

In the 2001 audit, due to instrumental problems during the
audit, the mean deviation was 17.7% below the reference.
About half of the deviation can be explained by the revision3 Results
of the CO scale which had been applied to the transfer stan-
dard before the audit and which had not been communicated.1 Ozone
to the audited station before. Based on these circumstances
no correction was made for CO time series data in the correThe time series of ozone of the four DACH stations are com-
sponding time range. A thorough evaluation of the effects ofpiled in Fig. 1 based on monthly mean data. The longest
a principally possible correction given by this audit showed uninterrupted time series has been measured at Hohenpeis-
that the negative trend would have become even strongegenberg (HPB) since 1971. Zugspitze (ZUG) started in 1975
For this evaluation only Zugspitze CO summit data had beerwith a change in site in 2001 (ZSF), Jungfraujoch (JFJ)

ozone [ppb]

rFig. 1. O3 time series at the respective “DACH"-sites: blue: HPB;
red: ZUG/ZSF, light blue: JFJ, green: SNB. Monthly mean mixing
ratios (solid) and linear trend (dashed)

, (two-sided test,

used. in 1986 (with some gaps in the beginning), and Sonnblick
(SNB) measures since 1989. At all sites, a significant lin-
2.4 Data ear increase over the respective measurement intervals is

observed, with linear trends and 95% confidence intervals
Data of all four stations are available as 1 h average valuesf 0.31+ 0.09 ppb/y (HPB), 0.42 0.09 ppbly (ZUG/ZSF),
at http://gaw.kishou.go.jp/wdcgg/Generally, 2/3 data cov- 0.264+0.16 ppb/y (JFJ), and 0.220.17 ppb/y (SNB), re-
erage criteria were used, i.e. more than 2/3 of the data arspectively.
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Fig. 2. O3 time series at the respective “DACH” sites since 1995; o )
blue: HPB; red: ZUG/ZSF, light blue: JFJ, green: SNB. Monthly Fi9- 3. O3 mean annual variation (1995-2007) at the respective
mean mixing ratios (solid) and linear trend (dashed). s[|)\|ABCH sites; blue: HPB; red: ZUG/ZSF, light blue: JFJ, green:

In order to be able to compare trends of the respective . . S . .
. . . : Time series of the percentile distributions (Fig. 4) with lin-
time series, a reference period of 1995-2007 will be con- . :
. . . ; .ear trends show effects as found in UK for rural sites (Jenk-
sidered throughout this paper. This period was chosen with . oo ;
. . ) Ins, 2008): the lower percentiles increase over time and for
respect to the other trace gases time series, which gener- ! .
. . .~ “most stations the maxima (HPB, SNB) and the upper per-
ally did not start before 1995. Obviously, the ozone time . : k .
. . . . . centiles (ZSF) decline. Only JFJ station shows consistent
series at the high alpine stations are tracking each other :
. . . “Increases over all percentile classes. However, none of the
very closely. Increasing values though still observed in

the beginning at some stations, e.g. HPB and JFJ, havger(_:ennle series shows a significant trend.
. . Figure 5 shows the seasonally separated trends for the four
levelled off in the last years (Fig. 2) and trends are non-

significant in this period. For the period before 1995, pos—Statlons (spring: Mar, Apr, May; summer: Jun, Jul, Aug; au-

e rends e e clcuate: 020 17plyor P TSP, O Nov wier b P Tre e non
(1971-1994), 0.68 0.22 ppbly for ZUG (1975-1994), and :

0.64 1.10 ppbly for SBO (1989-1994). Only at JEJ, due to individual stations, spring anq summer values are compara-
) - ) ! ble as well as autumn and winter values. However, positive
high mixing ratios in the first years of measurement, a nega;

. trends are seen in winter and spring, and no trends or de-
tive trend of—0.67++ 0.83 ppbly (1986-1994) was observed clining levels (ZSF, SNB) in summer and autumn. At HPB,
(uncertainties representing the 95% confidence level).

Due to the different altitudes of the stations, vertical gradi- ESLSJI:]I::/(S dtriinv(\j/isnti rreasnedeg Irri]na” Ze::grr;'[ h?r\:avr?(\j/:rérrgonr]isptlro-
ents (see also Chevalier et al., 2007) and different annual cy- pring. Y, y

) - .““non-significant, just the positive trends at HPB and JFJ in
cles (Fig. 3) are observed. HPB has on average lower mixing . oo ;
; 2 ) inter are significant at a 95% confidence level.
ratios and a more pronounced seasonal variation since HP .
. ! Weekly cycles show clear signals of enhanced levels on
is more frequently in the planetary boundary layer comparedWorkin davs compared to Sundavs in summer. vice versa in
to the other stations. Accordingly, the annual cycle at HPB g aay P y !

