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1. Project description

Empa launched its first atmospheric measurements at Jungfraujoch
in 1973 as part of an early engagement of Switzerland in a
programme initiated by the Organisation for Economic Co-
operation and Development (OECD). In 1978, Empa and the Swiss
Federal Office for the Environment (FOEN/BAFU) established the
Swiss National Air Pollution Monitoring Network (NABEL), with
Jungfraujoch (JFJ) being one of the first 8 sites. In 1990/1991, the
NABEL network was extended to 16 monitoring stations that are
distributed across Switzerland. The monitoring stations represent
the most important air pollution levels ranging from the urban
kerbside to the remote background.

Empa's current measurement program at Jungfraujoch includes
continuous in-situ analyses of air pollutants such as ozone (03),
carbon monoxide (CO), nitrogen monoxide (NO), nitrogen dioxide
(NO,), sulphur dioxide (SO3), and particulate matter. The latter are
measured as PM10 (particles < 10 um), PM2.5 (< 2.5 um), PM1 (< 1
um), and the particle number concentration (PNC) between 0.18
and 18 um. In addition, the greenhouse gases carbon dioxide (CO,),
methane (CH4) and nitrous oxide (N,O) are monitored. All these
data are stored as 10-min averages. An extended set of halocarbons
(e.g. CFCs, HFCs), sulphur hexafluoride (SFs) and a selection of
volatile organic compounds (alkanes, aromatics) are measured with
a time resolution of two hours. Daily samples are taken to quantify
particulate sulphur and PM10.

2. Identification of free tropospheric conditions

Due to its altitude, Jungfraujoch is predominantly exposed to
pristine air masses representing the lower free troposphere over
Central Europe. However, as the station is surrounded by highly
industrialized regions at much lower altitudes, influence of (less
pristine) air masses from lower atmospheric layers to Jungfraujoch
is occasionally observed, driven for example by synoptic
phenomena like frontal passages or by thermally induced flow
systems during fair weather days. An analysis of station
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representativeness for a variety of European atmospheric
monitoring stations categorized Jungfraujoch as "mostly remote"
(Henne et al.,, 2010). A more recent study analysing the local
topography around 43 high altitude stations world-wide identified
Jungfraujoch as one of the three stations with lowest boundary
layer influence in Europe (Collaud Coen et al., 2018).

Separating the observed time series at Jungfraujoch into subsets
according to its exposure can be of interest for various reasons: (a)
data sampled under free tropospheric conditions are characterized
by an enlarged spatial representativeness giving the subset an
eminent status, especially when investigating large scale
phenomena and processes in the background atmosphere; the
selection of free tropospheric data also allows for a more robust
and more representative trend determination as the statistical
regression will be less affected by sporadic and temporally irregular
planetary boundary layer (PBL) influences; (b) the remainder of the
data, i.e. the non-background data, can be used to investigate the
underlying transport processes and to quantify the source and sink
strengths for specific pollution events and as part of inverse
emission modelling; background data can be used to determine the
hypothetical baseline conditions during these events, and excess
concentrations above the baseline can be determined; (c) transport
regimes and processes can be specifically investigated for
background and non-background conditions.

The discrimination between free troposphere conditions and
episodes under the influence of air masses originating from the
planetary boundary layer is a challenging issue. For one, the highly
variable and complex structure of the atmospheric boundary layer
in complex terrain differs from that over flat terrain by potentially
featuring an additional layer that is sporadically mixing with the
lower boundary layer ('injection layer', 'aerosol layer'). In addition,
the effects of PBL influence differs strongly across various trace
gases and aerosol parameters. The degree of this influence
depends on the absolute tropospheric burden, the free
troposphere to boundary layer gradients, and the reactivity and
lifetime of the species.
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At mountain stations, a simple restriction of the in-situ data to
nighttime conditions can be an easy and straightforward approach
that eliminates most of the events with local to regional influence
during fair-weather conditions, but may not suffice in the presence
of persistent residual layers. Such a basic filtering is for example
applied for data compilations of a large number of stations, like the
Obspack data release (Schuldt et al., 2021) because a station-
tailored but comparable sophisticated selection method (as
presented below) is beyond the scope of the Obspack collection
activity. At Jungfraujoch, the application of approaches to
discriminate free troposphere conditions and planetary boundary
layer episodes has a long history. Below, a summary of selected
publications is given that either qualitatively describe the PBL
influence at Jungfraujoch or quantitatively provide estimates of the
frequency of such events.

Filtering based on synoptic patterns

First efforts focussed on a combination of trace gas observations at
different altitudes across Switzerland, meteorological data, early
versions of transport modelling, and a coarse parametrization of
synoptic patterns by the Alpine Weather Statistics (Forrer et al.,
2000). The meteorological filtering was refined later to identify
periods subject to potential perturbation due to local or regional
pollution sources (Zellweger et al., 2003). In this publication, free
tropospheric conditions were separated from Foehn events,
thermally induced convection and synoptic lifting to the
Jungfraujoch station. Figure 1 illustrates the frequency of the
occurrence, separated for autumn/winter and spring/summer
periods. Free tropospheric conditions are less frequent in
spring/summer than in autumn/winter mainly due to the stronger
appearance of thermal convection when solar irradiation is higher.
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Figure 1. Frequency of meteorological conditions at Jungfraujoch
for the period between April 1997 and March 1999 (NF = north
foehn, SF = south foehn, THER = thermally induced vertical
transport, SYN = synoptic lifting). Autumn/winter refers to
September to February, spring/summer to March to August (from
Zellweger et al. (2003), in accordance with creative commons
licence CC BY-NC-SA 2.5).

