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1 Project description

Empa launched its first atmospheric measurements at Jung-
fraujoch in 1973. In 1978, Empa and the Swiss Federal Office
for the Environment (FOEN/BAFU) established the Swiss
National Air Pollution Monitoring Network (NABEL), with
Jungfraujoch being one of the first 8 sites. In 1990/1991,
the NABEL network was expanded to 16 monitoring stations
distributed throughout Switzerland (Hueglin et al. 2024). The
monitoring stations represent the most important levels of
air pollution, which range from the urban kerbside to the
remote background. The NABEL site at Jungfraujoch is
such a remote site; it predominantly represents the lower free
troposphere in central Europe.

Empa’s current measurement program at Jungfraujoch in-
cludes continuous in-situ analysis of air pollutants such as
ozone (O3), carbon monoxide (CO), nitrogen monoxide (NO),
nitrogen dioxide (NO2), sulphur dioxide (SO2), and particulate
matter. The latter are measured as PM10 (particles <10 µm),
PM2.5 (<2.5 µm), PM1 (<1 µm), and the particle number
concentration (PNC) between 0.18 and 18 µm. In addition,
the greenhouse gases carbon dioxide (CO2), methane (CH4)
and nitrous oxide (N2O) are monitored. All of these data
are routinely stored as 10-min averages. An extended set of
halogenated greenhouse gases, sulphur hexafluoride (SF6) and
a selection of volatile organic compounds (alkanes, aromatics)
are measured with a time resolution of two hours. Bulk sam-
ples are taken to quantify daily PM10 averages and to allow
chemical characterization (nitrate, chloride and sulphate) of
particulate matter.

2 Time series analysis

In this activity report, we look into diurnal and seasonal cycles
and their interannual variability observed at Jungfraujoch over
the last 10 years. The analysis focuses on O3, CO, CH4 and
CO2. The time series of these species are least subjected to
sporadic and short-term events. Such events, when leading to
extraordinarily high or low concentrations, may lead to less
regular diurnal and seasonal patterns that are more difficult
to interpret. This is, for example, the case for the records of

particulate matter that are sporadically impacted by strong
Sahara dust events, which can dominate the shape and the
year-to-year variability of the diurnal and seasonal cycles.
Similarly, irregular signatures from regional emissions and
processes are seen in the time series of nitrogen oxides (NO
and NO2), leading to less systematic diurnal and seasonal
cycles.

2.1 Ozone

Figure 1 shows the time series of hourly averages (panel a),
the seasonal cycles (panel b), and diurnal cycles (panel c)
of the O3 observations at Jungfraujoch for the 2015 to 2024
period. The O3 trend for the last 10 years is close to zero
but slightly negative (−0.1 ppb yr−1), which corresponds to
earlier findings by Cooper et al. 2020 and Parrish et al. 2020
who reported positive O3 trends at Jungfraujoch and other
Alpine sites in the 1980s and 1990s that turned into slightly
negative trends after around 2005. The seasonal cycles for
the individual years at Jungfraujoch show consistent patterns
with summer maxima and winter minima, which are common
for high-altitude monitoring stations in the Alps (Parrish
et al. 2020). The seasonal cycle reflects the larger scale photo-
chemical production of O3 with stronger O3 formation when
the solar radiation is more intense. The year 2020, which
experienced significant reductions in O3 precursor emissions
due to Covid-19 related restrictions (Gkatzelis et al. 2021),
does, at first glance, not stand out very prominently neither
in the time series nor in the seasonal cycles. However, lower
than usual O3 monthly mean mole fractions were observed at
Jungfraujoch in May, June and July, and rather low O3 mole
fractions extended until summer 2021. These negative anoma-
lies were also seen at other elevated monitoring stations in
Europe, indicating a large scale phenomenon attributable to
the widespread Covid-19 restrictions (Putero et al. 2023). The
low surface O3 mole fractions observed at elevated remote mon-
itoring sites were also in agreement with the mid-troposphere
O3 mole fractions observed by ground-based remote sensing,
O3 soundings, and aircraft measurements (Steinbrecht et al.
2021).