. : - ... _—autumn and winter, and in between in spring (Fig. 6). This

is more influenced by deposition to the ground and titration . . ST

due the reactions with NO and. in summer time photochemi-pomts towards anthropogenic emission impacts even at the
. ' ' . high elevated sites and in winter time when the stable at-

cal ozone production from elevated precursor concentrations

in the boundary layer. All stations show typical continen- mosphere tends to suppress vertical exchange. Accordingly,

" . : he amplitude of the weekly cycles is weakest at the high-
tal annual cycles with a broad spring/summer maximum an ; . 4 .
S ; . .~ est alpine sites (SNB, JFJ) with typically 1 ppb compared
indications for more pronounced spring maxima for the high-

est sites JFJ and SNB. This differs from remote sites where 5510 about 2ppb at HPB. In summer, maxima are generally

: ] ] . . ; on Wednesday or Thursday, minima on Sunday or Monday.
spring maximum in April/May is observed (Gomiscek et al., . . :
1999: Monks, 2000). The broad spring/summer maximumln winter and autumn, maxima are typically on Saturday or
is thus considered to be due to a combination of backgroundSunday’ minima on Wednesday or Thursday.
impact and photochemical production from regional emis-
sions in summer (Chevalier et al., 2007; Ribas and Penuelas,
2004).
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Fig. 4. O3 time series of annual percentiles and respective linear trends at the “DACH?” sites since 1995; black: minimum and maximum,
blue: 1-/99-; green: 5- /95-, yellow: 10- /90- ; orange: 25- /75-percentiles, red: median.
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Fig. 6. Weekly variation of Q for the different seasons at the respective “DACH” sites; blue: winter, brown: autumn (left axis), red: summer,
green: spring (right axis). The errors bars indicate the standard error of the mean.

3.2 Carbon monoxide 350

The time series of the monthly mean CO (carbon monox- sy
ide) are shown in Fig. 7 for the various DACH sites. Periods
of available data are quite different and only HPB (1995- &
2007) and JFJ (1996-2007) have continuous long time ses
ries. Accordingly, trends of the shorter data sets of SNB 2z "
(2002-2007) and ZUG (1995-2002) are mentioned here bu $ - /\W /V\N\ \ /\ fj [/\
will not be further discussed. Also, there appears to be angis 1l ‘L\U LRinaa /,;‘l I f v "," /J P
unresolved bias in the SNB data as they are substantially§ \% IR \f} ‘\/j‘,\ff v UNTERY| v
higher than from other high alpine stations and more com- e | L/ “v““ W WY
parable to the lowest site HPB. CO data of SNB are cur- T
rently being re-evaluated and we won't discuss the abso- so e
|ute Values but Concentrate on relative resultS. LeVelS a.t 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
the high elevated sites are generally lower than at HPB eX_Fig 7. CO time series since 1995 at the respective “DACH” sites;
cept for SNB. Mixing ratios are generally Iow_er or a_rmlar lue: HPB; red: ZUG, light blue: JFJ, green: SNB. Monthly mean
at_ ZUG compared to JFJ, exce_pt for some ep_ls_odes in 199 ixing ratios (solid) and linear trend (dashed); SNB without linear
with lower levels at JFJ. All stations show declining concen- .o q (see text).
trations. Calculated trend and 95% confidence interval for
JFJ yield—3.36+ 1.08 ppbly, which is a little larger than the
trend calculated for quasi the same period for the filtered datdor the high elevates sites. The three high alpine sites show
for background conditions-2.65+ 0.04 ppb/y; Zellweger et a continuous increase during winter towards a maximum in
al., 2009) and-1.51+ 1.64 ppb/y for HPB. The shorter time  April, compared to a maximum in February at HPB. Minima
series of ZUG yields-3.16+ 1.08 ppbly ; all three trends are  in all data sets are generally in July; however, the higher sites
significant at the 95% confidence level. exhibit a secondary minimum in October, most pronounced
Clear annual cycles for all CO data sets are discernecit ZUG. From April to July, the mixing ratios at all altitudes
(Fig. 8) as also reported in previous studies (e.g. Novelli,(JFJ, ZUG, HPB) are very similar with less than 15 ppb dif-
2003). They are most pronounced at the lowest station, HPBference on average, indicating well mixed conditions.
with seasonal amplitude of about 80 ppb compared to 50 ppb

e
—
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240 3.3 Nitrogen dioxide

Due to its shorter life-time of only a few hours in summer
and 1-2 days in winter, Nfis a good indicator for re-
gional anthropogenic impact. Long time series of monthly
mean mixing ratios are only available for JFJ (1995-2007)
and HPB (mid of 1996-2007), data from 1995 from SNB
¥ are not presented here and from Zugspitze, though measure-
ments have been performed, data are not available. The time
W series of NQ show approximately 10 times lower values for
s \/TKI\{/ JFJ compared to HPB. Both exhibit declining mixing ratios
with very similar trends £0.014+4 0.008 ppb/y at JFJ and
—0.011+ 0.051 ppb/y at HPB) which are highly significant
at JFJ but non-significant at HPB at the 95% confidence level.
Fig. 8. CO mean annual variation at the “DACH"-sites, blue: HPB; However, the decline at JFJ is largely determined by the high
red: ZUG, light blue: JFJ, green: SNB. Error bars indicate the stan-values of the first 2 years. The annual cycle (Fig. 12) at
dard error of the mean. JFJ with seasonal changes of 0.1-0.2 ppb is much less pro-
nounced than at HPB with summer minima of 1.3 ppb and