Collaud Coen et al. (2011) applied the Alpine Weather Statistics to
an extended set (fourteen years) of meteorological parameters,
aerosol variables, and trace gases. They showed that increases in
carbon monoxide (CO) concentrations due to export of PBL air
masses to Jungfraujoch were most pronounced during convective
anticyclonic weather conditions.

Woater vapour as a proxy

The usefulness of atmospheric water vapour as a tracer for
investigating the vertical transport of air masses from the PBL into
higher atmospheric layers has been shown by Henne et al. (2005).
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Cooper et al. (2020) also used the specific humidity as proxy for PBL
influence at mountain stations. They compared the humidity at
Jungfraujoch with the humidity measured on-board aircrafts within
the In-Service Aircraft for the Global Observing System (IAGOS)
program at 650 hPa above Western Europe. Due to generally larger
specific humidity values at Jungfraujoch, especially in summer
during daytime, they concluded that Jungfraujoch observations are
not fully representative of the lower free-troposphere and that
data need to be carefully filtered to avoid boundary layer air
contributions.

Filtering based on trace gas — trace gas ratios

The Free Tropospheric Experiment (FREETEX) campaign in 1998
aimed at improving the understanding the ozone production
efficiency in the free troposphere (Carpenter et al., 2000). As part
of the campaign, additional observations were implemented to
record key parameters being important for ozone photochemistry.
One of the newly measured parameters was NOy, which represents
the sum of oxidized nitrogen species. Carpenter et al. (2000) used
criteria of CO below 200 ppb and a NOx to NOy ratio of smaller than
0.3, with NOx being the sum of nitrogen monoxide (NO) and
nitrogen dioxide (NO,). Shortly after, this approach was modified
by Zellweger et al. (2003), who used the NOy to CO ratio as an
indicator for rather fresh emissions. Due to their different lifetimes
in the atmosphere, NOy to CO ratios were found to be a useful
proxy already in the early 1990s. Jaeglé et al. (1998) have shown
over the United States that NOy/CO ratios were on the order of 0.1
close to anthropogenic sources, while values of 0.005 were
observed in the upper troposphere. Since the publication of
Zellweger et al. (2003), the NOy/CO ratio at Jungfraujoch was used
by several studies (e.g. Zanis et al., 2007; Pandey Deolal et al., 2013,
Herrmann et al.,, 2015; Lacher et al.,, 2018) to identify free
tropospheric conditions at Jungfraujoch. NOy/CO thresholds used,
depending on the study and season, were between 0.03 and 0.08,
with values below the threshold being selected as representative
for the free troposphere. Due to trends in emissions and
concentrations in the boundary layer for both carbon monoxide
and the nitrogen species, threshold values likely need to be
adjusted over time when applying to long-term observations.

Filtering based on Radon concentrations

Radon is a radioactive noble gas, which is naturally emitted from
land surfaces. Radon-222 (?*2Rn) is the most stable isotope of
radon. Radioactive decay is its only sink in the atmosphere,
resulting in an atmospheric half-life of 3.8 d. This makes ???Rn a
useful tracer of surface influence. Several studies have shown the
value of Radon measurements at Jungfraujoch: Griffiths et al.
(2014) analysed diurnal 222Rn cycles at Jungfraujoch and Bern for
2010 and 2011 and estimated that boundary layer air masses
reached the Jungfraujoch station on about 40% of the days from
April to September. Chambers et al. (2016) compared %??Rn
concentrations at Jungfraujoch, Mauna Loa (a remote high-altitude
island site on Hawaii), and Cape Grim (a coastal low-altitude site in
Tasmania). The identification of the least terrestrially influenced air
masses revealed that the definition of a generic 222Rn threshold
selecting background air masses is unfeasible because
Jungfraujoch, located in Central Europe, never reaches ?>2Rn values
that are as low as at Mauna Loa or at Cape Grim. Griffiths et al.
(2014) showed that a ?22Rn threshold of 1000 mBg m~3 was suited
to identify aerosol scattering coefficients representative for
background. Chambers et al. (2016) concluded that concentrations
of selected trace gases and water vapour remain particularly low
for 222Rn below 300 mBg m~. Most recently, Brunner et al. (2021)
determined the probability of Jungfraujoch's exposure to free
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tropospheric conditions by fitting two lognormal distributions to
the observed bimodal frequency distribution of 11 years of 222Rn
data at Jungfraujoch. The distribution representing free
tropospheric conditions showed a mean value of about 726
mBq m3, while the other distribution, corresponding to conditions
under PBL influence, was centred around 2529 mBg m™3.

