mzuriCh ETH Library

Long-term in situ measurements
of NOx and NOy at Jungfraujoch
1998—-2009: time series analysis
and evaluation

Journal Article

Author(s):
Deolal, Shubha P.; Brunner, Dominik; Steinbacher, Martin; Weers, Uwe; Staehelin, Johannes

Publication date:
2012

Permanent link:
https://doi.org/10.3929/ethz-b-000047422

Rights / license:
Creative Commons Attribution 3.0 Unported

Originally published in:
Atmospheric Chemistry and Physics 12(5), https://doi.org/10.5194/acp-12-2551-2012

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/10.3929/ethz-b-000047422
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.5194/acp-12-2551-2012
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

Atmos. Chem. Phys., 12, 2552566 2012 iy —* -

www.atmos-chem-phys.net/12/2551/2012/ Atmospherlc
doi:10.5194/acp-12-2551-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Long-term in situ measurements of NQ and NOy at Jungfraujoch
1998-2009: time series analysis and evaluation

S. Pandey Deold, D. Brunner?, M. Steinbacher?, U. Weers!, and J. Staehelirt

Linstitute for Atmospheric and Climate Science, Swiss Federal Institute of Technolagsh ZSwitzerland
2Empa, Swiss Federal Laboratories for Materials Science and TechnololggnBorf, Switzerland

Correspondence td5. Pandey Deolal (shubha.pandey@env.ethz.ch)

Received: 2 July 2011 — Published in Atmos. Chem. Phys. Discuss.: 4 August 2011
Revised: 19 January 2012 — Accepted: 7 February 2012 — Published: 7 March 2012

Abstract. We present an analysis of the QNOy +other 1 Introduction
oxidized species) measurements at the high alpine site
Jungfraujoch (JFJ, 3580 ma.s.l.) for the period 1998—2009Nitrogen oxides (NG the sum of nitrogen monoxide (NO)
which is the longest continous N@ata set reported fromthe  and nitrogen dioxide (N) in the troposphere are important
lower free troposphere worldwide. Due to stringent emissionprecursors for tropospheric ozone and also influence the hy-
control regulations, nitrogen oxides (IWDemissions have droxyl and peroxy radical concentrations which govern the
been reduced significantly in Europe since the late 1980s alife time of various gases in the troposphere (Levy, 1971;
well as during the investigation period. However, the time Logan, 1981; Wennberg et al., 1998). In the troposphere,
series of NQ at JFJ does not show a consistent trend butnitrogen species are primarily emitted in the form of NO
a maximum during 2002 to 2004 and a decreasing tendenc{fom anthropogenic sources and are subsequently oxidized
thereafter. The seasonal cycle of Néxhibits a maximumin  to other reactive nitrogen species along a number of different
the warm season and a minimum in the cold months, opposit@athways (Fahey et al., 1986). The complete family of reac-
to measurements in the PBL, reflecting the seasonal changdiye nitrogen species is denoted as \@hich includes the
in vertical transport and mixing. Except for summer, the sea-Sum of NQ and its oxidation products (Logan, 1983):
sonal m'earll'NchnCt'antrations at JFJ show a high ygar—tp— NOy = NO-+NO, + PAN+HNOs3 +NO3 + HONO
year variability which is strongly controlled by short episodic
pollution events obscuring any long-term trends. The low
variability in mean and median NOvalues in summer is In order to obtain a better understanding of tropospheric
quite remarkable indicating rapid photochemical conversionchemistry, it is therefore essential to quantify the abundance
of NOy to higher oxidized species (NDof the NG, family  of NOy species and their changes with time using long-term
on a timescale shorter than the time required to transport polebservations. Such data may serve as an important input to
luted air from the boundary layer to JFJ. In order to evaluatetest models (Fahey et al., 1985; Hayden et al., 2003). Tropo-
the quality of the NQ data series, an in-situ intercompari- spheric NQ measurements from numerous campaigns were
son with a second collocated N@nalyzer with a separate compiled in the period 1985-1995 by Thakur et al. (1999)
inlet was performed in 2009-2010 which showed an overalland Emmons et al. (1997) to evaluate tropospheric chem-
agreement within 10 % including all uncertainties and errors. istry transport models for estimating the global distribution
of nitrogen species. Both studies indicated differences be-
tween the model and observations and the limited spatial and
temporal coverage of NOmeasurements made it difficult to
get reliable estimates from these simulations. Several studies
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in the past have examined N@s well as individual reac- 2 Method and instrumentation

tive nitrogen species in different environments from aircraft

measurements or ground observations (Fahey et al., 198&/easurement sitehe high alpine research station Jungfrau-
Singh et al., 1992a, b; Williams et al., 1997; Brunner et al.,joch (JFJ) (Sphinx observatory, 46°3%, 7.98E,
1998; Harrison et al., 1999; Levy et al., 1999; Zellweger et3580ma.s.l.) is located in the Swiss Alps between the
al., 2000; Thornberry et al., 2001; Stohl et al., 2002; Day etMdnch and the Jungfrau mountain peaks. It is one of the
al., 2003; Hegglin et al., 2006). However, long-term trend currently 28 global sites of the Global Atmosphere Watch
evaluations of NQ measurements have not been addressedGAW) program of the World Meteorological Organization
so far due to the very limited availability of data sets as thesgWMO). The JFJ site is also incorporated in the Swiss
measurements require frequent maintenance. National Air Pollution Monitoring Network (NABEL),