_ S winter maxima of 3.5 ppb, on average.
Trends in CO percentile distributions are generally more  p NO, percentile distributions (Fig. 13

pronounced than for ©(Fig. 9). At the highest site (JFJ),
all percentiles exhibit downward trends, all significant ex-

cept minima and maxima. At HPB, the picture is differ- js¢s 4t HPB with declining mixing ratios in the 25- to 95-

ent with decreasing higher percentiles but increasing Iowerpercentile range (significant for 50- to 95-percentile), and

percentiles and no trend for the median. Here, only thegjight increases for the lower and highest percentile classes

75-percentile downward trend and the upward trend of the(non-significant).
minima are significant. The latter, however, was determined Seasonally separated, clear downward trends at JFJ are
without considering the first 2 years which, due to an insuf- jp < able for all seasons (Fig. 14), significant in summer

ficient correction for water interference (NDIR instrument), (—0.0214 0.017 ppb/a) and autumr-0.033+ 0.019 ppb/a)
especially at low CO concentration, show an enhanced Scaﬁowever, trends are largely due to the high mixing ratios

ter in the data which might have falsified the lowest measuredof the first two years, 1995 and 1996, which might be po-
values. The shorter time series of ZUG shows declines in th‘?entially biased due to local construction activitites (Forrer

higher percentiles similar to JFJ (significant for 90- and 95'et al., 2000). Thereafter, trends are much weaker and non-

percentile) but unchanged medians qnd lower percentiles. significant. At HPB, measurements started in mid 1996 and
. T.h N seasona_ll tre_nds show for_the sites SN.B anql JFJ mOStk)(/eak downward trends are consistently seen in all seasons.

similar values In winter ?”d Spring, re_spectwely IN SUMMEN\yeekly cycles clearly show up in all seasons at HPB and JFJ

and autumn (Fig. 10). Winter spring differences are dlscern-(Fig_ 15). In contrast to 0zone, the primarily emitted NO

able at Zur(]; but appear todqﬁecline over tirr;]e. At tge oW shows maximum mixing ratios always on working days and
site HPB, the winter-spring difference up to the year 2000 'Sminima on Sundays. If the 1995-1996 JFJ data are not con-

very I_arge and declines afte_:rwards_, too._ The spri_ng_t_rend alidered the weekly pattern is unchanged, however, at a lower
HPB is the only of the long time series with (non-significant) | o

increasing mixing ratios, whereas all other seasonal trends

(JFJ significant, HPB non-significant) are negative. Trends3_4 Results for different sectors of wind direction

are very similar at JFJ for the four seasons. Before 2001,

time series show higher values with more scatter, many ofjgyre 16 displays the angular distribution of mixing ratios

the series show rather low mixing ratios in 2000 or 2001 andkq the respective stations and trace gases averaged over in-

reduced trends thereafter. The elevated mixing ratios in 1998415 of 10° (black). Also shown are the distributions of the

are a common feature at the high alpine sites — most likelyector-averaged wind directions (blue). In order to identify

caused by intense global biomass burning (e.g. Simmonds &he contribution of different wind sectors to the trace gas av-

al, 2005) —, whereas at HPB in 1998 only the autumn valuegy age mixing ratios, the relative angular distributions of the

are enhanced. _ respective trace gases weighted by the wind direction distri-

For carbon monoxide the weekly cycles do not show sys+, tion are displayed as red curves. These were calculated

tematic differences between working days and weekends.  py first multiplying the respective mean mixing ratio and the
wind frequency in a given 10sector, and then normalizing
these numbers by the corresponding integral over all wind

HL—G

[
S
L

carbon monoxide [ppb]
>
o

100 T T T T T T T T T T T T
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log scale) at
JFJ show a consistent downward trend, significant only for
the 75- to 95-percentiles. In contrast, a mixed picture ex-
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sectors. All DACH sites show two major wind sectors which

are partly influenced by the local topography, e.g. JFJ atthe; piscussion

saddle between Moench and Jungfrau. Since there is only

negligible dependence of ozone from the wind sector at SNB this section the implications of changing emissions, sinks,

and ZUG/ZSF no figure is presented here. _and transport for the observed features are discussed. The
For ozone at the high alpine stations, the least variajscyssion will first focus on the primarily emitted, short

tion with wind direction is observed. The wind-distribution |yed NO, (life-time ~1 day) to characterize local and re-

weighted curves are mostly identical to the distributions Ofgional anthropogenic impacts, and will go on with CO (life-

the wind directions themselves, in the main wind sectors. Atiime 2 months) and associated local, regional and global ef-

HPB (Fig. 16), the angular distribution varies between max-fects. Finally, the secondary ozone is discussed in relation

ima in the SE and N sector of 45 ppb and minima of 40 ppb inyg the precursor gases N@nd CO. Time series of NCand

the main wind sectors WSW and NE. Accordingly, the wind co for ZSF and SNB are much shorter than for the other

direction weighted distribution again does not indicate preva-gites and in addition there were analytical problems with CO
lence for either of the main wind sectors. CO shows moreg; SNB, thus, the discussion will focus on the time series

pronounced dependencies on wind directions (Fig. 16), angiom JFJ and HPB.
here differences in the main wind sectors can be clearly dis-

cerned: AtHPB, higher concentrations are advected from they ¢ Nitrogen dioxide
NE sector (on average 200 ppb) than from the WSW sector