Statistical filtering

The atmospheric composition in well-mixed free tropospheric air
masses is usually characterized by rather low short-term variability.
This allows to apply statistical methods to the observed time series
for background condition identification. Unlike the other methods
mentioned above, statistical approaches usually do not require
additional observations next to the target species. This makes them
rather universally applicable. However, various parameters of the
statistical filtering can be usually changed (e.g. fitting windows,
thresholds, exclusion criteria, etc.) and need to be adapted
according to the characteristic of the target species and the specific
conditions of a station. An early approach for analyzing and filtering
CO, data from Mauna Loa was published already in 1989 (Thoning
et al., 1989). Later, other applications of statistical methods were
developed and applied to Jungfraujoch data, like the Robust
Extraction of Baseline Signal (REBS) (Ruckstuhl et al., 2012) or the
Adaptive Diurnal minimum Variation Selection (ADVS) (Yuan et al.,
2018).

Filtering according to atmospheric transport modelling

Atmospheric transport modelling, and especially its application to
calculate backward trajectories to investigate the origin of the air
masses arriving at Jungfraujoch, became a common approach in
recent years. Improvements of the models, better temporal and
spatial resolution, and more powerful computational resources
allow reliable estimates of the movement of the air masses prior to
their arrival at Jungfraujoch. Applications of several models to a
variety of Jungfraujoch time series have been published in the last
15 years (Reimann et al, 2008; Cui et al, 2011; Keller et al., 2011;
Herrmann et al. 2015; Yu et al., 2020). Figure 2 shows results from
a 20-day backward trajectory analysis for the 1990 to 2008 period.
This analysis identified about 15-20% and 20-25% of the air masses
arriving at Jungfraujoch to be of free tropospheric origin in spring
and summer, respectively.

60—

50

Percent of dataset [%]
© -
8 5

N
=}

S
L
I

1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

Figure 2. Frequency of the origin of the air masses arriving at
Jungfraujoch in spring (left) and summer (right): European PBL
(red); free troposphere (blue); North American PBL (yellow); marine
boundary layer (sky blue); stratosphere (dark grey); African PBL
(magenta); and Asian PBL (green) (from Cui et al. (2011), with
permission).

Herrmann et al. (2015) compared in their analysis three different
methods to select free tropospheric conditions at Jungfraujoch. The
results are shown in Figure 3. The three methods — 222Rn, NOy/CO,
and contact of the backward trajectories with the planetary
boundary layer — confirmed previous findings in terms of seasonal
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variations. Free tropospheric conditions at Jungfraujoch were more
prevalent in fall and winter than in spring and summer. However,
the three methods did not fully agree in terms of the occurrences
for the individual months.
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Figure 3. Relative occurrence of free tropospheric (FT) conditions at
Jungfraujoch (from Herrmann et al. (2015), with permission).

Most recently, Pieber et al. (2021) combined results from global
and European model simulations and emissions inventories. They
determined background concentrations by the global model at the
boundaries of the regional, European, model.

Boundary layer height determination with ceilometer

In August 2014, a ceilometer was installed at the Kleine Scheidegg,
about 4.5 km north-west and 1.5 km below Jungfraujoch. The
backscatter signal of the ceilometer allows the determination of
the height of the convective boundary layer height and the
continuous aerosol layer above the instrument, both proxies for the
height of the planetary boundary and aerosol layer around
Jungfraujoch (Poltera et al.; 2017). Standardized operational
retrieval algorithms are currently developed (Kotthaus et al., 2020).
Planetary boundary and aerosol layer height data retrieved from
the ceilometer data were recently used in a study by Affolter et al.
(2021).

Conclusions

The identification and selection of most-representative conditions
with least local to regional influence is a common issue, especially
for background monitoring stations at high altitudes or at the coast.
For coastal station with clearly defined sectors for advection of
pristine marine air masses, the local wind direction can be a good
parameter to separate clean air conditions from episodes with local
to regional influence. This is, however, an unsuitable approach for
Jungfraujoch due to the location in Central Europe and the
topography surrounding the station that strongly affects the local
wind measurements. As shown in this review, many different
approaches were developed over the last 25 years. However, no
clear best-performing method can be recommended since a
station-specific one-fits-all approach does not exist. The method of
choice needs to be selected (and likely adapted) according to the
species of interest and the research question. Similarly, the
application of a common approach to several monitoring stations
is also often inappropriate. Different station characteristic such as
altitude, topography, climatology, exposure, vicinity to different
sources etc. usually require an adjustment of the selection
procedure.

Acknowledgements

We thank the International Foundation High Altitude Research Stations
Jungfraujoch and Gornergrat (HFSJG) for providing access to the facilities
and the custodians at Jungfraujoch for their dedicated support of the
observations. The Swiss National air Pollution Monitoring Network is run by
Empa in collaboration with the Swiss Federal Office for the Environment
(FOEN). Greenhouse gas observations at Jungfraujoch are also supported
through ICOS Switzerland, which is funded by the Swiss National Science



International Foundation HFSJG

Activity Report 2021

Foundation, in-house contributions and the State Secretariat for Education,
Research and Innovation (grants 20FI21_148992, 20FI20_173691, and
20F120_198227).