In Switzerland and other European countries, thexNO which is operated by the Swiss Federal Laboratories for
emissions were reduced significantly in the early 1990'sMaterials Science and Technology (Empa) in association
due to the implementation of catalytic converters in vehi- with the Swiss Federal Office for the Environment (FOEN).
cles and other emission reduction measures. In view of thisThe site mainly resides in the free troposphere in the autumn
a decreasing trend would be expected inyNéncentra- and winter season, while in late spring and summer it is
tions measured at European sites. Some mountainous sitedten influenced by the planetary boundary layer (PBL)
in Europe (Jungfraujoch, Hohenpeissenberg, Zugspitze an(Baltensperger et al., 1997; Lugauer et al., 1998; Zellweger
Sonnblick) have started continuous measurements gfiNO et al., 2003). Long term continuous in-situ monitoring of
the late 1990’s as a part of the Global Atmospheric Watchtrace gases such as NO, IOy, CO, and Q is routinely
(GAW) program but a trend analysis of these data has beeperformed by Empa.
missing so far. European trends in other trace gases such as
CO, G;, NO; and NQ, from Europe, in contrast, have been 2.1 NO/NG/NOy instrumentation of Empa
addressed in many previous studies (Zanis et al., 1999; Bron-
nimann et al., 2000; Derwent et al., 2003; Kaiser et al., 2007NABEL gas sampling systerambient air for the different
Ordoiiez et al., 2007; Gilge et al., 2010). In this context, NABEL instruments is drawn into the Sphinx laboratory at a
the measurements of Jungfraujoch provide a unique opporhigh flow rate of 50 h~ through a common heated stain-
tunity to analyze the evolution of NCabove Europe, mostly less steel inlet (inner diameter 90 mm, residence time about
representative of the free troposphere. N@s been con- 1sec) maintained at a temperature of @ In order to mini-
tinuously measured at Jungfraujoch since 1998 by Empa. Anize NG, losses in the sampling lines, the N@onverter is
preliminary multi-year analysis of this data set was presentedlaced as close as possible to the main inlet, connected with
by Zanis et al. (2007) for the period 1998—-2004. They iden-about 1 m of PFA tubing (inner diameter 3/16L1min~1
tified seasonality in NQwith a peak in April but didn't per- ~ flow rate, resulting residence time about 1s). Thus the to-
form any detailed trend analysis. Therefore, in the presental residence time till the air reaches the NGbnverter is
study, we provide the first long-term (1998-2009) assessabout 2s. The photolytic converter for the N@easure-
ment of NG, concentrations above Europe. To our knowl- ment is placed next to the NCGronverter. Downstream of
edge, this data set is the longest continuous series gf NOthe converter the air is drawn through separate PFA tubing to
measurements available for the free troposphere. the NO analyzer. The air for the NO analysis is drawn di-

An important question is the reliability and long-term sta- rectly from the main manifold with PFA tubing. A detailed
bility of the NO, data record. A first evaluation of the NO  schematic of the trace gas inlet at JFJ is shown in Fig. 1.
measurements of Jungfraujoch was performed in spring 1998 Instrumentation and performancédO, NO; and NG,
with an instrument constructed by the University of East An- measurements are performed by a commercial instrument
glia which showed that the agreement between these twgCraNQ, Eco Physics, Switzerland) having initially two
measurements was within 10 % with slightly lower values and recently three chemiluminescence detectors (CLD) with
observed for the Empa’s NQnstrument (Carpenter et al., temperature-controlled reaction chambers. Instrumental
2000). It was speculated that HN@sses in the inlet sys- changes during the measurement period are provided in the
tem could be responsible for the differences (Zellweger et al.,Table 1. NQ species are converted to NO on a heated gold
2003). In the second part of this paper we report on a newcatalyst (300C) in the presence of 2 % CO (purity 99.997 %,
measurement campaign performed in 2009/2010 using anMesser-Griesheim GmbH) as a reducing agent (Fahey et al.,
other NG, instrument connected to a separate inlet designed 985). NQ is measured as NO after photolytic conversion
to minimize potential HN@ losses. Finally, the third part of NO, (PLC 760 till December 2000; since then PLC 762).
of the paper discusses possible local influences on the datds mentioned above, the gold converter is mounted inside
record which may arise from the operation of the touristic the laboratory near the NABEL sampling inlet. A CLD mea-
infrastructure at Jungfraujoch. surement cycle takes one minute, which includes the detec-

tion of a background signal in the pre-reaction chamber for
30s, followed by the measurement of the sample in the main
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100 /min filters monitors 100 Umin lustrate maintenance work by Empa technicians and services by the
instrument manufacturer (Eco Physics), respectively.
PM10 separator
)k since then. Since 2009, Empa’s NO-NROy setup runs
filter _ with three CLDs (one each for NO, NGand NGQ). Re-
markably stable gold converter efficiency is observed since
HiVol Sampler then, providing strong evidence that a large part of the ob-
served converter efficiency variability in the past was caused
pump l by Cranox components other than the gold converter itself.
Il . . . .
S Two gold converter tubes were in use since the installation

of the converter. After replacement, the tube was cleaned
Fig. 1. Schematic of Empa’s trace gas inlet at Jungfraujoch. with ethanol, acetone and ultrapure water in the early years.

Later, the gold tube was cleaned with sandpaper to remove

the (possibly dirty) surface layer. Empa’s Cranox setup is
chamber for 30's. Automated calibrations are performed evalso serviced about once a year by the instrument manufac-
ery 35h. The chemiluminescence detectors are calibrateglirer (Eco Physics) (see red lines in Fig. 2). The services on-
with NO standards (about 5.0 ppm; referenced against NISTsjte and/or at Eco Physics took mainly place when problems
Standard Reference Material (SRM 2629a) and NMI Primaryarose. In recent years, services are also performed preven-
Reference Material (PRM BD11)) diluted with synthetic air tively in regular intervals. The services seldom targeted the
to a concentration of about 45 ppb. gold converter but mostly other parts of the Cranox setup.