(170 ppb). Also, JFJ is exposed to higher mixing ratios fromhe time series of N@at JFJ and HPB show constant or de-
SE (155 ppb) than from NW (135 ppb) due to advection of ¢jining mixing ratios (Fig. 11). Consistent downward or zero
pollution from the highly industrialized Po Valley (Reimann yengs are also seen in the percentile distributions (Fig. 13)
et al., 2008).. Strongest effects are seen for the short-livedyng gata separated for the different seasons (Fig. 14). In
anthropogenic N@(Fig. 16). Substantially enhanced values gymmer, both stations show non-significant trends if the high
from the more polluted sectors NE for HPBZ.5ppb) and  \5jyes in 1995 and 1996 at JFJ are not considered. As the
SE for JFJ £0.4 ppb) compared to the cleaner sectors WSWecaichment area”, i.e. the area from where the emissions in-
at HPB (2 ppb) and NW at JFJ (0.25 ppb) clearly distort thefencing the station are caught, is smallest in summer due
distribution of the NQ@-%-contribution curves away fromthe {5 the |ower life-time of NQ, the overall negative trend is
distribution of the wind directions towards more similar con- 4t que to local but much more regional effects in emission

tributions of both sectors. For HPB this means, that 14%eqyctions. This is supported by the fact that both sites show
of the air comes from the NE sector (40-7jGand brings e smallest weekly variation in summer. A large proportion
22% contribution to NQ total signal, whereas 37% of airis ¢ NO, load is already decomposed during transport to the

from the WSW sector (230-269and contributes only 31%  gjte and corresponding exchange with reservoir species will
to NO,. At JFJ, the occurrence of wind directions is 48% pe more important (see below).

for NW (300-330) and 20% for SE (130-169, and corre-

: ol Intensive vertical mixing in the Alpine area is most pro-
sponding contributions to Nfare 43% (NW) and 34% (SE).

nounced in spring and early summer and reduces the NO
ratios between HPB and JFJ to a factor of 6, whereas it is
a factor of 8-11 in other seasons. Considering the reduced
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Fig. 14. NO» time series since 1995 for the different seasons at the respective “DACH?” sites; blue: winter; red: summer, brown: autumn,
green: spring, yearly mean mixing ratios (solid) with standard error of the mean and linear trend (dashed).

atmospheric life-time of N@in summer, this indicates sub- a considerable role in all seasons (Balzatél et al, 2008)
stantially intensified mixing (for vertical exchange, see alsoresulting in a masking of (regionally driven) weekly cycles.
Zellweger et al., 2003). Nevertheless, the impact of bound- As NO, mixing ratios are strongly dependent on the re-
ary layer air on the observed mixing ratios at JFJ is clearlyspective wind sector (Fig. 16) trends in the observed mixing
visible in all seasons: on working days, N@ixing ratios  ratios might also be due to changing distributions of the wind
are roughly enhanced by a factor of 2 with respect to the levdirections. Figure 17 demonstrates that indeed at JFJ there is
els on Sunday, except for summer where the factor is 1.23 declining fraction of winds coming from the “clean” NW
These weekly cycles are similar to corresponding ratios akector (48% in 1995 and 36% in 2006; trend.0%+ 1.2%
HPB (1.6-2). non-significant). At the same time the percentage of air com-
The low amplitude in the weekly cycles of NG summer  ing from the more polluted SE sector which is influenced by
compared to the other seasons may be due to stronger imhe highly industrialized Po valley area increases (from 22 to
pacts by reservoir substances of Niixe PAN. In summer,  35%; trend +0.5% 0.5% ). However, mixing ratios decline
the turn-over of N@ and VOC, especially of biogenic origin, in both main wind sectors (only for £from SE sector non
in the boundary layer is significantly enhanced with the resultsignificant) and the shift in wind direction distribution just
of higher production rates of PAN and other organonitratesreduces the rate of decline in the overall JFJ time series com-
These may have life-times considerably longer than,NO pared to the trends in the individual sectors. At HPB (Fig. 17,
which often depend on temperature and solar irradiation. Acdeft column), a decline of N@is observed in the main wind
cordingly, in summer and at elevated sites like JFJ there haveirection WSW (0.0544 0.018 ppb/a, significant), whereas
been reported higher levels of PAN (Zellweger et al., 2003)no statistically significant change is observed in the NE sec-
and consequently higher contributions to abundant K@m tor (0.02440.080 ppb/a). It is interesting to note that at
reservoir species like PAN are expected compared to otheHPB, unlike at JFJ, the higher polluted NE sector does not
seasons. This will then result in reduced weekly cycles ashow declining mixing ratios and accordingly an indication
observed at JFJ. Cluster analysis of 15-days backward traje@f declining emissions. At HPB, the WSW sector with much
tories have also shown that long-term transport at JFJ playtower anthropogenic sources — and thus more representative
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Fig. 15. Weekly variation of NQ for the different seasons at the respective “DACH” sites, blue: winter; red: summer, brown: autumn, green:
spring. The errors bars indicate the standard error of the mean.