References

Affolter S., M. Schibig, T. Berhanu, N. Bukowiecki, M. Steinbacher, P.
Nyfeler, J. Lauper, M. Leuenberger, Assessing local CO2 contamination
revealed by two near-by high altitude records at Jungfraujoch, Switzerland,
Env. Res. Let., 16, 044037, https://doi.org/10.1088/1748-9326/abe74a,
2021.

Brunner C., B. T. Brem, M. Collaud Coen, F. Conen, M. Hervo, S. Henne, M.
Steinbacher, M. Gysel-Beer, Z. A. Kanji, The contribution of Saharan dust to
the ice nucleating particle concentrations at the High Altitude Station
Jungfraujoch (3580 m a.s.l.), Switzerland, Atmos. Chem. Phys., 21, 18029—
18053, https://doi.org/10.5194/acp-21-18029-2021, 2021.

Carpenter L., T. J. Green, G. P. Mills, S. Baugitte, S. A. Penkett, P. Zanis, E.
Schuepbach, N. Schmidbauer, P. S. Monks, C. Zellweger, Oxidized nitrogen
and ozone production efficiencies in the springtime free troposphere over
the Alps, J. Geophys. Res., 105 (D11), 14547-14559, 2000.

Chambers S. D., A. G. Williams, F. Conen, A. D. Griffiths, S. Reimann, M.
Steinbacher, P. B. Krummel, L. P. Steele, M. V. van der Schoot, I. E. Galbally,
S. B. Molloy, J. E. Barnes, Towards a universal “baseline” characterisation of
air masses for high- and low-altitude observing stations using Radon-222,
Aerosol Air Quality Res., 16, 885-899, 2016.

Collaud Coen, M., E. Andrews, D. Aliaga, M. Andrade, H. Angelov, N.
Bukowiecki, M. Ealo, P. Fialho, H. Flentje, A.G. Hallar, R. Hooda, I. Kalapov,
R. Krejci, N.-H. Lin, A. Marinoni, J. Ming, N.A. Nguyen, M. Pandolfi, V. Pont,
L. Ries, S. Rodriguez, G. Schauer, K. Sellegri, S. Sharma, J. Sun, P. Tunved, P.
Velasquez, D. Ruffieux, Identification of topographic features influencing
aerosol observations at high altitude stations, Atmos. Chem. Phys., 18,
12289-12313, https://doi.org/10.5194/acp-18-12289-2018, 2018.

Collaud Coen M., E. Weingartner, M. Furger, S. Nyeki, A. S. H. Prevot, M.
Steinbacher, U. Baltensperger, Aerosol climatology and planetary boundary
influence at the Jungfraujoch analyzed by synoptic weather types, Atmos.
Chem. Phys., 11, 5931-5944, 2011.

Cooper O. R., M. G. Schultz, S. Schroder, K.-L. Chang, A. Gaudel, G. Carbajal-
Benitez, E. Cuevas, M. Frohlich, I. E. Galbally, S. Molloy, D. Kubistin, X. Lu, A.
McClure-Begley, P. Nedelec, J. O'Brien, S. J. Oltmans, I. Petrapavlovskihk, L.
Ries, I. Senik, K. Sjoberg, S. Solberg, G. T. Spain, W. Spangl, M. Steinbacher,
D. Tarasick, V. Thouret, X. Xu, Multi-decadal surface ozone trends at globally
distributed remote locations, Elementa, 8 (23),
http://doi.org/10.1525/elementa.420, 2020.

Cui J., S. Pandey Deolal, M. Sprenger, S. Henne, J. Staehelin, M. Steinbacher,
P. Nedelec, Free Tropospheric Ozone Changes Over Europe as Observed at
Jungfraujoch (1990-2008): An Analysis Based on Backward Trajectories, J.
Geophys. Res., 116, D10304, doi: 10.1029/2010JD05154, 2011.

Forrer J., R. Ruttimann, D. Schneiter, A. Fischer, B. Buchmann, P. Hofer,
Variability of trace gases at the high-Alpine site Jungfraujoch caused by
meteorological transport processes, J. Geophys. Res., 105 (D10), 12241-
12251, 2000.

Griffiths, A. D., F. Conen, E. Weingartner, L. Zimmermann, S. D. Chambers,
A. G. Williams, M. Steinbacher, Surface-to-mountaintop transport
characterised by radon observations at the Jungfraujoch, Atmos. Chem.
Phys., 14, 12763-12779, 2014.

Henne, S., D. Brunner, D. Folini, S. Solberg, J. Klausen, B. Buchmann,
Assessment of parameters describing representativeness of air quality in-
situ  measurement sites, Atmos. Chem. Phys.,, 10, 3561-3581,
https://doi.org/10.5194/acp-10-3561-2010, 2010.

Henne S., M. Furger, A.S.H. Prévét, Climatology of mountain venting
induced moisture layers in the lee of the Alps, J. Appl. Meteor., 44, 620-633,
2005.

Herrmann E., M. Gysel, E. Weingartner, S. Henne, N. Bukowiecki, E.
Hammer, Z. Juranyi, M. Collaud Coen, L. Vuilleumier, M. Steinbacher, F.
Conen, U. Baltensperger, Analysis of long-term aerosol size distribution data
from Jungfraujoch with emphasis on free tropospheric conditions, cloud
influence, and air mass transport, J. Geophys. Res., 120, doi
10.1002/2015JD023660, 2015.