The conversion efficiencies of the gold and photolytic  The detection limits of the CLD 770s (30 min averages)

converters are measured every 70h by generating a knowfpr the NO and NQ measurements are 20 ppt whereas it is
amount of NQ by gas phase titration of NO with ozone. The 50 ppt for the NQ channel due to the incomplete conver-
efficiency of the gold converter mostly ranged between 95-sjon and the determination of Ny the difference of two
100 % and the efficiency of the photolytic converter rangedmeasured (NO and NO + converted NGsignals. The re-
from 45 to 62%. Figure 2 shows a time series of the goldspective numbers for the CLD 89 p analyzers are 15 ppt (NO
converter efficiency determined with NOIf the efficiency  and NQ) and 25ppt (N@). The overall measurement un-
dropped below 95%, maintenance work was undertakengertainty for NQ was 9% and 5% for N@ The tempo-
The work included the replacement of the gold tube and othefa| resolution of these measurements was 2 min. Data are

maintenance procedures such as additional replacement @fsually stored and processed as 10-min averages.
the glass tube that houses the gold tube, the replacement of

the cleaning cartridges of the CO gas, cleaning of the criti-2.2  NO/NQ, instrumentation of ETH Zurich (ETHZ)

cal orifices and adjustment of the flows in the converter and

leak tests. The blue lines in Fig. 2 illustrate the changesCampaign inlet:the main objective of the campaigh mea-
of the gold tube by Empa technicians. The gold tube wassurements was to evaluate the Empa instrument using an in-
changed about twice a year in the beginning whereas the independent measurement system with a separate inlet. The
tervals became much longer in recent years. Please take notelet was mounted on the same rooftepglm away from

that low and highly variable converter efficiencies could alsothe NABEL inlet and~10m above the touristic platform

be caused by CLD problems or calibration failures. We useon the northeastward facing side. Different from the Empa
the same gold converter instrument since the beginning okystem the N converter was mounted externally, inte-
the NG, time series whereas other parts of the Cranox sysgrated into the inlet system, to avoid any wall losses of
tem such as the calibration unit or the CLDs were replacedHNOs. The sampling flow rate was 1| mid (STP) for both

www.atmos-chem-phys.net/12/2551/2012/ Atmos. Chem. Phys., 12, 255%6§ 2012
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etectors T

Years 1998 | 1999 | 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009

Gold convete Y PLe 760l | e 767777 cioie— cuo s

Table 1. NOyx and NG, instrumental changes (photolytic converter (PLC), chemiluminescence detectors (CLD) and gold converter) during
1998-2009 at Jungfraujoch.

NO, converter

NO, converter

NOy and NO channels. A detailed schematic is given inand evaluated against the f@nalyzer installed on a com-
Fig. 3a. In order to protect the measurements from snowmercial airliner in the project MOZAIC @&z et al., 2006).
and rain, the gold converter was placed in an aluminumHere, it was used for the first time for continuous measure-
box (117 cmx 27 cmx 30 cm) and air was sampled through ments at the ground which required a number of modifica-
a short (~20cm) Teflon tubing heated to aboutZ5. The  tions to allow for unattended operation during several days
sampling tubings for N and NO were protected against to weeks. To account for the signal from interfering species
snow and rain with a Teflon hood of about 25cm. How- and the overall background chemiluminescence and photo-
ever, the heating was only applied to the Teflon tubing whilemultiplier dark current signals, the NO and h@easure-
the hood covering the inlet line was not heated. Unfortu-ments were operated in two different modes: main cham-
nately, it turned out that snow could accumulate within theber and pre-chamber (Drummond et al., 1985). Measure-
hood under conditions with strong winds (depending on thements were performed quasi-continuously in main chamber
wind direction) moving snowflakes almost horizontally into (measurement) mode switching only every 280 s for 10s to
the hood. Such conditions occurred in January and Februpre-chamber (background detection) mode.
ary 2010 while visual inspection in the previous months did
not show such accumulation (personal communication by re- Automatic three-stage calibrations were performed every
sponsible custodians at JFJ). To provide better illustrationmorning between 02:00-03:00 a.m. by measuring synthetic
of this situation we show Fig. 3b for the case of snow ac-air, NO, and gas phase titration (GPT) to determine the con-
cumulation and sunlight-triggered snow photochemistry asversion efficiency. A pure air generator (PAG, Eco Physics,
discussed in Sect. 3.4. Switzerland) was used to generate zero air and a calibration
unit (Multigas Calibrator S-100, Environics, USA) was used
Instrumentation and performancllO and NG measure-  to dilute the NO calibration gas and to generate the;NO
ments were performed using a highly sensitive analyzer CLDused for the GPT by addingg@enerated internally in the
790 SR from Eco Physics. The instrument has three chemiluS-100 to the NO calibration gas. The NO calibration gas was
minescence detectors to measureyNRO and Q simulta-  taken from a reference gas cylinder (3:0.02 ppm purity
neously. The NQ converter, designed and built by the Max 99.99 %, Messer-Griesheim GmbH) and diluted with syn-
Planck Institute for Chemistry in Mainz, Germany (Lange et thetic air to generate an output concentration of 40 ppb. In or-
al., 2002) is a 72 cm long gold tube with an inner diameter ofder to avoid potential differences in the calibration scale, the
5mm. It was heated to 12@ at the tip and 300C near the = NO standards used by ETHZ were compared against Empa’s
centre. NQ species are catalytically converted to NO on the NO standard and the reference concentrations were corrected
heated gold surface in the presence of CO acting as a reduaccordingly. Nighttime NO measurements were used to test
ing agent (Bollinger et al., 1983; Fahey et al., 1985). NO isthe background values since at night NO is expected to van-
subsequently measured by the CLD by detecting the chemiish in the absence of local sources due to titration by ozone.
luminescence generated in the reaction of NO with exces&PT calibrations were used to determine the converter ef-
ozone produced by an ozone generator from pure oxygerficiency assuming that the conversion efficiency determined
CO was passed through a charcoal filter in order to reducdor NO; is representative for all NPspecies. N@ calibra-
impurities and corresponding chemiluminescence signals iion gas generated in the S-100 by the reaction of NO with O
the chamber. Pure CO was added to the sample air at a floand diluted with synthetic air was added a few centimeters
rate of 5sccm providing a mixing ratio of 0.5%. The in- upstream of the NQconverter. During the campaign, the
strument was originally designed for airborne use. It wasconverter had to be cleaned regularly by scrubbing with soft
operated in several flight campaigns (Hegglin et al., 2006)brushes rinsed with acetone and distilled water because it was

Atmos. Chem. Phys., 12, 25512566 2012 www.atmos-chem-phys.net/12/2551/2012/
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Fig. 3. (a) Schematic of the ETHZ N@instrument (red: N sampling line and blue: NO sampling line) operated during the campaign
(October 2009—February 2010) at Jungfraujgb schematic of the ETHZ sampling inlet with snow accumulation (light blue) and morning
sunshine potentially triggering snow photochemistry.