for Central European rural boundary layer air — shows a staHere, especially the more polluted NE sector shows slightly
tistically significant decline. increasing mixing ratios of +0.5%/yr, whereas the decline in
Under the assumptions of negligible N®emispheric the WSW sector of-1.8%/yr is still smaller than the esti-

background values and no shift in the pattern of local sourcesiated change in emissions.
the observed trends in mixing ratios may be directly com-  Sites influenced by local traffic, e.g. selected NABEL sites
pared to trends in emission estimates. This is justified for thén Switzerland, show more pronounced downward trends of
short lived NQ, as the lower percentiles and weekly cycles typically 3-5%/yr compared to elevated and more or less re-
do generally not show indications of discernable backgroundmnote sites, e.g. Rigi and Chaumont, with negative trends be-
impact. Trends are discussed for the time interval 1997-tween 0 and 1%/yr (Bmnimann et al., 2002). Thus, there
2007 since N@ mixing ratios at JFJ were unusually high remains a yet unresolved discrepancy between the trends at
in 1996 and sensitive NOmeasurements at HBP started in Sites impacted by local traffic which are often consistent with
1997. From the station data considered here; MCentral emission reduction estimates, and the more remote and ele-
European air tends to decline in the boundary layer and th&ated sites, representative for a lager area, with much smaller
free troposphere, indicating a mixed picture of unchangedates of decrease not in line with European emission reduc-
or slightly reduced emissions in major areas of central Eu-tions.
rope. The observed rates of decline ar@.7%l/y for HPB
and—1.6%/y for JFJ. Downward trends in the range between4.2 Carbon monoxide
not detectable and-5%l/yr have been reported for stations
of the NABEL network (Swiss ambient air monitoring net- All time series show declining signals independent of season
work) in the 1990s in Switzerland (Bnnimann et al., 2002), (Figs. 7 and 10). The percentile distributions have narrowed
and for European EMEP stations between 1990 and 2002t all sites by consistently declining levels of the higher per-
(Jonson et al., 2006). On the other hand, emission reduceentiles (Fig. 9). No significant weekly variations for CO are
tions in the Europe-27 area have been estimated to28%  observed, as expected due to its considerably longer life time
(—2.2%lyr) between 1990 and 2002 (EEA 2009) which are(2 months). This fact and the declining higher percentiles
generally consistent with these observed rates of decline ifndicate no strong local impacts on the measurements at the
the 90ies. Between 1995 and 2007, emissions from Eurorespective sites.
pean countries (Europe-27) were estimated to have declined annuyal cycles show similar patterns with maxima in late
by 25% (-1.9%lyr) (EEA, 2009), which is larger than the inter and minima in late summer for all stations (Fig. 8),
observed trends in mixing ratios. mainly due to the annual cycle of the only sink for CO,
Trends differ in the main wind sectors of a given station i.e. the reaction with OH radicals (Novelli et al., 2003). As
and can be attributed to source areas. At JFJ; NiXing for NOy, the effect of intensive vertical mixing in late spring
ratios from the SE sector decline by abou#.1%/yr and  and summer (April-July) becomes obvious in the very sim-
thus exceed the Italian emission estimate change for &8O ilar mixing ratios at both the lowest (HPB) and the high
—3.0% for 1995-2007 (EEA 2009b). In the clean sector atAlpine sites. In the other seasons, boundary layer air with
JFJ (NW), the trend of- 1.5%l/yr is only half of the respective higher mixing ratios and less pronounced vertical mixing
emission reduction estimate of abetB%/yr in Switzerland  cause the higher values at HPB. Occasionally in winter time
(Bronnimann et al., 2002) and3.7%l/yr in France (EEA at HPB, persistent inversion layers over several days can ad-
2009). German N@emissions are estimated to have de- ditionally contribute to enhanced mixing ratios. This ef-
clined by—3.0%/yr which is far more than observed at HPB. fect might partly explain the shift in the annual cycle with
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Fig. 16. Dependence of CO, £) NO, on wind direction for station HPB (left column) and JFJ (right column): Mean of respective trace
gas per 10 wind direction interval (black), relative frequency of wind direction (blue) and relative abundance of the respective trace gas,
weighted by frequency of wind direction (red). The latter one is calculated by first multiplying the respective mean mixing ratio and the wind
frequency in a given 10 sector, and then normalizing these numbers by the corresponding integral over all wind sectors.