32

Jaeglé, L., D.J. Jacob, Y. Wang, A.J. Weinheimer, B.A. Ridley, T.L. Campos,
G.W. Sachse, D.E. Hagen, Sources and chemistry of NOx in the upper
troposphere over the United States, Geophys. Res. Lett., 25 (10), 1705-170,
1998.

Keller, C. A., D. Brunner, S. Henne, M. K. Vollmer, S. O’Doherty, S. Reimann,
Evidence for under-reported western European emissions of the potent
greenhouse gas HFC-23, Geophys. Res. Lett, 38, L15808,
doi:10.1029/2011GL047976, 2011.

Kotthaus, S.; M. Haeffelin, M.-A. Drouin, J.-C. Dupont, S. Grimmond, A.
Haefele, M. Hervo, Y. Poltera, M. Wiegner, Tailored Algorithms for the
Detection of the Atmospheric Boundary Layer Height from Common
Automatic Lidars and Ceilometers (ALC), Remote Sens., 12, 3259.
https://doi.org/10.3390/rs12193259, 2020

Lacher L., P. J. DeMott, E. J. T. Levin, K. J. Suski, Y. Boose, A. Zipori, E.
Herrmann, N. Bukowiecki, M. Steinbacher, E. Gute, J. P. D. Abbatt, U.
Lohmann, Z. A. Kanji, Background free-tropospheric ice nucleating particle
concentrations at mixed-phase cloud conditions, J. Geophys. Res., 123,
https://doi.org/10.1029/2018)D028338, 2018.

Pandey Deloal S., J. Staehelin, D. Brunner, J. Cui, M. Steinbacher, C.
Zellweger, S. Henne, M. K. Vollmer, Transport of PAN and NOy from
different source regions to the Swiss high alpine site Jungfraujoch, Atmos.
Env., 64, 103-115, 2013.

Pieber S. M., B. Tuzson, S. Henne, U. Karstens, C. Gerbig, F.-T. Koch, D.
Brunner, M. Steinbacher, C. Emmenegger, Analysis of regional CO2
contributions at the high Alpine observatory Jungfraujoch by means of
atmospheric transport simulations and §13C, Atmos. Chem. Phys. Disc, in
review, https://doi.org/10.5194/acp-2021-644, 2021.

Poltera, Y., G. Martucci, M. Collaud Coen, M., Hervo, L. Emmenegger, S.
Henne, D. Brunner, A. Haefele, PathfinderTURB: an automatic boundary
layer algorithm. Development, validation and application to study the
impact on in situ measurements at the Jungfraujoch, Atmos. Chem. Phys.,
17, 10051-10070, https://doi.org/10.5194/acp-17-10051-2017, 2017.

Reimann S., M.K. Vollmer, D. Folini, M. Steinbacher, M. Hill, B. Buchmann,
R. Zander, E. Mahieu, Observations of Long-Lived Anthropogenic
Halocarbons at the High-Alpine site of Jungfraujoch (Switzerland) for
Assessment of Trends and European Sources, Sc. Tot. Env., 391, 224-231,
2008.

Ruckstuhl A. F., S. Henne, S. Reimann, M. Steinbacher, B. Buchmann, C.
Hueglin, Robust extraction of baseline signal of atmospheric trace species
using local regression, Atmos. Meas. Techn., 5, 2613-2624, 2012.