3 Results and discussion

100
(]

3.1 Longterm changes at Jungfraujoch from
. e . o e 1998-2009

90
L

. The long-term measurements of NONO,, NO and
¢ NO«/NOy are presented in Fig. 5 which shows monthly
median values from January 1998-December 2009.y NO
o data series (black) shows high interannual variability with
. largest concentrations during the years 2002-2004. 2003
was recorded the hottest year in European history with an
exceptional prolonged heat wave in summer (Luterbacher
et al.,, 2004; Scér et al., 2004; Tressol et al., 2008) also
Fig. 4. Conversion efficiency of the ETHZ NOconverter deter- leading to enhanced ozone levels across Europe (Fiala et
mined by daily GPT (gas phase titrations) calibrations, time (date-al., 2003; Oréfiez et al., 2005). The overall annual aver-
month-year). ages of @ and NG, were highest in 2003. In addition to
the trend over the whole period we therefore calculated lin-
ear trends (thick black lines) based on the monthly median
alues before and after 2003. From 1998-2002 the trend
NOy was positive but not significant while from 2004-
2009 a significant decreasing tendency was observed at a
rate of—0.048+ 0.012 ppb yr? (significant at the 95 % con-
fidence level). Considering the complete N@me series
1998-2009 there is no significant trend (green line). The
NOy data series (blue) does not show any trend either but
a rather large monthly variability. The NONOy ratio in
Fig. 5 is a measure of the average photochemical age of
air masses reaching Jungfraujoch. The long-term evolution
of this ratio shows that there is a slightly positive tendency

Converter Efficiency %
L]

85

80

T T T T T T T T T
2-Oct-09  3-Nov-09 5-Dec-09 15-Dec-09 8-Jan-10 18-Jan-10 28-Jan-10 7-Feb-10 17-Feb-10

Time

observed that the conversion efficiency sometimes droppe
quite rapidly. In this way, the efficiency was maintained
above 90 % for most of the time (Fig. 4). The detection limit
(£10) measured for the NO and N@hannel was 10 pptv
for a time resolution of one second.
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Fig. 6. Monthly anomalies of N§ (black), NG (blue) from 1998—
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2009 with overall trend (green dashed lines represents linear trend).
Years The mean (filled circles) and median (open circles) seasonal cycles
for NOy (black) and NQ (blue) are additionally displayed in the
Fig. 5. Monthly median values of N@(black), NG (blue), NO small panel (right).
(red) and NQ/NOy (magenta) from January 1998-December 2009.
The black thick lines are linear trends before and after 2003 ip NO
and NG/NOy and green dashed lines represent overall linear trend%pecies such as PAN and HN@Steinbacher et al., 2007).
in NOy and NG. Therefore, these converters overestimate thg biicentra-
tions due to the interferences of photochemical species, es-
pecially during spring-summer season when sampling pho-
since 2004 suggesting an increased contribution of fresh aifochemically aged air masses. The Nfeasurements at
masses in recent years. Figure 6 shows the monthly anomgemote locations (elevated sites) are thus partially represen-
lies of NG, and NQ,, determined by subtracting the mean tative of total NQ species and therefore susceptible to pro-

seasonal cycle. The largest positive Nanomaly was ob-  cesses at larger scales due to the longer lifetime of NO
served in 2002 and 2003 while in N@he anomaly in 2003 compared to NQ.

was comparatively small. The mean and median seasonal cy-
cles of NG, (black) and NQ (blue) are additionally shown 3.2 variability in seasonal mean concentrations
in the right hand panel in Fig. 6. NOneasurements show (1998-2009)
a broad spring and summer maximum while N€hows a
minimum during these months. Since the Niifetime is  The evolution of seasonal mean N@alues from 1998-2009
much shorter in summer than in winter (e.g. Schaub et al.js presented in Fig. 8. Spring (MAM) and summer (JJA) are
2007), NQ: concentrations at JFJ are higher in the cold seadisplayed in the upper row and autumn (SON) and winter
son. In contrast to NPand NQ, the CO measurements (DJF) in the lower row. The plot shows 3-monthly mean
at JFJ exhibit a steady decrease from 1996-2007 at a ratgnd median values and the range between the lower 25 %
of —2.65+0.04ppbyr! based on background concentra- and upper 75% quantiles for each season., N@an and
tions filtered for pollution events (Zellweger et al., 2009). median values were significantly higher in summer, autumn
The steady decline in CO concentrations is likely an effect ofand winter 2003 compared to other years. Elevated, NO
emission abatement strategies in Europe, CO concentrationglues in summer 2003 could be attributed to the European
in early years are additionally affected by the influences ofheat wave. Important factors contributing to this maximum
intense global biomass burning in 1998 and 2003 (Simmondsvere likely reduced wet and dry deposition, the stagnation
et al., 2005; Yurganov et al., 2005) and the EI-Nino event inof air masses over Europe, increased thermally forced ver-
1998 (Koumoutsaris et al., 2008) . The ozone concentrationsical transport to Jungfraujoch, enhanced oxidation ofNO
at JFJ had a significant positive trend at Jungfraujoch in thep HNO; and other species at the warm temperatures and
1990s (Oréiiez et al., 2007) and a negative but insignificant intense solar radiation during the heat wave. However, the
trend for the period 2000-2008 (Cui et al., 2011). interpretation of enhanced NQvalues in autumn and win-
NOx measurements from other NABEL stations in ter 2003 is not straightforward. Towards the end of the heat
Switzerland from 1998-2009 for urban — suburban, rural andvave, several forest fires were reported from southern Eu-
elevated sites (1000-1600ma.s.l.) are presented in Fig. Fope including major fires from Portugal and Spain (Lyamani
which show a significant decrease in N@t urban — sub- etal., 2006; Tressol et al., 2008). Therefore we speculate that
urban sites (BAFU, 2011). Elevated sites do not show athe autumn values of 2003 were influenced by fire emissions
clear trend in the early period but a pronounced decrease afind remnants of the heat wave which extended till late sum-
ter 2003, which is similar to the NOobservation at JFJ. It mer. Interpretation of the high NQOvalues in winter 2003,
should be noted that standard N@onitors equipped with  which represents December 2002, January 2003 and Febru-
Molybdenum converters are cross-sensitive to other, NO ary 2003 and therefore a period well before heat wave, is