a maximum in February compared to April for the high ele- lated to combustion had been overestimated and the sec-
vated stations. The late seasonal maximum (April) for CO isondary source from atmospheric oxidation of organic trace
partly due to a specific feature of CO: it is not only a primar- gases underestimated. Especially, the latter was considered
ily emitted trace gas but also secondarily produced througho be the main source in summer. The primary sources, fos-
atmospheric oxidation of methane and VOC. As this is de-sil fuel combustion and biomass burning, are considered to
termined by the product of OH and the respective organicgeak in late winter (Gros et al., 2001). Also most probably
concentration, this production pathway gets highly efficientdue to vertical mixing effects, both the winter and spring val-
in spring when the winter burdens of the organic precursoraues differ at HPB (as well as the autumn and summer values)
are converted to CO and other products (Gros et al., 2001)whereas they are similar at the higher stations: intensive ver-
Miller et al. (2008) concluded from their analysis of highly tical mixing in late spring and in summer reduces the levels
time resolved series of CO and other trace gas measuremenss HPB and enhances them at the high elevated sites. In con-
including HCHO that for North America the CO source re- trast, in autumn and winter the impact of boundary layer air
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Fig. 17. Time series (1995-2007) at HPB (left column) and JFJ (right column) for the main wind sdefdirequency of wind direction,
(b) O3, (c) CO and(d) NO, mixing ratios.