Schuldt, K.N., J. Mund, I.T. Luijkx, T. Aalto, J.B. Abshire, K.Aikin, A.Andrews,
S.Aoki, F. Apadula, B. Baier, P. Bakwin, J. Bartyzel, G. Bentz, P. Bergamaschi,
A. Beyersdorf, T. Biermann, S.C. Biraud, H. Boenisch, D. Bowling, G.
Brailsford, G. Chen, H. Chen, L. Chmura, S. Clark, S. Climadat, A. Colomb, R.
Commane, S. Conil, A. Cox, P. Cristofanelli, E. Cuevas, R. Curcoll, B. Daube,
K. Davis, M. De Maziére, S. De Wekker, J. Della Coletta, M. Delmotte, J.P.
DiGangi, E. Dlugokencky, J.W. Elkins, L. Emmenegger, S. Fang, M.L. Fischer,
G. Forster, A. Frumau, M. Galkowski, L.V. Gatti, T. Gehrlein, C. Gerbig, F.
Gheusi, E. Gloor, V. Gomez-Trueba, D. Goto, T. Griffis, S. Hammer, C.
Hanson, L. Haszpra, J. Hatakka, M. Heimann, M. Heliasz, A. Hensen, O.
Hermanssen, E. Hintsa, J. Holst, V. Ivakhov, D. Jaffe, W. Joubert, A. Karion,
S.R. Kawa, V. Kazan, R. Keeling, P. Keronen, P. Kolari, K. Kominkova, Eric Kort,
E. Kozlova, P. Krummel, D. Kubistin, C. Labuschagne, D.H. Lam, R.
Langenfelds, O. Laurent, T. Laurila, T. Lauvaux, J. Lavric, B. Law, O.S. Lee, J.
Lee, I. Lehner, R. Leppert, M. Leuenberger, I. Levin, J. Levula, J. Lin, M.
Lindauer, Z. Loh, M. Lopez, T. Machida, I. Mammarella, G. Manca, A.
Manning, A. Manning, M.V. Marek, M.Y. Martin, H. Matsueda, K. McKain, H.
Meijer, F. Meinhardt, L. Merchant, N. Mihalopoulos, N. Miles, C.E. Miller,
J.B. Miller, L. Mitchell, S. Montzka, F. Moore, E. Morgan, J.-A. Morgui, S.
Morimoto, B. Munger, D. Munro, C. Lund Myhre, M. Molder, J. Miller-
Williams, J. Necki, S. Newman, S. Nichol, Y. Niwa, S. O'Doherty, F.
Obersteiner, B. Paplawsky, J. Peischl, O. Peltola, S. Piacentino, J.M. Pichon,
S. Piper, C. Plass-Duelmer, M. Ramonet, R. Ramos, E. Reyes-Sanchez, S.
Richardson, H. Riris, P.P. Rivas, T. Ryerson, K. Saito, M. Sargent, M.
Sasakawa, D. Say, B. Scheeren, T. Schuck, M. Schumacher, T. Seifert, M.K.
Sha, P. Shepson, M. Shook, C.D. Sloop, P. Smith, M. Steinbacher, B.
Stephens, C. Sweeney, P. Tans, K. Thoning, H. Timas, M. Torn, P. Trisolino, J.
Turnbull, K. Tgrseth, A. Vermeulen, B. Viner, G. Vitkova, S. Walker, A.
Watson, S. Wofsy, J. Worsey, D. Worthy, D. Young, S. Zaehle, A. Zahn, M.



International Foundation HFSJG

Activity Report 2021

Zimnoch, A.G. di Sarra, D. van Dinther, P. van den Bulk, Multi-laboratory
compilation of atmospheric carbon dioxide data for the period 1957-2020,
obspack_co2_1 GLOBALVIEWplus_v7.0_2021-08-18, NOAA Earth System
Research Laboratory, Global Monitoring Laboratory.
http://doi.org/10.25925/20210801, 2021.

Thoning, K.W., P.P. Tans, W.D. Komhyr, Atmospheric Carbon Dioxide at
Mauna Loa Observatory, 2. Analysis of the NOAA GMCC Data, 1974-1985, J.
Geophys. Res., 94 (D6), 8549-8565, 1989.

Yu L., E. Harris, S. Henne, S. Eggleston, M. Steinbacher, L. Emmenegger, C.
Zellweger, J. Mohn, The isotopic composition of atmospheric nitrous oxide
observed at the high-altitude research station Jungfraujoch, Switzerland,
Atmos. Chem. Phys., 20, 6495-6519, https://doi.org/10.5194/acp-20-6495-
2020, 2020.

Yuan Y., L. Ries, H. Petermeier, M. Steinbacher, A. J. Gomez-Pelaez, M. C.
Leuenberger, M. Schumacher, T. Trickl, C. Couret, F. Meinhardt, A. Menzel,
Adaptive selection of diurnal minimum variation: a statistical strategy to
obtain representative atmospheric CO2 data and its application to
European elevated mountain stations, Atmos. Meas. Techn., 11, 1501
1514, 2018, https://doi.org/10.5194/amt-11-1501-2018, 2018.

Zanis P., A. Ganser, C. Zellweger, S. Henne, M. Steinbacher, J. Staehelin,
Seasonal variability of measured Ozone Production Efficiencies in the lower
free troposphere of Central Europe. Atmos. Chem. Phys., 7, 223-236, 2007.

Zellweger, C., J. Forrer, P. Hofer, S. Nyeki, B. Schwarzenbach, E.
Weingartner, M. Ammann, U. Baltensperger, Partitioning of reactive
nitrogen (NOy) and dependence on meteorological conditions in the lower
free troposphere, Atmos. Chem. Phys., 3, 779-796,
https://doi.org/10.5194/acp-3-779-2003, 2003.

Internet data bases

http://empa.ch/web/s503/nabel
https://www.bafu.admin.ch/bafu/de/home/themen/Iuft/zustand/daten.h
tml

https://www.icos-cp.eu/

https://icos-atc.Isce.ipsl.fr/JF)

Collaborating partners / networks

Bundesamt fir Umwelt (BAFU) / Federal Office for the Environment (FOEN)
Belgian Institute for Space Aeronomy, Brussels

Climate and Environmental Physics, University of Bern
Environmental Geosciences, University of Basel

Institut d'Astrophysique et de Géophysique, Université de Liege
Institute for Atmospheric and Climate Science, ETH Zurich

Laboratory of Atmospheric Chemistry, Paul Scherrer Institut
MeteoSchweiz

World Meteorological Organisation (WMO)

ACTRIS — Aerosol, Clouds, and Trace Gases Research Network

EMEP — European Monitoring and Evaluation Programme

GAW - Global Atmosphere Watch

ICOS — Integrated Carbon Obervation System Research Infrastructure
IG3IS — Integrated Global Greenhouse Gas Information System
NABEL — Swiss National Air Pollution Monitoring Network

VAO — Virtual Alpine Observatory

Scientific publications and public outreach 2021

Refereed journal articles and their internet access

Affolter S., M. Schibig, T. Berhanu, N. Bukowiecki, M. Steinbacher, P.
Nyfeler, J. Lauper, M. Leuenberger, Assessing local CO2 contamination
revealed by two near-by high altitude records at Jungfraujoch, Switzerland,
Env. Res. Let., 16, 044037, https://doi.org/10.1088/1748-9326/abe74a,
2021.