Atmos. Chem. Phys., 12, 25512566 2012 www.atmos-chem-phys.net/12/2551/2012/
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more complicated. Several biomass burning events were also NOy concentrations at JFJ are largest in spring and sum-
reported in fall 2002 from Eastern Europe and the Europeammer opposite to what is commonly observed in the PBL
part of Russia which increased the background values of sevdig. 8). This is most likely due to enhanced thermally in-
eral trace gases including CO and (Bdwards et al., 2004; duced transport enforced by the alpine topography during
Simmonds et al., 2005; Yurganov et al., 2005) and therefore¢he warm season, whereas in autumn and winter JFJ is more
we hypothesize that the winter 2003 N@alues might have isolated and air masses are mostly representing undisturbed
increased due to these episodes. It is evident from Figs. $ree tropospheric air (Baltensperger et al., 1997; Nyeki et al.,
and 10 that NQ) measurements did not show any exceptional 1998; Zellweger et al., 2003). However, also in the cold sea-
increase in fall and winter 2003 which suggests that the highson JFJ is frequently influenced by European emissions as
NOy values were caused by large-scale phenomena like longevidenced by episodic pollution plumes reaching JFJ. The
range transport from regions of enhanced biomass burningoccurrence of such plumes explains the differences between
Air masses influenced by biomass burning are expected to bsmean and median concentrations since median values are
enhanced in PAN and other nitrate species (Alvarado et al.much less influenced by rare but strong events and more rep-
2010) but unfortunately such speciated measurements wenm@sentatives of background values. Interestingly, mean and
not available for this period. median concentrations are close to each other in summer
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indicating that pollution plumes are much less frequent orEurope a negative trend in NQvould be expected in spring
vigorous despite the generally high N@oncentrations in  and summer when JFJ is most strongly influenced by air from
summer. We interpret this as being the result of more fre-the European PBL. However, the trends are superimposed by
quent and stronger vertical mixing in summer which cre- alarge inter annual variability in NQvhich suggests that the
ates a better mixed vertical profile and therefore smaller conextent of exposure to free tropospheric versus European PBL
trasts between periods of upward transport from the PBL andhir varies considerably between years. A decline from 1998—
periods dominated by free tropospheric air. 2009 (except for 2003) is only observed in the median values
. ] _ for the autumn (SON) season while a decrease in summer is
The larger influence of regional (European) sources ingn|y found for the recent years after 2003 (Fig. 8). Accord-
summer versus more remote sources in winter offers the opig 1o some studies, intercontinental transport from North