on the higher sites becomes less pronounced again. Thus, the Similar as for NQ, mixing ratio levels are different in the
April maximum at the high sites is attributed to a combina- main wind sectors (only discussed for HPB and JFJ with
tion of all these factors. their longer time series compared to SNB and ZSF). The
Gradients between the low and high Alpine stations tend‘more polluted” sectors (SE at JFJ and NE at HPB) show
to increase over time, as the decline at the higher site JFJ isigher mixing ratios than the “cleaner” sectors. The rate of
stronger than at the lower site HPB. Taking into account thatdecline is highest (ca-2.0%l/yr) for the SE sector at JFJ,
gradients of the short-lived NQdo not change in time, there the “clean” NW sector at JFJ showsl.6%/yr ; the WSW
are no indications of increased vertical mixing between 1000sector at HPB a trend of aboutl.0%/yr, and the “more pol-
and 3600 m over the time period considered here (19954uted” sector NE at HPB a weak and non-significant trend
2007). of —0.3%ly. Zellweger at al. (2009) have given an over-
all trend of —2.2%l/yr (3.32 ppb/yr) for JFJ (1996-2007)
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for the same data set as used in this study. After applyingt.3 Ozone
a meteorological filter criterion to select free tropospheric
air they obtained-1.8%/yr. They also pointed out that this Ozone is the only purely secondary trace gas considered here.
trend is substantially lower (about half) than for stations Accordingly, discussion of the observed features is more
from the NABEL network in Switzerland (Zellweger et al., complex and has to consider also changes in the precursor
2009) and compared to emission estimates of EEA (200®ases N@and CO.
(2)). Significantly lower trends were reported for Zugspitze The pronounced increase in ozone observed at all sites
with —0.84 ppb/yr for the period 1991-2004 (Chevalier et since the 1970's (Fig. 1) levels off at all stations and becomes
al., 2008). There are no pronounced seasonal differences &ion-significant after 1995 (Fig. 2), as reported in previous
JFJ (summer—3.25+1.42; spring—3.5241.99; autumn:  studies (Oltmans et al., 2006; Vingarzan (2004); Derwent,
—3.77+2.16, winter: —2.7042.12 ppb/a, all significant at 2007). Seasonally separated time series show non-significant
the 95% confidence level) with lowest trends in winter. This changes except a significant but slightly increasing trend in
is similar to our findings at ZUG with also the lowest trend winter at JFJ and HPB (Fig. 5). Similarly, in previous studies,
in winter (—0.954 2.34—ppb/a, non-significant), but differ- the most pronounced increases were observed in winter but
ent from seasonal trends at Zugspitze found by Chevalier eglso in autumn and spring, and unchanged or reduced levels
al. (2008) with the most pronounced downward trends be-in summer (e.g. Oltmans et al., 2007; Zbinden et al., 2006).
tween January and April for the period 1991-2004. Overall, There is a consistent offset of 1015 ppb between the low site
trends at JFJ are half of those at lower sites in SwitzerlandHPB and the high Alpine sites, also seen in the mean annual
and they are strongly influenced by southerly air masses (poeycles (Fig. 3) (see also Chevalier et al., 200 mimann et
tentially from lItaly), and they are much larger than trends al., 2000). As already discussed for Bl@nd CO, the levels
observed at the northern sites Zugspitze and HPB of abouat the different elevations are closest in late spring and sum-
—1%lyr or less. Furthermore, at JFJ the FTIR data reveaimer, due to intensive vertical mixing at this time of the year.
a trend of the CO column density between JFJ and 7 km ofn autumn and winter, HPB shows lowest levels compared to
—1 ppblyr (ca—0.7%/yr) for the period 1997—-2005 (Dils et the other sites, mostly due to less pronounced vertical mix-
al., 2009). If the southerly sector at JFJ is not consideredjng and accordingly stronger effects of boundary layer ozone
trends from all observations are comparable, suggesting aginks including deposition and titration by NO (NO3G-
impact of polluted, southerly air at JFJ that is not experiencedNOz+ Oy).
at higher elevations (FTIR) and at the other sites (ZUG and Titration effects play a role at all stations. This assump-
HPB). tion is supported by weekly cycles with lowers @nixing
A common feature of the CO percentile distributions areratios during working days and maxima on the weekend in
the mixed and non-significant changes in the lower per-autumn and winter (Fig. 6). This pattern is anti-correlated
centiles as presented in Sect. 3, Fig. 9. As these are largelwith that of NG (Fig. 15). Contrary, photochemical ozone
determined by clean and fast advected free tropospheric ajproduction in summer, mainly in the boundary layer, might
from the Atlantic, the observations indicate no continuousalso have contributed to lower vertical gradients in summer
changes in the background mixing ratios over the time periodozone. The weekly cycles clearly demonstrate the impact
under investigation, i.e. 1995-2007. However, the lower per-of anthropogenic precursors on ozone production. Similar
centiles of all stations indicate enhanced values in 1996, 1998veekly variations were observed in the UK and attributed to
and 2003, at JFJ and ZSF also in 2002. These correspongir masses influenced by anthropogenic emissions for several
to well documented rises in background CO due to biomasslays (Jenkin, 2002). The range of variation in summer is up
burning in boreal forest areas of Asia and North America into 2 ppb higher ozone mixing ratios at the mid of the week
1996, 1998 and 2002, 2003 (e.g. Yurganov et al., 2004 andFig. 6) with the strongest effect at HPB, the station most
2005; Zellweger et al., 2009; Meszaros et al., 2005). influenced by boundary layer air. Accordinglys @tration
Thus, the data analysed in this study imply no consis-effects mainly in winter and @production in summer are ob-
tent change in background levels of CO but declining av-served at all stations with smaller effects at the high elevated
erage mixing ratios and associated emissions depending asites due to the diminishing impact of surface emissions.
source areas. North Italian emissions appear to show the Correlations at HPB support these photo-chemical inter-
strongest decline whereas for westerly sectors with cleaneactions: In all seasons except summes,i®©anticorrelated
air (at JFJ and HPB) moderate but still significant declineswith NO» (hot shown) and suggests ozone destruction due
are observed. Finally, the NE sector at HPB with emissionto reaction with NO to be an important loss mechanism for
impact from Munich and Eastern European countries shows3 in the boundary layer. Only in summer, the correla-
no significant change for CO and NO tion with NO, turns non-significantly positive and a similar
correlation with CO becomes significantly positive, whereas
O3 ~CO correlations are non-significant or anticorrelated in
other seasons. This indicates that only in summer the bound-
ary layer net photochemical ozone production is linked to
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regional anthropogenic emissions, in other seasons anthresponding sectors, no discernable effect on ozone levels and
pogenic emissions tend to suppress ambient ozone at thteends due to changing chemistry at the encountered precur-
Alpine mountain sites considered in this study. At JFJ,sor levels are detected.
Bronnimann et al. (2000) also demonstrated a positive cor- In contrast to the observation of unchanging ozone mix-
relation between @and CO in summer and no clear correla- ing ratios at the four alpine mountain sites, negative trends
tion in autumn and winter. are observed at 3km above ground from ozone soundings
The absence of significant trends in ozone for the last 14n Central Europe (e.g. Claude et al., 2004). This can not
years leads to the assumption of unchanged ozone mixinge attributed to a simple surface-boundary layer effect of the
ratios during the recent years. This may be due either to unmountain sites considered in this study since the MOZAIC
changed sources, sinks, and transport at the four stations or t@sults of airborne measurements also result in slightly posi-
compensating effects in two or more of these factors. Trendsive trends (0 to 2%/yr) for the 1995-2001 period at Frankfurt
in the corresponding percentile time series can principallyand Paris (Zbinden et al., 2006) and also in the upper tropo-
help to identify contributing effects (Jenkin, 2008). However, sphere over Western Europe.
the percentile distributions show neither strong nor signifi-
cant features, just tendencies: All four stations show gentle
increases in the time series of most of the lower percentile5 Conclusions
classes up to the medians. While this tendency persists for
the higher percentile classes at JFJ, it gradually levels off aSlightly decreasing mixing ratios of the primary trace gases
the other sites, with declines only in the maxima at SNB andNO, and CO are observed at all stations between 1995 and
HPB and in the upper percentiles at ZSF (Fig. 4). Thus, there2007. The findings are generally consistent at the four alpine
are indications for slightly declining local and regional pho- mountain stations and thus are considered to represent re
tochemical ozone sources as the maxima or/and higher pegional changes in Central European atmospheric composi-
centiles fall at three of the sites. On the other side, therdion at elevations> 1000 m. The observed rates of decline
are indications for increasing background levels as most ofat the alpine mountain stations, however, do not follow the
the percentiles tend to rise, and at JFJ and SNB with venynational emission estimates: For BlGreductions by O to
similar rates for all or at least most of the percentiles. And,—2%/yr are measured at JFJ (NW sector) and HPB which
there are indications for lower local and regional sinks as thds substantially less than corresponding rates of change in
rates of increase tend to be highest for the lower percentilemational emission estimates (EEA, 2009) which are in the
of the distributions at the sites HPB and ZSF. The latter in-order of —3 to —5%/yr for most of the Central European
terpretation would in principal be consistent with the ob- states contributing to EU-27. For CO, again the emission
served, slightly negative trends for MOAdditionally traffic ~ estimates have declined by some 50% for the period 1990—
emissions have changed with lower percentages of NO ver2007, corresponding to current average changesso8%/yr
sus NOx emissions nowadays compared to high values som@006—2007). Likewise, the observed mixing ratios at the
15 years ago. Accordingly, the amount of freshly emitted alpine stations decline by 0-1%/yr for HPB and some 2%/yr
NO has been more substantially reduced compared tg, NO for JFJ. While for the long-lived CO these observations are
and the corresponding negative impact on ozone levels is exprincipally consistent with decreasing emissions from Eu-
pected to have declined in the last 15 years. rope and long-range transport with increasing emissions pre-
Changes in vertical transport with corresponding impactsdominantly from Asia (Pfister et al., 2004), there remains a
on ozone can not be discerned from the available data. Asliscrepancy for N@ NO> is too short lived (1 day) that
already lined out above, NOand CO vertical gradients long-range transport from other continents can have an im-
show no clear trends in time, just for CO a slight tendencypact on the European atmospheric composition. Still, on Eu-
of stronger gradients and associated lower vertical mixingropean scales, episodes of trans-boundary transport can be
might be inferred. However, vertical gradients in ozone be-observed (Schaub et al., 2005; Kaiser et al., 2007). However,
tween HPB and JFJ did not change, and between HPB anthese episodes occur mainly in winter when life-time ofANO
SNB or ZSF, if at all, slightly weaker gradients appear to is longest. In summer, however, significant downward,NO
develop. This would imply no change or slightly enhancedtrends are not observed. Thus, currentNgnission esti-
vertical mixing which, however, is in contrast to the analysis mates are not consistent with the observations at the DACH
of the other trace gases. alpine mountain stations. This hints towards an overestimate
As the distributions of ozone with wind direction do not of emission reductions in the EU.
show strong changes especially in the main wind sectors Over the same period 1995-2007, the @ixing ratios
(Figs. 16-17), no strong effects due to changing wind direc-have slightly increased at three of the four sites. This was
tions in the period considered can be expected. Accordinglypbserved independent of wind sector and for most seasons,
O3 levels and trends in the 2 main wind sectors at HPB arewith a tendency to higher positive trends in winter and lower,
not significantly different from one another (Fig. 17). Al- partly negative trends in summer. This is consistent with pre-
though both N@ levels and trends are different in the corre- vious findings (Oltmans et al., 2006). Indications for local
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and regional photochemical production of ozone from pre-Carslaw, D. C.: On the changing seasonal cycles and trends of
cursors including N@ and CO were only observed in sum-  ozone at Mace Head, Ireland, Atmos. Chem. Phys., 5, 3441—
mer, and less pronounced in spring. However, results from 3450, doi:10.5194/acp-5-3441-2005, 2005.