Brunner C., B. T. Brem, M. Collaud Coen, F. Conen, M. Hervo, S. Henne, M.
Steinbacher, M. Gysel-Beer, Z. A. Kanji, The contribution of Saharan dust to
the ice nucleating particle concentrations at the High Altitude Station
Jungfraujoch (3580 m a.s.l.), Switzerland, Atmos. Chem. Phys., 21, 18029-
18053, https://doi.org/10.5194/acp-21-18029-2021, 2021.

Brunner C., B. T. Brem, M. Collaud Coen, F. Conen, M. Steinbacher, M. Gysel-
Beer, Z. A. Kanji, The diurnal and seasonal variability of ice nucleating
particles at the High Altitude Station Jungfraujoch (3580ma.s.l.),

33

Switzerland, Atmos. Chem. Phys. Disc., https://doi.org/10.5194/acp-2021-
710, in review, 2021.

Eugster W., L. P. Baumgartner, O. Bachmann, U. Baltensperger, P. Dézes, N.
Dubois, A. Foubert, M. Heitzler, K. Henggeler, G. Hetényi, L. Hurni, O.
Mintener, A. Nenes, C. Reymond, C. R60sli, M. Rothacher, M. Schaub, M.
Steinbacher, H. Vogel, and the RoTaGeo Team, Geosciences Roadmap for
Research Infrastructures 2025-2028 by the Swiss Geosciences Community,
Swiss Academies Reports, 16, 4, https://doi.org/10.5281/zenodo.4588881,
2021.

Heiskanen J., C. Brimmer, N. Buchmann, C. Calfapietra, H. Chen, B. Gielen,
T. Gkritzalis, S. Hammer, S. Hartman, M. Herbst, I. A. Janssens, A. Jordan, E.
Juurola, U. Karstens, V. Kasurinen, B. Kruijt, H. Lankreijer, I. Levin, M.-L.
Linderson, D. Lousteau, L. Merbold, C. Lund Myhre, D. Papale, M. Pavelka,
K. Pilegaard, M. Ramonet, C. Rebmann, J. Rinne, L. Rivier, E. Saltikoff, R.
Sanders, M. Steinbacher, T. Steinhoff, A. Watson, A. T. Vermeulen, T. Vesala,
G. Vitkova, W. Kutsch, The Integrated Carbon Observation System in
Europe, Bull. American Meteor. Soc., 1-54, https://doi.org/10.1175/BAMS-
D-19-0364.1, 2021.

Lacher L., H.-C. Clemen, X. Shen, S. Mertes, M. Gysel-Beer, A. Moallemi, M.
Steinbacher, S. Henne, H. Saathoff, O. Mohler, K. Hohler, T. Schiebel, D.
Weber, J. Schrod, J. Schneider, Z. A. Kanji, Sources and nature of ice-
nucleating particles in the free troposphere at Jungfraujoch in winter 2017,
Atmos. Chem. Phys., 21, 16925-16953, https://doi.org/10.5194/acp-21-
16925-2021, 2021.

Pieber S. M., B. Tuzson, S. Henne, U. Karstens, C. Gerbig, F.-T. Koch, D.
Brunner, M. Steinbacher, C. Emmenegger, Analysis of regional CO2
contributions at the high Alpine observatory Jungfraujoch by means of
atmospheric transport simulations and §13C, Atmos. Chem. Phys. Disc., in
review, https://doi.org/10.5194/acp-2021-644, 2021.

Resovsky A., M. Ramonet, L. Rivier, J. Tarniewicz, P. Ciais, M. Steinbacher, I.
Mammarella, M. Mélder, M. Heliasz, D. Kubistin, M. Lindauer, J. Miller-
Williams, S. Conil, R. Engelen, An algorithm to detect non-background
signals in greenhouse gas time series from European tall tower and
mountain  stations,  Atmos. Meas. Techn., 14, 6119-6135,
https://doi.org/10.5194/amt-14-6119-2021, 2021.

Schneider M., B. Ertl, C. J. Diekmann, F. Khosrawi, A. N. Réhling, F. Hase, O.
E. Garcia, E. Sepulveda, T. Borsdorff, J. Landgraf, A. Lorente, H. Chen, R. Kivi,
T. Laemmel, M. Ramonet, C. Crevoisier, J. Pernin, M. Steinbacher, F.
Meinhardt, N. Deutscher, D. W. T. Griffith, V. A. Velazco, D. F. Pollard,
Synergetic use of IASI and TROPOMI space borne sensors for generating a
tropospheric methane profile product, Atmos. Meas. Techn. Disc.,
https://doi.org/10.5194/amt-2021-31, 2021.