portunity to study long-term changes separately for differentamerica and Asia has the largest influence on European air
source regions. Due to the emission reduction measures in
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in spring and autumn (Wild and Akimoto, 2001, Fiore etal., The contribution of PAN to NQis quite important as it
2009). The decrease in autumn might therefore be relatedan be transported over long distances leading to interconti-
to the significant reduction in anthropogenic f@missions  nental transport of reactive nitrogen species (Bottenheim et
over North America from 1999-2005 due to the implemen-al., 1986; Singh, 1987; Singh et al., 1992a). However, PAN
tation of pollution control technologies in the energy produc- is not regularly measured at JFJ and so far two extensive
tion sector especially in the eastern United States (Kim et al.continuous PAN measurements were performed in 1997—
2006). However, winter measurements do not confirm this1998 by Zellweger et al. (2000) and in 2008, 2009-2010 by
tendency but rather show a large inter-annual variability. Pandey Deolal et al. (2012) and two campaign measurements
The NOQ; measurements also display a large variability during February/March 2003 by Whalley et al. (2004) and
in mean and median values in all seasons except summdtebruary 2005—-August 2006 by Balzaridv et al. (2008).
(Fig. 9). In contrast to N¢) the NQ, concentrations show a PAN/NOy ratios from 1997-1998 were compared to 2009—
minimum in summer with little variability compared to other 2010 and did not show any significant changes. Both these
seasons. Due to enhanced photochemistry MCrapidly periods agreed quite well and showed that the average PAN
converted to oxidized species like PAN, Hy@nd partic-  contribution to NQ was 40% in 1997-1998 and 37 % in
ulate nitrates in summer which explains the low NQOy 2009-2010 during the spring and summer whereas NO
ratio in summer (see Fig. 10). However, in other monthsis the dominant contributor in the autumn — winter season
NOy mean values are much higher than median values sugeontributing up to 51 % (Pandey Deolal et al., 2012).
gesting a large influence of short pollution episodes. Mean
values are therefore mostly above the 75 % percentiles of th8.3  Instrument evaluation campaign in 2009-2010
data. This confirms that except for summer the lifetime of
NOy is long enough that rapid upward transport to JFJ canA measurement campaign was conducted in 2009-2010 to
generate large NQpollution events. The N@measure- evaluate Empa’s NPand NO measurements using a sec-
ments do not exhibit any general tendency which is quiteond NO/NG, instrument with high sensitivity and different
unexpected as NOemissions decreased in Europe. Simi- converter set up deployed at Jungfraujoch by ETHZ (see
lar to the NG decrease in the autumn season,xNfiedian ~ Sect. 2.2 for instrument details). The measurements started
values also show a slightly decreasing tendency in the auin October 2009 and lasted for 4 monthsi.e. October, Decem-
tumn months. NQis a major contributor to N@in autumn  ber, January and February. Ten-minute averages gf Nd
and winter but shows a large year to year variability even inNO from both measurement systems are shown in Figs. 11
the median values, so that it is difficult to detect any trends.and 12 respectively. The NOand NO data series from
A significant decreasing trend in N@oncentrations at JFJ 24-31 October were excluded due to contamination from
from 1995-2007 was reported by (Gilge et al., 2010). Thisconstruction activity in the Jungfraujoch railway tunnel. In
is true when considering the earliest measurements gf NODecember the ETHZ instrument had a technical problem
since a linear trend is mainly determined by the high con-causing a gap from 23-31 December.
centrations of NQ in 1995-1997 which were influenced by =~ However, in October (purple crosses) a number of data
local construction activity (Forrer et al., 2000). points were well below the 1:1 line indicating episodic NO
Long term changes in NONOy ratios calculated from the peaks observed by the ETHZ but not the Empa instrument
hourly concentrations are presented in Fig. 10. The ratio(Fig. 13). A possible reason for such peaks is touristic ac-
NO4/NOy reflects the degree of conversion of N@to its tivity during the daytime as ETHZ sampling inlet was more
oxidation products. The ratio decreases with increasing agelose to touristic terrace. To test this hypothesis we filtered
of the air parcel, as the lifetime of NOs shorter compared the dataset for nighttime observations (black circles) only.
to NOy (Bertman et al., 1995; Singh et al., 2007; Martin et In the plot, the December data (green crosses) show many
al., 2008). The summer season (JJA) shows the lowest ratiodata points above the 1:1 line indicating higherNfoncen-
due to the strong photochemical activity and correspondinglytrations in Empa’s measurements which is likely explained
low lifetime of NOy. In autumn and winter the ratios are by the rapid drop in converter efficiency in ETHZ gold con-
mostly in the range 0.3-0.6, somewhat lower in spring, andverter (see Fig. 4) after the first ten days of December. Un-
only around 0.2 in summer. The large variability during the der such conditions species like HN@ay have even lower
autumn and winter months again reflects the strong influenceonversion efficiency than NCfor which the efficiency was
of episodic pollution events. Overall, the N®IOy seriesdo  determined, resulting in an underestimation of,Nfdncen-
not exhibit any trend suggesting that there has been no strongations. Therefore, only the first ten days of nighttime mea-
long-term change in photochemical processing of air massesurements in December were included in the calculation of a
reaching JFJ. However, in recent yearsN@y ratios show linear regression. An orthogonal linear fit to all October and
an increasing tendency particularly in winter which might in- 1-10 December nighttime (12:00 a.m.—06:00 a.m. UTC) data
dicate that the site is more frequently exposed to fresh ailmccounting for errors from both instruments yielded a slope
masses from the European boundary layer in winter as alsof 0.894+ 0.004 and an intercept of (193 ppt) with a corre-
observed in monthly median values in Fig. 5. lation coefficient ofR%=0.97 for N = 1765 observations. To
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Fig. 12. Ten-minute averages of ETHZ NO (red) and Empa NO (blue) measurements in October/December 2009 and January/February 2010.

better illustrate the agreement between the two instruments at The results presented in Fig. 13 indicate that the Empa
low NOy mixing ratios, the small inset in Fig. 13 displays the measurements are on the order of 10 % lower than those by
correlation at values between 0 and 1 ppb. The figure demonETHZ when excluding all problematic measurements. These
strates that the slopes are quite similar for low and high NO results are consistent with the earlier inter-comparison per-

mixing ratios. formed in spring 1998 by Carpenter et al. (2000). The lower
The result of the linear fit for the filtered data (black circles NOy values could potentially be due to wall losses of HNO
in Fig. 13) is in the long sampling inlet. However, the comparison between
the NO measurements from the two instruments (not shown)
NOy_Empa= (0.89+ 0.004) *NOy_ETHZ 2 '
S pa=( 4)2* O @ which are not affected by such losses, reveals differences of
+(19£3)ppt R* = 0.97 the same order of magnitude in the daytime and therefore no
and the slope calculated only at low N@ixing ratios firm conclusion can be drawn on the source of the differences
(<1 ppb) is: between the two Nmeasurements.
NOy_Empa= (0.85+ 0.015 «NOy_ETHZ 3)

+(38+ 5)ppt, R? = 0.89.
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nation of snow accumulation inside the inlet and sunshine
(Fig. 3b). In December, however, only few sunny days were
recorded. The problem of contamination was more severe in
January and therefore the influence of snow photochemistry
is demonstrated for this month. Time series ofNfdncen-
trations and sunshine are shown in Fig. 14. Days with fresh
snowfall are denoted with a star symbol. The periodic di-
urnal peaks of ETHZ data were clearly correlated with sun-
shine days. The correlation with wind speed presented in
Fig. 15 additionally suggests that the pronounced diurnal cy-
cles in the ETHZ NQ measurements were mostly observed
on days with low wind speed. NO exhibits a pronounced di-
urnal cycle in both measurements but the maximum around
noon was almost a factor 3 higher for ETHZ than for Empa
/ : : : : : : (not shown). The elevated N@nd NO concentrations in the
' I ' ' I l I ETHZ measurements, which are clearly correlated with sun-
0 1 2 3 4 5 6 shine, thus strongly point towards photochemical production
of nitrogen oxides in the snow covered inlet.