The exceptionally low O3 mole fractions at Jungfraujoch in
2020 become more apparent in the diurnal cycles because
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a)

b)

c)

Figure 1: Time series of hourly averages (panel a), seasonal
cycles (panel b) and diurnal cycles (panel c) for surface ozone
observed at Jungfraujoch for the 2015 to 2024 period. Different
colors represent different years.

the diurnal cycles usually reveal a low year-to-year variabil-
ity. Systematic diurnal cycles are particularly developed in
summer, while hardly any dependence on the time of the day
is seen in winter. O3 mole fractions in summer tend to reach
minimum levels in the late afternoon, which coincide with the
arrival of convective air masses from the planetary boundary
layer (PBL) at Jungfraujoch (Baltensperger et al. 1997). On
average, the air masses from the PBL reaching Jungfraujoch
contain lower O3 mole fractions than the free troposphere
conditions, which are usually predominant at Jungfraujoch
during nighttime. Therefore, diurnal O3 cycles at Jungfrau-
joch feature minimum values in the late afternoon.

2.2 Carbon monoxide

Exceptionally low mole fractions were also observed in 2020
for CO, as can easily be seen in the yearly separated diurnal
cycles (see Figure 2, panel c). A similarly low diurnal cycle
was recorded for 2022, while the pattern in 2021 was similar
to pre-pandemic years.

Overall, diurnal patterns at Jungfraujoch show late afternoon

a)

b)

c)

Figure 2: Time series of hourly averages (panel a), seasonal cy-
cles (panel b) and diurnal cycles (panel c) for carbon monoxide
observed at Jungfraujoch for the 2015 to 2024 period. Differ-
ent colors represent different years.

maxima, which can again be explained by the prominent
advection of PBL air masses during this time of the day. The
seasonal patterns for CO are less consistent than for O3 due
to the impact of occasional events leading to elevated CO
mole fractions. This is well illustrated for the year 2023, when
large scale forest fires from Canada reached the European
continent (Byrne et al. 2024) and led to hourly CO mole
fractions at Jungfraujoch of up to 500 ppb (see Figure 2,
panel a), which were unprecedented compared to previous
years. These episodes also altered the common seasonal cycle
with CO minima in the summer season because the Canadian
fires were strongest in June 2023 (Jones et al. 2024). Due to
the intercontinental advection of CO emissions from Canada
to Europe during summer, there was no systematic seasonal
cycle of CO observed at Jungfraujoch for 2023 (see Figure 2,
panel b). Despite the signature of this event, a negative trend
of −0.1 ppb yr−1 was observed over the last 10 years. It is
lower than the mean global long-term trend for CO at remote
locations of −0.8 ppb yr−1 for the 1991–2020 period (Patel
et al. 2024), but also confirms the findings of Patel et al. 2024
that there was a slowdown in CO decline in the most recent
decade.
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2.3 Carbon dioxide

The CO2 record at Jungfraujoch (see Figure 3) shows a
striking persistent increase with an average growth rate of
2.5 ppm yr−1. This is well in line with the global mean annual
of 2.4 ppm yr−1 increase over the past 10 years, as reported
in the latest edition of the WMO Greenhouse Gas Bulletin
(WMO 2024).

a)

b)

c)

d)

Figure 3: Time series of hourly averages (panel a), detrended
hourly averages (panel b), seasonal cycles (panel c) and diurnal
cycles (panel d) for carbon dioxide observed at Jungfraujoch
for the 2015 to 2024 period. Different colors represent different
years.

The increase of atmospheric CO2 levels can be attributed
to emissions from human activities, especially the burning
of fossil fuels, cement production and carbonation, land-use,
land-use change, and forestry (Friedlingstein et al. 2024).