these Q precursors are not consistent for all stations andChevalier, A., Gheusi, F., Delmas, R., @iz, C., Sarat, C.,
their relations will have to be analyzed in more detail. Zbinden, R., Thouret, V., Athier, G., and Cousin, J.-M.: Influ-

A f h hemical ducti h . . ence of altitude on ozone levels and variability in the lower tropo-
part from photochemical production, changes in vert- sphere: a ground-based study for western Europe over the period

cal exchange processes might significantly impact the ob- 0012004, Atmos. Chem. Phys., 7, 4311-4326, doi:10.5194/acp-
served trends. However, based on the precursors &@ 7-4311-2007, 2007.

CO at the differently elevated stations, no indications for en-Chevalier, A., Gheusi, F., A& J.-L., Delmas, R., Zbinden, R.,
hanced vertical mixing between boundary layer and lower Athier, G., and Cousin, J.-M.: Carbon monoxide observations
free troposphere could be discerned. Accordingly, changes from ground stations in France and Europe and long trends in the
in vertical mixing between boundary layer and free tropo- free troposphere, Atmos. Chem. Phys. Discuss., 8, 3313-3356,
sphere can not be responsible for enhanceca@ simul- doi:10.5194/acpd-8-3313-2008, 2008.

taneously decreased CO at the lower site. On the Contl,ar)golette, A. aqd Ancell_et, G.: Impact of yertlcal transport processes
increasing mixing within the free troposphere could result in on the vertical layering of tropospheric ozone above Europe. Part

. II: Climatological analysis of the last 30 years, Atmos. Environ.,
enhanced @ and reduced CO levels in the lower free tro- 30, 54235435, 2005.

posphere_, with according lmpllcatlons doyvn to the bound_aryCoIette, A., Ancellet, G., and Borchi, F.: Impact of vertical transport
layer. This phenomenon will be further discussed by Kaiser ;cesses on the vertical layering of tropospheric 0zone above

etal. (2010). Europe. Part I: Study of air mass origin using multi-variate anal-
ysis and clustering, Atmos. Environ., 39, 5409-5422, 2005.
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