Several previous studies indicated that nitrogen containing

Fig. 13. Correlation between NPEmpa and N@ ETHZ ten species adsorbed and dissolved in snow in the form of NO
minute averages in October (purple) and December (green). Th&hay be photolyzed to release N@om the snow pack and
dashed line represents one to one correspondence between dfi@tentially contribute to NQemission in the boundary layer
points and thick black line indicates linear fit to the filtered data (Honrath et al., 1999; Domine and Shepson, 2002; Grannas
(black) and inset figure displays the same correlation of filteredet al., 2007). At Summit, Greenland, for example,,N&vels
dataset at lower N@values up to 1 ppb. The red dashed line indi- in the interstitial air were 3 te-10 times higher than those in
cates linear fit at lower mixing ratios compared to the whole filtered ambjent air and greater than ambientNevels (Honrath et
dataset (thick black line). al., 1999).

Grannas et al. (2007) suggested that nitrate photolysis in

the aqueous phase proceeds by the following two channels.

NOy EMPA [ppb]
3
|

NOy ETHZ [ppb]

3.4 Possible influences of snow photochemistry and
local contamination NO; +hv — NO2+O~ (R1)

Snow photochemistryunlike the previous two months, the NOj + kv — NO, +OCP) (R2)
NOy measurements in January and February did not agree
except for a few short periods as shown in Fig. 11. Thg NO Where Reaction (R1) exceeds Reaction (R2) by a factor 8 to
inlet of ETHZ turned out not to protect sufficiently against 9. Therefore, we hypothesize that the periodic peaks found
heavy snow fall and as a consequence the measurements iinthe ETHZ NG, data were primarily due to N&emissions
January and February suffered from snow covering the tipfrom fresh snow. Subsequent partial photolysis of theeNO
of the NO and N@ inlets. The NABEL inlet is in turn  released from the snow would also explain the increase in
made of stainless steel and is heated to prevent accumulatioRO which was on average 3—4 times lower than the increase
of snow and ice under all circumstances (refer to Sect. 2.2n NOy. Although the situation with a snow-covered inlet
for sampling inlet details). Although these measurements okepresents an extreme case and no quantitative information
the ETHZ instrument cannot be trusted in absolute termscan be derived from this inadvertent experiment, the results
they provide some interesting insights into the problem ofare raising the question to what extent snow photochemistry
NOy photochemistry on snow surfaces which may affect anymight impact the measurements at a high alpine site such as
observations over snow-covered surfaces. Jungfraujoch which is snow-covered all year-round. How-
In January and February, the N@easurements of ETHZ  ever, the Empa system did not show such an increase in NO
showed a systematic diurnal cycle with an afternoon max-during daytime in January, suggesting that snow photochem-
imum not observed in the Empa measurements (Fig. 11)istry did not significantly impact the measurements, at least
At the time of the maximum the ETHZ NQconcentrations ~ during this month. However, it would be desirable to per-
were>3 times higher than those measured by Empa, particuform additional more quantitative experiments in the future
larly in January. To further evaluate these measurements thep assess the potential role of snow photochemistry for the
were compared with sunshine data and wind speeds takeNOy and NG, measurements at JFJ in detail.
from meteorological and climatological data base (CLIMAP-  Local influence:as mentioned earlier and also pointed
net, MeteoSwiss). Snow photochemistry requires a combi-out in other studies the measurements are occasionally

www.atmos-chem-phys.net/12/2551/2012/ Atmos. Chem. Phys., 12, 255%6§ 2012



2562 S. Pandey Deolal et al.: Long-term in situ measurements of N@nd NOy at Jungfraujoch

500
5
3.0
1

R2=0.98
M M M L wind speed > 10 m/s ° -

400
|
2 3 4
1 | |
%
NOy [ppb]
20
|

\

1.0

15
NOy EMPA [ppb]

300
1

0
1
L Y
0.0
1

—¥ K * kKK |

10
NOy [ppb]

200
1

Sunshine [minutes]

NOy ETHZ Hours of the day

5
3.0
1

- ) 1 re=03s

<« - wind speed <10 m/s T
A!l kM

TTTTTTT T T TTTTTTTTT
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 3

100
1

T
0
NOy EMPA [ppb]
2 3
| |
o
(-]
[
o
-]
&
NOy [ppb]
10 20
1 Il 1
5
>
b

January 2010 e T T T T T T g - T T T T
0 1 2 3 4 5 0 6 12 18
Fig. 14. Relationship of ETHZ N@ (red line) and Empa N{(blue NOy ETHZ [ppb] hours of the day
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shine duration, purple stars: days with snowfall). Fig. 15. Left panels: correlation between ETHZ N@nd Empa

NOy in January for conditions with high wind speed (top) and low
wind speed (bottom). Right panels: corresponding diurnal cycles of
influenced by local contamination sources such as dieseETHZ NOy (red) and Empa N(blue) for situations with high and
emissions from a snowcat used for tourist purposes in thdow wind speed, respectively.
warm season affecting the aerosol concentrations (Collaud
Coen et al., 2011), construction activity (Forrer et al., 2000),
and other activities including cigarette smoking on touristic
terrace. Therefore, we analyzed the daytime and nighttime
trends of NGQ and NG, separately since, except for construc-
tion activity, such influences are expected to be minimal at
nighttime. Figure 16 presents the time series of monthly me-
dian NG, concentrations separately for nighttime (00:00 h—
06:00hLT) and daytime (08:00 h—18:00 h LT). The Fig. 16
reveals that no significant differences exist between trends
in the nighttime and daytime measurements, a finding which
also holds for NQ. This suggests that despite episodic in-
fluences local contamination has no significant impact on the T T T T T T T T T T T T
. 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
long term measurements. It should be noted, that contamina:
tion events, particularly those related to construction activi-
ties, are always filtered up to the best possible informationrig. 16. Monthly median values of N@ daytime (08:00 h—
and not included in the measurement data series. 18:00hLT, black) and N nighttime (00:00 h—06:00 hLT), NO
daytime (08:00 h—18:00 h LT, blue) and N®ighttime (00:00 h—
06:00 h LT, green) from January 1998—-December 2009.