Thornton J. M., E. Palazzi, N. Pepin, P. Cristofanelli, R. Essery, S. Kotlarski, G.
Giuliani, Y. Guigoz, A. Kulonen, X. Li, D. Pritchard, H. Fowler, C. Randin, M.
Shahgedanova, M. Steinbacher, M. Zebisch, C. Adler, Towards a definition
of  Essential  Mountain  Climate Variables, One Earth, 4,
https://doi.org/10.1016/j.oneear.2021.05.005, 2021.

Yver-Kwok C., C. Philippon, P. Bergamaschi, T. Biermann, F. Calzolari, H.
Chen, S. Conil, P. Cristofanelli, M. Delmotte, J. Hatakka, M. Heliasz, O.
Hermansen, K. Kominkova, D. Kubistin, N. Kumps, O. Laurent, T. Laurila, I.
Lehner, J. Levula, M. Lindauer, M. Lopez, I. Mammarella, G. Manca, P.
Marklund, J.-M. Metzger, M. Molder, S. M. Platt, M. Ramonet, L. Rivier, B.
Scheeren, M. K. Sha, P. Smith, M. Steinbacher, G. Vitkova, S. Wyss,
Evaluation and optimization of ICOS atmospheric station data as part of the
labeling process, Atmos. Meas. Techn., 14, 89-116,
https://doi.org/10.5194/amt-14-89-2021, 2021.

Conference Papers
Emmenegger, L., M. Steinbacher, ICOS - Integrated Carbon Observation
System, HFJSG Users Meeting, virtual, May 28, 2021.

Pieber, S. M., B. Tuzson, S. Henne, U. Kartsnes, C. Gerbig, T. Koch, D.
Brunner, M. Steinbacher, L. Emmenegger, Towards understanding the
regional CO2 contributions at the high Alpine observatory Jungfraujoch,
Swiss Geoscience Meeting, virtual, November 19-20, 2021.

Steinbacher, M., Swiss roadmaps for research infrastructures 2023,
GEO/GEOQSS national coordination meeting, virtual, May 31, 2021.

Steinbacher, M., Interaction of QA Central Facilities and the GAW
observation network, GAW Quadrennial Symposium 2021, virtual, June 28-
July 2, 2021.
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Steinbacher, M., Panel discussion "Young scientist and capacity building in
GAW", GAW Quadrennial Symposium 2021, virtual, June 28-July 2, 2021.

Steinbacher, M., C. Zellweger, L. Emmenegger, B. Buchmann, International
collaboration in supporting observations in data sparse regions — lessons
learnt from the Quality Assurance / Science Activity Centre Switzerland,
GAW Quadrennial Symposium 2021, virtual, June 28-July 2, 2021.

Steinbacher, M., S. Henne, Continuous atmospheric composition
observations and beyond - from measurements to climate services, BMKG
Symposium "Towards excellence in climate and air quality services:
Sustaining the past, strengthening the present, empowering the future",
virtual, August 6-7, 2021.

Steinbacher, M., C. Zellweger, L. Emmenegger, B. Buchmann, WMO/GAW
Quality Assurance/Science Activity Centre Switzerland - Activities and
Achievements, Swiss National GAW/GCOS Symposium, virtual, September
13-14, 2021.

Steinbacher, M., Updates on ICOS RI, ICOS CH National Meeting, virtual,
September 22, 2021.

Steinbacher, M., Updates from ICOS-CH Atmosphere Network and
Jungfraujoch, ICOS CH National Meeting, virtual, September 22, 2021.

Steinbacher, M., Discriminating free troposphere conditions and planetary
boundary layer episodes at Jungfraujoch, ICOS CH National Meeting, virtual,
September 22, 2021.

Steinbacher, M., Carbon monoxide in the atmosphere — measurement
techniques, Global Atmosphere Watch Training and Education Centre
(GAWTEC) webinar series, second edition, virtual, November 4, 2021.
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Data books and reports

BAFU, Empa (eds) — Luftqualitat 2020, Messresultate des Nationalen
Beobachtungsnetzes fiir Luftfremdstoffe (NABEL), pp. 28, Bundesamt fir
Umwelt, Bern, Umwelt-Zustand Nr. 2114, 2021.

ICOS RI: ICOS Atmosphere Release 2021-1 of Level 2 Greenhouse Gas Mole
Fractions of CO2, CH4, N20, CO, meteorology and 14CO2 (1.0), ICOS ERIC -
Carbon Portal, https://doi.org/10.18160/WJY7-5D06, 2021.

Magazine and Newspaper articles
Steinbacher, M., C. Zellweger, Globale Langzeitbeobachtung der
Atmosphare, ProClim Flash #74, pp 18 -19, Sommer 2021, 2021.

Address

Empa

Laboratory for Air Pollution/Environmental Technology
Ueberlandstrasse 129

CH-8600 Diibendorf

Switzerland

Contacts

Dr. Martin Steinbacher
Tel.: +41 58 765 4048
e-mail: martin.steinbacher@empa.ch