The CO2 time series was detrended prior to the analysis of
the interannual variation of the diurnal and seasonal cycles.
This was done by using a combination of a low pass filter and
decomposition into a fitted long-term trend and seasonal cycle
(Thoning et al. 1989) and by subtracting the intercept and
the linear term. The seasonal cycles of the detrended data
show a systematic pattern with a regular yearly minimum at
the end of the summer (August, September) as a result of the
net uptake of atmospheric CO2 by the vegetation during the
growing season. Globally, the natural positive (emissions) and
negative (sinks) fluxes of the atmosphere-biosphere exchange
on land are more than one order of magnitude larger than the
anthropogenic fossil fuel emissions (Friedlingstein et al. 2024).
Therefore, the year-to-year variability in the atmosphere-
biosphere interaction, e.g. driven by persistent large-scale
meteorological patterns, can lead to anomalies in the seasonal
cycles. The dominant role of the biosphere with regard to the
seasonality and year-to-year variability of the atmospheric
CO2 mole fractions was discussed in the European Greenhouse
Gas Bulletin of the ICOS Research Infrastructure (Ramonet
et al. 2022). In 2021, for example, a more pronounced than
usual summer minimum in atmospheric CO2 mole fractions
was observed over large areas of Western Europe. This was
attributed to rather cool and humid meteorological conditions,
which favored carbon uptake by vegetation. Due to the lack
of vegetation in the vicinity to Jungfraujoch, the effect is
only weakly pronounced there and is less visible than at
less elevated locations. Nevertheless, the non-negligible role
of vegetation on CO2 concentrations at Jungfraujoch was
also emphasized in the study by Pieber et al. 2022, which
investigated the regional contributions to CO2 concentrations
at Jungfraujoch. Due to the remote location of the station
and the low anthropogenic contributions, the CO2 signal at
Jungfraujoch is most strongly influenced by the uptake and
respiration of CO2 by the biosphere, especially in summer.
The study by Pieber et al. 2022 confirms the unique role of
the Jungfraujoch as a central European background station,
which is primarily subject to integrated signals from a large
catchment area. The diurnal CO2 cycles again reflect the
varying influence of PBL air masses at Jungfraujoch with
air masses slightly depleted in CO2 in the late afternoon due
to uptake of CO2 by the local vegetation during transport
from the surrounding valleys to the station. It cannot be
ruled out that the increase in CO2 during daytime (∼ 9 am
to 3 pm) partly originates from local emissions related to
the infrastructure and the touristic facilities (Affolter et al.
2021). However, diurnal cycles do not look different since
2023 when the inlet of the greenhouse gas measurements was
moved from the top of the Sphinx laboratory to the end of
the Jungfraujoch ridge, about 30 m northeast of the tourist
platform (Vollmer et al. 2021). There – based on long-term
parallel measurements and an analysis of the high resolution
CO2 data – no influence from local emissions could be seen
anymore (Steinbacher et al. 2023).

2.4 Methane

CH4 is the second most important long-lived greenhouse gas,
following CO2. Similar to CO2, the CH4 time series at Jung-
fraujoch shows a significant mean growth rate, which was
10.9 ppb yr−1 over the last 10 years (see Figure 4). The trends
at Jungfraujoch are again very similar to the global growth
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rate of 10.7 ppb yr−1 (WMO 2024). Therefore, the CH4 time
series was also detrended by trend estimation according to
Thoning et al. 1989 and subtraction of the linear trend. The
most important anthropogenic CH4 emissions in Switzerland
are agriculture, livestock farming, fossil fuel exploitation, land-
fills, and wastewater treatment (Henne et al. 2016).

a)

b)

c)

d)

Figure 4: Time series of hourly averages (panel a), detrended
hourly averages (panel b), seasonal cycles (panel c) and diurnal
cycles (panel d) for methane observed at Jungfraujoch for the
2015 to 2024 period. Different colors represent different years.

CH4 has an atmospheric lifetime of ∼10 years and its main
removal process in the atmosphere is the reaction with hy-
droxyl (OH) radicals in the troposphere. The concentrations
of OH radicals are highest in summer because they are mainly
formed through the photolysis of ozone and recycling from its
reaction products (Li et al. 2018). Seasonal variations of the
OH concentration lead to a changing CH4 sink throughout
the year and, consequently, to a seasonal CH4 cycle with

the lowest mole fractions in summer. However, changes in
the magnitude of the emissions are largely responsible for
the year-to-year variability as reported for the exceptionally
strong CH4 growth rate, which was observed in 2020 and
2021 around the globe (Feng et al. 2023). According to Feng
et al. 2023, the reduced OH radical concentrations during the
Covid-19 lockdown in 2020 played only a smaller role in the
strong CH4 increase. Diurnal CH4 cycles at Jungfraujoch are
usually rather flat for most of the day but show an increase in
mole fraction in the late afternoon with the arrival of PBL air
masses (see Figure 4, panel d), which is similar to the diurnal
CO cycle.

3 Conclusions

The present discussion highlights the value of high-precision
long-term time series. It is planned to compare Jungfraujoch’s
diurnal and seasonal cycles with the recurrent patterns from
other high-altitude stations.
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