Monthly median [ppb]
1.0

0.5
1

0.0
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4 Conclusions

Changes in N@ concentrations at the high alpine site decrease in median values (except for the year 2003) which
Jungfraujoch, which are expected to be representative for thenight be due to decreasing N@missions over Europe and
lower free troposphere over Europe, were investigated for théNorth America. Other seasons, however, do not reveal a clear
period 1998-2009. Considering the whole period, the timetrend. NQ measurements at Jungfraujoch do not show any
series does not show a clear trend but rather a maximum igignificant changes but rather a large interannual variability.
the years 2002 to 2004 and a decline thereafter. The largesxcept for summer, the seasonal meanyN©Oncentrations
annual average of NOwas measured in 2003 with a large are strongly controlled by episodic pollution events explain-
positive anomaly coinciding with a maximum ingOThese  ing the large interannual variability which obscures any long-
high values were related to the European heat wave and werterm trend. The median values, which are expected to be less
probably caused by a combination of effects including stag-influenced by short pollution plumes, show some decreasing
nation of air masses over Europe and reduced wet depositiotendency in the autumn season in recent years consistent with
of NOy. If analyzed by season, the long-term changes inthe NG, decrease but otherwise no overall trend is observed.
NOy reveal some differences: Autumn (SON) values show aThis is different from NQ measurements at low elevation
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in Switzerland which show a clear decreasing trend at both Sessions, W. R., Harrigan, D. L., Huey, G., Liao, J., Case-Hanks,
urban and rural sites over the investigation period. yNO A, Jimenez, J. L., Cubison, M. J., Vay, S. A., Weinheimer, A.
changes at medium elevation sites in Switzerland (at 1000 J-, Knapp, D. J., Montzka, D. D., Flocke, F. M., Pollack, .
to 1600ma.s.l.) exhibit some similarity with N@hanges B., Wennberg, P. O., Kurten, A., Crounse, J., Clair, J. M. St.,
at Jungfraujoch, i.e. large variability in the early years and Wisthaler, A., Mikoviny, T., Yantosca, R. M., Carouge, C. C.,
a decrease in recent years. The high interannual variability 2"d L€ Sager, P.. Nitrogen oxides and PAN in plumes from bo-

in the early years is likely related to several biomass burn- real fires during ARCTAS-B and their impact on ozone: an in-
vy y tegrated analysis of aircraft and satellite observations, Atmos.

ing episodes (Yurganov et al., 2005) and the EI-Nino event ¢y phys., 10, 9739-9766pi:10.5194/acp-10-9739-2010
in 1998 (Koumoutsaris et al., 2008), as it is also observed in g1
the CO measurements. BAFU: NABEL — Luftbelastung 2010. Messresultate des Na-
The comparison between the ETHZ and Empa,Mia- tionalen Beobachtungsnetzefir f Luftfremdstoffe (NABEL),
surements showed on average 10 % lower values in Empa’s Bundesamt iir Umwelt, Bern, Umwelt-Zustand Nr. 1118,
instrument including all uncertainties and errors. This may 126 pp., http://www.umwelt-schweiz.ch/uz-1118-dast ac-
point to minor losses of HN@in the Empa’s sampling in- cess: 5 March 2012.
let, which is in agreement with the earlier inter-comparison Baltensperger, U., Gaggeler, H. W., Jost, D. T., Lugauer, M.,
performed in spring 1998 by Carpenter et al. (2000). How- Schwikowski, M., \_Nelnga_rtner,_ E., and Sel_bert, P.: Aerosol cli-
ever, significant deviations were observed between ETHZ matology at the high-alpine site Jungfraujoch, Switzerland, J.
. . : . Geophys. Res.-Atmos., 102, 19707-19715, 1997.
a!’ld Empa measu_rements particularly du”n_g day time ,W't_hBaIzani Loov, J. M., Henne, S., Legreid, G., Staehelin, J., Reimann,
hlgher conce.ntratlons measured'by ETHZ In.st.ru.ment 'n.d" S., Prevot, A. S. H., Steinbacher, M., and Vollmer, M. K.: Esti-
cating some influences from the immediate vicinity (touris-  mation of background concentrations of trace gases at the Swiss
tic platform). However, local contaminations from touristic  Alpine site Jungfraujoch (3580 m asl), J. Geophys. Res.-Atmos.,
activity or other sources do not impart the long term changes 113, D22305¢0i:10.1029/2007jd009752008.
as demonstrated by a comparison of daytime and nighttim@ertman, S. B., Roberts, J. M., Parrish, D. D., Buhr, M. P., Goldan,
measurements. P. D., Kuster, W. C., Fehsenfeld, F. C., Montzka, S. A., and West-
A large discrepancy between the two measurements was Perg. H.: Evolution of alkyl nitrates wit_h air mass age, J. Geo-
observed in January and February when ETHZ measure- ‘iggz Res.-Atmos., 100, 22805-2281i8j:10.1029/95JD02030
T o e e 0 ol .3, S . . Fahy D, and Feordl,
. . . . C.: Conversion of nitrogen dioxide, nitric acid, and n-propy! ni-
let, which caused-3 times higher N@ concentrations mea-

. ) trate to nitric oxide by a gold-catalyzed reduction with carbon
sured by the ETHZ instrument favored by photochemistry  onoxide, Anal. Chem., 55, 1980-1986, 1983.

and low wind speed. Itis quite challenging to assess whethegottenheim, J. W., Gallant, A. G., and Brice, K. A.: Measurements
the long-term N@ measurements can be influenced by snow  of NOy Species and @at 82 N Latitude, Geophys. Res. Lett.,
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ated between snow covered mountains. Therefore an addBronnimann, S., Schuepbach, E., Zanis, P., Buchmann, B., and
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